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Rationale and Objectives—Determine inter- and intraobserver variability of computed
tomography (CT) tumor volume measurements in advanced non-small-cell lung cancer (NSCLC)
patients treated in a Phase II clinical trial using chest CT.

Materials and Methods—Twenty-three advanced NSCLC patients with a total of 53
measurable lung lesions enrolled in a Phase II, multicenter, open-label clinical trial of erlotinib
were retrospectively studied with institutional review board approval. Two radiologists
independently measured the tumor size, volume, and CT attenuation coefficient using
commercially available volume analysis software. Concordance correlation coefficients (CCCs)
and Bland-Altman plots were used to assess inter- and intraobserver agreement.

Results—High CCCs (0.949–0.990) were observed in all types of measurements for
interobserver agreement. The 95% limits of agreements for volume, unidimensional, and
bidimensional measurements were (−26.0%, 18.6%), (−23.1%, 24.4%), and (−34.0%, 48.6%),
respectively. Volume measurements had slightly higher CCC and narrower 95% limits of
agreement compared to uni- and bidimensional measurements. CCCs for intraobserver agreement
were high (range, 0.946–0.996) with CCC for volume being slightly higher than CCCs of uni- and
bidimensional measurements. The smaller the tumor volume was, the larger the interobserver
difference of CT attenuation. Location, morphology, or adjacent atelectasis had no significant
impact on inter- or intraobserver variability.

Conclusion—CT tumor volume measurement in advanced NSCLC patients using clinical chest
CT and commercially available software demonstrated high inter- and intraobserver agreement,
indicating that the method may be used routinely in clinical practice.

Keywords
Lung cancer; computed tomography; tumor volume measurement; interobserver variability;
intraobserver variability

Lung cancer is a leading cause of death from cancer in the United States as well as
worldwide, resulting in more than 160,000 deaths per year in the United States (1). Non-
small-cell lung cancer (NSCLC), accounting for approximately 85% of lung cancer cases,
has a 5-year survival rate of only 15%. Given the increasing availability of newer targeted
therapeutic options against NSCLC, such as the epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitors, gefitinib and erlotinib, accurate assessment of response to a given
therapy is of utmost importance (2-4). In addition, accurate tumor assessment to document
time to progression has become a critical determinant because it is used as a primary end
point in lung cancer clinical trials using targeted agents.

Two widely accepted and conventional guidelines for objective response assessment to
therapy in patients with solid tumors include the World Health Organization (WHO)
guideline that uses bidimensional tumor measurements and the Response Evaluation Criteria
in Solid Tumors (RECIST) that uses unidimensional measurements of the longest diameter
of the tumor (5). Recent advancement of computed tomography (CT) and multidetector-row
CT (MDCT) imaging technology has enabled volumetric measurements of tumors (6-9). To
use the tumor volume measurement as a method of response assessment to therapy, it is
necessary to determine the reproducibility of this volume measurement. However, only a
few reports have been published regarding the reproducibility of CT volume measurement
of lung lesions in advanced NSCLC patients participating in prospective clinical trials (7,9).
To answer questions of CT measurement reproducibility and repeatability, Zhao et al
evaluated the variability in tumor measurements from same-day repeat CT scans using thin-
section CT images in 32 NSCLC patients (9). In their study, the patients were recruited to a
specific imaging trial, and their own semiautomated three-dimensional algorithm was used
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for determining tumor volume measurements (9). To widely apply CT volume
measurements in response assessment of NSCLC in clinical practice, it is important to
assess reproducibility of the measurements in NSCLC patients who were actually treated in
a prospective clinical trial of therapeutic agents. CT volume measurement is gradually
becoming a clinically available tool for assessing tumor burden. However, radiologists
should accurately assess the performance characteristics of these volumetric tools including
inter- and intraobserver reproducibility.

The purpose of the study is to determine inter- and intraobserver variability of CT tumor
volume measurement in advanced NSCLC patients treated in a Phase II clinical trial using
clinical chest CT and commercially available volume analysis software and investigate the
performance characteristics of CT volume measurement, an emerging clinical tool.

