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Purpose: To evaluate the variability of tumor unidimensional, bidi-
mensional, and volumetric measurements on same-day
repeat computed tomographic (CT) scans in patients with
non–small cell lung cancer.

Materials and
Methods:

This HIPAA–compliant study was approved by the institu-
tional review board, with informed patient consent. Thirty-two
patients with non–small cell lung cancer, each of whom
underwent two CT scans of the chest within 15 minutes by
using the same imaging protocol, were included in this
study. Three radiologists independently measured the two
greatest diameters of each lesion on both scans and, dur-
ing another session, measured the same tumors on the
first scan. In a separate analysis, computer software was
applied to assist in the calculation of the two greatest
diameters and the volume of each lesion on both scans.
Concordance correlation coefficients (CCCs) and Bland-
Altman plots were used to assess the agreements between
the measurements of the two repeat scans (reproducibil-
ity) and between the two repeat readings of the same scan
(repeatability).

Results: The reproducibility and repeatability of the three radiolo-
gists’ measurements were high (all CCCs, �0.96). The repro-
ducibility of the computer-aided measurements was even
higher (all CCCs, 1.00). The 95% limits of agreements for the
computer-aided unidimensional, bidimensional, and volu-
metric measurements on two repeat scans were (�7.3%,
6.2%), (�17.6%, 19.8%), and (�12.1%, 13.4%), respec-
tively.

Conclusion: Chest CT scans are well reproducible. Changes in unidi-
mensional lesion size of 8% or greater exceed the mea-
surement variability of the computer method and can be
considered significant when estimating the outcome of
therapy in a patient.
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The two most widely accepted
guidelines assessing objective re-
sponse to therapy in patients with

solid tumors are the World Health Or-
ganization criteria (1,2) and the Re-
sponse Evaluation Criteria in Solid Tu-
mors (3). The former determines re-
sponse on the basis of an approximation
of cross-sectional area (bidimensional
measurement), whereas the latter uses
only the tumor’s greatest diameter (uni-
dimensional measurement) measured
on a transverse image, principally a
computed tomographic (CT) scan. Both
guidelines suggest reporting treatment
results by using four categories: com-
plete response, partial response, stable
disease, and progression of disease.

Nearly 90% of patients with lung can-
cer have non–small cell lung cancer. Ac-
curate and early assessment of response
to a given therapy is critical for patient
management and for further develop-
ment of new therapies. Ideally, response
to therapy should be determined with
high accuracy and as quickly as possible
to permit a prompt change in treatment,
if necessary, and reduce the potential tox-
icity of an ineffective therapy.

A clinical study of non–small cell lung
cancer that used multidetector CT and a
three-dimensional computer segmenta-
tion software (4) showed that changes in
tumor volume obtained from thin-section
images could be determined as early as 3
weeks after chemotherapy was initiated,

whereas changes detected by using the
unidimensional and bidimensional tech-
niques were less apparent during this
same period. With the potential to mea-
sure size and/or change in size more ac-
curately and assess response earlier and
with different image postprocessing tech-
niques, questions of CT scan reproduc-
ibility as well as measurement repeatabil-
ity on CT scans need to be answered.

Variations in tumor measurements
on serial CT scans can be introduced at
the time of data acquisition (eg, nonuni-
form imaging technique/protocol, repeat
CT scans) (5–8) and during the measure-
ment procedure (eg, different measure-
ment tools and human interpretation) (9–
12). Despite the widespread use of CT
scanning as a method of response assess-
ment, little is known about the measure-
ment reproducibility of in vivo tumors on
serial CT scans. Previous studies on the
variability of the repeat scans are limited
because they looked at masses that were
less than 2 cm or were of unknown type
(primary tumor, pulmonary metastasis,
benign pulmonary mass) (7,8). We de-
signed and carried out a same-day repeat
CT study to estimate the measurement
variations in lung tumors seen in patients
with non–small cell lung cancer. The pur-
pose of our study was to evaluate the vari-
ability of tumor unidimensional, bidimen-
sional, and volumetric measurements on
same-day repeat CT scans in patients
with non–small cell lung cancer.

Materials and Methods

Patient Recruitment
This study was institutional review
board approved and Health Insurance
Portability and Accountability Act com-
pliant. Patients were recruited through
the oncologist’s clinical practice. When
patients would come in for their clinical

visits, the oncologists would determine
whether unenhanced chest CT was indi-
cated in the near future and whether the
patients were eligible for this trial. If
both answers were “yes,” the patients
were offered participation in this study.
If agreed, informed consent was ob-
tained from each patient. Patient inclu-
sion was determined by the following
criteria: all patients must (a) be age 18
years or older, (b) have pathologically
confirmed non–small cell lung cancer,
(c) have measurable primary pulmo-
nary tumors of 1 cm or larger, and
(d) have scheduled a clinically indicated
unenhanced CT scan of the chest. Exclu-
sion criteria were (a) pregnant or lactat-
ing women and (b) those patients who
were unable to consent to a repeat CT
scan or for whom a repeat CT scan
would be medically unsafe.

