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A study was performed to determine the accuracies and reproducibilities of the CT numbers of
simulated lung nodules imaged with multi-detector CT scanners. The nodules were simulated by
spherical balls of three diameters �4.8, 9.5, and 16 mm� and two compositions �50 and 100 mg/cc
CaCO3 in water-equivalent plastic�. All were scanned in a liquid-water-filled container at the center
of a water-equivalent-plastic phantom and in air cavities within the same phantom using GE multi-
detector CT scanners. The nodules were also scanned within simulated lung regions in an anthro-
pomorphic thorax section phantom that was bolused on both sides with water-equivalent slabs.
Results were compared for three scanning protocols—the protocol for the National Lung Screening
Trial �NLST�, the protocol for the Lung Tissue Research Consortium �LTRC� study, and a high
resolution �small pitch, thin slice and small scan interval� higher dose “gold standard” protocol.
Scans were repeated three times with each protocol to assess reproducibility. The CT numbers of
the nodules in water were found to be nearly independent of nodule size. However, the presence
and the size of an air cavity surrounding a nodule had a significant effect �e.g., the CT number of
a 50 mg/cc nodule was 64 HU in water, 37 HU in a 1.8 cm diameter air cavity, and 19 HU in a
4.4 cm diameter air cavity�. This variability of CT number with size of air cavity may affect the
results of the LTRC study in which patients are scanned at both full inspiration and full expiration.
The CT numbers of the 9.5 and 16 mm diameter nodules within the anthropomorphic phantom were
highly reproducible �average standard deviations of 2 HU or less� for all protocols. On the other
hand, both accuracy and reproducibility were significantly degraded for the 4.8 mm diameter nod-
ules, especially for the NLST �2.5 mm thickness, 2 mm slice interval� technique. Use of thinner
slice �1.25 mm� and slice interval �1.25 mm� scans that can be reconstructed retrospectively from
the multi-detector helical CT projection data of the standard NLST protocol yield CT numbers for
the 4.8 mm diameter nodules that are more accurate and reproducible than those of the standard
NLST technique. In general, the CT numbers of the nodules were found to be lower at positions
near the centers of the lungs and near the spine, which is probably due to increased beam hardening
in those regions. Also, larger nodules were found to have higher CT numbers than smaller nodules,
consistent with results obtained on early single slice GE CT scanners. Until manufacturers develop
quantitative CT scanners with improved x-ray beam hardening and scatter corrections, it is recom-
mended that reference phantoms be employed to more accurately assess the calcium contents of
patient lung nodules in screening and tissue characterization studies and in eventual computer-aided
detection and diagnosis applications. © 2006 American Association of Physicists in Medicine.
�DOI: 10.1118/1.2219332�
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I. INTRODUCTION

The Computer Aided Diagnosis �CAD� Research Laboratory
at the University of Michigan is developing algorithms to
detect and characterize lung nodules in CT images. One of
the distinguishing features of many benign pulmonary nod-
ules is the presence of a significant amount of calcifications
with central, diffuse, laminated, or popcornlike patterns.1

Calcium salts are accumulated by dead or dying benign nod-
ules because as the cells die, the proteins are denatured, ex-
posing “groups capable of binding phosphates which in turn
serve as sites for the deposition of calcium in the form of

2
phosphates, carbonates, or oxalates.” Since calcium absorbs
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x rays more than most other tissue components, it can often
be readily detected in CT images. The pixel values �CT num-
bers� of a CT image are directly related to the relative x-ray
attenuation of the tissues. Ideally, the CT number of a tissue
should depend only upon the composition of the tissue. Un-
fortunately, this is not the case. Many other factors affect the
CT numbers including x-ray beam hardening, x-ray scatter,
partial volume, and reconstruction kernel effects. These fac-
tors cause errors in the CT numbers, which can reduce the
conspicuity of calcifications in pulmonary nodules.

One way to counter these effects is to relate the CT num-
bers in a patient scan to those in an anthropomorphic phan-

3,4
tom. Zerhouni et al. developed such a phantom for pulmo-
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nary nodules and employed it in studies with considerable
success. The reference phantom became a commercial prod-
uct marketed by Computerized Imaging Reference Systems,
Inc. �CIRS� of Norfolk, VA. It consists of three x-ray tissue-
equivalent transaxial sections that simulate the anatomy of
the thorax in the upper, middle, and lower levels. These sec-
tions simulate small patients. The reference phantom in-
cludes sets of fat-equivalent rings that can be added to the
outside of the sections so as to simulate medium- and large-
size patients. There are also three different size inserts for
simulating the liver, spleen, and diaphragm. In addition,
there is a set of 15 reference nodules. These reference nod-
ules are cylinders or rods of various diameters that are made
of epoxy resins. A certain amount of calcium carbonate
�CaCO3� was mixed in the resin to produce a desired thresh-
old CT number for distinguishing benign from malignant
nodules. The amount of CaCO3 was experimentally deter-
mined on a Pfizer/AS&E 500 CT scanner. In the initial re-
search phantom,3 the desired threshold was set at 164 HU for
the 1 cm diameter rod. This value was determined from ear-
lier patient studies.5 Later, to add a margin of safety �to re-
duce the number of false benign diagnoses and account for
overestimates of the CT numbers of small nodules by the
Pfizer/AS&E scanner and CT number variability for other
scanners�, the composition was adjusted to produce a repre-
sentative CT number �=average of ten highest pixel values�
of 264 HU for the 1 cm reference nodules when scanned in
the center of the lung in the thorax section phantom using the
Pfizer/AS&E scanner.4 The CT numbers of the reference
nodules did vary considerably with the size of the nodule and
the type of scanner. For example, the CT numbers of the 6, 8,
10, and 20 mm diameter cylindrical reference nodules mea-
sured on a Pfizer/AS&E 500 scanner were 310, 284, 264, and
190 HU, respectively, and the corresponding values on a GE
9800 scanner were 74, 83, 97, and 145 HU.4 The threshold
that was decided upon for the commercial product was a
representative CT number of 185 HU.6 The amount of
CaCO3 was reduced from that in the 264 HU reference nod-
ules “in order to increase the percentage of calcified nodules
diagnosed as benign with the reference phantom.”6

The reference phantom CT method may be summarized
as follows. First, the patient is scanned. Next, the patient’s
images are examined for suspicious nodules. When a slice
containing a suspicious nodule is found, a reference phantom
section that best matches this slice �including appropriate fat
rings and liver, spleen, and diaphragm inserts where appli-
cable� is selected. Next, a reference nodule of about the same
size as the suspicious patient nodule is positioned at about
the same location in the lung region of the phantom. Finally,
the phantom is scanned using the same x-ray technique fac-
tors as were used for the patient.

