=
—
—
(17 ]
(-5
e |
=
(]
(78]
- ®
(V)
|
>
oc
=
=
L
=
=
o
o
(=]
=
<<
(72}
=
[T}
=
w
oc

Note: Thiscopy isfor your personal, non-commercial use only. To order presentation-ready copiesfor
distribution to your colleaguesor clients, use the Radiology Reprintsform at the end of thisarticle.

Noncalcified Lung Nodules:
\Volumetric Assessment with
Thoracic CT'
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LisaM. Kinnard, PhD Lung nodule.voll.lmetry is used for nodule diagnosis, as well
as for monitoring tumor response to therapy. Volume
Kyle J. Myers, PhD .

. ' measurement precision and accuracy depend on a number
Nicholas Petrick, PhD of factors, including image-acquisition and reconstruction
parameters, nodule characteristics, and the performance
of algorithms for nodule segmentation and volume estima-
tion. The purpose of this article is to provide a review of
published studies relevant to the computed tomographic
(CT) volumetric analysis of lung nodules. A number of
underexamined areas of research regarding volumetric
accuracy are identified, including the measurement of non-
solid nodules, the effects of pitch and section overlap, and
the effect of respiratory motion. The need for public data-
bases of phantom scans, as well as of clinical data, is
discussed. The review points to the need for continued
research to examine volumetric accuracy as a function of a
multitude of interrelated variables involved in the assess-
ment of lung nodules. Understanding and quantifying the
sources of volumetric measurement error in the assess-
ment of lung nodules with CT would be a first step toward
the development of methods to minimize that error
through system improvements and to correctly account for
any remaining error.
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ung nodule measurements made

with computed tomography (CT)

are used in clinical practice to as-
sess size change estimated from serial
scans obtained over time to predict the
likelihood of malignancy (1) and to mon-
itor the response of tumor to treatment
(2). Size measurements need to be ac-
curate and consistent to enable assess-
ment of nodule change in a short time
interval. The time interval depends on
the specific clinical circumstance; some
lung cancers, particularly adenocarcino-
mas, are more aggressive than others
and may spread outside the thorax
and become systemically disseminated,
even when the primary tumor is small.
Nodules as small as 5 mm (about 635
mm? in volume) may require short-term
follow up in as little as 3—-6 months. A
nodule of that size will have doubled in
volume when it measures 6.3 mm in
diameter. Such small changes in size are
difficult to recognize visually, particu-
larly when nodules are irregular in
shape. Similarly, short-term knowledge
of tumor response is needed to make

B The review examines the effect of
different factors on the volumetric
assessment of lung nodules with
thoracic CT, including image-ac-
quisition and reconstruction pa-
rameters and nodule characteris-
tics.

B The performance of algorithms
for nodule segmentation and vol-
ume estimation are reviewed, and
a number of underexamined areas
of research regarding volumetric
assessment of lung nodules are
identified.

B This review promotes under-
standing and tries to quantify the
sources of volumetric measure-
ment error in the assessment of
lung nodules with CT as a first
step toward the development of
methods to minimize that error.

B [mproving the precision and accu-
racy of volumetric analysis could
increase its use and lead to im-
proved quantitative imaging for
analysis of nodule size changes.

patient-specific therapy decisions to
give the best possible clinical outcome.

Currently, nodule size is typically
evaluated by comparing the maximum
diameter of a nodule on serial scans in
accordance with the Response Evalua-
tion Criteria in Solid Tumors (RECIST)
(2,3), which place nodule response in
one of four categories: complete re-
sponse, partial response, stable dis-
ease, and disease progression. RECIST
is an update to the 1979 World Health
Organization method (4), which relied
on two-dimensional measures achieved
by multiplying a tumor’s maximum di-
ameter in the transverse plane by its
largest perpendicular diameter on the
same image.

While RECIST has been promoted
as a simple and practical one-dimen-
sional measurement approach that pro-
vides more reproducible results than
the World Health Organization method,
both criteria suffer from several limita-
tions (2), including the assumptions that
tumor size changes in a symmetric fash-
ion, that tumor volume is simply related
to a planar measurement, and that four
discrete categories of volume change
are sufficient to quantify disease re-
sponse or progression. In actuality, tu-
mors do not necessarily grow symmetri-
cally; different portions may grow at dif-
ferent rates (5). Furthermore, there is
substantial variability in the RECIST
measures within an observer and be-
tween different observers as they inter-
pret the displayed data and interact
with the measurement software tools
(6-8). This variability diminishes the
statistical power of clinical trials de-
signed to determine whether a therapy
truly affects tumor growth, which in
turn results in an extension of the time
needed for patient participation in the
trial and/or an increase in the number
of patients required to make this deter-
mination. Thus, there has been substan-
tial discourse regarding the need for
other measurement approaches that
could improve the assessment of change
in tumor size.

Since the introduction of the first
commercial helical CT scanner in 1990
(9), helical CT has been substantially
improved, reaching the point where

systems are capable of scanning large
anatomic volumes with high axial reso-
lution (<1.0 mm) in a single breath
hold. These improvements have led to
the development of three-dimensional
methods for nodule volumetry, with the
aim of more accurate and consistent tu-
mor measurement and, therefore, bet-
ter determination of temporal change in
a shorter interval of time. One of the
first applications of volumetric analysis
was the study by Yankelevitz et al (5)
for estimating the growth rate of small
nodules. Since then, a number of stud-
ies have focused on issues related to
the volumetric assessment of lung
nodules with CT. The key issue in
volumetric analysis is the precision
and accuracy of volumetric measure-
ments, which depend on a number of
interrelated factors, including scan ac-
quisition and reconstruction parame-
ters, nodule characteristics, and the
measurement techniques used in the
volume estimation process.

The purpose of this article is to pro-
vide a review of findings from published
studies relevant to the volumetric CT
analysis of lung nodules. The review will
focus on the sources and extent of error
in the volume-based estimation of nod-
ule size. Volumetric error will be dis-
cussed in terms of both accuracy (or
bias: a systematic error that contributes
to the difference between test results
and an accepted reference value) and
precision (or variance: the closeness of
agreement among test results obtained
given prescribed conditions).

An evaluation of the variance of
volumetric methods on clinical nodules
(ie, nodules seen at clinical CT examina-
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tions) requires repeat scans on stable or
nongrowing nodules. However, it is in-
sufficient to simply include serial images
of patients deemed to be clinically “sta-
ble” because they do not necessarily
have zero change in tumor size. Accord-
ing to the RECIST, nodules in the stable
disease category could be up to 20%
larger or 30% smaller in diameter on
repeat scans (3).

One way to obtain nodules that are
truly unchanged in size for testing volu-
metric measurements is to perform re-
peat CT acquisitions in a patient after
only a few minutes. However, patient
exposure considerations generally pre-
clude the collection of this type of data
on a large scale. Even if such studies
were conducted, the data provide infor-
mation only on the variability of the vol-
ume estimate but not on its bias, since
the true volume of the underlying nod-
ule is still unknown. Obtaining ground
truth on the size of lung nodules is a
difficult task because of the difficulty in
obtaining pathologic truth and the un-
certainty associated with the use of ob-
server output as truth (10).

Alternatively, phantom studies in-
corporating synthetic lung nodules have
been employed in research studies to
provide a framework incorporating
known truth, thus allowing both bias
and variance analysis of volume mea-
surement error. Phantom studies have
been employed in thoracic CT since the
early work of Zerhouni et al (11) to
standardize nodule attenuation mea-
surements. Results from studies per-
formed with both phantom (5,12-21)
and clinical (5,7,8,13,15,17,18,22-33)
data on the volumetric assessment of
lung nodules with CT will be reviewed
and discussed in this article.

Effect of Volume Measurement Method

A number of volumetric measurement
methods have been reported in the lit-
erature, while others are available as
commercial or public domain software.
The choice and use of a measurement
method can influence the precision and
accuracy of volumetric analysis. It is dif-
ficult to compare performance results
across methods since most are evalu-

ated with different data sets and the use
of different performance metrics and
different observers. Moreover, some
methods are designed for volume mea-
surements of synthetic nodules in
phantom experiments, while others
are designed for clinical data, which
have a wider range of nodule shapes,
sizes, attenuation values, and sur-
rounding structures.

