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z CHEST

The Association Between Lung @ Gheck forupdtes
Hyperinflation and Coronary Artery

Disease in Smokers

Divay Chandra, MD, Aman Gupta, MD, Gregory L. Kinney, PhD, Carl R. Fuhrman, MD, Joseph K. Leader, PhD,
Alejandro A. Diaz, MD, Jessica Bon, MD,; R. Graham Barr, MD, DrPH, George Washko, MD, Matthew Budoff, MD; =
John Hokanson, PhD; and Frank C. Sciurba, MD, on behalf of the COPDGene Investigators”

BACKGROUND: Smokers manifest varied phenotypes of pulmonary impairment.

RESEARCH QUESTION: Which pulmonary phenotypes are associated with coronary artery
disease (CAD) in smokers?

STUDY DESIGN AND METHODS: We analyzed data from the University of Pittsburgh COPD
Specialized Center for Clinically Oriented Research (SCCOR) cohort (n = 481) and the Genetic
Epidemiology of COPD (COPDGene) cohort (n = 2,580). Participants were current and former
smokers with > 10 pack-years of tobacco exposure. Data from the two cohorts were analyzed
separately because of methodologic differences. Lung hyperinflation was assessed by plethysmography
in the SCCOR cohort and by inspiratory and expiratory CT scan lung volumes in the COPDGene
cohort. Subclinical CAD was assessed as the coronary artery calcium score, whereas clinical CAD was
defined as a self-reported history of CAD or myocardial infarction (MI). Analyses were performed in
all smokers and then repeated in those with airflow obstruction (FEV; to FVC ratio, < 0.70).

RESULTS: Pulmonary phenotypes, including airflow limitation, emphysema, lung hyperin-
flation, diffusion capacity, and radiographic measures of airway remodeling, showed weak to
moderate correlations (r < 0.7) with each other. In multivariate models adjusted for pul-
monary phenotypes and CAD risk factors, lung hyperinflation was the only phenotype
associated with calcium score, history of clinical CAD, or history of MI (per 0.2 higher
expiratory and inspiratory CT scan lung volume; coronary calcium: OR, 1.2; 95% CI, 1.1-1.5;
P = .02; clinical CAD: OR, 1.6; 95% CI, 1.1-2.3; P = .01; and MI in COPDGene: OR, 1.7;
95% CI, 1.0-2.8; P = .05). FEV, and emphysema were associated with increased risk of CAD
(P < .05) in models adjusted for CAD risk factors; however, these associations were atten-
uated on adjusting for lung hyperinflation. Results were the same in those with airflow
obstruction and were present in both cohorts.

INTERPRETATION: Lung hyperinflation is associated strongly with clinical and subclinical CAD
in smokers, including those with airflow obstruction. After lung hyperinflation was accounted
for, FEV; and emphysema no longer were associated with CAD. Subsequent studies should
consider measuring lung hyperinflation and examining its mechanistic role in CAD in current
and former smokers. CHEST 2021; 160(3):858-871

KEY WORDS: COPD; coronary artery disease; lung hyperinflation; smoking

ABBREVIATIONS: CAD = coronary artery disease; COPDGene = Ge- Center for Clinically Oriented Research; TLC = total lung capacity;

netic Epidemiology of COPD; FRV = functional residual volume;
IPA = index of prediction accuracy; LAA%-950 = low attenuation area
with a -950-Hounsfield unit cutoff; MI = myocardial infarction; RV =
residual volume; SCCOR = University of Pittsburgh COPD Specialized
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TLV = total lung volume

AFFILIATIONS: From the Department of Medicine (D. Chandra, A.
Gupta, J. Bon, and F. C. Sciurba), the Department of Radiology (C. R.
Fuhrman and J. K. Leader), University of Pittsburgh, Pittsburgh, PA;
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Take-home Points

Study Question: What is the relationship between
lung hyperinflation and CAD in smokers?

Results: In two cohort studies that measure hyper-
inflation using different methodology, lung hyper-
inflation was associated strongly with clinical and
subclinical CAD in smokers, including those with
airflow obstruction.

Interpretation: Subsequent studies should consider
assessing lung hyperinflation and its associated
mechanisms for coronary vascular injury when
investigating CAD in smokers.

