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Abstract
Rationale and Objectives—CT section thickness and reconstruction kernel each influence CT
measurements of emphysema. This study was performed to assess whether their effects are related
to the magnitude of the measurement.

Materials and Methods—Low-radiation-dose multidetector CT was performed in 21 subjects
representing a wide range of emphysema severity. Images were reconstructed using 20 different
combinations of section thickness and reconstruction kernel. Emphysema index values were
determined as the percentage of lung pixels having attenuation lower than multiple thresholds ranging
from −960 HU to −890 HU. The index values obtained from the different thickness-kernel
combinations were compared by repeated measures ANOVA and Bland-Altman plots of mean vs.
difference, and correlated with quantitative histology (mean linear intercept, Lm) in a subset of
resected lung specimens.

Results—The effects of section thickness and reconstruction kernel on the emphysema index were
significant (p<0.001) and diminished as the index threshold was raised. The changes in index values
due to changing the thickness-kernel combination were largest for subjects with intermediate index
values (10–30%), and became progressively smaller for those with lower and higher index values.
This pattern was consistent regardless of the thickness-kernel combinations compared and the HU
threshold used. Correlations between the emphysema index values obtained with each thickness-
kernel combination and Lm ranged from r=0.55–0.68 (p=0.007–0.03).
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Conclusion—The effects of CT section thickness and kernel on emphysema index values varied
systematically with the magnitude of the emphysema index. All reconstruction techniques provided
significant correlations with quantitative histology.
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INTRODUCTION
Quantitative CT analysis of lung attenuation increasingly has been used in clinical research on
chronic obstructive pulmonary disease (COPD) for the objective measurement of emphysema.
Emphysema has been quantified from CT data obtained in clinical trials to identify associations
between emphysema and demographic factors (1–3), genetic factors (4), and body habitus
(5); to assess drug treatment effects (6,7); to distinguish COPD phenotypes with and without
emphysema (8); and to evaluate the contribution of emphysema to airflow obstruction (9).
Studies supporting the validity of measurements obtained using low-radiation-dose CT
technique (10,11) may further expand applications in clinical research.

As the use of CT for emphysema quantification has grown, the potential for measurement
variability related to certain CT technical parameters has been recognized (12–14). It has been
reported that CT estimates of emphysema severity increase as section thickness decreases
(11,15), and that higher resolution (edge-enhancing, sharper) image reconstruction kernels
(also referred to as algorithms or filters) result in higher CT measurements of emphysema than
lower resolution (smoothing) kernels (16). These effects may impact the ability to combine or
compare CT measurements of emphysema in cross-sectional or longitudinal studies in which
section thickness and reconstruction kernel are not held constant. This is particularly relevant
to retrospective studies in which these parameters can no longer be changed, to prospective
multicenter studies using multiple CT scanner models with different section thickness and
kernel options, and to longitudinal studies during which scanners are replaced with new models.

Ideally, if technical parameter settings were not or cannot be held constant, those that provide
equivalent measurements should be identified and used. In determining whether one
measurement technique may substitute for another, it is important to know by how much the
measurements differ, and whether the difference between the two measurements shows any
bias related to the magnitude of the measurement (17). To our knowledge, these features have
not been fully characterized for quantification of emphysema from multidetector CT scans
reconstructed using different combinations of CT section thickness and reconstruction kernel.

We performed this study to assess the effects of both CT section thickness and reconstruction
kernel on the CT quantification of emphysema in relation to the magnitude of the measurement.
Because emphysema is defined histologically by airspace enlargement and alveolar wall
destruction, imaging-pathology correlation is also important for validating the different
technical approaches available with CT. Therefore, a secondary aim was to correlate CT
emphysema measurements obtained using different section thicknesses and reconstruction
kernels with quantitative histology.

MATERIALS AND METHODS
Subjects

The 21 subjects enrolled in this prospective study (Table 1) included 9 patients scheduled for
lobectomy due to lung cancer and 12 patients scheduled for lung transplant surgery due to
chronic obstructive pulmonary disease. Subjects with these diagnoses were chosen to capture
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a wide range of emphysema severity as determined by quantitative CT analysis and pulmonary
function impairment. There was no clinical evidence of active lung infection, no history of
asthma or diffuse lung disease other than emphysema, and no CT evidence of infiltrative lung
disease or more than subsegmental atelectasis.