From January 2007 through Sep-
tember 2007, 32 consecutive patients
(mean age, 62.1 years; range, 29–82
years) with non–small cell lung cancer
were recruited. Of these patients, 16
were men (mean age, 61.8 years; range,
29–79 years) and 16 were women
(mean age, 62.4 years; range, 45–82
years).

Repeat CT Scans
On completion of the clinically indicated
CT scan, each patient was asked to
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Advances in Knowledge

� CT acquisition is generally accu-
rate; the agreement between two
scans obtained 15 minutes apart
(reproducibility) is comparable
with the agreement when the
same scan is read twice (repeat-
ability).

� By using thin-section multidetector
CT and computer-aided segmenta-
tion software, reproducibility of
unidimensional, bidimensional, and
volumetric measurements in non–
small cell lung cancer is high, with
the volumetric being the most
reproducible and the bidimen-
sional the least reproducible
measurement.

Implication for Patient Care

� The findings are valuable in re-
vealing tumor variations on mod-
ern CT scanners by using ad-
vanced measurement tools, allow-
ing more accurate evaluation of
therapy response.
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leave the scanner table, walk around
the CT scanner site, and return to the
table for a second unenhanced scan.
Both scans were obtained with the same
CT scanner within 15 minutes of each
other by using the same imaging proto-
col.

CT scans were obtained with a 16–
detector row (LightSpeed 16; GE
Healthcare, Milwaukee, Wis) or 64–de-
tector row (VCT; GE Healthcare) scan-
ner, both of which are routinely used at
our center. Parameters for the 16–de-
tector row scanner were as follows:
tube voltage, 120 kVp; tube current,
299–441 mA; detector configuration,
16 detectors � 1.25-mm section gap;
and pitch, 1.375:1. Parameters of the
64–detector row scanner were as fol-
lows: tube voltage, 120 kVp; tube cur-
rent, 298–351 mA; detector configura-
tion, 64 detectors � 0.63-mm section
gap; and pitch, 0.984:1. The thoracic
images were obtained without intrave-
nous contrast material during a breath
hold. Since the second scan was consid-
ered as a separate scan, its field of view
was set given the patient’s second scout
image. Adjustment was allowed owing
to the patient’s position in the scanner.
Thin-section (1.25 mm) images were re-
constructed with no overlap by using the
lung convolution kernel and transferred
to our research picture archiving and
communication system server where
Digital Imaging and Communications
in Medicine images are stored. These
thin-section images were then used for
both manual measurement and semi-

automated computation of tumor
sizes.

The standard clinical unenhanced
chest CT exposes the patient to 6 mSv of
radiation. An additional CT scan per-
formed as part of this protocol would
expose the patient to approximately 5
mSv of radiation. This exposure is
equivalent to approximately 19 months
of natural background radiation.

Manual Measurement of Tumor Size
The greatest diameter (ie, unidimen-
sional measurement) and greatest per-
pendicular diameter of each tumor mea-
sured on a transverse image plane were
manually measured by using an image
viewing system developed with com-
puter software (Interface Description
Language; IDL Solutions, Germantown,
Wis) in our laboratory. Bidimensional
measurements are obtained by using
the greatest perpendicular diameters of
the tumor. Three radiologists (R.L.,
P.G., and M.G., with 10, 25, and 12
years experience with chest CT, respec-
tively) independently measured 32 tar-
get lesions (one per patient). Among
them, 29 were primary lung cancers
and three were metastatic lesions (used
because the primary tumors were non-
measureable, as defined by the Re-
sponse Evaluation Criteria in Solid Tu-
mors criteria). The lung window set-
tings (width, �50 HU; level, 1500 HU)
were used for the manual measure-
ments. In the same session, each radiol-
ogist first measured the 32 lesions on
the images from the initial scans, then

measured the 32 lesions on the images
from the repeat scans, which were se-
quentially displayed in a different order
than were scans from the first set. The
radiologists were also blinded to the
first measurement and the fact that
these were repeat CT scans. In a sepa-
rate session (2 days later), two of the
three radiologists remeasured the same
lesions on images from the initial scans.
One radiologist performed all the mea-
surements in one session.