In 1989, the Framingham Heart Study identified FEV as
an important predictor of cardiovascular risk,' and FEV,
remains the most commonly assessed pulmonary
phenotype when investigating cardiovascular risk in
smokers. However, it has become increasingly evident
that smokers manifest a variety of pulmonary
phenotypes besides a reduced FEV,.”* Prominent
among these are emphysema characterized by anatomic
destruction of the lung parenchyma, airway injury and

remodeling, impaired diffusion capacity, and lung
hyperinflation characterized by an increase in residual
volume relative to total lung capacity (TLC).”
Quantification of these phenotypes in large cohorts
demonstrates that systemic manifestations of lung
disease may be associated preferentially with a specific
pulmonary phenotype. For example, osteoporosis is
associated most strongly with the severity of
emphysema, rather than FEV, impairment.’

Nonetheless, an unsupervised search for the pulmonary
phenotypes associated with coronary artery disease
(CAD) in smokers has not been performed. Identifying
such phenotypes will be critical for developing accurate
risk prediction models for CAD in smokers and to gain
mechanistic insights into coronary vascular injury in
smokers. Accordingly, we used data from more than
3,000 smokers enrolled in two exquisitely phenotyped
cohorts, the University of Pittsburgh COPD Specialized
Center for Clinically Oriented Research (SCCOR) study
and the Genetic Epidemiology of COPD (COPDGene)
study, to identify the pulmonary phenotypes associated
with clinical and subclinical CAD in smokers.

Methods

Study Cohorts

Enrollment criteria for the SCCOR and COPDGene cohorts have been
described previously."’7 In brief, the SCCOR cohort enrolled current

and former smokers 40 to 79 years of age with > 10 pack-years of

the Department of Epidemiology (G. L. Kinney and J. Hokanson),
University of Colorado, Denver, CO; the Department of Medicine (R.
G. Barr), College of Physicians and Surgeons, Columbia University,
New York, NY; the Pulmonary and Critical Care Division (A. A. Diaz
and G. Washko), Brigham and Women’s Hospital and Harvard
Medical School, Boston, MA; and the Department of Medicine (M.
Budoff), University of California at Los Angeles, Los Angeles, CA.
Drs Chandra and Gupta contributed equally to this manuscript.
*COPDGene Investigators are listed in the Acknowledgments.
FUNDING/SUPPORT: This research was supported in part by the Na-
tional Institutes of Health [Grants 1K23HL126912 and R01 HL153400-
01 (D. C.), HL084948 (F. C. S.), HHSN268201100019C (F. C. S.),
7RC2HL101715 (F. C. S.), and SAP 4100062224 (F. C. S.)]. The
COPDGene study is supported by the National Heart, Lung, and Blood
Institute [Grants ROIHL089897 and R01HL089856]. The COPDGene
project is also supported by the COPD Foundation through contri-
butions made to an Industry Advisory Board comprising AstraZeneca,
Boehringer Ingelheim, Novartis, Pfizer, Siemens, Sunovion, and
GlaxoSmithKline. Coronary artery calcium scoring in the COPDGene
study is supported by the Tobacco-Related Disease Research Program
[Grant 20XT-0014].

CORRESPONDENCE TO: Frank C. Sciurba, MD; email: sciurbafc@
upmc.edu

Copyright © 2021 Published by Elsevier Inc under license from the
American College of Chest Physicians.

DOT: https://doi.org/10.1016/j.chest.2021.04.066

chestjournal.org

tobacco exposure. Those with prior thoracic surgery, cardiovascular
events in the preceding year, or a restrictive pattern on spirometry
were excluded. Smokers with cardiovascular events in the prior year
were excluded because their diminished survival made them less
suitable for inclusion in a multiyear longitudinal cohort. Similarly,
the COPDGene cohort enrolled current and former smokers 45 to
80 years of age with > 10 pack-years of tobacco exposure. Those
with prior thoracic surgery or lung disease besides asthma or
COPD were excluded. The presence of airflow obstruction (FEV, to
FVC ratio, < 0.70) was not required for enrollment in either
cohort; therefore, our study included current and former smokers
with and without airflow obstruction. Accordingly, the analyses
performed in the full cohort were repeated in a predefined
subgroup of participants with airflow obstruction. The institutional
review boards at all participating sites approved both cohort studies
(e-Appendix 1). Written informed consent was obtained from each
participant.