Fifteen resected lung specimens were obtained from 11 of the 21 subjects and used for
quantitative histology as a reference standard for emphysema severity. Both resected lungs
were obtained from 4 of the patients who underwent lung transplantation, one lung was
obtained from 3 of the transplant patients, and one lobe was obtained from each of the 4 patients
who underwent lobectomy for lung cancer.

Imaging and Image Analysis
CT scans were performed within one week prior to surgery on a multi-detector scanner
(Siemens Sensation 16 in 20 subjects and Sensation 64 in 1 subject) (Siemens Medical
Solutions, Erlangen, Germany) that underwent daily calibration checks. The scans were done
at full inspiration, without intravenous contrast, at 120 kVp using a low-radiation-dose
technique of 45 mAs and a pitch of 1.5 for an effective tube current of 30 mAs. Transverse
images were reconstructed contiguously at 1 mm, 2 mm, 5 mm, and 10 mm section thicknesses,
using five different reconstruction kernels of increasing resolution (edge enhancement) from
smooth (Siemens B20f, B30f, and B40f) to sharp (Siemens B50f and B60f) for each section
thickness. Thus, 20 complete CT data sets with a unique section thickness-kernel combination
were reconstructed for each subject.

The CT images were analyzed using the Pulmonary Analysis Software Suite and Emphysema
Profiler (VIDA Diagnostics, Iowa City, IA) computer program (18). The program
automatically isolates the lungs and determines lung volumes and the histogram statistics of
all lung pixel attenuation values. For emphysema quantification, a CT emphysema index was
defined as the percentage of all pixels within the lungs having attenuation lower than a given
Hounsfield unit (HU) attenuation threshold. Measurements at thresholds from −960 to −890
HU were obtained in 10 HU increments, a range which includes thresholds validated by
previous studies (19–21).

The CT data from both lungs were used to evaluate the effects of section thickness and
reconstruction kernel on emphysema index calculations in all 21 subjects. For the CT
comparisons with quantitative histology, the automatically segmented single lung CT data were
used for the transplant patients, and were modified manually to include only the resected lobe
for the patients who underwent lung cancer surgery.

Lung Fixation and Quantitative Histology
Based on previously reported methods (22,23), the 15 resected specimens were ventilated under
positive pressure of 12–25 cm H2O for 4–10 hours with 50% formalin vapor heated to 46°C,
using a diaphragm pump with an electronically controlled circuit that provided a brief
exhalation (< 1 sec) every 6–8 sec. The inflation-fixed specimens were cut into 1–2 cm-thick
transverse slices, and 20 paraffin-embedded tissue blocks per resected lobe and 40 per whole
lung were obtained in a random manner (avoiding any tumor tissue). A histologic slide of 3
µm thickness from each tissue block was prepared and stained with hematoxylin and eosin.
Shrinkage of the vapor-fixed tissue during histologic slide preparation, measured by comparing
the cross-sectional area of tissue blocks and the cross-sectional area of the prepared and stained
slides, was minimal (<5%).

Emphysema was quantified histologically as the mean linear intercept (Lm), i.e., the average
distance between alveolar walls. Five random fields per histologic slide were digitally
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photographed at 4× magnification. A computer program (Image Pro Plus, Media Cybernetics)
was used to overlay a grid of parallel line segments on each field, automatically count the
number of intersections of line segments and airspace walls, and divide the total length of the
line segments by the number of intersections, to obtain the Lm for each field (24). These Lm
values were averaged to determine a single Lm value for each specimen. For fields comprised
of pure airspace, the diameter of the field (1.9 mm) was used as the Lm value.

Statistical Analysis
The emphysema index measurements obtained with the 20 combinations of section thickness
and reconstruction kernel at each HU threshold were compared in a multivariable mixed model
by repeated measures analysis of variance using JMP 6.0 (SAS Institute, Cary, NC), with
subjects identified as a random effect and the two image reconstruction parameters identified
as fixed effects. The relationship of the emphysema index magnitude to the effects of section
thickness and reconstruction kernel was assessed by the method of Bland and Altman (25),
plotting the emphysema index mean vs. difference of each pair of thickness-kernel
combinations for each subject. The emphysema index mean was calculated according to the
formula:

The emphysema index difference was calculated according to the formula:

The emphysema index mean vs. difference was examined at all HU thresholds. Curves were
fit to these plots using linear and polynomial models with JMP 6.0 (SAS Institute, Cary, NC).
Models having both the highest R2 and F ratio were considered the best empirical fit.