Computer-aided Measurement of Tumor
Size
In this study, our own semiautomated
three-dimensional technique was used to
separate the target lesions from sur-
rounding anatomic structures (4,13,14).
This algorithm was originally developed
for small pulmonary nodules seen on
high-attenuation CT images for nonin-
vasive diagnosis (13,14) and later mod-
ified to assist in the segmentation of lung
lesion masses for volumetric response
assessment (4). Briefly, a region of in-
terest that tightly encloses the tumor
needs to be manually selected on one
image by using the mouse. Starting with
a higher density threshold level calcu-
lated on the basis of density values of
the pixels inside the region of interest,
the threshold level decreases in a step-
wise manner. At each threshold level,
the largest three-dimensional object (ie,
geometrically connected voxels) can be
determined and its surface gradient cal-
culated. The threshold level that pro-
vides the maximum surface gradient is

Table 1

Descriptive Statistics of the Measurements Obtained by Three Readers

Measurement Type and Reader
Scan 1

Scan 2First Reading Repeat Reading

Unidimensional (mm)
1 37.2 � 18.4 (10.7–81.5) 36.9 � 19.2 (9.2–85.5) 36.8 � 19.2 (10.7–86.0)
2 34.0 � 19.0 (9.3–84.7) 33.9 � 18.6 (9.0–83.4) 33.9 � 19.2 (8.1–83.2)
3 34.7 � 16.9 (9.7–73.4) 35.6 � 18.2 (8.9–83.9) 35.1 � 18.9 (7.4–8937)

Bidimensional (mm2)
1 1211.3 � 1213.2 (91.6–4906.4) 1216.1 � 1308.7 (62.7–5561.3) 1223.7 � 1278.6 (91.6–5255.1)
2 1035.0 � 1219.6 (74.8–5135-9) 1002.6 � 1100.7 (58.0–4315.5) 1024.6 � 1193.0 (65.7–5053.1)
3 1094.5 � 1138.8 (88.2–5048.5) 1139.0 � 1209.2 (73.1–5710.5) 1092.4 � 1164.0 (43.3–4851.2)

Note.—Data are the mean � standard deviation; numbers in parentheses are the ranges.
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considered as the optimal threshold
level to separate the tumor from its sur-
rounding structures. In this study, we
adopted the strategies proposed by
Zhao et al (4) to separate blood vessels
and the chest wall from the tumor when
needed.

To minimize possible variations in the
segmentation results caused by the man-
ual initiation of the computer algorithm,
regions of interest of each tumor on the
two repeat scans were selected side by
side by an operator (B.Z.). Correctness
and consistency of the computer results
were visually inspected by participating
radiologists (L.H.S. and P.G., with �15
and �20 years experience with chest CT,
respectively). If any segmentation results

were considered suboptimal, tumor con-
tours that were superimposed on the
original images were edited by a radiolo-
gist (P.G.) with our image viewing sys-
tem. Once the segmentation and manual
correction (if needed) were completed,
the unidimensional, bidimensional, and
volumetric measurements were calcu-
lated by using the computer algorithm.
Tumor volume is defined as the sum of all
tumor voxels, including voxels on and in-
side the tumor boundary, multiplied by
the image resolutions in the x-, y- (in-
plane), and z-directions.

Statistical Analysis
To estimate the reproducibility and the
repeatability of the tumor size measure-

ments by using repeat CT data, the con-
cordance correlation coefficient (CCC)
was initially used to quantify repeatabil-
ity and reproducibility (15). If Y1 and Y2

are the measurements of a pulmonary
lesion (i), we assumed that the (Yi1, Yi2)
pairs were independent and followed a
bivariate distribution, with means �1

and �2 and a covariance matrix ([�1
2,

�12]
T, [�12, �2

2]T). The formula CCC �
(2�12)/(�1

2 � �2
2 � [�1��2]

2) evalu-
ates the degree to which pairs are lo-
cated on the 45° line through the origin
in a plot of the first and second mea-
surements. CCCs can be broken down
to a measure of precision (how far
each pair of measurements deviates
from the best-fit line through the data)
and a measure of accuracy (the dis-
tance between the best-fit line and the
45° line through the origin). CCC val-
ues range from 1, perfect agreement
between the repeated measurements,
to �1, perfectly reversed agreement
between measurements.

To further assess the reproducibil-
ity and the repeatability of the mea-
surements, Bland-Altman plots were
generated (16). For each of the three
types of measurements, the percent-
age of relative difference between the
repeated tumor measurements (de-
fined as 100 � [Yi2�Yi1]/Yi1) was plot-
ted by using the average of the two le-
sion measurements. The limits of agree-
ment were calculated by taking the
mean of the percentage of relative dif-
ferences between the two measure-
ments and two standard deviations of
these differences. Observations within
the limits of agreement may be thought
of as resulting from measurement error
rather than a true change in tumor size.
In contrast, observations outside of this
range may reasonably be attributed to
an actual change in tumor size. Note
that the use of the percentage of relative
difference in constructing these plots
differs from the usual formula, which
simply uses the difference of Yi2�Yi1.
We chose to present the Bland-Altman
plots and limits of agreement in this
manner because the percentage of rela-
tive difference is the primary quantity of
interest and more easily interpreted in
this context than the difference.