Volume measurement methods in
the content of this review fall mainly
into two categories: semiautomated and
manually derived. Semiautomated al-
gorithms are typically initiated by de-
fining a region of interest around a
nodule or by a user-provided point in-
side the nodule area. Depending on
the application, segmentation algo-
rithms are then employed to delineate
nodules from the surrounding lung pa-
renchyma and neighboring structures
such as attached vasculature and pleu-
ral surfaces. Manually derived methods
require users to interactively delineate
nodule boundaries, typically in a sec-
tion-by-section fashion; this is followed
by an application of three-dimensional
software to merge the two-dimensional
boundaries into a volume. The estimate
of nodule volume is then based on the
total number of voxels within the seg-
mented region. The majority of volume
measurement methods use voxel count-
ing; therefore, these methods will be
featured prominently in this review.

Algorithmic Approaches Attempting to
Compensate for Partial Volume Effect
Some voxel-counting algorithms attempt
to improve measurement accuracy by
accounting for voxels affected by the

Figure 1

28

partial volume effect, an imaging arti-
fact caused by the limited resolution of
CT scanners and the averaging of the
linear attenuation coefficients of all ma-
terials in a pixel (34). The problem re-
sults when an algorithm counts a per-
centage of voxels as containing pure
nodule tissue or pure parenchyma tis-
sue when, in fact, the voxels contain
both (17). Since nodule tissue attenua-
tion values may be considerably higher
than those of surrounding parenchyma
tissue, voxels containing only a small
portion of nodule tissue may be inter-
preted as nodule voxels, which leads to
an overestimation of true volume (13).
It has been shown that the percentage
of partial volume voxels decreases as
nodule size increases and as section
thickness decreases (18).

A number of approaches have at-
tempted to compensate for the partial
volume effect. The major differences
between these approaches are rooted in
the definitions of what constitutes a
voxel containing pure nodule tissue,
pure parenchyma tissue, or a mixture of
the two. These varying definitions result
in different volume measurements. In a
phantom study by Ko et al (12) focusing
on small nodules (diameter, <5 mm),
three volumetric methods that differed
in their definitions of nodule and paren-
chyma voxels were compared in terms
of mean absolute error. Figure 1isa CT
section showing the synthetic nodules
used in that study. Results demon-
strated that algorithm choice had a sig-
nificant effect on measurement error for
low-dose (20-mAs) scans. Kuhnigk et al
(17) used a voxel-counting method,
where the contribution of partial vol-

Figure 1:  Axial CT section of
phantom shows synthetic nodules
used inthe study by Ko etal (12).
(Reprinted, with permission, from
reference 12.)
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ume voxels to the overall volumetric
measurement was weighted on the basis
of their distance from the segmented
nodule boundary. The use of this
method improved reproducibility in
volumetry of clinical nodules across dif-
ferent image-acquisition protocols. An
evaluation with synthetic nodules showed
that algorithm performance depended
on section thickness and the choice of
reconstruction kernel, which was ex-

Figure 2:

Pleural surface segmentation. On axial raw (top row) and processed (bottom row) CT images,
lung nodules are shown in white; pleural wall and vessels, in gray. (Reprinted, with permission, from
reference 18.)

pected since these parameters influ-
ence the partial volume effect.

Segmentation Methods for Juxtavascular
and Juxtapleural Nodules

Clinical nodules are often attached to
surrounding structures, including vas-
culature and the pleural surface adjoin-
ing the thoracic wall. Kuhnigk et al (17)
analyzed a set of 700 lung nodules, 90%
of which had visible connections to ves-

Figure 3

Figure 3:  Axial CTimages show the five categories of nodules used in the phantom study by Das etal (19):
isolated nodules (A), nodules around vessels (B), nodules attached to a vessel (C), pleural nodules (D), and
nodules attached to the pleura surface (). (Reprinted, with permission, from reference 19.)

sels and 30% of which were adjacent to
the pleura. Nodule attachments make it
difficult to accurately define boundaries,
as is evident from the interobserver
variability that exists in the task of vol-
ume estimation with the use of manually
drawn nodule boundaries (30), and can
contribute to errors in the volume mea-
surement process (35,36).

A number of semiautomated two-
and three-dimensional lung nodule
segmentation methods, initialized by
observer-defined nodule localizations,
have been developed. Since attenua-
tion information is not sufficient to dis-
tinguish nodule boundaries from at-
tached vessels, most methods incor-
porate morphologic operators. Kostis
et al (23) developed a model-based volu-
metric measurement method that clas-
sifies nodules into four types on the ba-
sis of surrounding structures. Results
showed acceptable segmentations (as
determined by a radiologist) in approx-
imately 80% and 72% of segmented
nodules with vascular and pleural at-
tachments, respectively. Reeves et al
(18) developed a multistage three-
dimensional nodule-segmentation algo-
rithm for performing volume change
analysis. Examples of pleural surface
and vascular segmentation are shown
in Figure 2. Results in 50 stable nod-
ules showed an error (standard devi-
ation in percent volume change) on
the order of 9%. Related work in-
cludes the studies by Zhao et al
(37,38), Wiemker et al (39,40), and
Okada et al (26).

Commercial and Public-Domain Software
for Volumetric Analysis

A number of studies have reported on
the use of commercial or public domain
software for volumetric assessment of
lung nodules. Das et al (19) used a com-
mercially available lung analysis soft-
ware package (LungCARE; Siemens,
Forchheim, Germany) for volume mea-
surements of synthetic nodules with
various attachment categories, as illus-
trated in Figure 3. Four 16-section CT
scanners from four vendors were used
in the analysis. Overall absolute per-
centage error varied for different nod-
ule attachment categories and was high-
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est for pleural nodules, where it ranged
from 10.3% to 21.2% across vendors.
Magnitudes of absolute percentage er-
ror as high as 28% were also reported
by Kinnard et al (20) in a phantom study
that used public-domain software
(OsiriX, version 2.7.5 [41]).

The results from the studies above
show the dependence of volumetric er-
ror on the performance of the segmen-
tation algorithms, particularly in the
presence of the nodule’s vascular and
pleural attachments. The limitations
and assumptions used in the design of a
specific algorithm need to be well un-
derstood. For instance, the software
used in the Das et al study (19) assumed
that nodules have a spherical shape.
This assumption does not necessarily
hold for clinical nodules. Another issue
is the failure (incorrect segmentation)
rate of measurement methods, which
ranged from 20% to 28% for nodules
with different attachments in the Kostis
et al study (23). Software might require
the supervision of, and perhaps correc-
tion by, a radiologist to reach accept-
able levels of performance. Finally, a
limitation of the majority of volumetric
measurement algorithms is that they
are only capable of segmenting solid
nodules.

Variability in the Use of Software for
Volumetric Measurements

Differences in volumetric measurements
are also present in repeat scans of the
same object. These differences occur
due to the inherent variability of the
acquisition system (42-44), as well as
variability associated with the manually
drawn boundaries and the use of vol-
ume measurement tools by human ob-
servers (7,27). These issues will be dis-
cussed in this section.

Goodman et al (27) presented re-
sults on the variability of volumetric
measurements made with a commercial
semiautomated software program (Ad-
vantage Lung Analysis; GE Healthcare).
The evaluation was performed on a set
of 50 nodules across three repeat scans
read by three observers. The second
and third scans were acquired during
two breath holds performed 10-20 min-
utes after the first scan. Nodule volume

was estimated as the average volume
measurement of the three observers at
the first scan and was used as ground
truth to measure interobserver variabil-
ity. This measure of interobserver vari-
ability is inherently biased because each
observer is compared against a stan-
dard that is based in part on his or her
own contours. Interscan variability was
measured as the percentage difference
between the average volume measure-
ments and the estimated volume. Re-
sults showed significant interscan vari-
ability (on the order of 13%) but minimal
interobserver variability. High interob-
server agreement was attributed to the
use of semiautomated software.

Similar high interobserver agree-
ment was reported by Revel et al (25)
and Juluru et al (45). In studies by Gi-
etema et al (29,32), the most important
cause of variability was incomplete seg-
mentation due to irregular shape or
margin.

