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Abstract
Purpose—Cardiac CT scans for the assessment of coronary calcium scores include approximately
70% of the lung volume and may be useful for the quantitative assessment of emphysema. The
reproducibility of lung density measures from cardiac CTs and their validity compared to lung density
measures from full-lung scans is unknown.
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Advances in Knowledge:

1. CT lung density measures from the lung windows of cardiac CT scans in a large cohort study of relatively healthy participants
are reproducible.

2. Cardiac CTs acquired on electron-beam CT (EBT) and multidetector CT (MDCT) scanners yield similar values of CT lung
density.

3. CT lung density measures from the lung windows of cardiac CT scans are generally valid compared to full-lung measures.

Implications for Patient Care:

1. CT lung density measures from the lung windows of cardiac CT scans can provide a reproducible and valid assessment of
pulmonary emphysema.
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Methods and Methods—The Multi-Ethnic Study of Atherosclerosis (MESA) performed paired
cardiac CT scans for 6,814 participants at baseline and at follow-up. The MESA-Lung Study assessed
lung density measures in the lung fields of these cardiac scans, counting voxels below -910 HU as
moderate-to-severe emphysema-like lung regions. We evaluated: 1) the reproducibility of lung
density measures among 120 randomly selected participants, 2) the comparability of measures
acquired on electron-beam CT (EBT) and multidetector CT (MDCT) scanners among 10 participants;
and 3) the validity of these measures compared to full-lung scans among 42 participants. Limits of
agreement were determined using Bland-Altman approaches.

Results—Percent emphysema measures from paired cardiac scans were highly correlated
(r=0.92-0.95) with mean difference of -0.05% (95% limits of agreement: -8.3, 8.4%). Measures from
EBT and MDCT scanners were comparable (mean difference -0.9%; 95% limits of agreement: -5.1,
3.3%). Percent emphysema measures from MDCT cardiac and MDCT full-lung scans were highly
correlated (r=0.93) and demonstrated reasonable agreement (mean difference 2.2%; 95% limits of
agreement: -9.2, 13.8%).

Conclusion—While full-lung imaging is preferred for the quantification of emphysema, the lung
imaging from paired cardiac CTs provided a reproducible and valid quantitative assessment of
emphysema in a population-based sample.

Introduction
Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death in the
United States. Morbidity and mortality from COPD continue to rise – in contrast to declines
in mortality from cardiovascular disease, cancer and stroke.1 COPD is defined by airflow
obstruction on post-bronchodilator spirometry testing; however, millions of Americans have
symptomatic COPD that is undiagnosed 2 due to difficulties with access, testing and
interpretation of spirometry.3, 4 Emphysema is defined by a loss of lung tissue in the absence
of fibrosis, and overlaps considerably with COPD. Emphysema can be quantitated on full-lung
computed tomography (CT) scans by various measures of CT lung density,5-15 which provide
supplemental information to spirometry.15

Cardiac CT scans for the assessment of coronary calcium scores can be obtained rapidly with
low radiation exposure.16 Coronary calcium scores strongly predict near-term risk of coronary
heart disease independent of established risk factors.17 Cardiac CT scans might provide an
opportunity for the assessment of emphysema since they image about 70% of the lung volume
(approximately the carina to T11). Cardiac CT scans differ, however, from full-lung CT scans
that are performed for lung density measurements not just by the volume of the lung imaged
but also by coaching of the patient to full inspiration, cardiac gating, and the image acquisition
protocol itself. It is therefore uncertain if lung density measures from cardiac scans are
reproducible and valid measures of full-lung emphysema.

We performed three prospectively designed studies to evaluate: 1) the reproducibility of lung
density measures from pairs of cardiac CT scans, 2) the comparability of lung density measures
from cardiac CT scans performed on a electron-beam (EBT) and 64-slice multidetector
(MDCT) scanner, and 3) the validity of lung density measures from paired cardiac CT scans
compared to full-lung CT scans.

Materials and Methods
Study Sample

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multicenter prospective cohort study
to investigate the prevalence, correlates and progression of subclinical cardiovascular disease
in individuals without clinical cardiovascular disease. The protocol and recruitment has been
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previously described.18 MESA recruited 6,814 participants, ages 45-84 years old of non-
Hispanic white, African-American, Hispanic or Chinese race/ethnicity from six U.S.
communities in 2000-2002. Major exclusion criteria included clinical cardiovascular disease,
weight >300 lbs, CT scan in the prior year and other serious medical conditions. The protocols
of MESA and all studies described herein were approved by the Institutional Review Boards
of all collaborating institutions and the National Heart Lung and Blood Institute (NHLBI).