The criteria employed for classifying patient nodules as
probably benign included �1� having smooth or lobulated
borders in the CT image, �2� having CT numbers greater than
the CT number of the corresponding scanned reference phan-
tom nodule with the further requirement that these high CT

numbers be in a benign pattern �i.e., central, laminated or
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diffuse�, and if the high pixel values were centrally located,
they had to represent at least 10% of the cross-sectional area,
and �3� the benign pattern had to be present in at least two
slices through the nodule.4,6

Researchers have had mixed results with the commercial
phantom. Khan et al.7 compared the accuracy of the classi-
fication of calcified and noncalcified solitary pulmonary nod-
ules obtained with standard CT �10 mm slice thickness�,
thin-section CT �1.5 mm slice thickness�, and reference
phantom CT. The latter utilized the thin-section CT images
of the patient and corresponding thin-section CT images of
an appropriate reference thorax section phantom. That phan-
tom contained a cylindrical reference nodule, the size and
lung location of which were determined from the CT images
of the patient. Khan et al. found that the reference phantom
technique of Zerhouni et al. improved sensitivity by 22%
compared with thin-section CT, which was the next best
method. On the other hand, in a different study, Swensen
et al.,6 found that 10 of 85 cases that were diagnosed as
benign by comparison with the reference phantom were later
shown to be malignant. This represented a much higher mis-
diagnosis rate than in other studies, and Swensen et al. cau-
tioned that even if the reference phantom indicated a high
probability of benignity, those nodules should be considered
indeterminate and should be closely followed up.

Today, thoracic scans are conventionally performed using
multi-detector CT in helical mode, technologies that did not
exist when the reference phantom was developed. Also, the
new scanners employ high-frequency generators with kVp
and mA feedback loops that make the exposures and there-
fore the reconstructions more reproducible. However, to our
knowledge, CT scanner manufacturers still have not ad-
dressed the CT number inaccuracy issue. For our CAD ap-
plication, our long-term goal is to compensate for variations
in the CT numbers of the nodules with position in the lung
field and with the size of the nodules by employing a modi-
fied reference phantom to determine CT number versus cal-
cium concentration calibration curves throughout the lung
fields. The curves will be used to convert the CT numbers of
the voxels in the patient lung nodules to calcium concentra-
tions, the values and distributions of which in turn will be
employed as CAD features. The commercial reference phan-
tom was modified for our studies by increasing the phantom
thickness to account for the longer scan lengths associated
with helical scanning with pitches greater than 1. Also,
spherical rather than cylindrical reference nodules were em-
ployed in order to better simulate the shape of patient nod-
ules and the associated partial volume effects on the estima-
tion of the CT numbers.

It should be noted that the spherical reference nodules that
were employed in our studies were uniform mixtures of
CaCO3 in water-equivalent plastic. Therefore, they simulated
“solid” solitary pulmonary nodules and are representative of
only one of the three classes of nodules that are detected at
screening. These classes include ground glass opacity, focal
ground glass opacity with a solid central component, and
solid nodules.8 Nevertheless, the CT-number-to-

CaCO3-concentration conversion relations that are derived
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with the reference nodules can be utilized to characterize
entire nodules as well as regions-of-interest within the nod-
ules in terms of calcium content. The calcium content should
be less susceptible to factors that cause CT number variabil-
ity such as differences in patient body size, nodule position
within the lung, CT scanning parameters, CT scanner x-ray
beam filtration, etc.

The purpose of the present study was to �1� develop the
modified reference thorax phantom and nodules, �2� deter-
mine the uniformity of the CT numbers of the reference nod-
ule samples and the dependence of the CT numbers on the
sizes and calcium concentrations of the nodules, �3� deter-
mine the effect of the lung/air cavity on the measured CT
numbers of the nodules, and �4� determine the reproducibil-
ity and dependence of the measured CT numbers of the ref-
erence nodules on their sizes, calcium concentrations, and
positions within the thorax phantom for several multi-
detector helical CT scanning protocols.

II. METHODS AND MATERIALS

A. Phantoms

To make the commercial thorax phantoms, which are only
2.3 cm thick, more suitable for multi-detector helical CT
scanning, we increased the thickness by adding bolus slabs
to each side. We contracted CIRS, Inc. to build bolus sec-
tions in exactly the same shapes as the thorax sections. Due
to cost considerations, we had the bolus sections made of
water-equivalent plastic rather than anthropomorphic plastics
simulating bone, muscle, and fat as in the thorax sections.
Each bolus section is 2.9 cm thick, and the thorax section is
sandwiched between 2 bolus sections to obtain a total thick-
ness of 8.1 cm. An example of a thorax section and two
bolus sections is shown in Fig. 1.

In preliminary studies it was found that no matter how
tightly we taped the bolus and thorax sections together, small
gaps between the sections remained and produced streak ar-
tifacts in images created with helical scanning. To alleviate

FIG. 1. Left: Setup for CT scanning showing thorax section sandwiched
between two water-equivalent bolus sections. The sections are tightly
squeezed together using the outer plastic vice. Right: Front views of the two
bolus sections and thorax section containing the 9.5 mm diameter spherical
reference nodules with calcium carbonate concentrations of 50 mg/cc in the
lung simulating foam on one side and 100 mg/cc on the other side.
this problem, a plastic vice system was built to tightly
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squeeze the sections together. This system is shown in Fig. 1.
Even with the vice some small gaps remained due to surface
irregularities. These gaps were filled-in with petroleum jelly
�a fatlike material�, which was spread on the faces of the
adjacent sections prior to squeezing them together.

B. Reference nodules

A wide variety of spherical reference nodules were manu-
factured for this study by CIRS, Inc. The nodules are com-
posed of a water-equivalent plastic with known concentra-
tions of calcium carbonate. The nodule sizes are 4.8, 9.5, and
16 mm in diameter. The smallest size is similar to the mini-
mum size ��4 mm� of a noncalcified nodule that “was con-
sidered a positive screen, i.e. suspicious for lung cancer” in
the National Cancer Institute’s Lung Screening Study.9 The
16 mm diameter nodules are in the largest size category of
that study. The concentrations of CaCO3 are 50 and
100 mg/cc. The 100 mg/cc concentration was selected to
achieve a CT number slightly greater than the 97 HU value
for the reference nodule that was measured experimentally
by Zerhouni et al. on a GE 9800 CT scanner.4 The effective
energy of this scanner is about 70 keV at 120 kVp and, using
linear attenuation coefficients computed with XCOM �http:/
/physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html� for
a 100 mg/cc CaCO3 in water mixture, the CT number is
118 HU. The 50 mg/cc concentration was selected because
it is half of 100 mg/cc and is thus a reasonable value for
future derivations of two-point calibration lines for CT num-
ber to CaCO3 concentration.