Pulmonary Phenotyping

Pulmonary Function: Postbronchodilator spirometry was performed
and adjusted to standard population-derived predicted values in both
cohorts.” Diffusing capacity was assessed as the single-breath
diffusing capacity for carbon monoxide per standard guidelines in
SCCOR only.’

Lung Hyperinflation: In the SCCOR cohort, lung hyperinflation was
defined as the ratio of residual volume (RV) to TLC assessed by full-
body plethysmography, that is, by the gold standard method. CT-
based measures of hyperinflation also have been developed and
validated for use in research cohorts.'” One such method, the ratio
of lung volume from CT images acquired at full inspiration (total
lung volume [TLV]) and at the end of normal expiration (functional
residual volume [FRV]), was used in the COPDGene cohort. Ideally,
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the volume at the end of full expiration (RV), rather than normal
expiration (FRV), should be used to calculate radiographic lung
hyperinflation. However, many smokers, particularly those with
severe airflow limitation, find it difficult to exhale completely and
hold their breath long enough for acquisition of high-quality CT
images. Therefore, expiratory CT images were captured at normal
rather than full expiration. The FRV was highly correlated with RV
assessed by plethysmography (r, = 0.81) (e-Fig 1). In addition to
published data,'’ we validated the FRV to TLV ratio as a correlate of
plethysmographically assessed RV to TLC ratio in an unrelated
cohort of 196 individuals (e-Figs 2-5). Nonetheless, the two cohorts
used different methodologies to assess lung hyperinflation, and the
correlation between the two different measures of hyperinflation was
insufficient (r; = 0.60) for one measure to be considered the same as
the other. Accordingly, the data from these two cohorts were
analyzed separately.

Emphysema and Airway Remodeling: In the SCCOR cohort, chest CT
images were acquired at full inspiration and were assessed for emphysema
and airway remodeling as described previously.'"'* In brief, emphysema
was assessed by density mask analysis using a -950-Hounsfield unit
cutoff (or low attenuation area a with -950-Hounsfield unit cutoff [LAA
%-950]) and by a semiquantitative visual score that increased from 0 to
5 with increasing severity of emphysema (e-Appendix 1)."> Measures of
airway remodeling included wall area percentage and lumen perimeter of
all airways. Similarly, in the COPDGene cohort, CT images acquired at
full inspiration were used to assess emphysema by density mask analysis
(LAA%-950) and to measure airway dimensions as described previously."’

CAD

Subclinical CAD: In both cohorts, subclinical CAD was assessed using
the coronary artery calcium score measured from the same chest CT
images used for pulmonary quantitative analyses. Although such
chest CT images lack electrocardiography gating (that reduces
cardiac motion), the resulting coronary artery calcium scores are
correlated highly with those from electrocardiography-gated cardiac
CT sans and independently predict coronary vascular events and
mortality in multiple studies.'*"®

In COPDGene, coronary artery calcium was calculated by the method
of Agatston et al,' that is, the volume-area method using chest CT
images as described previously. In the SCCOR cohort, coronary
artery calcium scores were generated by visual examination of chest
CT images by the Weston method, as described previously.'® The
Weston score increases from 0 to 12 with increasing amount of
coronary artery calcium. Weston scores are divided into four
categories (0 = none; 1-3 = mild; 4-7 = moderate; and 8-12 =
severe) to match the four standard categories of Agatston scores
(0 = none; 1-100 = mild; 101-400 = moderate; > 400 = severe).'®
We, and others, previously validated the Weston score as an
excellent correlate of Agatston scores.'™”*' Interobserver and
intraobserver agreement on Weston scores were excellent (both Kk >
0.90) (e-Appendix 1).

Clinical CAD: In both cohorts, clinical CAD was defined by self-
reported history of myocardial infarction (MI), angina, or physician
diagnosis of CAD.

Cardiovascular Disease Risk Factors

Major Risk Factors: Major risk factors were defined as age, sex, race,
hypertension, diabetes, hyperlipidemia, and tobacco exposure (pack-
years of smoking and current smoking status). In both cohorts,
hypertension was defined as systolic BP of = 140 mm Hg or
diastolic BP of = 90 mm Hg measured during the study visit,
patient report of a prior diagnosis of hypertension, or use of
antihypertensive medication. Hyperlipidemia and diabetes were
defined by the use of a lipid-lowering or diabetes medications,
respectively, or patient report of a prior diagnosis.