Figure 1

Figure 1: Three radiologists’ manual unidimensional (UNI, in millimeters) and bidimensional (BI, in
square millimeters) measurements of tumors on CT scans. Two greatest diameters (lines) were drawn by radi-
ologists. Measurement values are at top of each scan.
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To explore values for tumor mea-
surements one might reasonably expect
to see on repeated measurements of the
same tumor, the conditional standard
deviations for the second scan were de-
termined on the basis of the first scan
and assuming that the natural loga-
rithms of the two scans were jointly and
normally distributed by using a covari-
ance matrix ([	1

2, 	12]
T, [	12, 	2

2]T). For
this analysis, the measurements were
transformed to the logarithmic scale to
have the distribution of data reasonably
approximate the bivariate normal distri-
bution. The standard deviation of the
second measurement, which was condi-
tional on the results of the first mea-
surement, was then calculated by using
the following equation:

cSD � �	2,2
2 � 	1,2

2 /	1,1
2 .

A range of two conditional standard
deviations was computed and then
transformed back to the original data
scale. We expect that approximately
95% of the measurements of the same
tumor will be within two conditional
standard deviations. Values outside of
this range would likely represent a
change in the size of the tumor rather
than variation in measurement.

We also performed a variance-compo-
nents analysis by using the mixed-effects
model ln(yijk) � 
 � �j � �k � εijk, where
ln(yijk) is the natural log of the lesion mea-
surement (i[n � 32]), j is the number of
radiologists (n � 3), k is the number mea-
surements obtained (n � 2), 
 is the mean
lesion measurement (on the natural log
scale), �j is a random effect representing
the radiologist, �k is the random effect rep-
resenting time, and εijk is the random error
term.

Finally, to explore interrater vari-
ability among the three radiologists, the
inter-CCC, as proposed by Barnhart
et al (17), was calculated across the
three radiologists and between each
pair of radiologists. The inter-CCC is
defined in a manner similar to that of
the original CCC described above but
also incorporates the correlation be-
tween the radiologists. Further, it can
also be interpreted by using the same

guidelines provided above (range, 1 �
perfect agreement, to �1 � perfectly
reversed agreement).

Results

Radiologists’ Measurements
Table 1 presents descriptive statistics
on the 32 lesions. There did appear to
be some variation across the different
readings by each radiologist, though the
differences were small (Fig 1). To fur-
ther explore the agreement between the
repeated scans and the repeated read-
ings, Table 2 shows the CCCs (range,
0.96–0.99); the highest possible value
is 1.00. There was equally good agree-
ment for the unidimensional and bidi-
mensional measurements. There was
slightly greater agreement on the repeat
reading of the first scan as compared
with the agreement between the two
separate scans.

Figure 2 shows the Bland-Altman
plots with the mean percentage of relative
difference and the limits of agreement
listed in Table 2. With the possible excep-
tion of the scan 1 repeat reading per-
formed by reader 3, the mean differences

were all nearly zero. It is important to
remember that differences within the lim-
its of agreement can be attributed to mea-
surement error, whereas values outside
of the limits of agreement would suggest a
true difference. For instance, in the scan 1
repeat reading performed by reader 1, we
see that differences from �11.8% to 8.6%
could potentially be attributed to a variation
in the radiologist’s measurement rather
than a true change in tumor size. Hence, a
smaller limit of agreement corresponds to a
higher degree of agreement.

By using a hypothetical tumor mea-
suring 2 cm in diameter on the first
scan, Table 3 explores values of the
three radiologists’ reproducible (scan 1
vs scan 2) and repeated (scan 1 repeat
reading) measurements on the same tu-
mor that could reasonably be expected,
given the first measurement. Approxi-
mately 95% of the repeat measure-
ments are expected to be within the
range of two conditional standard devi-
ations. By using the results of reader 1
as an example, for a tumor that had a
diameter of 2 cm on the first scan, a
second scan of the same tumor will yield
a measurement of 1.66–2.40 cm 95% of
the time, and a repeat reading of the

Table 2

Radiologists’ Measures of Agreement

Measurement Type,
Comparison, and Reader

Concordance Correlation
Coefficient*

Mean Relative
Difference (%)

95% Limits of
Agreement (%)