MATERIALS AND METHODS
Patients

The original clinical trial was performed with 80 eligible patients and the clinical outcome
has been previously reported (10). Eligible patients were ≥70 years of age with
histologically or cytologically confirmed Stage IIIB/IV NSCLC. Additional inclusion
criteria included Eastern Cooperative Oncology Group performance status of 0 to 2; white
blood cell ≥3000/μL; hemoglobin ≥9.0 g/dL; platelet count ≥100,000/μL; total bilirubin
≤1.5 mg/dL; aspartate aminotransferase ≤2.0x institutional upper limit of normal; creatinine
≤1.5 mg/dL; measurable or assessable lesions as defined by RECIST; and life expectancy
more than 8 weeks. Exclusion criteria included prior chemotherapy or treatment with any
erythroblastic leukemia viral oncogene homolog (ErbB) 1- or ErbB2-targeted agent; major
surgery or radiation therapy within the last 21 days; any malignancy within the last 5 years
(excluding nonmelanoma skin cancers or definitively treated cervical cancer); any active
gastrointestinal disorder that alters motility or absorption; and severe and unstable medical
comorbidities (10).

Baseline CT scans of 58 patients treated at the Dana-Farber Cancer Institute were reviewed
by a board-certified thoracic radiologist with 5 years of experience (M.N.) to identify
patients with at least one measurable lung lesion according to RECIST. In 58 patients, 23
patients had at least one measurable lung lesion (53 lesions in total, 1–7 lesions per patient,
average 2.3 lesions). The remaining 35 patients (of 58 patients) had measurable lesions
outside of the lungs but no measurable lesions in the lungs. Therefore, the study population
of the current study consisted of 23 patients (11 males and 12 females; 71–91 years old;
mean: 77 years old) with histologically or cytologically confirmed, either by surgical or CT-
guided biopsy or fine-needle aspiration, Stage IIIB/IV NSCLC who had not been treated
with prior chemotherapy. Patients were enrolled in a Phase II, multicenter, open-label study
and were treated with 150 mg of erlotinib by mouth daily as part of a first line therapy
following written, informed consent (10). The study was approved by the institutional
review board.

CT Examinations
CT scans of the chest were performed at baseline and after every two cycles (8 weeks) of
therapy to determine response to erlotinib. The protocol at the Dana-Farber Cancer Institute
with a four-row MDCT scanner (Volume Zoom; Siemens Medical Solutions, Forchheim,
Germany) was as follows: patients were scanned in the supine position from the cranial to
caudal direction from the clavicles to the adrenal glands at end-inspiration; 100 mL of
iopromide (Ultravist 300, 300 mg iodine/mL; Bayer HealthCare Pharmaceuticals Inc,
Wayne, NJ) was injected intravenously with an automated injector (Medrad, Pittsburgh, PA)

Nishino et al. Page 3

Acad Radiol. Author manuscript; available in PMC 2011 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



at a rate of 2–3 mL/second, with a scan delay of 30 seconds, unless medically
contraindicated. The parameters were as follows: 120 kVp, 165 mAs, 2.5 mm scanning
thickness, and 0.5 second exposure time. The axial images (5 or 7 mm thickness) were
reconstructed using B40f kernel for standard algorithm and B60f kernel for lung algorithm.
Baseline chest CT images reconstructed with the standard algorithm were anonymized and
transferred to a workstation with three-dimensional medical visualization and analysis
software (Vitrea 2, version 4.0, Vital Images, Minnetonka, MN) for analysis.

Tumor Size and Volume Measurement
Two board-certified radiologists (P.D., a board-certified oncologic radiologist with 17 years
of experience; M.N., a board-certified thoracic radiologist with 5 years of experience)
independently measured the bidimensional diameters, volume and CT attenuation
(Hounsfield unit) of 53 target lung lesions using a Food and Drug Administration–approved,
commercially available volume analysis software (Vitrea 2).