In addition to intra- and interscan
variability related to semiautomated
measurement tools, studies have also
focused on the variability of manually
derived volumetric measurements. In a
study that was part of the Lung Image
Database Consortium, Meyer et al (30)
evaluated sources of variability in defin-
ing the spatial extent of lung nodules.
Six experienced thoracic radiologists
used three software methods. The first
method was a manual boundary-delin-
eation technique, while the other two
were semiautomatic. For one of the
semiautomated algorithms, the user
drew a line from the inside of the nodule
to the outside, and this trace was used
to determine the segmentation thresh-
old. The other semiautomated algo-
rithm presented a set of prethresholded
nodules, from which the radiologist
could pick the one he or she perceived
to be the most accurate. This algorithm
also contained manual software tools so
that the radiologists could locally adjust
the resulting segmentations. The overall
focus of the study was to let experts
determine truth and to have the result-
ing boundaries reflect each decision.
The radiologists independently applied
each nodule-contouring method to the
boundaries of 23 lung nodules. Results

showed that statistically significant vari-
ability existed between volumetric mea-
surements, with interobserver variabil-
ity accounting for approximately 40% of
total volume variance. On the basis of
the standard error across all radiolo-
gist-method combinations, the mea-
sured volume would need to change by
more than 55% to have at least 95%
confidence that the measured difference
was an actual nodule volume change
and not measurement error.

Results from the above studies un-
derscore the idea that both bias (mea-
surement deviation from the true value)
and variance should be considered
when choosing software for volumetric
measurements. Automated tools may
decrease observer variability, but they
may also yield large biases, particularly
in the presence of nodule-surrounding
structures such as vessels. By allowing
observers to interact with the software,
it may be expected that these biases
would be reduced. Research efforts are
needed to develop methods for minimiz-
ing interobserver variability in the use
of such interactive tools.

Effect of Scan Acquisition and
Reconstruction Parameters

Other than system-design parameters,
such as number and size of detectors
and tube-gantry geometry, a number of
user-defined settings can influence volu-
metric measurements of lung nodules.
The CT acquisition and nodule parame-
ters for the major studies referenced in
this review are summarized in the Table.

Section Thickness, Gollimation, and
Overlap

In clinical practice, initial screening
and diagnostic thoracic CT examina-
tions are often performed with thicker
(=3-mm) sections for improved clini-
cal workflow (13). Follow-up examina-
tions of suspicious areas or nodules
are then performed with thinner (1-3-
mm) sections. These differences in
section thickness need to be consid-
ered when comparing volumes be-
tween serial scans.

A number of studies have examined
the effect of section thickness on the

30
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CT Scanning and Reconstruction Parameters and Nodule Descriptions for Selected Studies

Acquisition and Reconstruction Parameters

Nodule Parameters

No. of  Peak Reconstructed
Detector Voltage Section Section Collimation (no. No. and Type of
Study and Vendor* Rows (kVp) Exposure” Thickness (mm) of detector rows X mm)  Pitch Nodules Size*
Das et al (19)

Siemens 16 120 20,100 0.75,1.5 16 X 0.75,16 X 1.5 NA 40 synthetic, 35 HU  d = 3-10

GE Healthcare 16 120 20,100 0.625, 0.25 16 X< 0.625,16 X 0.25 NA 40 synthetic, 35 HU d = 3-10

Philips 16 120 20,100 0.75,1.5 16 X 0.75,16 X 1.5 NA 40 synthetic, 35 HU  d = 3-10

Toshiba 16 120 20, 100 0.5,1.0 16 X 0.5, 16 X 1.0 NA 40 synthetic, 35 HU  d = 3-10

Goo et al (16)
Siemens 16 120 255 mA/500 msec  0.75, 1.0, 16 X 0.75 NA 4 synthetic, 130 d=32438,64,
2.0,3.0,5.0 HU 12.7
Goodman et al (27)
GE Healthcare 8or16 120 200-400 mA/ 1.25 4x1.25 1.35-1.375 50 clinical d=<20
500-800 msec.
Juluru et al (45)
Siemens 16,64 120 11,180 0.75 16 X 0.75,64 X 0.75 NA 29 clinical s=4-10 (n = 24);
>10 (n = 5)
Ko et al (12)
Siemens 4 140 20, 200 1.25 4x1.0 NA 40 synthetic, 360 d=2-5
and 50 HU

Kostis et al (23)

GE Healthcare 1 140 200 1.0-1.25 NA 1 16 clinical § = 6.2 (median)
Kuhnigk et al (17)

Siemens 64 NA 20,120 06,1,2 NA NA 39 synthetic d=3-10

Siemens 4 NA 20 0.8 NA NA 105 clinical NA
Marten et al (14)

GE Healthcare 4 120 60 mA/800 msec 0.63, 1.25 2 % 0.63,4 x1.25 1,0.75 70 clinical d= 14-78
Meyer et al (30)

GE Healthcare 16 120 120, 157, 160 0.625 16 X 1.25 NA 23 clinical v=18.8-20%

mA/500 msec

Petrou et al (31)

GE Healthcare 8 120 160, 80 0.625,2.0,25 8x1.25 1.35 75 clinical d=3-20

GE Healthcare 16 120 160, 80 0.625,2.0,25 16 X 1.25 1.375 75 clinical d=3-20
Reeves et al (18)

GE Healthcare 1 120-130 200-330 mA 1.0 NA NA 50 clinical d=2-10
Revel et al (25)

GE Healthcare, 4 120-140  80-120 1.25,2.5 4x1.254X25 1.2-1.5 54 clinical d=<20

Siemens
Winer-Muram et al
(13)
Picker 1 120 200 3,5,8,10;3, NA 1.5 11 synthetic, 100 d=12.7-38.1
58,10 HU; 55 clinical

Yankelevitz et al (5)

GE Healthcare 1 140 200 mA 05,1 1 1 Multiple synthetic, d = 3-15
75-175 HU, and (synthetic); 10
clinical, 35 HU (clinical)

Zhao et al (46)
GE Healthcare 8 120 190-290 3.75,5,75 NA 1.35 42 clinical d=6-32

Note.—NA = not available.
* Philips, Best, the Netherlands; Picker, Cleveland, Ohio.

T Unless otherwise indicated, data are in milliampere-seconds.
* Unless otherwise indicated, data are the diameter (d) or average (s, length, width) in millimeters.
S Data are the volume (v) in cubic millimeters.
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variability in volumetric measurement
error of lung nodules. Winer-Muram
et al (13) showed an average percentage
difference of 20% in volumetric mea-
surements between thin and thick sec-
tions (36% for the smallest tumors).
Similar findings regarding the effect of
section thickness were reported by
Zhao et al (46), Petrou et al (31), and
Kuhnigk et al (17). These studies also
demonstrated that section thickness has
a larger effect on the measurement er-
ror of small nodules.

Phantom studies have also been
used to examine the bias of volumetric
measurements as a function of section
thickness. In the Winer-Muram et al
study (13), measurements of 11 spheri-
cal nodules ranging from 12.7 to 38.1
mm in diameter were derived. Results
showed volume overestimation that var-
ied directly with section thickness and
inversely with tumor diameter. For the
largest nodule, bias error ranged from
11.15% to 16.44% for scans acquired
with section thickness of 2 mm and 10
mm respectively, whereas for the small-
est nodule the error ranged from 13.04%
to 28.04%. Similar results showing a
more pronounced volumetric error for
thicker sections were reported by Tao
et al (15) and Way et al (21).

The effect of collimation (acquiring
sections of a particular thickness from
multiple detector rows) on multisection
scanners has only recently been exam-
ined regarding the effect on volumetric
accuracy. In the study by Das et al (19),
the effect of section collimation on volu-
metric measurement accuracy was ex-
amined in a comparison of four different
16-section CT scanners. Depending on
the system’s settings, comparisons were
made between 16 detector rows at 1.5
mm and at 0.75 mm section collimation
(Siemens; Philips Medical Systems,
Best), between 16 detector rows at 1.235
mm and at 0.625 mm (GE Healthcare)
and between 16 detector rows at 1.0
mm and at 0.5 mm (Toshiba; Tokyo,
Japan) collimations. Section collimation
was found to have a significant effect on
the absolute percentage error of volu-
metric measurements across all scan-
ners (P =.021). The extent of the effect
varied for different types of nodule at-

tachments and nodule sizes although no
analysis to determine statistical signifi-
cance was reported.