Five or more nodules of each size and concentration were
obtained. The uniformity of the CT numbers of each set of
nodules was verified by scanning each nodule within a
water-filled insert at the center of an RMI Model 460 head
Quality Control phantom. �Gammex/RMI, Middleton, WI�
The RMI phantom is a 19.2 cm diameter, 7 cm thick water-
equivalent plastic cylinder which has a thin �4 mm� outer
shell of bone-equivalent plastic. It is a reasonable phantom
for determining the CT number of an object at the isocenter
of the scanner including a moderate amount of beam hard-
ening. The scans of the nodules were performed on a General
Electric �GE� LightSpeed VCT 64-slice CT scanner �GE
Healthcare, Waukesha, WI� using a technique of 120 kVp,
400 mA, 0.8 s rotation time, 0.531:1 pitch, 20 mm collima-
tion, 32 simultaneous 0.625 mm slices, 0.6 mm slice interval
for 9.5 and 16-mm-diameter nodules, 0.3 mm slice interval
for 4.8 mm nodules, standard reconstruction, and small field-
of-view �FOV�. The VCT scanner is the one that was used
for the majority of the studies reported in this paper. The
scans were repeated three times for reproducibility. The
mean CT numbers of the nodules in Hounsfield units �HU�
were determined using the automated technique described in
Sec. II E.

C. Effect of air cavity on CT numbers of reference
nodules

A limited study was performed to determine the effect of

an air cavity or lung region on the CT number of a nodule.
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For this study, a 9.5 mm diameter, 50 mg/cc reference nod-
ule was scanned in three configurations. �1� It was placed
within a water-filled cylindrical container that in turn was
placed in a 1.8 cm diameter hole in a tapered solid water
insert that was positioned at the center of the RMI Model
460 head phantom. The nodule was thus surrounded com-
pletely by liquid or solid water. The RMI phantom was cen-
tered within the scan circle and scans were performed using
the techniques described below. �2� The same reference nod-
ule was scanned in the 1.8 cm diameter cylindrical hole in
the tapered solid water insert within the RMI phantom. The
nodule was positioned on some very low density foam to
locate it vertically near the center of the hole. This repre-
sented a situation in which the nodule was contained within
a 1.8 cm diameter air cavity. �3� The entire tapered solid
water insert was removed from the center of the RMI phan-
tom, leaving a larger air cavity. The nodule was placed on
some very low density foam to position it vertically near the
center of this larger cavity. The major axis of the cavity was
parallel to the CT scan direction, and the shape of the cavity
was that of a 3.5 to 5 cm diameter frustum of a right circular
cone. The nodule was located near the middle of this cavity
along the scan direction. The diameter of the cavity at this
central location was about 4.4 cm, and we will refer to this
as the 4.4 cm diameter air cavity in the remainder of this
paper.

The study was performed on a General Electric Light-
Speed Ultra-8 CT scanner �GE Healthcare, Waukesha, WI�
using a technique of 120 kVp, 200 mA, 1 s rotation time,
0.625:1 pitch, eight simultaneous 1.25 mm slices, 0.6 mm
slice interval, standard reconstruction, and small field of
view. Later, the study was repeated on the GE LightSpeed
VCT 64-slice CT scanner. The technique factors employed
on the VCT scanner were 120 kVp, 400 mA, 0.8 s rotation
time, 0.531:1 pitch, 32 simultaneous 0.625 mm slices,
0.3 mm slice interval, standard reconstruction, and small
field of view. Recently, the Cardiology Department at the
University of Michigan installed a Siemens Sensation 64
slice CT scanner �Siemens AG, Medical Solutions Erlangen,
Germany�, and the same study was repeated on that scanner
using a technique of 120 kVp, 200 mA, 1 s rotation time,
0.6:1 pitch, 20 simultaneous 1.2 mm slice acquisition,
1.5 mm slice thickness and 1.5 mm slice interval reconstruc-
tion, B30s reconstruction kernel �“B” denotes “body,” “s”
denotes standard sampling mode, and this is described as a
medium soft tissue kernel; to our knowledge, the B30s ker-
nel that we employed is the same as the B30 kernel that
ACRIN recommends for Siemens CT scanners in the NLST
study�, and small field of view. In all cases for this prelimi-
nary study of the effect of air cavity size, the CT numbers of
the nodules were evaluated manually using regions of inter-
est �ROI� that were placed at the centers of the nodules well
within the outer borders, and the maximum of the mean CT
numbers within ROIs in two or more adjacent slices through
the nodules were chosen as the representative mean CT num-
bers. Single acquisitions were analyzed for this part of the
study as the reproducibility of the representative CT numbers

was found to be very good �1.5 HU or less�.
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D. Uniformity and reproducibility of CT numbers of
nodules in the thorax section

A study was performed to determine the reproducibility
and uniformity of the CT numbers of nodules in the thorax
phantom. The reproducibility was investigated by scanning
the thorax phantom three times and calculating the mean CT
numbers and the standard deviations of the CT numbers in
the central regions of the nodules. �See details below.� Uni-
formity was determined by comparing the mean CT numbers
for nodules of the same size and composition at various lo-
cations within the lung field. The nodules were placed within
a lung simulating foam in the lung region of the thorax phan-
tom for this study. The foam was Rogers Poron 4701-50-15
cellular urethane �Rogers Corporation, Carol Stream, IL�
which has a density of 0.24 g/cc and a measured CT number
of about −760 HU. The density is very similar to the Na-
tional Bureau of Standards value for lung of 0.26 g/cc,10 and
the CT number is similar to that which is observed in patient
lungs.11 A scalpel was used to make slits in the foam for the
insertion of the nodules �See Fig. 1�. The spherical nodules
described in Sec. II B �diameters of 4.8, 9.5, and 16 mm and
CaCO3 concentrations of 50 and 100 mg/cc� were also em-
ployed in this part of the study. Three scanning protocols
were utilized: �1� the protocol recommended for the National
Cancer Institute/American College of Radiology Imaging
Network �ACRIN� National Lung Screening Trial �NLST�,
�2� the protocol recommended for the National Heart, Lung
and Blood Institute’s Lung Tissue Research Consortium
study �LTRC�, and �3� a high resolution scan protocol that
we devised. The latter employed a much smaller pitch, thin-
ner slices, smaller or equivalent slice intervals, and more
than twice the mAs of the other techniques. This high reso-
lution scan protocol is referred to as the “gold standard” for
the purpose of this study because it was expected to provide
better estimates of the true CT numbers of the nodules due to
the smaller voxel size and lower noise than the other clinical
protocols. Technique factors for the protocols are listed in
Table I. All were implemented on a 64-slice GE Lightspeed
VCT scanner using 20 mm rather than 40 mm total collima-
tion in order to reduce x-ray scatter and minimize potential
helical artifacts. To ensure the accuracy of the measured CT
numbers, a full calibration of the VCT scanner was per-
formed on the day of our investigation, just prior to the col-
lection of the data. It should be noted that at the time of our
study, ACRIN had not yet established recommended tech-
nique factors for the 64-slice GE VCT scanner. We therefore
chose to employ the technique factors for the 16-slice GE
scanners in our investigations. Subsequent to our study,
ACRIN published the recommended techniques for the GE
VCT scanner, which include the use of lower mAs �25 mAs
vs. 40 mAs for a “small body”�, a smaller pitch �0.984:1 vs.
1.375:1�, and larger total collimation �64�0.625 mm
=40 mm vs. our 20 mm�. The final reconstruction slice
thickness �2.5 mm� and slice interval �2 mm� are the same as

we employed.
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E. Automated method for the computation of the
mean CT numbers of the nodules