Unidimensional
Scan 1 vs scan 2

1 0.99 (0.98, 1.00) �1.4 �18.3, 15.5
2 0.98 (0.97, 1.00) �0.4 �22.1, 21.4
3 0.96 (0.94, 0.99) 0.1 �22.8, 23.0

Scan 1 repeat
1 0.99 (0.99, 1.00) �1.6 �11.8, 8.6
2 0.99 (0.98, 1.00) 0.1 �19.1, 19.3
3 0.98 (0.97, 0.99) 2.8 �23.1, 28.6

Bidimensional
Scan 1 vs scan 2

1 0.99 (0.99, 1.00) �1.7 �25.6, 22.3
2 0.99 (0.99, 1.00) �2.0 �33.1, 29.1
3 0.96 (0.93, 0.99) 0.1 �38.9, 39.1

Scan 1 repeat
1 0.99 (0.99, 1.00) �3.7 �22.1, 14.8
2 0.99 (0.98, 0.99) �0.5 �30.2, 29.2
3 0.99 (0.98, 1.00) 6.2 �29.4, 41.8

* Data are the CCC; numbers in parentheses are the 95% confidence intervals.
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same tumor will yield a measurement of
1.81–2.21 cm 95% of the time. Because
of the smaller limits of agreement, repeat-
ability in both measurements showed a
higher degree of agreement. The final col-
umn of Table 3 converts these ranges to
the percentage of relative difference from
the first scan. For instance, 95% of uni-
dimensional tumor measurements ob-
tained from a second scan of the same
tumor that measured 2 cm on the first
scan will be within �16.8% and 20.1%
for reader 1.

Note that the percentages of relative
differences in this table have a different
interpretation than do the 95% limits of
agreement in Table 2. The limits of
agreement simply reflect where we ex-
pect 95% of all differences between re-

peated measurements to be, regardless
of the actual tumor size, and do not
assume that one tumor measurement is
already known. In contrast, the num-
bers in Table 3 are generated on the
basis of the first measurement, in es-
sence assuming that the first measure-
ment is known, and then tell us what
might be expected for a second mea-
surement of the same tumor, given that
we already know the value of the first
measurement.

Table 4 shows the results of a vari-
ance-components analysis, which shows
the variance in lesion measurements
that is attributable to the radiologists, to
the repeated readings, and to random
error. Further, although not a goal of
this study, we also present the agree-

ment among the radiologists in Table 5,
where we see very high agreement for
all measurements.

Semiautomated Measurements
A semiautomated method was applied
to segmentation of the same 32 target
lesions. Nineteen (59%) lesions on both
scans were considered satisfactorily
segmented by the radiologists; the re-
maining 13 (41%) lesions required man-
ual correction. Figure 3 shows an exam-
ple of a peripheral non–small cell lung
cancer tumor that was successfully seg-
mented by the computer on both scans.

The computer-generated measure-
ments of the 32 lesions for both scans
are shown in Table 6. Given these de-
scriptive statistics, scans 1 and 2 ap-
peared to yield relatively similar measure-
ments. To better compare the measure-
ments from the two scans, the data are
displayed in Bland-Altman plots (Fig 4),
with the mean relative differences and
limits of agreement listed in Table 7.
The mean difference across all pairs of
repeated scans was nearly zero and the
range of the limits of agreement was
small, which suggested that the mea-
surements were reproducible.

Table 7 also shows the CCCs for the
computer-generated measurements, to-
gether with their 95% confidence inter-
vals. All CCCs were 1.0, showing all
measurements to be highly reproduc-
ible. Similarly, for the computer-gener-
ated measurements, by using a hypo-
thetical tumor measuring 2 cm in diam-
eter on the first scan, Table 8 shows
values for a second repeated measure-
ment on the same tumor that could rea-
sonably be expected, given the first
measurement.

Discussion

This study was designed to collect a clin-
ical data set consisting of same-day repeat
CT scans in patients with measurable
non–small cell lung cancer and to evaluate
the potential measurement variations in
CT analysis owing to reproducibility of CT
scans, as well as the repeatability of radi-
ologists’ manual measurements. Assum-
ing that there was no biologic size change
in the tumor on the two CT scans ac-

Figure 2

Figure 2: Bland-Altman plots of radiologists’ measurements. Difference is plotted by using average of both
tumor measurements for each patient. Dashed line (center) represents mean of differences. Top dotted line
shows upper limit of agreement (mean difference plus 2 times standard deviation); bottom line shows lower
limit of agreement (mean difference minus 2 times standard deviation). Plots show possible relationship be-
tween nodule size and relative difference in measurements (ie, the smaller the nodule, the larger the relative
difference in measurements).
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quired within minutes of each other, size
difference of the same tumor measured
on the two repeat scans would allow us to
explore the range of measurement varia-
tion in which a measured difference be-
tween two serial scans should be consid-
ered as a measurement error rather than
a true change in size.