Aside from different section collima-
tions for a given number of detector
rows as examined by Das et al (19),
there may be several configurations that
result in sections of the same thickness.
The particular choice of a configuration
must be made on the basis of desired
volume coverage speed, which increases
as the number of detector rows in-
creases, and/or the ability to review
thinner sections, which decreases as the
number of detector rows increases
(47). More studies are needed to exam-
ine the effect of such configurations on
volumetric accuracy.

Another important acquisition pa-
rameter is section spacing (section
overlap). In a study with single-detector
CT, Brink et al (48) suggested that at
least a 60% overlap relative to the effec-
tive section thickness is needed for max-
imal longitudinal resolution. However,
this effect has not been examined rela-
tive to the volumetric assessment of
lung nodules with multidetector CT.

Radiation Exposure

Radiation exposure settings involve a
trade-off between minimizing radiation
dose while maintaining image quality.
The effect of radiation exposure on
volumetric measurement error was
examined in the study by Ko et al (12).
It was reported that bias error is sig-
nificantly smaller for a 120- mAs scan
than for a 20-mAs scan (P < .001). A
different result was reported in the
Das et al (19) phantom study, in which
four commercial 16-section CT scan-
ners were compared. Volumetric mea-
surement error was measured for
scans acquired with a low dose (20
mAs) and with a standard dose (100
mAs). Nodules varied in diameter
from 3-10 mm and had a number of
different vascular and pleural attach-
ments. No statistically significant dif-
ference in absolute percentage error
was reported for the two dose proto-
cols. Similar results were reported by
Way et al (21). The disparity of these
results could be due to the use of newer-
generation 16-detector row scanners

in the Das et al and Way et al studies
versus a four—detector row scanner in
the Ko et al study.

Modern scanners use automatic ra-
diation exposure control systems to op-
timize the tube current-time product
during acquisition. However, the effect
on lung nodule volumetry of variations
in tube current along the x, y, and z axes
has not been investigated.

Reconstruction Algorithm and Filter

Image reconstruction algorithms are in-
terrelated with section thickness, reso-
lution, and noise and can subsequently
affect volumetric measurement error.
In the Ko et al study (12), the choice of
reconstruction algorithm significantly
affected measurement error. Specifi-
cally, the high-frequency reconstruction
algorithm was more accurate (mean ab-
solute error = 3.0 mm?) than the low-
frequency algorithm (mean absolute er-
ror = 3.7 mm®, P = .002) for all 40
nodules. The effect could have oc-
curred owing to the fact that only
small nodules were studied (<5 mm),
and higher spatial resolution related
to the use of a high-frequency recon-
struction algorithm facilitates the sam-
pling of small nodules (12). Kuhnigk
et al (17) also studied the effects of
reconstruction filter, comparing bone
and soft-tissue reconstruction kernels.
Synthetic nodule results showed that
the median absolute volume deviation
between the two kernels was 5.6%. As
in the Ko et al (12) study, the nodules
used by Kuhnigk et al were relatively
small (<10 mm).

Type of CT System

Patients often undergo thoracic CT ex-
aminations at different sites or with
different scanners during their follow-
up. Scanner-specific parameters can
potentially influence volumetric mea-
surements. Das et al (19) evaluated
volumetric measurement accuracy for
four different 16-section scanners from
different vendors. Their phantom con-
tained spherical nodules with a diame-
ter of 3-10 mm in five categories of
nodule attachment. Data were ana-
lyzed by using a commercial semiauto-
mated lung analysis software package
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(LungCARE; Siemens). A statistically
significant effect for differences in the
system was found across all protocols
(P = .004). Overall mean absolute per-
centage error varied from 7.5% * 7.2
(standard deviation) for one vendor to
14.3% = 11.1 for another. Significant
effects due to system type were re-
ported for section collimation and nod-
ule size but not for low- and standard-
dose protocols.

Marten et al (14) compared volu-
metric measurements for a set of 70
synthetic lung nodules with estimated
diameters of 1.4-7.8 mm, acquired
from two CT systems: a clinical four-
section CT system (Lightspeed Plus; GE
Healthcare) and a prototype volumetric
CT scanner (GE Healthcare). Results
showed a significant decrease in bias
error for the prototype system as com-
pared with the four-section system, par-
ticularly for small (<4-mm) nodules.
The volumetric CT system was less
prone to measurement errors than was
the four-section system because of its
higher spatial resolution and ability to
achieve near isotropic conditions. The
results may be somewhat biased be-
cause of the authors’ use of relatively
small nodules (<7.8 mm), for which
high spatial resolution would be ex-
pected to have a larger impact. The au-
thors acknowledged that technologic
advances are needed before this volu-
metric CT technology could be incorpo-
rated into clinical practice. However,
the results of this study were encourag-
ing for the development of imaging tech-
nology that would enable the accurate
measurement of small nodules.

Pitch

A parameter that has not been system-
atically evaluated is helical pitch, which
is a function of section width and table
speed (47,49). As discussed in an article
by Napel (47), for single-detector CT
systems the section width is controlled
entirely by the collimator, and the rela-
tionships among pitch, image quality,
and dose are well understood. How-
ever, pitch for multidetector helical CT
systems and the resulting trade-offs be-
tween dose and image quality are com-
plicated because section width is con-

trolled by the detector configuration. In
the study by Way et al (21), the varia-
tion in pitch settings did not significantly
affect the volume measurement error.
However, only spherical nodules with
no attachments were used in the study.
The effect of pitch on volumetric mea-
surement accuracy is open for addi-
tional investigation.

The above studies demonstrate that
the choice of CT system and protocol
used for scan acquisition can have a
substantial effect on volumetric mea-
surements. With regard to acquisition
protocols, section thickness was shown
to be the most important factor. More
studies are needed to address the effect
of section overlap and pitch.

Effect of Lung Nodule Characteristics

Nodule characteristics, such as size,
shape, margination, and radiologic so-
lidity, vary widely in clinical cases and
can influence the precision and accuracy
of volumetric measurements. Research
findings on the effect of nodule charac-
teristics will be discussed in this section.

Nodule Size

Nodule size is an important factor in
volumetric analysis of lung nodules.
Clinically, it has been shown that size is
linked to nodule malignancy, with non-
calcified nodules larger than 2 cm in
diameter having a higher rate of malig-
nancy than smaller nodules (50). Nod-
ule size also has an effect on volumetric
measurements because CT reconstruc-
tions of smaller nodules tend to have a
larger proportion of voxels that have
contributions from more than one tissue
type (ie, partial volume voxels) (18).

A number of studies have shown an
increase in lung nodule volume estima-
tion error with decreasing nodule size.
In a phantom study, Goo et al (16) used
a set of synthetic nodules ranging from
3.2 to 12.7 mm and reported a signifi-
cant increase in absolute error with de-
creasing nodule size. The effect was
more pronounced for thicker sections.
As for clinical nodules, Reeves et al (18)
examined stable nodules and showed a
decrease in percent volume variation
from 12% to 1.8% as nodule size in-

creased from 2 to 8 mm. A similar effect
of increased variability in volumetric
measurement for decreasing nodule size
was reported by Petrou et al (31) and
Winer-Muram et al (13).

Nodule Shape

Since nodules often grow irregularly
(5), nodule shape and margination (one
aspect of which is the presence of spic-
ulation) have also been examined as
variables in volume measurement.
Yankelevitz et al (5) studied nodule
shape, where volume was measured
first by manually selecting the nodule
region of interest and then by perform-
ing isotropic resampling of the ex-
tracted volume. Volume measurements
showed larger measurement error for
elongated shapes (0.9%-2.8%) than for
spherical shapes (0.7%-1.43%). The
small magnitude of error (<3%) can be
attributed to the high mean attenuation
of the nodules and the spherical shape
of nodule boundaries. Similar findings of
increased error for nonspherical shapes
was reported by Marten et al (14).
Petrou et al (31) also studied the
effect of shape and found no statistically
significant differences for volume mea-
surement variability for round (n = 53)
versus elongated (n = 20) nodules.
However, a significant effect was found
for nodule margination, where nodules
were classified as smooth or spiculated.
For the nodules segmented by using a
particular software package (Volume
Analysis; GE HealthCare) the spiculated
versus smooth comparison in volume
measurement variability yielded statisti-
cally significant differences. The effect
of nodule margin on volumetric mea-
surement accuracy is clearly an under-
examined area that needs further in-

quiry.

