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BACKGROUND: Relative enlargement of the pulmonary artery (PA) on chest CT imaging is
associated with respiratory exacerbations in patients with COPD or cystic fibrosis. We sought
to determine whether similar findings were present in patients with asthma and whether
these findings were explained by differences in ventricular size.

METHODS: We measured the PA and aorta diameters in 233 individuals from the Severe
Asthma Research Program III cohort. We also estimated right, left, and total epicardial
cardiac ventricular volume indices (eERVVI, eELVVI, and eETVVI, respectively). Associa-
tions between the cardiac and PA measures (PA-to-aorta [PA/A] ratio, eERVVI-to-eELVVI
[eRV/eLV] ratio, eERVVI, eELVVI, eETVVI) and clinical measures of asthma severity were
assessed by Pearson correlation, and associations with asthma severity and exacerbation rate
were evaluated by multivariable linear and zero-inflated negative binomial regression.

RESULTS: Asthma severity was associated with smaller ventricular volumes. For example,
those with severe asthma had 36.1 mL/m2 smaller eETVVI than healthy control subjects (P ¼
.003) and 14.1 mL/m2 smaller eETVVI than those with mild/moderate disease (P ¼ .011).
Smaller ventricular volumes were also associated with a higher rate of asthma exacerbations,
both retrospectively and prospectively. For example, those with an eETVVI less than the
median had a 57% higher rate of exacerbations during follow-up than those with eETVVI
greater than the median (P ¼ .020). Neither PA/A nor eRV/eLV was associated with asthma
severity or exacerbations.

CONCLUSIONS: In patients with asthma, smaller cardiac ventricular size may be associated
with more severe disease and a higher rate of asthma exacerbations.

TRIAL REGISTRY: ClinicalTrials.gov; No.: NCT01761630; URL: www.clinicaltrials.gov
CHEST 2020; 157(2):258-267
KEY WORDS: asthma; CT imaging; heart
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In patients with COPD or cystic fibrosis, a larger
diameter of the pulmonary artery (PA) on chest CT
imaging may be a marker of pulmonary hypertension
and adverse outcomes.1-3 Similarly, the ratio of the right
ventricular volume to the left ventricular volume may be
used as a marker of disease severity in COPD.4-6

However, little work has been done to explore these
relationships in patients with asthma.
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We have shown that loss of the peripheral pulmonary
vasculature, a finding termed pulmonary vascular
pruning, is associated with asthma severity and
exacerbations.1,7 Pulmonary vascular pruning is also
present in patients with emphysema, and may be one of
several underlying causes for the changes seen in the
heart and central pulmonary vasculature of patients with
COPD.1,8 These findings raise the question of whether
patients with asthma may also have measurable changes
to their cardiac ventricles and central pulmonary
vasculature on chest CT imaging.

We have developed an automated method to estimate
epicardial cardiac chamber size on noncontrast, non-
ECG-gated chest CT scans.4,6 We hypothesized that
both the pulmonary artery-to-aorta diameter ratio
(PA/A) and the ratio of the estimated right ventricular
volume to the estimated left ventricular volume
(eRV/eLV) measured by this approach may be
associated with disease severity and respiratory
exacerbations in patients with asthma. We also sought
to explore whether any association between eRV/eLV
and asthma severity was driven by relative enlargement
of the right ventricle or by a relative decrease in size of
the left ventricle.

Materials and Methods
Cohort Description

The Severe Asthma Research Program (SARP) is a prospective,
multicenter investigation designed to improve the understanding of
severe asthma. For this study we used data from adult participants
with both severe and nonsevere asthma from the third phase of
SARP (SARP III) as well as from a smaller group of participants
characterized as healthy control subjects.9 Additional details
regarding the cohort, including clinical definitions, are available in
the online article (Supplemental Methods, e-Appendix 1).9-12 All
participants provided informed consent, and the study was approved
by the institutional review board at each center (e-Table 1).