For CT-histology correlation, each resected lung or lobe had been fixed and processed
independently, and was used as an individual data point. Scatter plots of the Lm values and
CT emphysema index for each combination of technical parameters were inspected, and
Pearson correlation was performed using Excel (Microsoft). P values <0.05 were considered
statistically significant.

The study was approved by the local Institutional Review Board, and informed consent was
obtained from all subjects.

RESULTS
Effects of section thickness and reconstruction kernel

Section thickness had a statistically significant effect (p<0.001) on the CT emphysema index
at all index attenuation thresholds. Reconstruction kernel had a statistically significant effect
(p<0.001) on the index at all thresholds except for −910 HU (p=0.11). Although the main trend
was for the emphysema index to increase with thinner sections and sharper kernels, the size of
the effect decreased as the attenuation threshold was raised (Table 2). At the highest thresholds
examined (−900 and −890 HU), the mean index of the entire cohort with the sharp kernels
(B50f and B60f) was the same as or lower than the index with the smooth kernels.
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The CT index values obtained with the 20 combinations of section thickness and kernel were
highly correlated to each other at all HU thresholds (r=0.90–0.99).

Section thickness and reconstruction kernel had statistically significant effects on the CT-
measured lung volume (p<0.001 for section thickness, p=0.01 for kernel). The CT-measured
lung volumes ranged from 6586 ± 1859 ml (10 mm-B20f) to 6606 ± 1848 ml (1 mm-B60f).
The largest lung volume measured in any subject from the 20 different thickness-kernel
combinations was 0.2% to 1.7% (mean 0.7%) greater than the smallest lung volume measured
in the same subject.

Influence of emphysema index magnitude
The effects of section thickness and reconstruction kernel on the index values of individual
subjects varied with the magnitude of the emphysema index in a systematic manner. This is
shown in Fig. 1 and Fig. 2 comparing the emphysema index at different representative section
thicknesses (Fig. 1) and reconstruction kernels (Fig. 2), for HU thresholds commonly used in
clinical research studies. The peak difference between index values produced by any two
thickness-kernel combinations (up to nearly 20 index percentage points in Fig. 1 and Fig. 2)
occurred for subjects in whom the mean of the index values resulting from those two thickness-
kernel combinations was in the range of approximately 10–30%. This difference became
progressively smaller for subjects with lower and higher means, and became negative at the
highest mean index values for some of the comparisons. The greatest difference between index
values (the height of the peak) varied depending on the two thickness-kernel combinations
compared and the HU threshold used, but the same pattern was seen for all of the comparisons,
including those not shown. The best empiric fit for each mean vs. difference comparison was
either a linear or a polynomial function, depending on the range of mean emphysema index
values resulting from the specific thickness-kernel combinations compared and the HU
threshold used (Fig. 1 and Fig. 2).

Quantitative CT and histology
The emphysema index values in the subset of 15 resected specimens from 11 subjects, and the
effects of section thickness and kernel, were similar to those in the whole group of 21 subjects
(Fig. 3). The average Lm for the 15 resected specimens was 0.71 mm, and ranged from 0.29
mm to 1.04 mm (Fig. 4). Correlation coefficients comparing the CT emphysema index values
for the various CT section thickness-kernel combinations at multiple HU thresholds with the
Lm ranged from r = 0.55 (p=0.03) to r = 0.68 (p=0.007) (Table 3). The correlations tended to
be slightly stronger with the smoother (B20f, B30f, and B40f) kernels, particularly with 1 mm
and 2 mm sections, but were similar at all section thicknesses.