In the first part of this study, three
radiologists independently measured 32
target pulmonary lesions on two repeat
CT scans to explore reproducibility and
then remeasured the lesions on the first
scan for investigating the measurement
repeatability. Among the radiologists’
readings on two repeat scans, the best
95% limits of agreements were (�18.3%,
15.5%) and (�25.6%, 22.3%), and the
worst agreements were (�22.8%,
23.0%) and (�38.9%, 39.1%), for the
unidimensional and bidimensional mea-
surements, respectively. These findings
indicate that although radiologists’ mea-
surements introduced considerable vari-
ability for non–small cell lung cancer le-
sions, they were reproducible within the
partial response category (�30% in uni-
dimensional and �50% in bidimensional
criteria) (2,3). However, the cutoff values
for the progression of disease category
seem to be defined as lower in both crite-
ria (20% in unidimensional and 25% in
bidimensional measurements), which co-
incides with the current concern about
placing patients in the progression of dis-
ease category too easily (2,3). These find-
ings need to be further validated with a
larger number of radiologists.

Because variation caused by repeat
readings is embedded in the measure-
ment of repeat scans, in addition to ex-
ploring radiologists’ measurement re-
producibility, we also studied the re-
peatability of their measurements. The
delay between the two repeat reading
sessions was 2 days for the first and
second radiologists. For the third radi-
ologist, all measurements were per-
formed in the same order but in one
session. However, the third radiolo-
gist’s results did not show better agree-
ment on either reproducible or repeat
measurements (Table 2). These findings
indicate that the effect of radiologists’
memory on the measurement of lesions
may be limited. By remeasuring the same

lesions on the first scan, radiologists’ mea-
surements revealed the range of the in-
trinsic variation (ie, measurement repeat-
ability). Independently measuring tumors

on each of the repeat scans and on the
same scan twice revealed that agreement
was only slightly greater for the latter
method than for the former.

Table 3

Expected Radiologists’ Repeat Measurements on a 2-cm Tumor Measured on the First Scan

Measurement, Comparison, and Reader Tumor Size on Scan 1
Example

�2 cSDs Difference*

Unidimensional (cm) 2.00
Scan 1 vs scan 2

1 1.66, 2.40 �16.8, 20.1
2 1.59, 2.52 �20.6, 26.0
3 1.59, 2.51 �20.4, 25.6

Scan 1 repeat
1 1.81, 2.21 �9.5, 10.5
2 1.65, 2.42 �17.4, 21.0
3 1.57, 2.55 �21.6, 27.5

Bidmensional (cm2) 3.14
Scan 1 vs scan 2

1 2.44, 4.04 �22.2, 28.5
2 2.27, 4.34 �27.6, 38.2
3 2.05, 4.81 �34.8, 53.3

Scan 1 repeat
1 2.61, 3.78 �16.8, 20.3
2 2.32, 4.26 �26.3, 35.6
3 2.28, 4.33 �27.5, 37.9

Note.—cSD � conditional standard deviation.

* Plus or minus percentage difference.

Table 4

Variance-Components Analysis

Measurement Type and Comparison
Overall Mean (Fixed-effect Intercept)

Covariance Parameter Estimate for
Random Effects

Estimate Standard Error P Value Time Radiologist Residual

Unidimensional
Scan 1 vs scan 2 3.418 0.070 .001 0.309 0.005 0.006
Scan 1 repeat 3.420 0.070 .001 0.309 0.007 0.003

Bidimensional
Scan 1 vs scan 2 6.472 0.137 .001 1.177 0.029 0.009
Scan 1 repeat 6.479 0.137 .001 1.170 0.029 0.007

Table 5

Interrater Agreement Among the Radiologists

Interrater Agreement
Unidimensional Bidimensional

Scan 1 vs Scan 2 Scan 1 Repeat Scan 1 vs Scan 2 Scan 1 Repeat

Among all three Readers 0.98 0.98 0.98 0.98
Reader 1 vs 2 0.98 0.98 0.97 0.97
Reader 1 vs 3 0.99 0.99 0.99 0.99
Reader 2 vs 3 0.99 0.98 0.99 0.97

Note.—Data are the CCCs.
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In the second part of this study, we
used the same data set to optimally com-
pare the reproducibility of the two repeat
scans with a computer algorithm that cal-
culated the unidimensional, bidimensional,
and volumetric measurements. Our find-
ings suggest that except for the first radiol-
ogist, the computer-generated unidimen-
sional measurement had much narrower
limits of agreement on the repeat scans,
indicating a higher reproducibility of the
computer over the radiologists for the
unidimensional measurement. Interest-
ingly, the computer demonstrated a
very high reproducibility in the volumet-
ric measurement: volume difference
measured on the serial scans outside
the range of �12.1% to 13.4% could be
considered a true change in tumor vol-
ume. This range is much narrower than
the cutoff values of (�65%, 40%) (or

[�65%, 73%], converted from the di-
ameter of a sphere) as suggested by
Therasse et al (3) for detecting tumor
response and progression by using vol-
ume in the Response Evaluation Criteria
in Solid Tumors criteria.