CT Image Acquisition and Analysis

Volumetric, noncontrast, non-ECG-gated CT scans of the chest were
obtained as previously described.7,13,14 Similarly, lung segmentation
and the assessment of imaging covariates including the percentage
of lung occupied by low-attenuation area (LAA%), the percentage
of lung occupied by air trapping (AT%), PA diameter, aorta
diameter, and the presence of emphysema were performed
according to previously published methods. Additional details
regarding these methods are available in the online article
(Supplemental Methods, e-Appendix 1).

Cardiac ventricular size was estimated on the basis of a previously
described statistical model of the heart that uses 50 modes of
variation of the cardiac structure to describe anatomical
variability.4,6,15 Briefly, the model was developed with anatomical
segmentations of four-dimensional (three-dimensional plus time)
data from 138 subjects in an independent cohort that included
individuals with and without a broad range of diseases. A trained
259
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operator begins the supervised segmentation by manually fitting the
average shape model to the CT scan. Surface fitting is then
performed by an active shape model method that deforms the model
according to a probabilistic map of the boundary between pericardial
fat and myocardium (ie, the epicardial surface). Because of
limitations related to the lack of intravenous contrast, the ventricular
volumes were defined on the basis of epicardial surface fitting and
therefore included both the wall and chamber volumes.4,6 The eRV/
eLV was defined as the estimated epicardial right ventricular volume
divided by the estimated epicardial left ventricular volume. All of the
cardiac volumes were normalized by patient body surface area (in
square meters) to yield the estimated volume indices, that is, the
estimated epicardial right ventricular volume index (eERVVI), the
estimated epicardial left ventricular volume index (eELVVI), and the
estimated epicardial total ventricular volume index (eETVVI).16

Statistical Analysis

Univariate associations of PA/A, eRV/eLV, eERVVI, eELVVI, and
eETVVI with duration of disease (age at enrollment – age at
diagnosis), inspiratory CT scan-measured lung volume (normalized
by height), LAA%, AT%, prebronchodilator percent predicted FEV1,
prebronchodilator percent predicted FVC, Asthma Control Test
(ACT) score, peripheral percent eosinophils, and bronchoreversibility
[defined as (postalbuterol FEV1 � prealbuterol FEV1)/(prealbuterol
FEV1)] were analyzed by Pearson correlation. In addition,
associations between the pulmonary vascular and cardiac measures
with childhood diagnosis of asthma (defined as patient-reported
diagnosis of asthma at age < 18) were assessed by t tests.
Severe Asthma Research
Program III Baseline
Enrollment (n = 762)

• Baseline demographic
   data unavailable (n = 19)
• Computed tomography
   data unavailable (n = 506)
• Ventricular segmentation
   failure (n = 4)

Overlapping Clinical and
Radiologic Data (n = 233)

Longitudinal (Exacerbation)
Data Available (n = 211)

Expiratory Imaging
Data Available (n = 185)

Figure 1 – CONSORT diagram. CONSORT ¼ Consolidated Standards
of Reporting Trials.
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Associations between asthma severity and the PA/A and cardiac
measures were analyzed by multivariable linear regression with
adjustments for height-normalized, CT scan-measured lung volume
as well as for age, sex, race, prebronchodilator percent predicted
FEV1, BMI, and systolic BP. Associations between exacerbations
(both retrospective [in the year enrollment] and prospective [during
follow-up]) and the PA/A and cardiac measures (dichotomized as
described above) were evaluated by zero-inflated negative binomial
regression with adjustments for the same covariates as the linear
regression analyses as well as for ACT score and asthma severity
category.2,17 Analyses of prospective exacerbations included a time
scale factor and were additionally adjusted for a history of asthma
exacerbation in the year before enrollment.18 The exacerbation
analyses were performed both in the entire cohort and in the
subgroup with severe asthma.

Multiple secondary analyses were performed as detailed in the online
article (Supplemental Methods, e-Appendix 1). These included the
following: multivariable logistic regression analyses to evaluate the
association between PA/A (dichotomized at 1) and cardiac measures
(dichotomized at their medians) and the presence of severe asthma
(yes/no), multivariable linear regression analyses to evaluate the
association between cardiac size and corticosteroid dose, and secondary
analyses of these and the primary outcomes in the subgroup of
participants without visually defined emphysema.