In preliminary studies, it was found that determining rep-
resentative mean CT numbers of nodules from manually po-
sitioned regions of interest �ROIs� required extreme care in
the positioning and sizing of the ROIs, especially for the
smaller nodules. In order to avoid these problems, an auto-
mated nodule analysis technique was developed. It utilizes a
3D active contour algorithm developed by our CAD group to
segment lung nodules in CT scans. The segmentation is per-
formed in 3D volumetric images formed with isotropic vox-
els that are created by interpolating the images such that the
side lengths of the voxels have a dimension equal to the
minimum of either the x-y pixel size or the slice interval.
Specifically, for cases in which the pixel size in the x-y plane
is smaller than the slice interval in the z direction, linear
interpolation is employed in the z direction to create interpo-
lated slice intervals equal to the pixel size. For cases in
which the slice interval is smaller than the pixel size, bilinear
interpolation of the axial slices is employed to create inter-
polated pixel sizes equal to the slice interval. The centroid of
a nodule is determined as the center of mass of the seg-
mented objects with the CT voxel values as the weighting
factors. The centroid serves as the center of spherical ROI
that is employed for the calculation of the mean CT number
in the nodule. The size of the spherical ROIs was set to a
percentage of the segmented nodule volume. A value of 10%
was decided upon to reduce volume averaging yet include a
substantial number of voxels in the computation �e.g., for the
scanning protocols employed in this study, a 10% volume
corresponded with 19 to 251 voxels for the 4.8 mm diameter
nodules, 147 to 251 voxels for the 9.5 mm diameter voxels,
and 619 to 1021 voxels for the 16 mm diameter nodules.�

FIG. 2. Images of 9.5 mm diameter 50 mg/cc spherical nodule scanned in
RMI QC phantom �a� in water, �b� in a small 1.8 cm diameter air cavity, and

TABLE I. X-ray technique factors employed in the CT

Protocol Pitch
Thickness

�mm�
Interv
�mm

High
Resolution

0.531:1 0.625 0.3/0.6

NLST 1.375:1 2.5 2
LTRC 1.375:1 1.25 0.62

a0.3 mm for 4.8-mm diameter nodules and 0.625 mm
b30 cm for 4.8 mm diameter nodules and 36 cm for
�c� in a larger 4.4 cm diameter air cavity.
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To illustrate the range of number of voxels required, con-
sider the true volume of the 4.8 mm diameter nodule V
=4/3��2.4 mm�3=57.9 mm3. The 10% volume is 5.79 mm3.

For a 36 cm FOV and a 512�512 image matrix, the pixel
size is 0.703�0.703 mm. If the slice interval is 1.25 mm,
then linear interpolation is performed in the z direction to
result in isotropic voxels with side lengths of 0.703 mm.
Thus, to represent 10% of the volume, it would require ap-
proximately 5.79 mm3/ �0.703�3 mm3�17 voxels. However,
if the slice interval is 0.3 mm and the pixel size is 0.703 mm,
then bilinear interpolation is performed on the axial slices to
obtain isotropic voxels with side lengths of 0.3 mm. At this
voxel size, it would require approximately
5.79 mm3/ �0.3�3 mm3�214 voxels to represent the 10%
volume.

It is interesting to note that although the 10% volume
figure seems small, the radius of the spherical ROI is almost
half �46.4%� of the radius of the segmented nodule. �The
cube root of 10% =46.4%.�

Finally, another feature of our nodule segmentation tech-
nique is the automated delineation of a lung wall mask which
is a boundary that discourages the contour from growing into
the lung wall. Both the computer-segmented nodule contours
and lung wall mask are displayed as overlays on the original
CT images, and manual adjustments can be made to each if
the automated segmentation is found to be unsatisfactory.

III. RESULTS

A. Automated nodule segmentation

All segmented contours by the automated method were
visually inspected, and it was found that no manual correc-
tions of the nodule contours were necessary. The only
manual adjustments required were to the lung wall mask,
which occurred in only 12 of 11 780 interpolated nodule
slices �0.1%�.

B. CT number uniformity of the sets of reference
nodules

The range of mean CT numbers, overall mean CT num-
bers, and standard deviations of those mean CT numbers for
the sets of reference lung nodules of each type that were
scanned in water in the RMI QC phantom on the GE Light-
Speed VCT scanner are listed in Table II. Values for the five
nodules of each category that yielded the most consistent

ber reproducibility and uniformity study.

kVp mAs
Reconstruction

kernel
FOV
�cm�

120 320 Standard 30/36b

120 40 Standard 36
140 150 Bone 30

9.5 and 16-mm diameter nodules.
nd 16-mm diameter nodules.
num

al
�

25a

5

for
average CT numbers �minimal overall range of average CT
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numbers� are displayed. The remaining nodules of each cat-
egory were considered outliers or defective and were not
used in further studies.

C. Effect of lung/air cavity size on measured CT
number of nodule

Images of the 9.5 mm diameter, 50 mg/cc CaCO3 refer-
ence nodule that was scanned near the center of the RMI
phantom within water and two different sized air cavities are
shown in Fig. 2.

The measured CT numbers of this nodule on three differ-
ent CT scanners are listed in Table III.

D. CT numbers of nodules in lung sections of thorax
phantom

The mean CT numbers and standard deviations of the 50
and 100 mg/cc reference nodules at various locations within
the thorax section for three CT scans obtained with each
technique are listed in Tables IV–VI. The specific locations
of the nodules are shown in Fig. 3.

IV. DISCUSSION

A. Measured CT numbers of reference nodules in
water

The CT numbers of the 50 and the 100 mg/cc CaCO3

reference nodules measured in water at the isocenter of the
scanner �Table II� are close to the 59 and 118 HU, respec-

TABLE II. Average, standard deviations, and ranges
scanned in water in an RMI QC phantom on a GE Lig
4.8 mm–50 mg/cc, five 4.8 mm–100 mg/cc, etc.�, w
0.53:1 pitch, 0.625 mm slice, 0.3 mm slice interval
25 cm FOV�.

Concentration

Minimum mean CT no.
50 mg/cc Maximum Mean CT no.

Range �max-min�
Average mean CT no.

Standard deviation

Minimum mean CT no.
100 mg/cc Maximum mean CT no.

Range �max-min�
Average mean CT no.