The MESA-Lung Study assessed CT lung density measures from the lung fields of the MESA
cardiac CT scans among 3,965 participants who were sampled randomly among MESA
participants who consented to genetic analyses, underwent baseline measures of endothelial
function, and attended an examination during MESA-Lung recruitment in 2004-2006.

The MESA Coordinating Center selected three samples within the MESA-Lung Study for the
evaluation of CT lung density measures:

1. for the reproducibility study, a random sample of 120 participants at all six centers,
stratified on center, smoking status and weight (less or greater than 220 lbs), who
underwent two cardiac CT scans at baseline in 2000-2002 and two cardiac CT scans
at follow-up in 2003-2005;

2. for the comparability study, a convenience sample of 10 participants at one site who
underwent one EBT cardiac CT scan and one 64-slice MDCT cardiac CT scan, each
on the same day in 2006;

3. for the validation study, a random sample of an additional 42 participants at two
centers, stratified on smoking status and weight, who underwent two cardiac CT scans
and one full-lung CT scan in 2004-2005. Participants at one center underwent the
cardiac and full-lung CT scans on the same MDCT scanner on the same day.
Participants at the other center underwent the two cardiac CT scans on an EBT scanner
followed by a full-lung CT scan on a 64-slice MDCT scanner about 6 months later.

Computed Tomography Scanning Protocols
MESA Cardiac CT Protocol—Cardiac scans were performed under a standardized protocol
(Table 1) by designated, MESA-certified, experienced radiology technologists, under the
supervision of the reading center co-investigator.16 Two sequential axial scans with prospective
cardiac gating were performed in succession on each participant at each visit. The participant
was asked to take three deep breaths and then hold lung volume at end-inspiration. At the time
of baseline scanning, three MESA sites had MDCT scanners and the other three had EBT
scanners. For MDCT scanners, the mA was increased by 25% for participants who weighed
>220 lbs.

Full-Lung Chest CT Protocol—The MDCT full-lung chest protocol (Table 1) in the
validation study was similar to the NHLBI-funded National Lung Screening Trial protocol,
19 except for a slightly higher effective dose to better image the lung parenchyma. The scan
imaged the chest from 1 cm above the lung apices to 1 cm below the diaphragm, following
instruction for a very deep breath hold. Following the MESA cardiac CT protocol, the mA was
increased by 25% for subjects who weighed > 220 lbs.

Lung Density Measures
Images were assigned to one of several trained image analysts who assessed lung density using
the Pulmonary Analysis Software Suite (PASS),20 which was used in the NHLBI-funded
National Emphysema Treatment Trial.21-25 The software was modified for use with cardiac
scans. In some cases, image analysts manually removed over-lapping slices or corrected lung
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segmentation on slices where image artifacts caused errors in the automatic lung segmentation.
These corrections were noted in the quality control (QC) log.

Based upon pathology comparisons 5 and literature-based consensus we reported the percent
emphysema as the percentage of the total voxels in the whole lung, as well as in the apical and
basal lung, which fell below -950, -910, and -850 HU. -910 HU was specified a priori as the
threshold for primary analyses. These thresholds are used to identify severe, moderate and mild
emphysema-like lung regions respectively. For the full-lung scans, apical and basal lung was
defined as the cephalad and caudal thirds of the lung, respectively, according to the distance
between the apical and basal most slices. For the cardiac scans, the apical or basal lung was
defined as the cephalad or caudal eighth of the z-axis extent of the scan.

Based upon the studies of Mishima et al.,26 we also defined lung holes as connected voxels
within a scanned slice falling below -950, -910, or -850 and reported the slope of the log-log
plot of hole size (x-axis) vs. percent of holes (y-axis). Mishima reasoned that if the initial onset
of emphysema was fractal in nature then the slope of the log-log relationship would be linear
and would become less negative as emphysema progressed with multiple small holes merging
to form fewer larger holes. Thus the negative of the slope of this log-log relationship, termed
here as alpha, would decrease as emphysema advances.

Lung density measures were performed in random order and blinded to paired results in the
reproducibility study. In the validation study, lung density was assessed blinded to full-lung
images. Attenuation of air was measured outside the chest on a random sample of scans to
confirm scanner calibration at -1,000 HU. In the one case of mis-calibration (the MDCT scanner
in the comparability study), thresholds were adjusted by the difference in measured air from
-1,000.