Formally comparing unidimensional
versus bidimensional or volumetric mea-
surements was not a goal of our analysis,
primarily because with 32 subjects, we
were limited in our ability to conduct
such an analysis. Further, it should be
noted that when interpreting the results
presented here, the relative percentage
change in a measurement in a given di-
mension is not directly comparable with
the relative percentage change in a mea-
surement of a different dimension. For
example, consider a hypothetical tumor
with a radius (r) of 18 mm. By using
calculations provided by James et al

(18), the unidimensional measurement
of this tumor is the diameter (2r � 36
mm). Assuming the tumor is spherical,
the bidimensional measurement is 4r2 �
1296 mm2. Now consider a second mea-
surement of this tumor that results in a
unidimensional measurement of 35.5
mm for a relative percentage change of
�1.4%. The bidimensional measure-
ment, given the unidimensional mea-
surement of 35.5 mm, is 35.52 � 1260
mm2 for a relative percentage change of
�2.7%, which is clearly different from
the value of �1.4% observed with the
unidimensional measurement. There-
fore, one needs to be careful when com-
paring results across the different mea-
surements. We could have presented all
results converted to the same scale but
chose not to, partially because it is not a
goal of this study to compare across the

Figure 3

Figure 3: Computer-generated contours (white lines, superimposed on original images), two maximal perpendicular diameters (black lines, lower left image for first and sec-
ond scans), and three-dimensional views (lower right image for first and second scans) of peripheral tumor on first (measurements: unidimensional�29.7 mm, bidimen-
sional�507.9 mm2, volumetric�5564.4 mm3) and repeat (measurements: unidimensional�29.5 mm, bidimensional�510.4 mm2, volumetric�5875.3 mm3) scans.
Every second sectional image was displayed.
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different measurements and partially
because these calculations assume that
the tumors are spheric, which fre-
quently may not be the case (4,19).

The relatively low success rate of
the segmentation was, in part, a result
of the advanced stage of non–small cell
lung cancer. In this study, the tumor
sizes ranged from 1.1 to 9.3 cm, with a
mean of 3.8 cm. Such large masses
likely attach to the surrounding struc-
tures of the soft-tissue density and can
be extremely challenging to automated,
accurate segmentation. As to geo-
graphic distribution of the tumors, 18 of
32 tumors were attached to surround-
ing structures, including the mediasti-
num (n � 3), hilum (n � 5), pleural
effusion (n � 1), chest wall only (n � 4),
and chest wall and mediastinum (hilum
or diaphragm, n � 5). Some of the pa-
tients had obstructive pneumonia (ie,
lung infection resulting from airway ob-
struction caused by tumor invasion),
which radiographically complicated the
tumor background.

The computer results should be
viewed as the best possible estimates of
the measurement variations or intrinsic
difference between the repeat CT scans
of non–small cell lung cancer. This is be-
cause we simulated an optimal scenario of
computer-aided tumor measurements on
serial CT scans. Assessment of a tumor at
two points during the course of therapy
will likely vary more than repeat scans on
the same day since additional changes can
occur during the time between follow-up
studies, which would affect the measure-
ments. It should also be noted that mea-
surement variation could increase if dif-
ferent operators use the segmentation al-
gorithm or if the same operator blindly
initiates the same algorithm multiple
times (7,8). Interoperator and intraop-
erator (interalgorithm) variations such as
these are dependent on image context.
For instance, there can be absolutely no
difference in the measurements, no mat-
ter who is using the algorithm, if a tumor
is surrounded by aerated lung paren-
chyma. On the other hand, measurement
variation cannot be ignored if a tumor is
attached to adjacent structures with sim-
ilar attenuation as that of the tumor.
Moreover, manual corrections on imper-

Figure 4

Figure 4: Bland-Altman plots of computer-generated measurements. Difference is plotted by using average of
both tumor measurements for each patient. Dashed line represents mean of differences. Top dotted line shows upper
limit of agreement (meandifferenceplus2timesstandarddeviation);bottomlineshowslower limitofagreement (mean
differenceminus2timesstandarddeviation).Plotsshowpossiblerelationshipbetweennodulesizeandrelativedifference
inmeasurements(ie, thesmaller thenodule, the larger therelativedifference inmeasurements).