The volume measurement was performed using commercially available volume analysis
software for lung nodules as follows (Fig 1). Axial chest CT images were loaded and
displayed in a lung window setting (level = −500; width = 1500). The radiologist manually
selected a small region of interest within a lesion on a CT image, which showed the longest
diameter of the lesion by a mouse click. The software automatically segmented the lesion
from the surrounding normal lung and adjacent structures such as vessels and pleura, using a
three-dimensional seed growing algorithm. The boundary of the segmented lesion was then
displayed on the CT images. The radiologist visually assessed if the automated algorithm
accurately segmented the lesion excluding adjacent structures such as vessels, pleura,
atelectasis, and effusion. If needed, the radiologist manually adjusted the boundary of the
tumor on each image, determining the boundary between the lesion and adjacent structures
by visual assessment. After segmentation and manual correction, the volume of the
segmented lesion was automatically calculated by adding volumes of all the voxels included
in the segmentation (Fig 1). The software also provided the average CTattenuation
coefficient (HU) of the segmented tumor. After segmentation, the reader manually measured
the longest diameter and the longest perpendicular diameter of the target lesion on a CT
image that demonstrated the longest diameter of the lesion, using a caliper-type
measurement tool on the Vitrea Workstation.

Written instructions for the measurement process were provided to the radiologists. A
printed image of each lesion was provided to the radiologists so that the radiologists could
identify the target lesions to measure. Measurements were performed using a lung window
setting; however, the radiologists were allowed to view images on a mediastinal window
setting (level = 50; width = 350) if it was necessary to manually separate the lesion from
adjacent structures. One of the radiologists (M.N.) performed the measurements five times,
with at least a 1-week interval between measurements. The other radiologist (P.D.)
performed the measurements once. At each measurement, the CT scans were displayed in a
randomized order using R 2.9.1., a language and environment for statistical computing (The
R Foundation for Statistical Computing. Available at: http://www.R-project.org.).

The location (1 = purely intraparenchymal, 2 = pleura/fissure attached, 3 = justavascular),
morphology (1 = smooth, 2 = lobulated, 3 = irregular), presence or absence of adjacent
atelectasis (1 = present, 2 = absent) were recorded at the time of first measurement of five
measurements by one of the radiologists (M.N.) (11).
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Statistical Analysis
Inter- and intraobserver variability was assessed using concordance correlation coefficients
(CCCs), mean relative difference (%), and 95% limits of agreement (%), percentage of
observations inside the limits (%) for the longest diameter, the longest perpendicular
diameter, the bidimensional measurement (the product of the longest diameter and the
longest perpendicular diameter), the volume, and the average CT attenuation. Assuming two
measurements have mean u1 and u2, with variance σ1

2, σ2
2, and covariance σ12, CCC = (2

σ12)/[ σ1
2+ σ2

2 + (u1− u2)2]. CCCs are composed of 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 distance between the best-fit line and the 45° line through the origin) (12). A
CCC value of 1 indicates perfect agreement and −1 indicates perfect reversed agreement.
We also computed the mean relative difference (%) between the two measurements,
(100*[M1-M2]/M1; M1 = measurement 1, M2 = measurement 2), and the standard deviation
(SD) of the difference among all tumors. The 95% limits of agreement (the mean relative
change ± twice the SD of the difference) were also calculated. The trimmed SD, which is the
SD of the relative difference after removing the top and bottom 2.5% of the values, was also
calculated. Measurements by two radiologists were compared using Pearson’s correlation
and linear regression.

Interobserver variability was further assessed using Bland-Altman plots (9,13). For the
unidimensional, bidimensional, and volume measurements, the percentage of relative
difference between the measurements by two radiologists was plotted against the average of
the two measurements. For the CT attenuation coefficient (HU), the difference of the two
measurements was plotted against the average CT attenuation coefficient, as well as against
the average volume of the tumor. The first of the five measurements by a radiologist (M.N.,
radiologist 1) was compared with the measurement by the other radiologist (P.D., radiologist
2) to assess interobserver variability.

The influence of the lesion characteristics (location, morphology, presence/absence of
adjacent atelectasis) on intra- and interobserver variability of volume measurement was
assessed using the multivariate linear regression model. Regression coefficients were
estimated and the P value of the F test was computed to evaluate the significance of the
coefficients. We also conducted the multivariate regression models for the intra- and
interobserver variability of unidimensional, bidimensional, and CT attenuation coefficient.
Bonferroni correction was applied to control for multiplicity.