Standard deviation

TABLE III. Measured CT numbers �HU� of a 9.5 mm d
in a 1.8 cm diameter air cavity, and in a 4.4 cm diam

Scanner CT no. in water

GE LightSpeed Ultra-8 66
GE LightSpeed VCT 64
Siemens Sensation 64 66
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tively, estimated for x-ray beams with effective energies of
about 70 keV. The measured CT numbers are fairly indepen-
dent of size for the larger �9.5 and 16 cm� nodules. However,
they are consistently lower by about 7.7 and 5.4 HU for the
4.8 mm diameter, 100 and 50 mg/cc nodules, respectively.
This is likely due to a greater proportion of the voxels within
the 4.8 mm diameter nodules being affected by volume av-
eraging with the surrounding lower attenuation water. The
relative amount of volume averaging for different size
spherical nodules is directly related to the ratio of the surface
area of the sphere that is in contact with the water divided by
the volume of the sphere, and this ratio is inversely propor-
tional to the sphere diameter. The effect of the volume aver-
aging is further enhanced especially for the small nodules by
the use of a standard CT reconstruction kernel. This kernel
produces smooth-looking CT images and, in doing so, tends
to increase the relative size of the zone surrounding the nod-
ule that impacts the CT numbers within the nodule. Another
possible reason for the decreased CT numbers of the small
nodules might be that those nodules had lower CaCO3 con-
centrations. However, this is unlikely as the manufacturer of
the nodules, CIRS, informed us that all size balls of a given
concentration were constructed from the same batch of
CaCO3 in epoxy resin. Furthermore, the same decreased CT
numbers for smaller nodules were observed when, in a sepa-
rate study, we employed techniques identical to those for the
CaCO3 nodules to scan solid, uniform acrylic balls of differ-
ent sizes within liquid water in the RMI phantom. The aver-

ean CT numbers �HU� of sets of reference nodules
ed VCT CT scanner. Results are for 30 nodules �five
were each scanned three times. �120 kVp, 320 mAs,
.8 mm nodules, 0.625 mm slice interval for others,

4.8 mm
nodules

9.5 mm
nodules

16 mm
nodules

53.1 61.5 59.4
58.0 64.5 60.1

4.8 3.0 0.8
56.0 63.1 59.7

2.0 1.3 0.3

102.3 111.9 112.0
108.9 113.4 112.3

6.7 1.6 0.4
104.7 112.5 112.2

2.7 0.6 0.2

ter, 50 mg/cc CaCO3 nodule when scanned in water,
air cavity for 3 CT scanners.

CT no. in 1.8 cm
diameter air cavity

CT no. in 4.4 cm
diameter air cavity

51 36
37 19
99 95
of m
htSpe
hich
for 4
iame
eter
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age CT numbers of acrylic balls of 3.2, 6.2, and 12.7 mm
diameter as determined with the automated software in 10%
volumes were 107.0, 119.2, and 119.1 HU, respectively. It
should be noted that the decrease in average CT number for
the smaller nodules cannot be explained by beam hardening
or scatter since these would result in lower CT numbers in
the larger rather than the smaller nodules. A list of expected
CT numbers as a function of x-ray energy that was computed
using the XCOM program, assuming the mass density of
pure CaCO3 is 2.93 g/cc,12 is displayed in Table VII.

B. Effect of an air cavity on the measured CT
numbers

The dependence of the measured CT numbers of the ref-
erence nodules on their surroundings �e.g., water or air� is of

TABLE IV. Mean CT numbers �HU� of the 4.8 mm dia
and the standard deviations of the mean CT numbers

Nodule
no.

High resolution

Mean Standard deviation M

100
mg/cc

1 47.5 0.4 −
2 44.3 2.1 −
3 44.3 2.2 −
4 42.0 0.6 −
5 40.7 2.4 −

Overall mean 43.8±2.6

50
mg/cc

6 −2.8 1.5 −1
7 −8.0 2.2 −1
8 −10.2 0.4 −1
9 −8.6 2.2 −1

10 −8.9 0.8 −1
Overall mean −7.7±2.8

TABLE V. Mean CT numbers �HU� of the 9.5 mm-dia
the standard deviations of the mean CT numbers.

Nodule
no.

High Resolution

Mean Standard deviation M

100
mg/cc

1 75.5 0.4 6
2 74.5 1.1 6
3 72.0 0.9 6
4 64.5 1.4 5
5 64.3 0.3 5

Overall mean 70.2±5.4

6 18.4 0.3 1
7 14.4 0.3

50
mg/cc

8 13.1 0.1

9 14.8 1.9 1
10 23.0 0.3 1

Overall Mean 16.7±4.0
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concern. When the surroundings change from water to
4.4 cm of air �Table III�, the CT number of the 9.5 mm di-
ameter nodule decreased by 30 HU for the GE LightSpeed
Ultra-8, decreased by 45 HU for the GE LightSpeed VCT,
and increased by 29 HU for the Siemens Sensation 64.
Tarver et al.2 and others observed similar effects with earlier
CT scanners—the CT number of simulated nodules or dense
solutions increasing with increasing environmental density
on some scanners and decreasing on others. Tarver et al.’s
explanation for this phenomenon is that “scanner-dependent
beam hardening corrections �or perhaps other aspects of im-
age reconstruction� are crucial to the magnitude and direc-
tion of the environmental density artifact.”2 It is believed that
the decrease in CT number with decreased environmental
density �i.e., air surrounding� that was observed with the GE

r reference nodules for three scans at each technique

NLST LTRC

Standard deviation Mean Standard deviation

11.8 74.1 12.6
20.4 73.5 6.9
7.8 72.7 12.2
6.6 60.2 0.6

10.5 70.9 7.4
−74.8±9.0 70.3±5.7

0.3 15.2 3.5
4.6 8.6 2.3

22.7 2.2 6.0
2.0 17.7 0.6
4.7 12.7 1.6

−138.2±16.4 11.3±6.1

reference nodules for 3 scans at each technique and

NLST LTRC

Standard deviation Mean Standard deviation

1.4 85.3 0.4
3.1 86.8 2.2
2.1 82.3 1.5
0.8 75.4 1.7
4.2 78.3 3.0

62.0±5.4 81.6±4.8

1.0 33.4 1.9
3.7 28.6 0.9
0.3 25.9 2.6

1.1 34.3 0.5
2.5 40.7 1.6

10.7±5.7 32.6±5.7
mete
.

ean

88.3
78.7
68.2
66.2
72.6

16.5
27.1
49.1
41.1
57.2
meter

ean

8.6
4.3
4.0
7.5
5.4

0.5
8.5
2.6

4.1
7.6
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scanners in our study is due to an assumption made in the
scanner beam hardening correction algorithm that the entire
“patient” is composed of water. The apparent increased x-ray
transmission that is present in the projections when the nod-
ules are surrounded by air instead of water translates to a
decreased linear attenuation coefficient and a decreased CT
number. The opposite increase in the CT number of the nod-
ule when surrounded by air for the Siemens CT scanner is
likely an overcompensation of the Siemens beam hardening
correction for the expected decrease in CT number at the
center of an object. These results tend to indicate that as with
early CT scanners, the CT numbers of modern scanners are
not necessarily accurate, and the CT numbers for different
scanners can vary significantly. This is of major importance
for longitudinal studies in which patients are scanned year
after year and for followup studies that may be performed at

TABLE VI. Mean CT numbers �HU� of the 16 mm dia
and the standard deviations of the mean CT numbers

Nodule
no.