All statistical tests were two-sided, and P values < .05 were considered
to indicate statistical significance. The analyses were performed with R
version 3.5.0.19
Results
Two hundred and thirty-seven participants had clinical
and imaging data available for analysis. Of those, cardiac
segmentation was successfully performed on 233, 211 of
whom had longitudinal follow-up data available and 185
of whom had expiratory imaging available (Fig 1).
Sample cardiac segmentation images are shown in
Figure 2. The cohort had a mean age of 46.2 years, was
largely white, and had a female predominance (Table 1).

As shown in Table 2, PA/A was weakly inversely
correlated with the duration of disease and AT%, and
weakly directly correlated with prebronchodilator
percent predicted FVC. The left, right, and total
ventricular volumes were weakly inversely correlated
with CT-measured lung volume and LAA%. Notably, no
statistically significant associations were present between
AT% and cardiac volume. In addition, no association
was found between childhood diagnosis of asthma and
any of the cardiac measures (e-Figs 1, 2).

In the multivariable analyses, there was no association
between asthma severity and PA/A or eRV/eLV
(Table 3). However, participants with severe asthma had
smaller left ventricular, right ventricular, and
biventricular volumes than healthy control subjects and
smaller ventricular volumes than those with mild/
moderate asthma (Table 4). In addition, those with
mild/moderate asthma also had smaller right ventricular
volume than healthy control subjects (Table 4).
Similarly, smaller ventricular size was associated with
higher odds of having severe asthma (e-Table 2).

PA/A and eRV/eLV were not associated with the
exacerbation rate in the year before enrollment or during
[ 1 5 7 # 2 CHES T F E B R U A R Y 2 0 2 0 ]



Figure 2 – Sample cardiac segmentation
images. Sample heart segmentation images
from participants with mild/moderate
asthma (A; cardiac volume, 362.8 mL) and
severe asthma (B; cardiac ventricular vol-
ume, 152.6 mL). The red surface represents
the epicardial surface of the left ventricle,
and the blue surface represents the
epicardial surface of the right ventricle.
Note that the images are shown to scale.
follow-up (Tables 5, 6). However, those individuals with
smaller ventricular volumes generally had higher rates of
asthma exacerbations. Thiswas true both in the year before
TABLE 1 ] Clinical and Radiologic Characteristics of the Co

Characteristic Mean SD

Clinical Characteristics

Age, y 46.2 14.7

Duration of disease, y 27.6 15.0

Height, m 1.7 0.1

BMI 32.9 9.0

Systolic BP, mm Hg 124.7 15.9

Heart rate 72.8 12.0

Prebronchodilator FEV1 % predicted 72.9 20.8

Prebronchodilator FVC % predicted 84.6 18.0

Asthma Control Test score 16.3 5.0

Duration of follow-up, y 2.9 0.8

Prospective exacerbation rate, per year 0.9 1.2

Radiologic Characteristics

Percentage of lung with density < –950
HU, LAA%

2.1 2.3

Pulmonary artery-to-aorta diameter ratio 0.9 0.1

CT-measured lung volume, L 5.1 1.2

Normalized by height, m 3.0 0.6

Left ventricular volume, mL 173.3 43.8

Normalized by body surface area,
mL/m2, eELVVI

104.3 24.2

Right ventricular volume, mL 106.2 28.7

Normalized by body surface area,
mL/m2, eERVVI

63.9 16.1

Total ventricular volume, mL 279.5 70.8

Normalized by body surface area,
mL/m2, eETVVI

168.2 39.2

RV volume-to-LV volume ratio, eRV/eLV 0.61 0.07

eELVVI ¼ estimated epicardial left ventricular volume index; eERVVI ¼ estimated e
ventricular volume index; eRV/eLV¼ estimated right ventricular volume to estimated

chestjournal.org
enrollment and during follow-up, and these relationships
were present in the entire cohort (Table 7) and in the
subgroup of individuals with severe asthma (Table 8).
hort