Additional Risk Factors: Family history of cardiovascular disease,
educational status, depression, physical activity level, dietary saturated
fat intake, and creatinine clearance were assessed as additional
cardiovascular risk factors in the SCCOR cohort, whereas visceral
adipose tissue area, a measure of visceral adiposity, was assessed in
the COPDGene cohort.

Physical activity level was assessed using the Stanford Brief Activity
Survey,”” dietary fat intake was assessed using the Block Dietary Fat
Screener,” and depression was assessed via the Beck Depression
Inventory.”* Family history of cardiovascular disease and education
status were self-reported. Creatinine levels were measured as
described previously and were used to determine the estimates
glomerular filtration rate using the Chronic Kidney Disease
Epidemiology Collaboration equation.'”

In the COPDGene cohort, visceral adipose tissue area was assessed
using a single axial CT image at the inferior edge of the transverse
process of the first lumbar vertebrae, as described previously.””

Statistical Analyses

Because of the methodological differences between the two cohorts
described above, data were not pooled. For descriptive statistics,
continuous variables were summarized as mean £ SD if normally
distributed and as median with interquartile range if not normally
distributed. Scatterplots with Spearman correlation coefficients were
used to examine relationships between continuous variables.
Phenotypic variables were classified as present or absent only for
descriptive analyses. All statistical models included phenotypic
variables as continuous, rather than as present or absent.

Logistic regression was used to identify variables associated with
subclinical CAD (ordinal category of calcium score was the
dependent or outcome variable). Individuals with a history of clinical
CAD were excluded from these analyses. Variables associated with a
calcium score with P = .10 in univariate models were included in
multivariate analyses. Similarly, logistic regression was used to
identify variables associated with clinical CAD. The same set of
covariates was adjusted for as in the models above. Finally, analyses
were repeated with MI as the dependent variable, instead of all
forms of clinical CAD.

Analyses were performed using Stata MP version 16 software
(StataCorp). Statistical significance was defined as two-tailed P < .05.

Results

Our analysis included 481 participants enrolled in
the SCCOR cohort and 2,580 of 10,300

participants enrolled in the COPDGene study.
These 2,580 participants were included because they
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had undergone assessment of coronary artery calcium
and CT scan airway and lung volume measurements
(e-Fig 1). They were similar to the remaining
COPDGene cohort with the exception of more
frequently being non-Hispanic White and former
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TABLE 1 | Demographics, Cardiovascular Risk Factors, and Pulmonary Phenotypes Stratified by the Extent of Coronary Artery Calcium in the SCCOR Cohort