DISCUSSION
The main finding of our study is that the effects of section thickness and reconstruction kernel
on CT measurements of emphysema varied in a systematic manner related to the emphysema
index magnitude. This was seen as a peak effect in which the difference in the emphysema
index produced by two different thickness-kernel combinations was greatest for those subjects
in whom the mean emphysema index produced by the same two combinations was in the
intermediate range of approximately 10–30%. These differences were progressively smaller
for those with lower and higher mean index values. The magnitude of each emphysema index
measurement is determined in part by the specific combination of thickness, kernel, and HU
threshold, in addition to the actual anatomic severity of disease. Thus, the absolute effect of
changing the thickness and kernel in any individual subject (the size of the emphysema index
difference), and the relative effect among different subjects (linear or polynomial relationship),
depended on which thickness-kernel-HU threshold combinations were compared.
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The relationship between the effects of these reconstruction parameters and the emphysema
index magnitude may be explained, at least in part, through examination of lung CT pixel
attenuation histograms (Fig. 5). By definition, the CT emphysema index corresponds to the
proportion of the area under the histogram that lies below the selected attenuation threshold.
Increasing the section thickness or decreasing the kernel sharpness reduces the amount of noise
(random increases and decreases in pixel attenuation values) in the images (26), and causes
the attenuation of pixels in any high contrast boundary region to be averaged towards the mean
of the region. The result is a narrowing of the width and an increase in the height of the
histogram. The difference in a subject’s index obtained from any two different combinations
of thickness and kernel is determined by the shapes of the two histograms produced, their
position on the attenuation scale, and the HU threshold used to define the index. Figure 5
illustrates how kernel-related changes in the emphysema index may vary systematically with
the emphysema index magnitude.

Theoretically, when thickness and kernel cannot be held constant, their effects could be
controlled for in clinical studies by identifying the combinations of these reconstruction
parameters that provide equivalent emphysema index measurements (7,26). Untried
approaches that may be worth investigating are the application of correction factors or
alteration of the index attenuation threshold to convert the emphysema index values obtained
with one technique to those obtained with a reference technique. However, a single equivalent
reconstruction technique, correction factor, or HU threshold adjustment may not provide
reliable conversion in all subjects. Instead, our findings imply that any attempt to determine if
such conversion between two techniques is achievable should consider that the magnitude of
the emphysema index may affect the amount of correction needed in a given individual. We
did not evaluate the possible additional effects of the distribution of emphysema (homogeneous
vs. heterogeneous vs. predominantly bullous) on reconstruction parameter-related shifts in the
emphysema index. Thus, whether the same shift would be seen for two individuals with the
same emphysema index but different distributions is unknown. While our study illustrates the
effects of several subject, technical, and image analysis parameters, the feasibility of actually
converting emphysema index values from one technique to another requires further
investigation.

As in a previous study (16), the differences in total lung volume we found with the different
thickness-kernel combinations were statistically significant but exceedingly small, and not
large enough to account for the differences in emphysema index values. Although the
maximum differences in cohort mean index values were large, however, certain thickness-
kernel-HU threshold combinations produced nearly equivalent cohort mean values (as
illustrated in Table 2). Thus, simultaneously varying thickness, kernel, and the HU threshold
may provide more options for identifying technically equivalent combinations for emphysema
quantification from different scanner sources than varying only one or two of these variables.

Other investigators (11,15,16) have reported that the mean emphysema index of their cohorts
increased with thinner CT sections and sharper reconstruction kernels. In examining these
effects at different emphysema index thresholds, we additionally found that they diminish as
the index threshold is raised. This suggests that any thickness and kernel differences in
comparative studies may confound comparisons made at lower index thresholds to a greater
degree than those made at higher index thresholds.

Despite its frequent use, controversy has recently arisen over the use of the Lm for quantitative
morphometry in emphysema (27–35). Thus, the Lm measurements and quantitative CT-
histology correlations presented here should be interpreted with awareness of certain concerns
and appropriate caution. One concern is that the Lm is unable to accurately discriminate small
gradations of mild emphysema; however, it is likely adequate for distinguishing larger
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difference in emphysema severity (28,31). In addition, the Lm measurement depends on the
volume of the fixed lung, which was not precisely standardized in our study but likely related
to both the volume to which the lungs were inflated during fixation and the amount of formalin-
induced shrinkage. Thus, there may be an unknown amount of variation between the volumes
at which the lungs were fixed and the full inspiratory volume at which the CT scans were
performed. However, the correlations we found between the CT emphysema index and Lm
agree with the findings of previous studies that used fixation with liquid formalin (11,19,20).
Finally, the paraffin-embedding and tissue processing steps may be associated with shrinkage
(27), which reduces the measured size of the airspaces. Interestingly, this embedding and
processing resulted in only minimal shrinkage in our study, for which we did not correct. While
we cannot state with certainty why the shrinkage was less than is typical with liquid formalin-
fixed lungs, we suspect that the process of fixation by ventilation with concentrated, heated
formalin vapor has a substantial dehydrating effect, as lungs fixed by this method are relatively
light and dry to moist. Since the major source of shrinkage due to histologic processing of
tissues fixed in 10% liquid formalin is dehydration, there may have been little potential for
shrinkage of the already-dehydrated tissue fixed by our method during histologic processing.
In any case, the Lm values we obtained were similar to or larger than those measured in previous
studies that required correction for shrinkage from histologic processing (Lm in these previous
studies was approximately 170–475 µm for lung cancer specimens and up to about 750 µm for
transplant specimens) (20,24).