Nodule Attenuation

Lung nodules are typically categorized
as solid, nonsolid (commonly known as
ground-glass opacities), and part-solid
(also known as ground-glass opacities
with a solid center) (1,51). Studies have
shown (52) that there is a higher preva-
lence of malignancy among nonsolid and
part-solid nodules than among solid
nodules. Despite the clinical impor-
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tance of radiologic attenuation, only a
small number of authors have re-
ported volumetric measurement re-
sults on nonsolid nodules, possibly due
to the lack of dedicated software that
can accurately segment low-contrast
and uneven boundaries. Ko et al (12)
showed that absolute error values
were higher for ground-glass opaci-
ties, or nonsolid nodules, than for
solid nodules.

In summary, the size, shape, and
attenuation of lung nodules have been
shown to significantly affect volumetric
measurement error. These characteris-
tics need to be considered for planning
CT scans (ie, select the smallest section
thickness when monitoring small nod-
ules). Moreover, there is a clear need
for software dedicated to evaluation of
nonsolid lung nodules.

Researchers in a few recent stud-
ies have also attempted to measure
how lung nodule volume estimates
vary with changes in inspiratory level.
Petkovska et al (53) and Weiss et al
(54) reported significant differences in
measured nodule size (volume and di-
ameter) between different inspiration
levels, although Gietema et al (32) re-
ported that inspiration level had only a
weak effect.

Applications of Volumetric Analysis

The volumetric assessment of lung nod-
ules is primarily applied to estimation of
nodule growth rate or volume doubling
time (VDT) and to evaluation of nodule
response to treatment. Volumetric ac-
curacy is critical for these applications
because measurements with low uncer-
tainty allow change to be measured in
a shorter period of time, facilitating
quicker and more accurate diagnosis
and the selection for appropriate treat-
ment. Revel et al (55) used volumetric
analysis to extract VDT and conse-
quently distinguish malignant from be-
nign nodules with a sensitivity and spec-
ificity of 91% and 90%, respectively.
Other studies have also used volumetry
for calculating VDT (5,23). A concern
with the use of VDT is that it assumes
a constant exponential growth rate,
which is not true for all tumors.

Nodule volumetry with temporal
scans has also been used to categorize
treatment response (6,24,28). Marten
et al (6) compared interobserver vari-
ability in the evaluation of treatment re-
sponse by using specific categories (ie,
complete remission, partial remission,
stable disease, and progressive disease)
between different measurement meth-
ods. One-dimensional measurements
were extracted by two observers using
electronic calipers, followed by auto-
mated volumetric measurements with a
commercial software package (LungCare;
Siemens). While there were no discrep-
ancies in patient response assessment
between observers using volume mea-
surements, there was discordance in
24% of patients when one-dimensional
analysis with RECIST was used. Poor
agreement between volumetric and
single-section measurements is com-
monly seen when the nodule does not
conform to the approximately spheri-
cal or ellipsoidal assumptions that un-
derlie the one- and two-dimensional
measurements, respectively (33). Re-
lated work by other investigators
(24,28,33) has examined disagreement
between volumetric and single-section
(one-, two-dimensional) assessment of
nodule size change.

Drawing conclusions from the studies
covered in this review is difficult owing
to the interdependency among different
factors, the uncertainty in measure-
ments, and the challenge of comparing
results from studies that have been con-
ducted with different protocols, patient
populations, and synthetic phantoms.
For instance, the significant improve-
ment in measurement error reported
with a high-frequency reconstruction
kernel (12) was based on analysis of
small (<5-mm) nodules. It is not clear if
the improved volume estimates for the
high-frequency kernel would generalize
to larger nodules or to different acquisi-
tion protocols. The relatively small bias
(<3%) reported by Yankelevitz et al (5)
was based on solid, homogeneous, syn-
thetic nodules without vascular attach-
ments and with a mean attenuation of

175 HU, imaged with a high-resolution
protocol (140 kVp, 200 mA). One would
not expect this small magnitude of error
to be seen in an actual drug trial or
patient care setting.

Even with these limitations, we can
generally conclude that section thick-
ness (section width) is one of the most
important CT acquisition parameters to
control. Findings from several studies
demonstrated differences in volumetric
measurement error ranging from 10%
to 40% between scans acquired with
thin and thick section widths. These
large estimation errors must be taken
into consideration when temporal scans
with different section thicknesses are
compared, particularly for small nod-
ules. With regard to exposure, the re-
cent study by Das et al (19) showed no
significant effect on volumetric mea-
surement error between low-dose (20-
mAs) and standard-dose (100-mAs)
protocols for four major scanner ven-
dors. These exposure results could sup-
port a trend toward low-dose protocols
that minimize patient exposure without
degrading tumor tracking over time. Ko
et al (12), however, have reported ex-
posure results that are somewhat con-
tradictory in comparison to the Das et al
conclusions. Finally, the current litera-
ture is not sufficient for developing con-
clusions on the effects of collimation or
pitch on volumetric measurements with
the new generation of multisection CT
systems. This review also revealed a
paucity of studies focusing on part-solid
and/or nonsolid nodules.

Phantom studies are valuable for
quantifying the sources and extent of
measurement error and for establishing
lower bounds on the estimation error of
volumetric measurements. However,
they lack the complexity and variability
of clinical studies in terms of the charac-
teristics of nodules and their surround-
ing anatomy. Realistic thoracic phan-
toms could serve to bridge the gap
between findings from experimental
studies and those from clinical studies.
Phantom technology has advanced to
the point where thoracic phantoms in-
corporating lung vasculature are now
available, as shown in Figure 4. Such
phantoms allow the evaluation of seg-
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mentation algorithms within a some-
what more realistic and variable lung
field. More realistic synthetic nodules
including those with irregular shapes
and margins, as well as those with inho-
mogeneous attenuations, to mimic non-
solid nodules, are also needed to depict
variables present in clinical practice.

In addition to phantom studies,
Monte Carlo simulation studies could
also be helpful. Recent advances in sim-
ulation tools for x-ray imaging systems
(56) allow the generation of images with
realistic properties by tracking the
transport of particles from the x-ray
source through the object of interest to
the detector plane. In recent studies
(57,58), Monte Carlo simulation was
used to generate thoracic CT images of
realistic anthropomorphic phantoms de-
scribed by triangle meshes and to model
realistic coronary angiograms. A similar
approach could be used to simulate a va-
riety of lung nodules while controlling for
variables such as image-acquisition pa-
rameters, nodule characteristics, and the
complexity of surrounding structures.
The relevance of simulation clearly de-
pends on the accuracy of the simulation
tools.

Nearly all current volume estima-
tion methods in the literature use voxel
counting, which relies on the assump-

Figure 4

(Reprinted, with permission, from reference 20.)

Figure 4:  Axial CT section shows phantom with synthetic nodule attached to the vasculature in left lung.

tion that voxels accurately represent the
underlying object. While this may be
adequate for large volume differences,
it can be problematic for smaller
changes, owing to the inherent error
in representing small nodules and
edge features with CT voxels, even in
the absence of noise. Alternative ap-
proaches may include the estimation of
tumor shape or volume in the continu-
ous space of the object, taking into ac-
count the continuous-to-discrete image-
formation process and noise in the data.
A comprehensive treatise on these is-
sues can be found in the text by Barrett
and Myers (59). Another approach to
improve volumetry may involve the in-
clusion of image registration into the
volume estimation process. Meyer et al
(60) used low-degree-of-freedom regis-
tration to grossly align liver lesions,
form a subtraction image, and then
compute the volume change from the
difference image. Related work was
performed by Thirion and Calmon (61).