High resolution

Mean Standard deviation

100
mg/cc

1 81.1 0.6
2 79.4 0.4
3 79.1 0.3
4 68.4 0.3
5 78.9 0.5

Overall mean 77.4±5.1

6 25.1 0.4
7 20.3 0.2

50 mg/cc 8 19.3 0.2
9 25.2 0.2

10 25.5 0.6
Overall mean 23.1±3.0

FIG. 3. CT images of the phantom showing the locations of the individual
�a� 4.8 mm diameter, �b� 9.5 mm diameter, and �c� 16 mm diameter simu-

lated lung nodules.
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3, 6, or 12 month intervals to detect changes in the size and
composition of detected lung nodules. It is also relevant in
the determination of whether nodules are calcified based on
their measured CT numbers. For such measurements, the
overestimates of the CT numbers that were obtained with the
Siemens scanner could result in noncalcified nodules being
called calcified and hence an increase in false negatives.
Conversely, the underestimates of the CT numbers obtained
with the GE scanners could result in calcified nodules being
called noncalcified and hence an increase in false positives.
To ensure consistency in the CT numbers of the nodules, it is
advised that the scans be performed each time on the same
make and model scanner. Our results also point to the need
to develop CT number correction factors to relate CT num-
bers from one scanner to those from another. The patient
reference phantoms like the ones used in the present study
can be used for this purpose. These factors also need to be
accounted for in the development of CAD features. For ex-
ample, one group has proposed using the fraction of the
number of voxels greater than 150 HU �indicating significant

r reference nodules for three scans at each technique

NLST LTRC

Standard deviation Mean Standard deviation

1.6 83.0 1.5
1.5 82.6 2.3
1.9 82.5 1.3
0.4 75.0 0.9
0.7 83.4 1.5

78.3±5.3 81.3±3.5

3.0 33.9 1.9
2.0 29.1 0.9
3.7 27.9 0.5
1.5 33.5 1.3
0.3 33.4 0.4

23.1±2.8 31.6±2.8

TABLE VII. CT numbers of 50 mg/cc CaCO3 and 100 mg/cc CaCO3 in
water mixtures for monoenergetic x-ray beams.

Energy �keV�
CT no.

50 mg/cc CaCO3

CT no.
100 mg/cc CaCO3

60 74.2 148.5
62 70.6 141.1
64 67.2 134.5
66 64.3 128.5
68 61.6 123.1
70 59.1 118.3
72 56.9 113.9
74 54.9 109.9
76 53.1 106.3
78 51.5 102.9
80 50.0 99.9
mete
.

Mean

82.2
79.9
78.4
69.2
81.9

25.6
22.4
19.6
25.5
26.3
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calcium� and the fraction of the number of voxels less than 0
�indicating significant calcium and fat� as features.13 The CT
numbers themselves and therefore the CT number thresholds
will likely be different on different CT scanners and may
differ with nodule size, lung size, and the size of the patient.
Finally, the effect of lung size on CT number accuracy is
especially relevant to the LTRC study in which the volumet-
ric CT scan protocol calls for the acquisition of three sets of
images—one set obtained with the patient supine at full in-
spiration, a second set with the patient supine at suspended
full expiration, and a third with the patient prone at full in-
spiration �www.ltrcpublic.com/images.htm�. Based on our
results, the CT number of a given nodule may vary consid-
erably between full inspiration and full expiration due to
changes in the size of the lungs.

C. Dependence of CT number on nodule size in the
anthropomorphic phantom

When the simulated lung nodules were scanned within the
lung regions of the anthropomorphic phantom, there was
considerably greater dependence of the measured mean CT
numbers of the nodules on their size than when the same
nodules were scanned at the center of a water-equivalent
phantom. For example, the mean CT numbers of the
100 mg/cc CaCO3 nodules in the lung region of the anthro-
pomorphic phantom for the high resolution CT scanning
technique �Tables IV–VI� were 43.8, 70.2, and 77.4 HU for
the 4.8, 9.5, and 16 mm diameter nodules, respectively. Cor-
responding values in water �Table II� were 104.7, 112.5, and
112.2 HU. The large variation in CT number with size of the
spherical nodule in the anthropomorphic phantom that we
observed is similar to what was found in previous studies
using cylindrical nodules with single slice axial scanners.4

The values are more consistent for the larger 9.5 and 16 mm
nodules than with the early scanners, but there is still a large
decrease in CT number for the smaller 4.8 mm diameter nod-
ules. In comparing the results for the 9.5 mm diameter �Table
V� and 16 mm diameter nodules �Table VI� with both the
high resolution and NLST techniques, one finds that, on av-
erage, the CT numbers are lower for the 9.5 mm diameter
nodules than for the 16 mm diameter nodules. This is differ-
ent from what was observed when the same nodules were
scanned in water �Table II� �CT numbers about the same for
both sizes� and the opposite of what would be expected due
to increased beam hardening within the larger 16 mm diam-
eter nodules. However, it is consistent with the results ob-
tained by Zerhouni et al. in an anthropomorphic lung section
with a GE 9800 CT scanner that the larger the reference
nodule, the larger the CT number.4 When the results for the
sets of different size nodules are compared using analysis of
variance �ANOVA� �two-factor ANOVA with replication to
account for the repeated studies�, it is found that for all tech-
niques �high resolution, NLST and LTRC� one can reject the
null hypothesis �that the mean CT numbers for the three
different sized reference nodules are the same� at a level of
significance of 0.000 01 or less. More detailed analysis on a

paired basis �e.g., for a given calcium concentration, all
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4.8 mm vs. all 9.5 mm, all 4.8 mm vs. all 16 mm, all
9.5 mm vs. all 16 mm� using two-sample two-tailed t tests
indicates that in almost all cases one can reject the null hy-
pothesis that there is no difference in mean CT number due
to nodule size, with p values less than 0.0004. The only
exceptions are for the 9.5 mm vs. 16 mm nodules with the
LTRC technique for which the p values were 0.84 and 0.52
for the 100 and 50 mg/cc nodules, respectively. For only this
very limited set, one cannot reject the null hypothesis that
there is no difference in CT numbers due to nodule size.
Finally, the nearly universal variability in mean CT number
with nodule size that was observed in this study confirms the
need to obtain separate calibrations for different nodule sizes
in a standardized reference phantom method For example,
one might employ three size �diameter� categories—small
��5 mm�, medium ��10 mm�, and large ��15 mm�.