That the emphysema index values from all thickness-kernel-HU threshold combinations
correlated similarly with quantitative histology is not surprising, since the relative emphysema
index values among the different individuals in the cohort were similar with each section
thickness and reconstruction kernel (as illustrated by graphs in the first column of Fig. 1 and
Fig. 2). As a result, the index measurements obtained with the different thickness-kernel-HU
threshold combinations were highly correlated. Our data additionally show similar correlations
between CT and quantitative histology for both smooth and sharp reconstruction kernels, a
comparison which to our knowledge has not previously been made. This supports the ability
to use either smooth or sharp reconstruction kernels for CT emphysema quantification. Because
of the tendency for the CT-histology correlations using the smoother CT reconstruction kernels
(B20f, B30f, and B40f) to be slightly stronger than those using the sharper kernels (B50f and
B60f), use of images reconstructed with a smooth kernel may be preferable when available.

We recognize several limitations of this study. Although different scanner brands offer similar
section thickness and reconstruction kernel options, the size of the effects of these technical
parameters may differ across the various proprietary scanner hardware and reconstruction
software platforms. The size of the effects demonstrated here also may be different using a
scanner tube current other than the low radiation dose technique of this study, as the added
noise with reduced radiation dose slightly increases emphysema index values (10,26). In
addition, the effects of reconstruction parameters on emphysema index values may vary in
different lung regions, such as the apex and base which are subject to increased noise (36).

The sample size for quantitative histology was somewhat limited, which may have affected
the accuracy of the correlations between the emphysema index and Lm. However, our purpose
was to explore the relative correlations with Lm for the different reconstruction parameters,
and there was no suggestion that any thickness-kernel-HU threshold combinations may be
highly superior or do not correlate at all with quantitative histology. Finally, the maximum Lm
measurable on any histologic slide was limited by the microscope field of view, so the Lm may
have been underestimated in some subjects.

In summary, this study demonstrates that the effects of section thickness and reconstruction
kernel on emphysema quantification vary systematically with the magnitude of the emphysema
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index. This relationship may be relevant to assessing whether a reliable algorithm for
converting emphysema measurements from one reconstruction protocol to another can be
developed. Determining whether such conversion is possible will require further investigation
that includes subjects with varying severity and distribution of emphysema. We also found that
all combinations of section thickness and reconstruction kernel provided significant
correlations with quantitative histology, though limitations to the quantitative histologic
methods are noted. This supports the validity of using any one of multiple thickness-kernel
combinations to quantify emphysema. It should still be remembered, however, that different
thickness-kernel combinations may produce markedly different measurements, and thus these
reconstruction parameters should be kept constant in comparative studies. Awareness of the
effects of CT section thickness and reconstruction kernel on emphysema quantification may
help ensure that reliable measurements are obtained in studies using quantitative CT
techniques.
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Figure 1.
Relationship of emphysema index magnitude to the effect of section thickness on the
emphysema index for representative −950 HU and −910 HU thresholds). First column shows
effect of each thickness on individual subjects. Second and third columns show Bland-Altman
plots comparing representative 1 mm and 5 mm sections, and 5 mm and 10 mm sections,
respectively. (a) Representative smooth (B30f) kernel. (b) Representative sharp (B50f) kernel.
Note –Each line in first column graphs, and each point in second and third column graphs,
represents an individual subject. Mean – average of the emphysema index obtained with 1 mm
and 5 mm section thicknesses in each subject. Difference – difference between the emphysema
index obtained with 1 mm and 5 mm section thicknesses, in index percentage points. Linear –
best empiric fit was described by linear function. Polynomial-2 – best empiric fit was described
by second-order polynomial. Polynomial-3 – best empiric fit was described by third-order
polynomial. Same patterns were seen for other kernels, section thickness comparisons, and HU
thresholds.
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Figure 2.
Relationship of emphysema index magnitude to the effect of reconstruction kernel on the
emphysema index for representative −950 HU and −910 HU thresholds. First column shows
effect of each kernel on individual subjects. Second column shows Bland-Altman plots
comparing representative B30 f and B50f kernels. (a) Representative 1 mm section thickness.
(b) Representative 5 mm section thickness. Note –Each line in first column graphs, and each
point in second column graphs, represents an individual subject. Mean – average of the
emphysema index obtained with B30f and B50f kernels in each subject. Difference – difference
between the emphysema index obtained with B30f and B50f kernels, in index percentage
points. Linear –best empiric fit was described by linear function. Polynomial-2 – best empiric
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fit was described by second-order polynomial. Polynomial-3 – best empiric fit was described
by third-order polynomial. Same patterns were seen for other section thicknesses, kernel
comparisons, and HU thresholds.