RESULTS
Interobserver Agreement

Table 1 demonstrates the interobserver agreement of the unidimensional, bidimensional,
volume, and CT attenuation coefficient measurements. The detailed measurements results of
two radiologists including volume, the longest diameter, the longest perpendicular diameter,
bidimensional measurement and CT attenuation are shown in Figure 2. Figure 3 shows the
Bland-Altman plots with the mean percentage of relative difference and the 95% limits of
agreement of the two independent measurements by two radiologists. The absolute mean
relative difference is higher for volume (−3.7%) as compared with the longest diameter
(0.6%). However, since a decrease of 3.7% in cubic scale is corresponding to a decrease of
1.2% in a unidimensional scale, the two values are quite close after adjusting for the scale.
Volume measurement had slightly higher CCC and narrower 95% limits of agreement
compared to uni- and bidimensional measurements. However, the percentage of
observations inside the limits of volume measurement was smaller compared to uni- and
bidimensional measurements, indicating that there are more outliers (ie, observations outside
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of the 95% limits of agreement) for the volume measurement than the uni- and
bidimensional measurement.

Because the outliers might inflate the variance and hence the range of the limits, we
compared the SD and the trimmed SD. Although the SD of the relative difference for
volume and the longest diameter measurements were quite similar (0.112 vs. 0.119,
respectively), the trimmed SD for the volume measurement became almost half of the
longest diameter measurement (0.058 vs. 0.098).

The average CT attenuation coefficient had high CCC (0.985) and 95% limits of agreement
of −55.1 HU and 53.7 HU (Table 1). The Bland-Altman plots of the CT attenuation
coefficient did not show particular trend in difference when plotted against the average CT
attenuation values. However, when plotted against the average volume, the Bland-Altman
plot visually demonstrated that the smaller the volume, the larger the difference of the CT
attenuation measurements (Fig 3).

Intraobserver Agreement
Table 2 demonstrates the summary of the intraobserver agreement of the unidimensional,
bidimensional, volume, and CT attenuation coefficient measurements performed five times
each by a radiologist (M.N.). Volume measurements had slightly higher CCC and higher
percentage of observations inside the limits compared to uni- or bidimensional
measurements. The average SD of the relative difference for the volume was slightly larger
than that for the longest diameters. However, the trimmed SD after removing the outliers is
similar for the volume and the longest diameters.

Impact of Lesion Characteristics on CT Measurement Variabilit
Table 3 demonstrates the results of the lesion characteristics including location, morphology,
presence/absence of adjacent atelectasis. None of the lesion characteristics had significant
impact on inter- or intraobserver variability of the measurement using multivariate linear
regression model after adjusting for multiplicity. The absence of adjacent atelectasis seems
to increase the inter-rater variability for the bidimensional (P = .002); however, the effect is
removed after adjusting for the number of tests (n = 30).

DISCUSSION
High inter- and intraobserver agreements were observed in the CT tumor volume
measurement using routine clinical chest CT and commercially available volume analysis
software in advanced NSCLC patients who were actually treated in a Phase II clinical trial.
CCCs of volume measurement were slightly higher than those of the unidimensional and
bidimensional measurements.