Thoracic scans of patients and of
phantoms containing synthetic nodules
could be made publicly available to
enable developers to perform compar-
isons regarding measurement error
between different methods. Similarly,
public databases of clinical data sets ac-
quired with a set of standard protocols

could be useful in testing the relative
performance of measurement tools.
The Reference Image Database for Eval-
uation of Response, or RIDER, consor-
tium has been created by the National
Cancer Institute and the National Insti-
tute of Biomedical Imaging and Bioengi-
neering with the purpose of establishing
such databases, and currently a data-
base of serial CT scans is available for
download from the National Cancer Im-
aging Archive. A second source of tho-
racic CT data is the Lung Image Data-
base Consortium database, which con-
tains lung nodules that have been
annotated (62). Nodule boundary truth
data, particularly that which has been
evaluated by multiple observers as has
been done by the Lung Image Database
Consortium, is valuable for develop-
ment and evaluation of volumetric seg-
mentation algorithms. In a related man-
ner, the Radiological Society of North
America has recently launched the
Quantitative Imaging Biomarkers Alli-
ance, as “an initiative by researchers,
healthcare professionals and industry to
advance quantitative imaging and the
use of imaging biomarkers in clinical tri-
als and clinical practice” (http://qibawiki
.rsna.org/index.php ?title=Main_Page).
Along with fluorine 18 fluorodeoxyglu-
cose positron emission tomography/CT
and dynamic contract material-en-
hanced MR imaging, volumetric CT was
chosen by QIBA as a biomarker to quan-
tify the effects of novel therapeutic can-
didates for cancer.

We have reviewed issues related to the
volumetric assessment of lung nodules
with thoracic CT. Our review points to
the need for continued research to ex-
amine volumetric accuracy as a function
of the multitude of interrelated vari-
ables that are involved in the assess-
ment of lung nodules with CT. An un-
derstanding of the sources and extent of
error would allow software developers
and users of quantitative imaging to
control for these effects through system
improvements (hardware, software, and
operator contributions), while physi-
cians could incorporate this knowledge
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into their assessment of lung nodule
change and patient care.

Acknowledgments:

We especially thank Samuel

G. Armato IlI, PhD, Ella Kazerooni, MD, and
Charles R. Meyer, PhD, for their contributions
to the preparation of this review, as well as the
other members of the Reference Image Database
for Evaluation of Response consortium.

References

1.

10.

11.

Hasegawa M, Sone S, Takashima S, et al.
Growth rate of small lung cancers detected
on mass CT screening. Br J Radiol 2000;73:
1252-1259.

. Jaffe CC. Measures of response: RECIST,

WHO, and new alternatives. J Clin Oncol
2006;24:3245-3251.

. Therasse P, Arbuck SG, Eisenhauer EA,

et al. New guidelines to evaluate the re-
sponse to treatment in solid tumors. J Natl
Cancer Inst 2000;92:205-216.

. Miller AB, Hoogstraten B, Staquet M,

Winkler A. Reporting results of cancer treat-
ment. Cancer 1981;47:207-214.

. Yankelevitz DF, Reeves AP, Kostis WJ, Zhao

B, Henschke CI. Small pulmonary nodules:
volumetrically determined growth rates based
on CT evaluation. Radiology 2000;217:251-
256.

. Marten K, Auer F, Schmidt S, Kohl G,

Rummeny EJ, Engelke C.
manual measurements compared to auto-

Inadequacy of

mated CT volumetry in assessment of treat-
ment response of pulmonary metastases us-
ing RECIST criteria. Eur Radiol 2006;16:
781-790.

. Bogot NR, Kazerooni EA, Kelly AM, Quint

LE, Desjardins B, Nan B. Interobserver and
intraobserver variability in the assessment of
pulmonary nodule size on CT using film and
computer display methods. Acad Radiol
2005;12:948 -956.

. Erasmus JJ, Gladish GW, Broemeling L,

et al. Interobserver and intraobserver vari-
ability in measurement of non-small-cell car-
cinoma lung lesions: implications for assess-
ment of tumor response. J Clin Oncol 2003;
21:2574-2582.

. Kalender WA. Technical foundations of spi-

ral CT. Semin Ultrasound CT MR 1994;15:
81-89.

Dodd LE, Wagner RF, Armato SG, et al.
Assessment methodologies and statistical is-
sues for computer-aided diagnosis of lung
nodules in CT: contemporary research top-
ics relevant to the Lung Image Database
Consortium. Acad Radiol 2004;11:462-475.

Zerhouni EA, Boukadoum M, Siddiky MA,

12.

14.

16.

17.

18.

19.

20.

21.

22.

et al. A standard phantom for quantitative
CT analysis of pulmonary nodules. Radiology
1983;149:767-773.

Ko JP, Rusinek H, Jacobs EL, et al. Small
pulmonary nodules: volume measurement at
chest CT—phantom study. Radiology 2003;
228:864-870.

. Winer-Muram HT, Jennings SG, Meyer CA,

et al. Effect of varying CT section width on
volumetric measurement of lung tumors and
application of compensatory equations. Ra-
diology 2003;229:184-194.

Marten K, Funke M, Engelke C. Flat panel
detector-based volumetric CT: prototype
evaluation with volumetry of small artificial
nodules in a pulmonary phantom. J Thorac
Imaging 2004;19:156-163.

. Tao P, Griess F, Lvov Y, et al. Characteriza-

tion of small nodules by automatic segmenta-
tion of x-ray computed tomography images.
J Comput Assist Tomogr 2004;28:372-377.

Goo JM, Tongdee T, Tongdee R, Yeo K,
Hildebolt CF, Bae KT. Volumetric measure-
ment of synthetic lung nodules with multi-
detector row CT: effect of various image re-
construction parameters and segmentation
thresholds on measurement accuracy. Radi-
ology 2005;235:850-856.

Kuhnigk JM, Dicken V, Bornemann L, et al.
Morphological segmentation and partial vol-
ume analysis for volumetry of solid pulmo-
nary lesions in thoracic CT scans. IEEE
Trans Med Imaging 2006;25:417-434.

Reeves AP, Chan AB, Yankelevitz DF,
Henschke CI, Kressler B, Kostis WJ. On
measuring the change in size of pulmonary
nodules. IEEE Trans Med Imaging 2006;25:
435-450.

Das M, Ley-Zaporozhan J, Gietema HA,
et al. Accuracy of automated volumetry of
pulmonary nodules across different multi-
slice CT scanners. Eur Radiol 2007;17:
1979-1984.

Kinnard LM, Gavrielides MA, Myers KJ,
et al. Volume error analysis for lung nodules
attached to bronchial vessels in an anthropo-
morphic thoracic phantom. In: Giger ML,
Karssemeijer N, eds. Proceedings of SPIE:
medical imaging 2008 — computer-aided di-
agnosis. Vol 6915. Bellingham, Wash: Inter-
national Society for Optical Engineering,

2008; 69152Q1-69152Q9.

Way TW, Chan HP, Goodsitt MM, et al.
Effect of CT scanning parameters on volu-
metric measurements of pulmonary nodules
by 3D active contour segmentation: a phan-
tom study. Phys Med Biol 2008;53:1295-
1312.

Ko JP, Betke M. Chest CT: automated nod-

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

ule detection and assessment of change
over time—preliminary experience. Radi-

ology 2001;218:267-273.

Kostis WJ, Reeves AP, Yankelevitz DF,
Henschke CI. Three-dimensional segmen-
tation and growth-rate estimation of small
pulmonary nodules in helical CT images.
IEEE Trans Med Imaging 2003;22:1259 -
1274.

Tran LN, Brown MS, Goldin JG, et al. Com-
parison of treatment response classifications
between unidimensional, bidimensional, and
volumetric measurements of metastatic lung
lesions on chest computed tomography.
Acad Radiol 2004;11:1355-1360.

. Revel MP, Lefort C, Bissery A, et al. Pul-

monary nodules: preliminary experience
with three-dimensional evaluation. Radiol-
ogy 2004;231:459-466.

Okada K, Comaniciu D, Krishnan A. Robust
anisotropic Gaussian fitting for volumetric
characterization of pulmonary nodules in
multislice CT. IEEE Trans Med Imaging
2005;24:409-423.