No. Characteristic No %

233 Female 153 65.7

233 Nonwhite 93 39.9

233 Healthy control subjects 10 4.3

233 Mild/moderate asthma 66 28.3

233 Severe asthma 157 67.4

233 Exacerbation in year before
enrollment

126 54.1

233 Exacerbation during follow-up 125 53.7

233

223

211

211

233 Visual paraseptal emphysema 7 0.9

233 Visual centrilobular emphysema 5 2.2

233

233

233

233

233

233

233

233

233

picardial right ventricular volume index; eETVVI ¼ estimated epicardial total
left ventricular volume ratio; HU¼ Hounsfield unit; LAA¼ low-attenuation area.
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TABLE 2 ] Univariate Associations

Clinical/Radiologic
Characteristic

PA/A eRV/eLV eELVVI eERVVI eETVVI

r P r P r P r P r P

Duration of disease –0.19 .006 –0.09 .197 –0.09 .197 0.13 .048 0.12 .081

CT scan-measured lung
volume

0.03 .654 0.02 .784 –0.23 < .001 –0.26 < .001 –0.26 < .001

Percentage of lung with
density < –950 HU,
LAA%

–0.07 .321 0.04 .537 –0.27 < .001 –0.31 < .001 –0.30 < .001

Air trapping –0.17 .024 0.04 .573 –0.12 .117 –0.13 .079 –0.13 .084

Percent predicted FEV1 0.08 .197 0.05 .462 –0.06 .354 –0.10 .123 –0.09 .184

Percent predicted FVC 0.13 .041 0.10 .111 –0.09 .188 –0.15 .020 –0.13 .049

Asthma Control Test score 0.002 .979 0.11 .117 –0.02 .760 –0.64 .339 –0.05 .474

Peripheral percent
eosinophils

–0.09 .187 –0.04 .512 –0.11 .095 –0.12 .067 –0.12 .075

Bronchoreversibility 0.06 .387 0.07 .311 0.03 .637 0.06 .390 0.042 .520

CT scan-measured lung volume normalized by height in meters; all cardiac volumes normalized (indexed) by body surface area in square meters;
bronchoreversibility defined as (postalbuterol FEV1 � prealbuterol FEV1)/prealbuterol FEV1. PA/A ¼ pulmonary artery-to-aorta diameter ratio. See Table 1
legend for expansion of other abbreviations.
The distribution of annual average corticosteroid dose is
shown in e-Table 4A. In general, there was a trend
toward high-dose corticosteroid use being associated
with smaller ventricular size, but this reached statistical
significance only for eERVVI and eRV/eLV.

Similar results for all of the analyses were found when
those with visually defined emphysema were excluded
(e-Tables 3, 4B, 5B, 6-12).

Discussion
In this study we found that there was no association
between PA/A or eRV/eLV and asthma exacerbations in
patients with asthma, nor was PA/A or eRV/eLV
TABLE 3 ] Multivariable Associations Between Asthma Sev
Ventricular Volume-to-Left Ventricular Volume R

Asthma Severity

Pulmonary Artery/Aorta D

Difference 95% CI

Healthy Control Subjects as
Reference

Healthy control subjects Reference

Mild/moderate asthma –0.031 –0.126 to 0.0

Severe asthma –0.057 –0.153 to 0.0

Mild/Moderate Asthma as
Reference

Mild/moderate asthma Reference

Severe asthma –0.025 –0.069 to 0.0

Multivariable models adjusted for age, sex, race, BMI, systolic BP, percent pred
height-normalized, CT scan-measured lung volume.
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associated with asthma severity. However, smaller
ventricular volumes were independently associated with
an increased rate of both retrospective and prospective
asthma exacerbations and with asthma severity.

The lack of association between PA/A and respiratory
exacerbations in asthma runs counter to findings in
COPD and cystic fibrosis, in which a PA/A ratio greater
than 1 has been associated with respiratory
exacerbations.2,3,5 This suggests that it may be that
parenchymal destruction and regional hypoxemia,
which are more prominent features of COPD and
emphysema, are the driving forces behind enlargement
of the PA/A in COPD, and that regional hyperinflation
erity, Pulmonary Artery-to-Aorta Ratio, and Right
atio

iameter
Estimated Right Ventricular/Estimated Left

Ventricular Volume

P Value Difference 95% CI P Value

Reference

63 .512 –0.023 –0.066 to 0.021 .306

39 .246 –0.031 –0.075 to 0.013 .171

Reference

19 .260 –0.008 –0.028 to 0.012 .427

icted FEV1, the percentage of lung occupied by low-attenuation area, and
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TABLE 4 ] Multivariable Associations Between Asthma Severity and Cardiac Ventricular Volumes