Gierada et al. Page 13

Acad Radiol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gierada et al. Page 14

Acad Radiol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Emphysema index values at representative −950 HU threshold in 4 lobes (four lowest indexes)
and 11 lungs of 11 subjects in whom quantitative histology was performed. (a) Effect of section
thickness with representative smooth B30f reconstruction kernel. (b) Effect of reconstruction
kernel with representative 1 mm section thickness. Note – Each line represents an individual
lung or lobe.
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Figure 4.
Scatter plot with regression line shows mean linear intercept (Lm) for each of 11 lungs and 4
lobes (x-axis) versus mean (solid circles) and range (horizontal bars) of all emphysema index
values obtained with all section thickness-reconstruction kernel combinations at all HU
thresholds.
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Figure 5.
CT attenuation histograms in 3 subjects (a–c) demonstrating progressively greater emphysema
severity by lung attenuation values, shown for representative smooth (B30f; black curves) and
representative sharp (B50f; gray curves) kernels at representative 1 mm section thickness.
Emphysema index for each histogram corresponds to the proportion of the entire area under
each curve that lies to the left of the chosen HU threshold (−950 HU in this example). As
histograms become shifted toward more negative HU values in (b) and (c), area below the
smooth kernel curve to the left of the threshold increases more than area under the sharp kernel
curve. Note – pixel attenuation values are truncated at −1024 HU by the scanner software;
frequency of pixels at −1024 to −1023 HU shown for sharp kernel is smaller than actual
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frequency to avoid compressing the frequency scale (actual frequency at −1024 to −1023 HU
is 0.05 in (a), 0.13 in (b), and 0.17 in (c).
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Table 1

Subject characteristics

Transplant (n=12) Lobectomy (n=9) All (n=21)

Female:Male 5:7 5:4 10:11

Age, years
(range)

58±5
(46–64)

65±5
(58–74)

61±6
(46–74)

Smoking history, pack years
(range)

58±19
35–90

60±39
13–135

59±29
(13–135)

FEV1, % of predicted
(range)

20±7
(13–37)

78±29
(45–128)

43±34
(13–128)

FVC, % of predicted
(range)

52±16
(36–90)

99±25
(61–140)

71±30
(36–140)

FEV1/FVC
(range)

0.32±0.12
(0.19–0.67)

0.63±0.14
(0.37–0.81)

0.44±0.20
(0.19–0.81)

TLC, % of predicted
(range)

139±19
(109–171)

130±24
(111–180)

135±20
(109–180)

RV, % of predicted
(range)

295±64
(146–395)

177±72
(111–320)

249±88
(111–395)

DLCO, % of predicted
(range)

31±11
(15–47)

81±17
(53–102)

52±29
(15–102)

Values are mean±std. dev.

Note-The following data were not available: FEV1 in one lobectomy patient, FVC in one lobectomy patient, TLC and RV in one transplant and two
lobectomy patients, and DLCO in two transplant and two lobectomy patients
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