D. Reproducibility of measured CT numbers

In general, the reproducibility of the measured CT num-
bers is best for the larger simulated nodules and for the
higher z resolution �thinner slice, smaller slice interval� CT
scans. The average of the standard deviations of the mea-
sured CT numbers of the ten 16 mm nodules �Table VI� for
the repeated scans was 0.37 HU for the high resolution tech-
nique, 1.66 HU for the NLST technique, and 1.26 HU for the
LTRC technique. Corresponding values for the complete set
of 9.5 mm nodules �Table V� were 0.70, 2.02, and 1.62 HU.
Those for the 4.8 mm nodules �Table IV� were 1.47, 9.13,
and 5.37 HU. Thus, in this controlled phantom experiment,
excellent short-term reproducibility of about 2 HU or less
was achieved for all nodule sizes with the high resolution
technique and for all except the 4.8 mm diameter nodules
with the NLST and LTRC techniques. It is important to note
that the long-tern reproducibility would be expected to be
worse in longitudinal patient studies due to greater variabil-
ity in patient positioning, in x-ray scanner calibration status,
in degree of lung inspiration or expiration, in patient motion,
and possibly in patient body size �e.g., due to gain or loss of
weight�. The anthropomorphic phantom in our experiment
was scanned at exactly the same table height each time, and
the phantom was not moved on the table �no change in lat-
eral position�. Such consistency in setup would not be the
case in longitudinal patient scans. Since the CT scanners
employ a bow-tie filter to shape the incident x-ray beam
intensity in order to compensate for greater attenuation at the
center than at the periphery of the patient, any change in
patient position will affect the x-ray energy spectrum at lo-
cations within the patient, which will in turn affect the mea-
sured CT numbers. In the phantom experiment, there was
some variability in helical data interpolation due to the
changes in the starting angle of the x-ray tube in the helical
acquisition. The starting angle is a parameter that cannot be
controlled by the user. The effect of the starting angle should
be greater for techniques that employ larger pitches �NLST
and LTRC� because such pitches result in greater differences
in the helical projections that are interpolated to reconstruct

axial slices. Differences in the x-ray tube starting angle
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would be expected to have a more deleterious effect on re-
producibility in patient studies because the increased hetero-
geneity of patients compared to phantoms will result in
greater changes in the helical projections.

E. Inaccuracy of NLST technique for small nodules

One of the most important results of this study is that it
demonstrates the inaccuracy and unreliability of the current
National Lung Screening Trial �NLST� protocol for charac-
terizing the CT numbers of small �5 mm diameter or less�
nodules. The 2.5 mm slice thickness and 2 mm slice interval
are too large to properly sample small nodules, and the large
1.375:1 pitch does not help. The mean CT number of the five
4.8 mm diameter 100 mg/cc nodules �Table IV� was
−75 HU for the NLST technique as compared to +44 HU for
the high resolution �0.625 mm thickness, 0.3 mm slice inter-
val, 0.531:1 pitch� “gold standard” technique, and the mean
CT number of the five 4.8 mm diameter 50 mg/cc nodules
was −138 HU for the NLST technique as compared to
−8 HU for the high resolution technique Thus, scanning with
the NLST technique could result in lung nodules containing
as much as 100 mg/cc CaCO3 appearing to consist of almost
pure fat �CT number of about −100 HU�. Furthermore, the
reproducibilities of the mean CT numbers of the individual
nodules for the NLST technique, as represented by the stan-
dard deviations for three separate scans of the nodules in the
anthropomorphic phantom, were as large as 23 HU �Table
IV, NLST, nodule 8� vs. the largest standard deviation of
only 2.4 HU for the high resolution technique �Table IV,
high resolution, nodule 5�.

It is important and interesting to note that for the NLST
technique on a 16-slice GE CT scanner, the original helical
projections are acquired using a 16�1.25 mm �20 cm total
collimation� detector configuration, and this is essentially
what we employed. With this configuration, images with a
minimum slice thickness of 1.25 mm can be reconstructed

TABLE VIII. Mean CT numbers of the 4.8 mm diameter reference nodules fo
techniques.

Nodule
no.

High resolution

Mean Standard deviation

100
mg/cc

1 47.5 0.4
2 44.3 2.1
3 44.3 2.2
4 42.0 0.6
5 40.7 2.4

Overall mean 43.8±2.6

50
mg/cc

6 −2.8 1.5
7 −8.0 2.2
8 −10.2 0.4
9 −8.6 2.2
10 −8.9 0.8

Overall mean −7.7±2.8
from the original projections. In fact, such additional �retro-
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spective� reconstructions are performed at some sites such as
ours, not for the official NLST readings, but for future clini-
cal readings to assist the radiologists in finding calcifications
within small nodules. To investigate the effect of reconstruct-
ing the NLST projections to thinner slices, we performed
additional reconstructions with 1.25 mm slice thickness and
1.25 mm slice interval. We call these the “1.25 mm slice
NLST” reconstructions. The resulting mean CT numbers for
the 1.25 mm slice NLST technique are much closer to those
of the high resolution technique and overall, they are also
more reproducible than those for the standard NLST tech-
nique. The values are compared in Table VIII.

Based on these results, more accurate CT numbers of
small lung nodules than those for the standard NLST tech-
nique could be obtained from additional thinner �e.g.,
1.25 mm� slice reconstructions for all 8- and 16-slice CT
scanners that acquire data using multiple 1.25 mm detector
configurations This, however, would not be true for four-
slice GE CT scanners for which a 4�2.5 mm detector con-
figuration is employed, which results in a thinnest recon-
struction slice of 2.5 mm, which is the same as the NLST
slice thicknesses. Similar conclusions are likely for other
manufacturer’s CT scanners that are employed in the NLST
study with some exceptions �e.g., the Siemens VZ and the
Philips MX8000 CT scanners are listed in ACRIN/NLST CT
Technique Comparison Chart as being operable in both “4
simultaneous 1 mm slice” and “4 simultaneous 2.5 mm
slice” modes, where only the former �4 simultaneous 1 mm
slice� mode would be expected to yield improved results for
additional reconstructions�.

Finally, although the NLST technique results in poor char-
acterization of the CT numbers of the smaller nodules, it may
or may not impede the detection of those nodules. The rea-
son is that the CT numbers of the small calcified nodules
�e.g., −138 HU for 50 mg/cc and −75 HU for 100 mg/cc�
are still considerably greater than the average lung paren-

10

high resolution, the modified 1.25 mm slice NLST, and the standard NLST

1.25 mm slice NLST Standard NLST

n Standard deviation Mean Standard deviation

9.5 −88.3 11.8
7.1 −78.7 20.4
7.0 −68.2 7.8
7.6 −66.2 6.6
7.6 −72.6 10.5

40.6±4.6 −74.8±9.0

2.5 −116.5 0.3
9 7.4 −127.1 4.6
8 4.8 −149.1 22.7
5 2.0 −141.1 2.0
0 7.0 −157.2 4.7

−20.7±11.6 −138.2±16.4
r the

Mea

39.8
43.4
41.6
33.0
45.0

−4.4
−18.
−37.
−20.
−23.
chyma CT number of about −760 to −860 HU. If in-
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creased image storage space and increased radiologist read
times are not an issue, additional thinner-slice and smaller
slice-interval reconstructions should be performed if possible
from the original NLST helical projections for improved CT
number accuracy and nodule characterization. Alternatively,
similar improvements can be attained if small nodules that
are detected with the standard NLST technique are later res-
canned using a higher resolution technique. A disadvantage
of this alternative is that the rescanning of the patient in-
volves additional radiation dose, whereas the retrospective
reconstructions are achieved without additional dose.