The 95% limits of agreement of volume measurement were −26.0% and 18.6%, which were
narrower than those of the longest diameter (−23.1%, 24.4%), the most widely used
measurement defined by RECIST. Of note, the 95% limits of agreement of volume
measurement obtained in the present study is much narrower than the cutoff values of −65%
and 73% proposed in the original RECIST article published in 2000, based on a simple
mathematical conversion from the diameter to a sphere (1,9). This result was concordant
with the observation by Zhao et al in their study of reproducibility using 32 NSCLC
patients, although their slice thickness of CT images was 1.25 mm as opposed to 5 or 7 mm
in our study (9). Our results indicated that the difference between CT volume measurements
beyond −26.0% and 18.6% attributes to a true change in tumor volume rather than a
measurement variation in advanced NSCLC patients, and the volume measurement can
detect much smaller changes in tumor burden than originally expected.
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Despite the slightly narrower 95% limits of agreements, volume measurement had more
observations outside of the 95% limits compared to the longest diameter measurement. After
removing the outliers, the SD of the volume decreased to 0.058 from 0.112, demonstrating
that the outliers made the SD twice larger. We reviewed the imaging characteristics of five
lesions outside of the 95% limits of agreement to identify features that are common to them;
however, no common feature was observed. Four lesions were intraparenchymal and one
was pleura-attached. Three lesions were irregular in morphology and two were lobulated.
Four lesions had no adjacent atelectasis and one had adjacent atelectasis. These five lesions
were not particularly different in imaging characteristics compared to other lesions that had
good reproducibility in volume measurement. Similarly, location or morphology of the
lesions or presence/absence of adjacent atelectasis did not have a significant impact on
measurement variability. This result is different from the report by Wang et al, who studied
the volume measurement variability of 4225 small nodules (15–500 mm3) detected at lung
cancer screening in 2239 participants and demonstrated that nodule morphology, location,
and size influenced volume measurement variability, particularly among the juxtavascular
and irregular nodules (11). Although a study with a larger number of patients and a larger
number of observers might be helpful to address this important issue, the initial observations
in the present study of 23 patients’ lung lesions indicates the importance of visual
assessment of the boundary of segmented lesion by experienced radiologists in each lesion
in advanced NSCLC regardless of morphology or location. In the present study, manual
adjustment of segmentation was necessary in each volume measurement for both
radiologists. When performing a tumor volume measurement on a follow-up study, it is
necessary to look at the boundaries of the segmented lesion on the prior study to minimize
the change in volume introduced by measurement variability.

Inter- and intraobserver variability of CT volume measurement has been studied using small
lung nodules detected in lung cancer screening trials (14-18). However, these nodules tend
to be small and discrete, and are located within otherwise normal lung without surrounding
atelectasis or effusion. Therefore, these nodules are relatively easy to segment and measure
using commercially available software with very high reproducibility (14-18). There are
only a few reports describing the reproducibility of CT volume measurement of lung lesions
in actual NSCLC patients(7, 9). Zhao et al recently reported reproducibility and repeatability
of CT volume measurement in 32 NSCLC patients with one lesion per patient who
underwent two chest CT scans on the same day for research purposes (9). The study
demonstrated high reproducibility and repeatability of chest CT scans, with CCCs ≥0.960
for radiologists’ measurements and CCCs ≥1.00 for the computer aided measurements. Our
results showed similarly high CCCs for uni- and bidimensional measurements compared to
their CCCs for radiologist measurements on the same image. For the volume measurement,
our results showed slightly lower CCCs (0.990 compared to 1.00) with wider 95% limits of
agreements. The difference could be due to several factors, including the difference in
patient populations, the slice thickness of CT images (5 or 7 mm vs. 1.25 mm), and the
performance of the volume analysis software (commercially available versus homegrown).
Of note, the patients in the study by Zhao et al were recruited for their particular imaging
study rather than for an actual oncologic clinical trial, and the exact clinical stages of lung
cancer of these patients were not reported in detail (9). In contrast, the patients in our present
study were actually enrolled and treated in a phase II clinical trial for patients with advanced
NSCLC, and comprise the population that will benefit most from precise assessment of
tumor burden after anticancer drug therapy in the actual clinical setting (10). To our
knowledge, the reproducibility data of tumor volume measurements in such a population
have not been previously reported. We believe the assessment of inter- and intraobserver
variability of CT tumor volume measurement will be needed when applying volume
measurement tools to different patient population in order to precisely assess true change of
tumor burden. Our study also demonstrated that the lesion characteristics such as location,
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morphology, and adjacent atelectasis did not impact measurement variability in advanced
NSCLC, which was not investigated in the study by Zhao et al (9).