Table 6

Computer-generated Measurement Summary

Measurement Data

Unidimensional (mm)
Scan 1 38.3 � 20.3 (10.6–93.3)
Scan 2 38.0 � 20.0 (10.6–92.0)

Bidimensional (mm3)
Scan 1 1253.6 � 1406.8 (89.0–5532.7)
Scan 2 1249.2 � 1379.2 (86.9–5271.6)

Volumetric (mm3)
Scan 1 24 089.4 � 37062.8 (223.1–155 405.2)
Scan 2 24 042.6 � 36724.3 (229.5–152 197.4)

Note.—Data are the mean � standard deviation; numbers in parentheses are the ranges.

Table 7

Computer-generated Measurements of Reproducibility

Measurement Concordance Correlation* Mean Relative Difference (%) 95% Limits of Agreement (%)

Unidimensional 1.00 (1.00, 1.00) �0.6 �7.3, 6.2
Bidimensional 1.00 (0.99, 1.00) 1.1 �17.6, 19.8
Volumetric 1.00 (1.00, 1.00) 0.7 �12.1, 13.4

* Data are the CCC; numbers in parentheses are the 95% confidence intervals.

Table 8

Expected Computer Repeat Measurement for a 2-cm Tumor Measured on the First Scan

Example
Measurement Tumor Size on Scan 1 �2 cSDs Difference*

Unidimensional, (cm) 2.00 1.87, 2.14 �7.0, 6.5
Bidimensional (cm2) 3.14 2.60, 3.80 �21.0, 17.5
Volumetric (cm3) 4.19 3.69, 4.78 �14.1, 11.9

Note.—cSD � conditional standard deviation.

* Plus or minus percentage difference.
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fect segmentations performed by differ-
ent radiologists or by the same radiologist
in different sessions will also bring varia-
tion to the measurements. Our side-by-
side initiation of the algorithm and side-
by-side manual correction on repeat
scans helped keep the variations in the
computer-aided measurements to a min-
imum, and optimized our ability to mea-
sure the change in actual tumor size inde-
pendent of measurement effect.

The appropriate use of an imaging bio-
marker requires that it be both reproduc-
ible and repeatable. Despite its use as an
imaging biomarker for decades, little re-
search has been conducted regarding the
reproducibility and repeatability of the
CT scan and the radiologist’s measure-
ments. The lack of analysis results, in
part, from the assumption that classifying
a unidimensional (or bidimensional) mea-
surement in four arbitrary categories
(complete response, partial response,
stable disease, or progression of disease)
is generally within the acceptable range of
reproducibility and repeatability. How-
ever, the cutoff values defined for partial
response and progression of disease in
the criteria were determined crudely and
validated on the basis of then-standard
diagnostic techniques (ie, physical palpa-
tion and standard radiographic analysis)
in the late 1970s. Similar studies were
never repeated for contemporary high-
attenuation CT scanners that can acquire
data volumetrically and for radiologists’
techniques used to obtain measurements
with electronic rulers on diagnostic mon-
itors (the current technique standards in
diagnostic radiology). Interestingly, in the
development of alternate imaging bio-
marker techniques such as fluorine 18
fluorodeoxyglucose positron emission
tomography and dynamic contrast en-
hancement–magnetic resonance imaging,
reproducibility studies are being per-
formed (20–23). For these reasons, we
evaluated the reproducibility and repeat-
ability of the CT scan in determining the
size of pulmonary lesions in patients with
non–small cell lung cancer.

The present study was performed on
the basis of only 32 nodules and was de-
signed to descriptively evaluate reproduc-
ibility and repeatability of CT measure-

ments of solid tumors. While it is possible
that with a smaller nodule, a larger relative
difference in the measurements may be ob-
tained (Figs 2, 4), it is difficult to know this
from our data because of the limited num-
ber of large nodules. Furthermore, the
small number of radiologists and lack of
investigation of inter- and intracomputer
measurement variations also limit the
power of this study. Prior to being incorpo-
rated in clinical practice, our findings
should be confirmed in larger, independent
studies. Nevertheless, our findings will help
reveal variations in the unidimensional, bi-
dimensional, and volumetric measure-
ments on modern CT scans and thus be
valuable in helping detect biologically rele-
vant changes in tumor size in the assess-
ment of therapy response in non–small cell
lung cancer.This provides clinicians greater
precision and confidence to determine
whether lung lesions actually grow or re-
gress with therapies.
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