Goodman LR, Gulsun M, Washington L,
Nagy PG, Piacsek KL. Inherent variability of
CT lung nodule measurements in vivo using
semiautomated volumetric measurements.

AJR Am J Roentgenol 2006;186:989 -994.

Zhao B, Schwartz LH, Moskowitz CS,
Ginsberg MS, Rizvi NA, Kris MG. Lung
cancer: computerized quantification of tu-
mor response—initial results. Radiology
2006;241:892-898.

Gietema HA, Wang Y, Xu D, et al. Pulmonary
nodules detected at lung cancer screening: in-
terobserver variability of semiautomated vol-
ume measurements. Radiology 2006;241:251-
257.

Meyer CR, Johnson TD, McLennan G, et al.
Evaluation of lung MDCT nodule annotation
across radiologists and methods. Acad Ra-
diol 2006;13:1254-1265.

Petrou M, Quint LE, Nan B, Baker LH. Pul-
monary nodule volumetric measurement
variability as a function of CT slice thickness
and nodule morphology. AJR Am J Roentge-
nol 2007;188:306-312.

Gietema HA, Schaefer-Prokop CM, Mali
WPTM, Groenewegen G, Prokop M. Pulmo-
nary nodules: interscan variability of semi-
automated volume measurements with mul-
tisection CT—influence of inspiration level,
nodule size, and segmentation performance.
Radiology 2007;245:888 - 894.

Reeves AP, Biancardi AM, Apanasovich TV,
et al. The Lung Image Database Consortium
(LIDC): a comparison of different size met-

36

radiology.rsnajnis.org = Radiology: \'olume 251: Number 1—April 2009



>
<

S
g

&
s

SPECIAL REVIEW: Noncalcified Lung Nodules: Volumetric CT Assessment

Gavrielides etal

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

rics for pulmonary nodule measurements.

Acad Radiol 2007;14:1475-1485.

Curry TS III, Dowdey JE, Murry RC Jr.
Christensen’s physics of diagnostic radiol-
ogy. Philadelphia, Pa: Lea & Febiger, 1990.

Ko JM, Nicholas MJ, Mendel JB, Slanetz PJ.
Prospective assessment of computer-aided
detection in interpretation of screening
mammography. AJR Am J Roentgenol 2006;
187:1483-1491.

Kuhnigk JM, Dicken V, Zidowitz S, et al.
Informatics in radiology (infoRAD): new
tools for computer assistance in thoracic CT.
I. Functional analysis of lungs, lung lobes,
and bronchopulmonary segments. Radio-
Graphics 2005;25:525-536.

Zhao B, Reeves AP, Yankelevitz DF, Henschke
Cl. Three-dimensional multicriterion auto-
matic segmentation of pulmonary nodules of
helical computed tomography images. Opt Eng
1999;38:1340-1347.

Zhao B, Kostis W, Reeves AP, Yankelevitz
D, Henschke CI. Consistent segmentation of
repeat CT scans for growth assessment in
pulmonary nodules. In: Hanson KM, ed. Pro-
ceedings of SPIE: medical imaging 1999 —
image processing. Vol 3661. Bellingham,
Wash: International Society for Optical Engi-
neering, 1999; 1012-1018.

Wiemker R, Rogala P, Hein E, Blaffert T,
Rosch P. Computer aided segmentation of
pulmonary nodules: automated vasculature
cutoff in thick- and thin-slice CT. In: Pro-
ceedings of Computer Assisted Radiology
and Surgery, CARS 2003. Amsterdam, the
Netherlands: Elsevier, 2003; 965-970.

Wiemker R, Rogalla P, Blaffert T, et al. As-
pects of computer-aided detection (CAD)
and volumetry of pulmonary nodules using
multislice CT. Br J Radiol 2005;78(spec no.
1):546-S56.

Rosset A, Spadola L, Ratib O. OsiriX: an
open-source software for navigating in multi-
dimensional DICOM images. J Digit Imaging
2004;17:205-216.

Goodsitt MM, Chan HP, Way TW, Larson
SC, Christodoulou EG, Kim J. Accuracy of
the CT numbers of simulated lung nodules
imaged with multi-detector CT scanners.
Med Phys 2006;33:3006-3017.

Birnbaum BA, Hindman N, Lee J, Babb JS.

44.

46.

47.

48.

49.

51.

53.

Multi-detector row CT attenuation mea-
surements: assessment of intra- and inter-
scanner variability with an anthropomor-
phic body CT phantom. Radiology 2007;
242:109-119.

Kostis WJ, Yankelevitz DF, Reeves AP,
Fluture SC, Henschke CI. Small pulmonary
nodules: reproducibility of three-dimen-
sional volumetric measurement and esti-
mation of time to follow-up CT. Radiology
2004;231:446 -452.

Juluru K, Kim W, Boonn W, King T,

Siddiqui K, Siegel E. Volumetric measure-
ments of pulmonary nodules: variability in
automated analysis tools. In: Horii SC,
Andriole KP, eds. Proceedings of SPIE:
medical imaging 2007—PACS and imaging
informatics. Vol 6516. Bellingham, Wash:
International Society for Optical Engineer-
ing, 2007; 6516131-6516137.

Zhao B, Schwartz LH, Moskowitz CS, et al.
Pulmonary metastases: effect of CT section
thickness on measurement—initial experi-
ence. Radiology 2005;234:934-939.

Napel S. Basic principles of MDCT. In:
Fishman EK Jr, Jeffrey RB, eds. Multide-
tector CT: principles, techniques, and clin-
ical applications. Philadelphia, Pa: Lippin-
cott Williams & Wilkins, 2004.

Brink JA, Wang G, McFarland EG. Optimal
section spacing in single-detector helical CT.
Radiology 2000;214:575-578.

Mahesh M, Scatarige J, Cooper J, Fishman
EK. Dose and pitch relationship for a partic-
ular multislice CT scanner. AJR Am J Roent-
genol 2001;177:1273-1275.

. MacMahon H, Austin JH, Gamsu G, et al.

Guidelines for management of small pulmo-
nary nodules detected on CT scans: a state-
ment from the Fleischner Society. Radiology
2005;237:395-400.

Henschke CI, Yankelevitz DF. Screening for
lung cancer. J Thorac Imaging 2000;15:
21-27.

. Henschke CI, Yankelevitz DF, Mirtcheva R,

McGuinness G, McCauley D, Miettinen OS.
CT screening for lung cancer: frequency and
significance of part-solid and nonsolid nod-
ules. AJR Am J Roentgenol 2002;178:1053-
1057.

Petkovska I, Brown MS, Goldin JG, et al.

55.

57.

58.

59.

60.

61.

62.

The effect of lung volume on nodule size on
CT. Acad Radiol 2007;14:476-485.

. Weiss E, Wijesooriya K, Dill SV, Keall PJ.

Tumor and normal tissue motion in the tho-
rax during respiration: analysis of volumetric
and positional variations using 4D CT. Int J
Radiat Oncol Biol Phys 2007;67:296 -307.

Revel MP, Merlin A, Peyrard S, et al. Soft-
ware volumetric evaluation of doubling times
for differentiating benign versus malignant
pulmonary nodules. AJR Am J Roentgenol
2006;187:135-142.

. Badano A, Sempau J. MANTIS: combined

x-ray, electron and optical Monte Carlo sim-
ulations of indirect radiation imaging sys-
tems. Phys Med Biol 2006;51:1545-1561.

Badal A, Kyprianou I, Badano A, Sempau J,
Myers KJ. Monte Carlo package for simulat-
ing radiographic images of realistic anthro-
pomorphic phantoms described by triangle
meshes. In: Hsieh J, Flynn MJ, eds. Proceed-
ings of SPIE: medical imaging 2007—physics
of medical imaging. Vol 6510. Bellingham,
Wash: International Society for Optical Engi-
neering, 2007; 65100Z1-65100Z10.

Kyprianou IS, Badal A, Badano A, et al.
Monte Carlo simulated coronary angio-
grams of realistic anatomy and pathology
models. In: Cleary KR, Miga MI, eds. Pro-
ceedings of SPIE: medical imaging 2007 —
visualization and image-guided proce-
dures. Vol 6509. Bellingham, Wash: Inter-
national Society for Optical Engineering,
2007; 6509001-65090012.