Asthma Severity

eELVVI eERVVI eETVVI

Difference 95% CI
P

Value Difference 95% CI
P

Value Difference 95% CI
P

Value

Healthy Control
Subjects as
Reference

Healthy control
subjects

Reference Reference Reference

Mild/moderate
asthma

–12.1 –26.3 to
2.1

.095 –9.9 –19.7 to
–0.1

.047 –22.0 –45.3 to
1.24

.063

Severe asthma –20.3 –34.8 to
–5.9

.006 –15.8 –25.8 to
–5.8

.002 –36.1 –59.8 to
–12.5

.003

Mild/Moderate
Asthma as
Reference

Mild/moderate
asthma

Reference Reference Reference

Severe asthma –8.3 –14.9 to
–1.6

.015 –5.9 –10.4 to
–1.3

.012 –14.1 –24.9 to
–3.3

.011

Multivariable models adjusted for age, sex, race, BMI, systolic BP, percent predicted FEV1, percentage of lung occupied by low-attenuation area, and height-
normalized, CT scan-measured lung volume. See Table 1 legend for expansion of abbreviations.
and decreased ventilation/perfusion matching associated
with asthma are insufficient to result in central changes
to the pulmonary vasculature.2,5,7,20-22

Perhaps the more interesting findings in our study are
the associations between smaller estimated cardiac
ventricular size, asthma severity, and exacerbations.
Prior work using echocardiography has shown that
asthma is associated with right and left ventricular
dysfunction, especially in children.23,24 Clinically,
asthma has long been associated with small cardiac size
on chest radiography.25,26 Although this latter finding
has largely been attributed to air trapping and lung
hyperinflation, several autopsy studies have suggested
that severe asthma may be associated with an
TABLE 5 ] Multivariable Associations Between PA/A and eRV

Radiologic Measure

Exacerbations in the Year Before Enrollment

Pulmonary artery-to-aorta diameter ratio

Estimated right ventricular-to-estimated left ventricular volum

Exacerbations During Follow-Up

Pulmonary artery-to-aorta diameter ratio

Estimated right ventricular-to-estimated left ventricular volum

Multivariable models adjusted for age, sex, race, BMI, systolic BP, low-attenu
predicted FEV1, Asthma Control Test score, and asthma severity (mild/moderate
the year before enrollment. See Table 1 and 2 legends for expansion of abbrev
aIncident rate ratios are expressed as those with high vs those with low eRV/eL
(greater than 1 vs less than 1).

chestjournal.org
anatomically smaller heart independent of the functional
effect of expiratory airflow limitation.25,27,28

There are several reasons why our findings are also
unlikely to be related to air trapping and hyperinflation
alone. Hyperinflation due to airway disease is thought to
result in smaller cardiac size on chest radiography for
two primary reasons. The first is a visual effect caused by
the lowering of the diaphragm, which results in an
anterior rotation of the cardiac apex and clockwise
rotation (as viewed from above) of the heart that leads to
a smaller visible cross-section on a standard posterior-
anterior or anterior-posterior chest radiograph.26,29 This
effect is mitigated in our study by the use of three-
dimensional ventricular volumes. The second is through
/eLV Measures and Exacerbations in the Entire Cohort

Incident Rate Ratioa 95% CI P Value

0.87 0.48-1.57 .635

e ratio 1.38 0.96-1.96 .079

1.05 0.62-1.79 .860

e ratio 0.98 0.68-1.42 .921

ation area, height-normalized CT scan-measured lung volume, percent
vs severe). Prospective analyses also adjusted for exacerbation reported in
iations.
V (greater than the median vs less than the median) and high vs low PA/A
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TABLE 6 ] Multivariable Associations Between PA/A and eRV/eLV Measures and Exacerbations in the Subgroup
With Severe Asthma