Additional Measures
Age, self-identified race/ethnicity, and smoking status were assessed by questionnaires. Height
and weight were measured using calibrated scales and stands; body mass index was calculated
as weight (kg) / height (m)2. Spirometry was measured following and meeting ATS standards,
27 as previously described.28, 29

Statistical Analysis
The distribution of percent emphysema was markedly skewed, violating the assumptions
underlying standard reproducibility metrics such as coefficient of variation (CV). Instead, the
data were plotted following the method of Bland-Altman,30 Spearman correlation coefficients,
and intraclass correlation coefficient (ICC). Ninety-five percent limits of agreement were
calculated, allowing for proportionality of error.31 The impact on reproducibility of possible
sources of error noted in the QC log was evaluated with linear regression models.

For the validation of lung density measures from cardiac CT scans, lung density measures from
full-lung scans were assumed to represent the gold standard measure. Since two cardiac scans
were available for each participant, the scan with the greater air volume (assumed to be the
closer to total lung capacity [TLC]) was used unless there was a significant discordance in a
QC metric as identified in the reproducibility study, in which case the better quality scan,
defined by these QC metrics, was picked. Measures from full-lung scans were regressed on
measures from cardiac scans and the results were plotted. The target number of participants in
the validation study was estimated at 23 per scanner type, which resulted in 95% power to
obtain a 95% confidence intervals (CI) for alpha of half-width 0.1, given a standard deviation
of 0.33 and correlation of 0.85. SAS Version 9.1 (SAS Institute, Cary, NC) was used for
statistical analyses.
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Results
Table 2 shows the characteristics of participants in the reproducibility study of cardiac CT
scans, the comparability study of EBT vs. MDCT cardiac CT scans, and the validation study
of cardiac vs. full-lung CT scans. One participant selected for the reproducibility study
underwent one instead of two baseline scans and was excluded from baseline analyses; two
participants were excluded from follow-up analyses for the same reason. Participants ranged
in age from 45 to 84 years. A majority had smoked but few had significant lung disease.

The 172 participants in these three studies underwent a total of 581 cardiac CT scans, all of
which were read successfully for lung density measures. Figure 1a shows representative caudal
views from full-lung and cardiac CT scans on the same participant. The most frequent QC
problems were breath artifact (22% of scans; Figure 1b), voxel size errors (7.7%), partial
clipping of the lung tissue (2.1%), and cephalad or caudal shifts in the scan field (0.5%).
Seventy percent of scans with breath artifact were acquired on EBT scanners.

Reproducibility of Lung Density Measures from Cardiac CT Scans
Table 3 shows the reproducibility of lung density measures from paired cardiac CT scans at
baseline and on follow-up 18-36 months later. Spearman correlation coefficients and the ICC
for percent emphysema and alpha were high. The distribution of alpha was approximately
normal and the CV of alpha was 4.3% at baseline and 5.0% at follow-up. Bland-Altman plots
of difference vs. mean %emphysema and alpha are shown in Figure 2.

Apical-basilar differences were less reproducible than percent emphysema and alpha.
However, the reproducibility of the components of these differences (i.e., the apical measures
and the basilar measures) was similar to that for overall percent emphysema and alpha. For
example, Spearman correlation coefficients for apical percent emphysema were 0.93 at
baseline and 0.91 at follow-up.

Reproducibility of all lung density measures – and particularly the apical-basilar measures –
was higher among participants with 10 or more pack-years of smoking compared to participants
with lighter or no smoking histories (P<0.05). Agreement varied slightly by HU threshold and
was generally slightly better at -910 HU than at other thresholds such as -950 and -850 HU
(data not shown).

Reproducibility of lung density measures on EBT scanners was lower than that of MDCT
scanners at baseline but not at follow-up (Table 4). The improvement in EBT reproducibility
at follow-up was similar at all the three sites with EBT scanners.

Exclusion of pairs of scans with discordant breath artifacts and discordant voxel size improved
reproducibility for percent emphysema (P=0.017 and P=0.076, respectively) to a correlation
of 0.93 and ICC of 0.94 at baseline and a correlation of 0.95 and ICC of 0.92 at follow-up.
Other QC problems, such as clipping of lung tissue and shifts in the lung field, had minimal
effects on reproducibility.