It is well-known that CT attenuation coefficient decreases after targeted therapy using
tyrosine kinase inhibitors in some solid tumors such as gastrointestinal stromal tumor (19). It
is possible that the CT attenuation coefficient can provide additional metrics of response
assessment to tyrosine kinase inhibitor therapy in NSCLC. Our study demonstrated high
inter- and intraobserver reproducibility for the CTattenuation coefficient measurement in
lung lesions in NSCLC. Since the 95% limits of agreement for the average CT attenuation
coefficient were −55.1 HU and 53.7 HU, the difference between CT attenuation coefficient
measurements beyond this range can attribute to a true change in tumor CT attenuation
rather than measurement variability in advanced NSCLC patients. We also demonstrated
that the variability of CT attenuation coefficient is higher for the smaller volume lesions,
indicating that the changes in CT attenuation coefficient after therapy should be evaluated
with caution in small lung lesions since the changes can be due to measurement variability.
To our knowledge, these findings have not been described in the previous literature.

The limitations of the present study include retrospective design and relatively small number
of patients, as well as lack of thin-slice reconstruction of CT images. Thin-slice
reconstruction of CT images could enhance the ability to accurately determine volume
status. However, our data are from an already completed clinical trial performed between
2003 and 2006 in which chest CT examinations were performed as a part of standard care
and the chest CT protocol did not include thin-slice reconstructions. Given the large and
increasing number of lung cancer patients who need accurate response assessment for
assessing the efficacy of therapy on a routine basis in oncologic practice, we believe it is
important to demonstrate the reproducibility performance of volume measurements using
standard clinical chest CT protocol. High reproducibility of volume measurements in the
present study using a routine clinical chest CT protocol provides a promising insight that the
CT volume measurement can be incorporated into a routine tumor response assessment to
therapy in clinical oncology–based radiology practice. We chose to use commercially
available, Food and Drug Administration–approved volume analysis software for the lung
lesions with a hope that the data acquired using such a method are one step closer to the
standardized volume measurement method which can be incorporated in clinical practice.

In conclusion, CT tumor volume measurements in advanced NSCLC patients performed
using routine clinical chest CT and commercially available, Food and Drug Administration–
approved volume analysis software demonstrated high inter- and intraobserver agreement
which was independent of location, morphology or adjacent atelectasis. The results indicate
that CT volume measurements may be used routinely in the response assessment of
advanced NSCLC patients in a more widespread and standardized fashion.
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Figure 1.
Computed tomography (CT) tumor volume measurement in a 73-year-old female with
advanced non-small cell lung cancer. (a, b) CT scan of the chest in a patient with advanced
lung cancer demonstrates a lung lesion abutting the pulmonary vasculature. Clicking a voxel
within a lesion allows the software to automatically segment the lesion using adaptive
threshold and size criteria, and the boundary of the segmented lesion is displayed on the CT
images. The boundary of the tumor is adjusted manually by the radiologist on each image to
separate the lesion and adjacent vasculature. (c, d) The segmented tumor is displayed in a
three-dimensional fashion, and the volume and CT attenuation coefficient (Hounsfield units)
of the segmented tumor are provided.
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Figure 2.
Comparison of the measurements results of two radiologists including volume (a), the
longest diameter (b), the longest perpendicular diameter (c), bidimensional measurement,
(d) and computed tomography (CT) attenuation (e) measurements demonstrated high
correlation between the two measurements (r2 = 0.981 for volume, r2 = 0.945 for the longest
dimension, r2 = 0.911 for the longest perpendicular diameter, r2 = 0.934 for bidimensional
measurement, and r2 = 0.976 for CT attenuation, Pearson correlation).
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Figure 3.
Bland-Altman plots for volume and uni- and bidimensional and computed tomography (CT)
attenuation coefficient measurements by two independent observers. The figures
demonstrate interobserver variability as a function of average measurement. Relative
difference between two radiologists’ measurements is plotted by the average of both
radiologists for volume (a), unidimensional measurements (b), the longest diameter, (c) the
longest perpendicular diameter, and bidimensional measurement (d). Difference of CT
attenuation coefficient (Hounsfield units) between two radiologists’ measurements is plotted
by the average HU (e) and average volume (f). Dashed lines indicate the upper and lower
95% limits of agreement. Dotted lines indicate the average difference.
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TABLE 3

The Summary of the Lesion Characteristics

Lesion Characteristics Number of Lesions

Location

 Intraparenchymal 25

 Pleura/fissure 18

 Juxtavascular 10

Morphology

 Smooth 7

 Lobulated 14

 Irregular 32

Adjacent atelectasis

 Present 17

 Absent 36
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