Radiologic Measure Incident Rate Ratioa 95% CI P Value

Exacerbations in the Year Before Enrollment

Pulmonary artery-to-aorta diameter ratio 0.81 0.45-1.45 .480

Estimated right ventricular-to-estimated left ventricular volume ratio 1.42 0.99-2.04 .057

Exacerbations During Follow-Up

Pulmonary artery-to-aorta diameter ratio 1.67 1.00-2.81 .052

Estimated right ventricular-to-estimated left ventricular volume ratio 0.84 0.59-1.20 .342

Multivariable models adjusted for age, sex, race, BMI, systolic BP, low-attenuation area, height-normalized CT scan-measured lung volume, percent
predicted FEV1, and Asthma Control Test score. Prospective analyses also adjusted for exacerbation reported in the year before enrollment. See Table 1 and
2 legends for expansion of abbreviations.
aIncident rate ratios are expressed as those with high eRV/eLV vs those with low eRV/eLV (greater than the median vs less than the median) and high vs low
PA/A (greater than 1 vs less than 1).
increased intrathoracic pressure and decreased venous
return.26 In our study, estimated ventricular volume was
negatively correlated with CT scan-measured lung
volume, and this effect likely does play some role in
explaining our findings. However, the strength of that
association was very weak, and the estimated ventricular
volumes were not associated with air trapping on
expiratory CT imaging. In addition, our findings
remained present in multivariable analyses adjusted for
lung volume, suggesting there may be an explanation for
the relationship between heart size and disease severity
beyond the physiologic effect of hyperinflation.

One conceivable, albeit speculative, anatomical
explanation for the associations between heart size and
asthma severity in our study may be that smaller heart
size is anatomically associated with smaller airway
caliber. This hypothesis might also help explain the
lack of correlation between the cardiac measures and
other measures of disease severity such as the ACT
score, eosinophilia, and bronchoreactivity, as it may be
TABLE 7 ] Multivariable Associations Between Cardiac Volu

Radiologic Measure

Exacerbations in the Year Before Enrollment

Estimated epicardial left ventricular volume index

Estimated epicardial right ventricular volume index

Estimated epicardial total ventricular volume index

Exacerbations During Follow-Up

Estimated epicardial left ventricular volume index

Estimated epicardial right ventricular volume index

Estimated epicardial total ventricular volume index

Multivariable models adjusted for age, sex, race, BMI, systolic BP, low-atten
predicted FEV1, Asthma Control Test score, and asthma severity (mild/moderate
the year before enrollment.
aIncident rate ratios are expressed as those with lower volume compared with
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that those patients with asthma with smaller hearts
have an asthma subtype primarily related to anatomy
and those with eosinophilia may have a subtype more
driven by inflammation.30-32 Arguing against this
hypothesis is the lack of association in our study
between childhood diagnosis of asthma and cardiac
size, as well as prior work demonstrating an association
between childhood asthma diagnosis and higher left
ventricular mass in asymptomatic adults.33 Additional
work, including incorporation of quantitative airway
analyses as well as analyses of the peripheral
pulmonary vasculature with arterial/venous
segmentation, is needed to investigate this more
fully.7,34 Another possibility is that either asthma alone,
or its treatment with chronic corticosteroids, is
associated with cardiac wasting. Although limited, our
finding of a possible relationship between steroid dose
and ventricular size support this latter hypothesis, as
does prior work using a large record linkage database
showing the association between corticosteroid use and
cardiovascular disease.35 Finally, given the low rate of
me Measures and Exacerbations in the Entire Cohort

Incident Rate Ratioa 95% CI P Value

1.41 0.97-2.05 .069

1.72 1.21-2.44 .003

1.60 1.10-2.33 .015

1.48 1.03-2.13 .035

1.39 0.96-2.02 .079

1.57 1.08-2.28 .020

uation area, height-normalized CT scan-measured lung volume, percent
vs severe). Prospective analyses also adjusted for exacerbation reported in

those with higher volume dichotomized at the median.
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TABLE 8 ] Multivariable Associations Between Cardiac Volume Measures and Exacerbations in the Subgroup With
Severe Asthma