Comparability of Lung Density Measures from EBT vs. MDCT Cardiac CT Scans
Lung density measures from EBT and MDCT cardiac scans are shown in the first two columns
in Table 5. Correlations for %emphysema and alpha were high, mean differences were close
to zero, and 95% limits of agreement were good (Table 5 and Figure 3). Results were generally
similar to those from the reproducibility study. The correlation for apical-basilar difference in
alpha was low, predominantly due to one outlier scan.
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Validation of Lung Density Measures from Cardiac vs. Full-lung CT Scans
Lung density measures from MDCT cardiac axial CT scans and MDCT full-lung helical CT
scans are shown in the first two columns of Table 6. Measures of percent emphysema and alpha
were highly correlated. Percent emphysema was slightly higher on the cardiac scan compared
to the full-lung, although these differences did not attain statistical significance. Figure 4 shows
regression plots of the cardiac vs. full-lung results for percent emphysema and alpha.

The correlation for apical-basilar differences in percent emphysema was lower than for overall
percent emphysema. Results for the components of the apical-basilar difference, however, were
similar to those for overall percent emphysema. For example, the correlation of apical percent
emphysema on cardiac and full-lung CTs was 0.91.

Lung density measures from EBT cardiac CT scans and MDCT full-lung scans acquired six
months later are shown in the first two columns of Table 7. These showed a weaker correlation
(Table 7 and Figure 5) than the MDCT comparisons. Mean differences were small and did not
differ significantly from zero, although they had a larger scatter.

We also examined the correlation of air volumes on the cardiac compared to full-lung scans.
Air volumes from cardiac scans were not surprisingly lower than full lung scans (mean -1.4 L
MDCT and -1.3 L for EBT scans) but the measures were nonetheless correlated (r=0.88 for
MDCT and 0.74 for EBT scans).

Discussion
Percent emphysema and alpha ascertained from cardiac CT scans were reproducible and
yielded similar results, on average, to lung density measures from full-lung scans among
relatively healthy participants. Reproducibility did not differ consistently by scanner type and
values of percent emphysema and alpha from cardiac scans acquired on an EBT scanner were
comparable to those acquired on an MDCT scanner.

The reproducibility of lung density measures from paired cardiac scans in this multicenter study
was comparable to prior reports of repeated full-lung scans at single centers. The CV for alpha
in the current study was similar to that for the 15th percentile density (PD-15) and percent
emphysema in a study of 50 patients with emphysema (3.7% and 6.8%, respectively).12 The
ICCs for percent emphysema and alpha in our relatively healthy sample were only slightly
lower than those found for PD-15 and percent emphysema among 10 patients with alpha-1-
antitrypsin deficiency (0.96 and 0.94, respectively).13 And the 95% limits of agreement for
percent emphysema were narrower than those in a recent study of 157 smokers undergoing
full-lung scans for CT screening (-13.4%, 12.6% at a -910 HU threshold).32

Reproducibility of apical-basilar differences was lower than that of the overall measures;
however, the reproducibility of the apical measures and basilar measures was the same as for
the overall measures. This suggests that the lower reproducibility of the apical-basilar
difference was principally due to the aggregation of errors from the separate apical and basilar
measures.

Various aspects of the cardiac CT protocol may have affected the reproducibility of lung density
measurements. The major source of error was breath holding. Depth of inspiration may not
have been reinforced as strictly as in a dedicated pulmonary study, although all subjects were
instructed to inspire to TLC, and scan times were relatively long due to cardiac gating
(particularly on EBT scanners). Images acquired below TLC provide an inaccurate
representation of the amount of emphysema in the lung,15 and not holding the breath for the
entire scan can introduce motion artifact. On the other hand, cardiac motion can affect lung
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density measures,33 so the cardiac gating in the MESA protocol may have improved
reproducibility, and MESA employed extensive QC procedures.16

Percent emphysema and alpha measures from both EBT and MDCT scanners had good
reproducibility, despite the greater prevalence of breath-holding problems on EBT scanners.
Results from the comparability study showed similar lung density values on EBT and MDCT
scanners.

Lung density measurements obtained from MDCT cardiac CTs using an axial scan mode with
ECG gating and those obtained from standard chest CT scans using a helical thin-slice protocol
were highly correlated, despite the frequently heterogeneous distribution of emphysema.
Agreement was lower for apical-basilar measures. Notably, however, agreement for apical
measures and basilar measures on cardiac vs. full-lung scans was as good as for overall percent
emphysema, which suggests that the lower agreement for apical-basilar differences was mainly
due to aggregation of error in the composite measure rather than the lack of imaging of the
apices. This line of reasoning is reinforced by prior work that showed that that percent
emphysema from carina-to-T11 sections of full-lung CT scans and those from full-lung
sections of the same CT scans are very highly correlated among smokers (r=0.99).34

Furthermore, lung density values from the central parts of the lungs but not from the apex are
known to correlate well with full-lung measurements.35

Agreement in lung density measures from EBT cardiac and MDCT full-lung scans was lower
than that from MDCT cardiac and MDCT full-lung scans. Although different protocols on
different types of scanners may have a large impact,14 part of the poorer agreement in the EBT
group may have been due to its smaller sample size, the 6-month delay in acquisition of the
MDCT scan, and the lower values for percent emphysema.