Barrett HH, Myers KJ. Foundations of image
science. New York, NY: Wiley, 2004.

Meyer C, Park H, Balter JM, Bland PH.
Method for quantifying volumetric lesion
change in interval liver CT examinations.
IEEE Trans Med Imaging 2003;22:776-781.

Thirion JP, Calmon G. Deformation analysis
to detect and quantify active lesions in three-
dimensional medical image sequences. IEEE
Trans Med Imaging 1999;18:429 -441.

McNitt-Gray MF, Armato SG 3rd, Meyer
CR, et al. The Lung Image Database Consor-
tium (LIDC) data collection process for nod-
ule detection and annotation. Acad Radiol
2007;14:1464-1474.

Radiology: \/olume 251: Number 1—~April 2009 = radiology.rsnajnis.org

37



Radiology 2009

This is your reprint order form or pro forma invoice
(Please keep a copy of this document for your records.)

Reprint order forms and purchase orders or prepayments must be received 72 hours after receipt of form either
by mail or by fax at 410-820-9765. It is the policy of Cadmus Reprints to issue one invoice per order.
Please print clearly.

Author Name

Title of Article

Issue of Journal Reprint # Publication Date

Number of Pages KB# Symbol Radiology

Color in Article? Yes / No (Please Circle)
Please include the journal name and reprint number or manuscript number on your purchase order or other correspondence.

Order and Shipping Information

Reprint Costs (Please see page 2 of 2 for reprint costs/fees.) Shipping Address (cannot ship to a P.O. Box) Please Print Clearly
. Name

Number of reprints ordered $ Institution

Number of color reprints ordered $ Street

Number of covers ordered $ City State Zip

Country
Subtotal $ Quantity Fax

Taxes $ Phone: Day Evening

(Add appropriate sales tax for Virginia, Maryland, Pennsylvania, and the E-mail Address

District of Columbia or Canadian GST to the reprints if your order is to

be shipped to these locations.) Additional Shipping Address™* (cannot ship to a P.O. Box)

Name

First address included, add $32 for Institution

each additional shipping address $ _ gtget State Zip

Country

Quantity Fax

TOTAL $_ Phone: Day Evening

E-mail Address

* Add $32 for each additional shipping address

Payment and Credit Card Details Invoice or Credit Card Information
Enclosed: Personal Check Invoice Address Please Print Clearly
Credit Card P aym Il:lIease complete Invoice address as it appears on credit card statement
Checks must be paid in U.S. dollars and drawn on a U.S. Bank. Ini?tfltion
Credit Card: __ VISA __ Am. Exp. __ MasterCard Department
Card Number Street
Expiration Date City State Zip
Signature: Country
Please send your order form and prepayment made payable to: Phone Fax
. ‘ E-mail Address

Cadmus Reprints

P.O. Box 751903 Cadmus will process credit cards and Cadmus Journal

Charlotte, NC 28275-1903 Services will appear on the credit card statement.

Note: Do not send express packages to this location, PO Box.

FEIN #-541274108 If you don’t mail your order form, you may fax it to 410-820-9765 with

your credit card information.

Signature Date
Signature is required. By signing this form, the author agrees to accept the responsibility for the payment of reprints and/or all charges
described in this document. RB-1/01/09

Page 1 of 2



Black and White Reprint Prices

Radiology 2009

Color Reprint Prices

Domestic (USA only)

Domestic (USA only)

# of 50 | 100 | 200 | 300 | 400 | 500 # of 50 | 100 | 200 | 300 | 400 | 500
Pages Pages
1-4 $239 $260 | $285 | $303 $323 $340 1-4 $247 $267 | $385 [ $515 $650 $780
5-8 $379 $420 | $455 | $491 $534 $572 5-8 $297 $435 | $655 | $923 $1194 | $1467
9-12 $507 $560 | $651 $684 $748 $814 9-12 $445 $563 | $926 | $1,339| $1,748 | $2,162
13-16 $627 $698 | $784 | $868 $954 [ $1,038 13-16 $587 $710 | $1,201 | $1,748 | $2,297 | $2,843
17-20 $755 $845 | $947 | $1,064| $1,166 | $1,272 17-20 $738 $858 | $1,474| $2,167| $2,846 | $3,532
21-24 $878 $985 | $1,115] $1,250| $1,377 | $1,518 21-24 $888 | $1,005] $1,750 [ $2,575| $3,400 | $4,230
25-28 $1,003 [ $1,136| $1,294| $1,446| $1,607 | $1,757 25-28 $1,035 [ $1,164 | $2,034 | $2,986| $3,957 | $4,912
29-32 $1,128 | $1,281 | $1,459( $1,632| $1,819 | $2,002 29-32 $1,186 [ $1,311 $2,302| $3,402| $4,509 | $5,612
Covers $149 $164 | $219 | $275 $335 $393 Covers $149 $164 | $219 | $275 $335 $393
International (includes Canada and Mexico) International (includes Canada and Mexico))
# of 50 | 100 | 200 | 300 | 400 | 500 # of 50 | 100 | 200 | 300 | 400 | 500
Pages Pages
1-4 $299 $314 | $367 | $429 $484 $546 1-4 $306 $321 $467 | $642 $811 $986
5-8 $470 $502 | $616 | $722 $838 $949 5-8 $387 $517 | $816 | $1,154| $1,498 | $1,844
9-12 $637 $687 | $852 | $1,031| $1,190 | $1,369 9-12 $574 $689 | $1,157| $1,686| $2,190 | $2,717
13-16 $794 $861 | $1,088 | $1,313| $1,540 | $1,765 13-16 $754 $874 | $1,506| $2,193| $2,883 | $3,570
17-20 $963 | $1,051 | $1,324 | $1,619( $1,892 | $2,168 17-20 $710 [ $1,063 | $1,852| $2,722 | $3,572 | $4,428
21-24 $1,114 [ $1,222[ $1,560| $1,906 | $2,244 | $2,588 21-24 $1,124 | $1,242 | $2,195]| $3,231| $4,267 | $5,300
25-28 $1,287 [ $1,412[ $1,801| $2,198| $2,607 | $2,998 25-28 $1,320 [ $1,440( $2,541| $3,738 | $4,957 | $6,153
29-32 $1,441 [ $1,586 $2,045] $2,499| $2,959 | $3,418 29-32 $1,498 [ $1,616| $2,888 | $4,269| $5,649 | $7028
Covers $211 $224 | $324 | $444 $558 $672 Covers $211 $224 | $324 | $444 $558 $672
Tax Due

Minimum order is 50 copies. For orders larger than 500 copies,
please consult Cadmus Reprints at 800-407-9190.

Residents of Virginia, Maryland, Pennsylvania, and the District
of Columbia are required to add the appropriate sales tax to each

Reprint Cover
Cover prices are listed above. The cover will include the
publication title, article title, and author name in black

Shipping

Shipping costs are included in the reprint prices. Do mestic
orders are shipped via FedEx Ground service. Foreign orders
are shipped via a proof of delivery air service.

Multiple Shipments
Orders can be shipped to more than one location. Please be
aware that it will cost $32 for each additional location.

Delivery
Your order will be shipped within 2 weeks of the journal print
date. Allow extra time for delivery.

reprint order. For orders shipped to Canada, please add 7%
Canadian GST unless exemption is claimed.

Ordering

Reprint order forms and purchase order or prepayment is
required to process your order. Please reference journal name
and reprint number or manuscript number on any
correspondence. You may use the reverse side of this form as a
proforma invoice. Please return your order formand
prepayment to:

Cadmus Reprints
P.O. Box 751903
Charlotte, NC 28275-1903

Note: Do not send express packages to this location, PO Box.
FEIN #:541274108

Reprint Order Forms
and purchase order
or prepayments must
be received 72 hours
after receipt of form.

Please direct all inquiries to:

Rose A. Baynard

800-407-9190 (toll free number)
410-819-3966 (direct number)
410-820-9765 (FAX number)

baynardr@cadmus.com (e-mail)

Page 2 of 2