F. The LTRC technique

The LTRC scanning technique has two primary differ-
ences from the high resolution and NLST techniques—it em-
ploys a higher kVp �140 kVp vs. 120 kVp� and it employs a
bone reconstruction kernel instead of a standard reconstruc-
tion kernel. The higher kVp would be expected to result in a
higher effective x-ray beam energy and therefore lower lin-
ear x-ray attenuation coefficients and lower CT numbers.
This, however, is countered by the bone reconstruction ker-
nel which enhances edges and would be expected to increase
the CT numbers. As shown in Tables IV–VI, the mean CT
numbers of the reference nodules of all three sizes are more
consistent with the LTRC technique. This is especially true
for the 100 mg/cc nodules for which the overall mean CT
numbers are 70.3, 81.6, and 81.3 HU for the 4.8, 9.5, and
16 mm diameter nodules, respectively. These values are even
more consistent than what should have been the gold
standard—the high resolution technique, which has corre-
sponding values of 40.7, 70.2, and 77.4 HU. If one compares
the results �not shown in tables� for post-reconstruction im-
ages generated from the projections acquired for the LTRC
technique but with thinner slices and the standard rather than
the bone reconstruction kernel �140 kVp, 0.625 mm thick-
ness, 0.625 mm slice interval, standard reconstruction, and
1.375:1 pitch�, the overall mean CT numbers �43.7±3.6,
63.9±5.9, and 70.9±4.7 HU� are more similar to those of the
high resolution technique. Thus, the bone kernel must be
responsible for improving the consistency of the CT numbers
for different size nodules. The increased CT numbers of the
4.8 mm nodules that are obtained with the bone reconstruc-
tion kernel employed in the LTRC technique are a result of
the improved resolution �narrower point spread function� as-
sociated with that kernel, which in turn reduces volume av-
eraging between the nodule and the adjacent foam/air. While
such improvements in CT number consistency may be true
for the homogeneous nodules in this study, the results may
be very different for heterogenous lung nodules containing
clumps of calcifications. This is worthy of further investiga-
tion. Also, it should be noted that the bone kernel increases
the perceived noise in CT images. This is especially relevant
in screening trials like the NLST in which low radiation dose
is employed �the CTDIvol for the NLST study �2.7 mGy� is
about 6.4 times less than the CTDIvol for the non-screening
LTRC study �17.3 mGy��. The resulting low-dose CT images

will inherently exhibit high quantum mottle, and the bone
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kernel would make the images even noisier, which could
reduce the conspicuity of nodules. The effect of the trade-off
between increased CT number and increased noise on nodule
detectability needs to be studied if the bone kernel is consid-
ered for a screening protocol. Finally, as discussed above, the
LTRC three-phase CT scan protocol includes three sets of
images, two sets at full inspiration, and one at full expiration.
Based on our studies of simulated nodules within air cavities
of various sizes in a water-equivalent phantom �II�, the CT
number of an individual nodule in a patient may differ con-
siderably on some CT scanners between full inspiration and
full expiration. This would especially be true if the nodule
were located in a part of the lung near the diaphragm where
the lung cross-sectional area in the CT scan changes from
very small �e.g., about 2 cm� to twice as large or greater. It is
interesting to note that although there was a large change in
the mean CT number of the 9.5 mm diameter, 50 mg/cc lung
nodule between the 1.8 cm diameter air cavity situation
�37 HU� and the 4.4 cm diameter air cavity situation
�19 HU� �Table III�, the CT number did not change appre-
ciably between the 4.4 cm air cavity situation �19 HU� and
the full lung situation �16.7 HU� �Table V�. Thus, the change
in lung size with inspiration and expiration may not have a
large effect on the CT number of nodules in the majority of
the lung, but this is worthy of further investigation.

G. Variation in mean CT number with position in lung

From the data in Tables IV–VI, it is apparent that, in
general, the mean CT numbers of the nodules near the cen-
ters of the lungs �positions 4 and 8� and near the spine �po-
sitions 5 and 7� tend to be lower than the CT numbers of the
nodules at other locations. This can be explained by the in-
creased beam hardening and scatter in these regions. The
differences are relatively small �e.g., about 2–11 HU�, but
for the 9.5 and 16 mm nodule cases they are greater than the
consistency ranges of the mean CT numbers of the sets of
reference nodules of each type when scanned at the isocenter
in water ��2 to 3 HU� �Table II�. Thus, the differences are
likely to be real. Since the differences are relatively small,
the variability in CT number with position within the lung
field may not be as important an issue with modern CT scan-
ners as it was with early CT scanners. It might be accounted
for by imaging reference nodules at only a few locations
within the lung �e.g., at the center, near the spine, and near
the upper periphery.�

V. CONCLUSION

This study demonstrates that even with state-of-the-art CT
scanners, the CT numbers of simulated lung nodules are
highly dependent upon the size of the nodule and the amount
of air surrounding the nodule. Furthermore, for small nod-
ules, the CT number is highly dependent upon the scan tech-
nique. In particular, one of the scanning protocols, that of the
National Lung Screening Trial �NLST�, utilizes 2.5 mm
thick slices and 2 mm slice intervals, which were shown to
yield very inaccurate and imprecise CT numbers for simu-

lated spherical nodules of about 5 mm in diameter. Use of
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thinner slice and smaller slice interval CT images �e.g.,
�1.25 mm slice and slice interval� that can be reconstructed
retrospectively from the original NLST protocol multi-
detector helical CT projections yield results that are more
accurate and more reproducible. Until manufacturers develop
CT scanners that are quantitative or have a quantitative re-
construction mode that incorporates sophisticated x-ray
beam hardening and x-ray scatter corrections, reference
phantom sets �anthropomorphic sections of various sizes
with calibration nodules of known calcium compositions and
sizes� similar to the phantom set employed in this study
should be utilized to better characterize the calcium content
of nodules via either manual or computerized analysis of
images. Such phantoms can also be used to correct for varia-
tions in CT numbers between scanners of different makes
and models and for differences in scanning protocols �e.g.,
kVp and reconstruction kernel�. These corrections are impor-
tant both for the initial characterization of the nodules and
for long-term longitudinal studies in which the nodules are
scanned in multiple exams using scanners that may not be
identical or have identical response. Finally, corrected CT
numbers and calcium contents derived with a reference phan-
tom technique may prove to be valuable features in CAD
analysis of lung nodules. The accuracies, universal applica-
bilities, and consistencies of the CAD schemes should be
improved with the use of such methods.
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