The present study had good power to assess the reproducibility of lung density measures but
modest power to validate them, particularly in the EBT sample in which recruitment was
curtailed for logistical reasons. The scans were mostly acquired on earlier-generation scanners
with relatively long acquisition times. Our results may therefore underestimate those obtained
on newer scanners with shorter acquisition times, given that the major source of error was
breath-holding. The results apply to research-quality cardiac CT scans among relatively healthy
participants and may not apply to clinical cardiac CT scans in all settings.

We conclude that partial lung imaging from cardiac CT scans provides a reproducible
quantitative assessment of emphysema. While full-lung imaging is preferred for the
quantification of emphysema, the lung imaging from paired cardiac CTs provided a
reproducible and valid quantitative assessment of emphysema in a population-based sample.
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Figure 1.
Figure 1a. Lung windows from full-lung and cardiac CT scans in the validation study
Figure 1b. Double diaphragm on cardiac scan due to breath artifact
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Figure 2.
Reproducibility of lung density measures from pairs of cardiac CT scans at baseline. Solid line
= mean difference; dashed lines = 95% limits of agreement
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Figure 3.
Comparability of lung density measures from cardiac CT scans on EBT vs. Siemens 64-slice
MDCT scanners. Solid line = mean difference; dashed lines = 95% limits of agreement
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Figure 4.
Validation of MDCT cardiac scans compared to full-lung MDCT scans on the same machine
on same day. Solid line = regression line; dashed lines = 95% confidence intervals
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Figure 5.
Validation of EBT cardiac scans compared to full-lung MDCT scans at separate session. Solid
line = regression line; dashed lines = 95% confidence intervals
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Table 2

Characteristics of patients included in the reproducibility study of cardiac CT scans, comparability study of EBT
vs. MDCT cardiac CT scans, and validation study of cardiac vs. full-lung CT scans.

Reproducibility Study (n =
119)

Comparability Study (n=10) Validation Study (n = 42)

Age, years, mean ± SD 58.9±9.1 63.8±9.9 62.3±10.7

Male, % 42.0 60 57.1

Race/Ethnicity, %

 Caucasian 31.1 60 14.3

 African-American 37.8 20 76.2

 Hispanic 21.9 20 9.5

 Chinese 9.2 0 0

Smoking Status, %

 Never 37.3 20 51.2

 Former 37.3 60 39.0

 Current 25.4 20 9.8

Pack-years among ever smokers, mean ± SD 21.6±23.2 15.7±17.3 25.9±32.6

Height, cm, mean ± SD 167±10.2 169±10.1 169±9.6

Weight >220 lbs, % 19.3 10 23.8

BMI, kg/m2, mean ± SD 29.5±5.8 27.2±3.7 30.1±5.7

FVC %predicted, mean ± SD 96.9±15.5 95.1±15.6 88.7±15.8

FEV1 %predicted, mean ± SD 94.4 ± 15.1 89.6±18.2 85.9 ±18.3

FEV1/FVC %, mean ± SD 75.3 ± 6.6 71.0±8.3 73.8 ± 9.6

Airflow obstruction,* % 5.4 30 12.5

CT % emphysema-910 HU,† median (interquartile
range)

13.6 (5.88, 25.2) 10.9 (6.94, 18.5) 18.4 (8.23, 28.9)

CT alpha-910 HU,† median (interquartile range) 1.25 (1.01, 1.50) 1.45 (1.26, 1.61) 1.27 (0.96, 1.58)

Apical-basilar difference in %
emphysema-910 HU,† median (interquartile range)

0.08 (-4.04, 3.26) -3.27 (-6.58, -1.00) 0.98 (-1.10, 6.00)

Apical-basilar difference in alpha-910 HU,† median
(interquartile range)

0.14 (-0.02, 0.29) 0.11 (0.07, 0.13) 0.04 (-0.14, 0.24)

*
Defined as pre-bronchodilator FEV1/FVC ratio<0.7 and FEV1<80% of predicted

†
Measured from CT scan with greater air volume in Reproducibility Study, MDCT scan in Comparability Study, and full-lung scan in Validation

Study, all at -910 HU.
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