Radiologic Measure Incident Rate Ratioa 95% CI P Value

Exacerbations in the Year Before Enrollment

Estimated epicardial left ventricular volume index 1.59 1.21-2.51 .012

Estimated epicardial right ventricular volume index 1.82 1.28-2.59 .001

Estimated epicardial total ventricular volume index 1.90 1.33-2.73 < .001

Exacerbations During Follow-Up

Estimated epicardial left ventricular volume index 1.35 0.94-1.95 .104

Estimated epicardial right ventricular volume index 1.41 0.99-2.00 .054

Estimated epicardial total ventricular volume index 1.55 1.08-2.22 .017

Multivariable models adjusted for age, sex, race, BMI, systolic BP, low-attenuation area, height-normalized, CT scan-measured lung volume, percent
predicted FEV1, and Asthma Control Test score. Prospective analyses also adjusted for exacerbation reported in the year before enrollment.
aIncident rate ratios are expressed as those with lower volume compared with those with higher volume dichotomized at the median.
visually defined emphysema in this cohort and the fact
that our findings did change minimally when those
with emphysema were excluded, it does not appear that
undiagnosed emphysema is the etiology of the findings
in this study.

There are a number of limitations to our work.
Perhaps most important was the use of an automated
technique for the measurement of estimated
ventricular volume based on noncontrast, non-ECG-
gated CT imaging.4,6 We have found in prior work
that the ventricular volume measurements made by
the CT scan-based method are correlated with cardiac
MRI-based measurements and clinical outcomes in
COPD.4,6 However, they are not the same as the
measurements made when using the more established
techniques of MRI and transthoracic
echocardiography.6 Of particular note is the fact that
because the CT scans were noncontrast, detection of
the intraventricular septum is likely to be one of the
least accurate aspects of the CT scan technique, thus
limiting inferences drawn from our eRV/eLV findings.
In addition, the absolute values of the ventricular
estimates differ both from those obtained by MRI and
transthoracic echocardiography, likely because the CT
scan-based measurements in this study are epicardial
and include structures such as the papillary muscles,
and also because the CT images are non-ECG gated,
leading to what is likely a temporal average of the
ventricular volume across the cardiac cycle instead of
the typically reported end-diastolic values.36,37 For
these reasons we also cannot comment on whether
any of the differences seen in cardiac size are
primarily due to changes in this endocardial volume
or the myocardial thickness/volume. Despite these
limitations, should this technique be validated in
chestjournal.org
other cohorts and diseases, then it may be a useful
adjuvant tool for the assessment of cardiac size from
imaging studies acquired for other indications. This
may be of particular use as an epidemiologic tool in
large population-based studies in which CT imaging
of the chest is acquired but no dedicated cardiac
imaging is performed.

Other limitations include the lack of expiratory
imaging for all of the participants and the use of
inspiratory rather than expiratory imaging for
cardiac image analyses. Also, because the CT images
used were acquired at several institutions, albeit
using a standard research protocol, we cannot
exclude the fact that the results may vary due to
institution and scanner differences. In addition,
because the CT scans were not always obtained on
the same day as a study visit in which questions
about recent exacerbations were asked, we are unable
to account for effects related to a recent asthma
exacerbation. It should also be noted that, although
the associations between ventricular size and
exacerbations were generally consistent, several did
not reach statistical significance. Finally, because of
limitations in the event rate and overall size of the
study, other possible confounders such as
bronchoreactivity and eosinophilia could not be
controlled for in the multivariable analyses. The
study size also limited our investigation into
relationships between our findings and other biologic
variables such as sex. A variety of future work is
needed to overcome the limitations described above,
including studies of larger or combined cohorts that
use multimodal imaging of the heart and chest, as
well as clinical and laboratory measures of disease
severity, muscle wasting, and inflammation.38
265
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Conclusions
In summary, our findings in the SARP III cohort, using
objective analysis of noncontrast, non-ECG-gated
images, suggest that neither PA/A nor eRV/eLV is
associated with asthma severity or exacerbations, but
that smaller estimated ventricular volume indices may
266 Original Research
be associated with both asthma severity and
exacerbations. If our findings are replicated, they may
suggest that severe asthma, or its treatments, are
associated with changes in cardiac morphology,
potentially opening new avenues of investigation for the
etiology and treatment of asthma.
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