Coronary Calcium
Variable All Patients None Mild Moderate Severe Univariate OR (95% CI)° P Value®
No. (%) 481 75 (15.6) 119 (24.7) 163 (33.9) 124 (25.8)
Demographics
Age, y 65.5 £ 6.2 61.8 £5.0 64.2 £ 6.1 66.4 + 6.0 67.9 £ 6.0 2.7 (2.1-3.6)° < .001
Male sex 53.4 29.3 43.7 62.7 65.3 2.6 (1.8-3.6) < 001
Non-Hispanic White 94.8 88.0 96.6 96.9 94.3 1.8 (0.8-4.0) .02
Education 0.9 (0.7-1.1) .12
High school graduate 28.1 24.0 22.0 32.5 30.6
College graduate 31.1 33.3 31.4 30.7 29.9
Graduate/professional degree 40.8 42.7 46.6 36.8 39.5
Cardiovascular risk factors
Hypertension 53.0 11.0 43.7 57.0 66.1 2.1 (1.5-2.9) < .001
Diabetes mellitus 9.1 1.3 7.6 10.4 13.7 2.2 (1.3-3.9) .004
Hyperlipidemia 57.1 46.7 43.7 61.3 70.9 2.1 (1.5-3.0) < .001
BMI, kg/m? 279+ 4.1 27.5+ 4.4 279+ 4.1 27.9+ 3.9 28.3+4.1 1.3 (0.9-2.0)° .19
Current smoker 44.5 46.7 47.0 42.9 42.7 0.9 (0.6-1.2) .44
Pack-years of smoking 54.8 + 30.6 44.0 £ 25.2 52.2 + 28.1 55.1 + 28.1 63.5 + 36.3 1.1 (1.0-1.3)° < .001
Cardiovascular medications
Angiotensin converting enzyme inhibitor 14.7 2.7 13.4 16.6 21.0 2.1 (1.3-3.3) .001
Statins 41.2 25.3 24.6 47.8 58.1 2.8 (2.0-4.0) < .001
Aspirin 40.9 26.7 36.1 41.1 54.0 1.9 (1.4-2.7) < .001
Expiratory airflow
FEV,, % predicted 83.5 + 20.6 89.5 + 16.9 83.6 + 20.6 82.9 +21.1 80.5 +21.3 1.2 (1.1-1.4)° .008
FEV; to FVC ratio 0.67 +0.13 0.72 £0.11 0.67 £0.13 0.67 £ 0.13 0.65 +0.13 1.6 (1.2-2.0)° .001
Postbronchodilator change in FEVy 9.1+9.6 7.6 +8.7 9.1+ 10.3 10.0 £ 9.8 8.9+9.3 0.9 (0.6-1.2)¢ 41
Emphysema
Low attenuation area, LAA%-950 3.2+ 6.0 1.8+ 4.0 3.5+6.7 3.6 + 6.8 3.3+5.0 1.4 (0.8-2.3)¢ .23
Visual emphysema score 1.1+1.2 0.8 +1.0 1.1+1.3 1.1+1.3 1.2+1.2 1.1 (0.9-1.3) .08
Airway remodeling
Mean lumen perimeter, mm 129+ 1.3 129+ 1.3 12.7 +1.3 129+ 1.1 13.0+ 1.5 1.1 (1.0-1.3) .06
Mean wall area 47.7 £5.0 46.8 + 5.0 47.7 £ 5.2 48.1 + 5.1 47.7 £+ 4.7 1.0 (0.9-1.1) .13
(Continued)
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P Value
< .001

.01

Univariate OR (95% CI)®
2.0 (1.4-2.7)¢

1.3 (1.1-1.5)°

Severe
0.45 + 0.10

69.6 + 18.8

Moderate
0.44 + 0.10

72.4 +19.1

Coronary Calcium

Mild
0.43 £ 0.11

73.0 £ 19.6

None
0.39 + 0.07

77.2 + 16.5

All Patients
0.44 + 0.09

72.6 + 18.9

Lung hyperinflation
RV to TLC ratio
Diffusing capacity

Variable

TABLE 1 | (Continued)
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Dico, % predicted

Data are presented as percentage or mean = SD, unless otherwise indicated. Dico = diffusing capacity for carbon monoxide; % low attenuation area = % of low attenuation areas in density mask analyses of chest CT

scans; RV = residual volume; SCCOR = University of Pittsburgh COPD Specialized Center for Clinically Oriented Research; TLC

total lung capacity.

?0R and P values are for unadjusted odds of being in a higher category of coronary artery calcium score per unit change for continuous predictors and yes vs no for categorical predictors.

POR is per 10-point increase in the predictor variable.

“OR is per 20-point decrease in the predictor variable.

dOR is per 20-point increase in the predictor variable.

smokers and showing lower rates of emphysema (e-
Table 1).

The 481 participants in the SCCOR cohort were 65.5 +
6.2 years of age, 53.4% were male, and 94.8% were non-
Hispanic White. Fifty-three percent of the participants
demonstrated hypertension and 57.1% demonstrated
hyperlipidemia, whereas the prevalence of diabetes was
comparatively lower at 9.1%. In comparison,
participants in the COPDGene study were significantly
younger (60.7 £ 9.1 years; P < .001) with a similar sex
distribution (50.5% male) and a higher proportion of
other races or ethnicities (76.8% non-Hispanic White;
P < .001) compared with the SCCOR cohort.

Pulmonary Phenotypes

In the SCCOR cohort, 49.7% of participants
demonstrated airflow obstruction, ie, FEV; to FVC ratio
of < 0.7. The mean severity of pulmonary phenotypic
abnormalities was mild (Table 1). Nonetheless, SDs were
broad, suggesting a wide severity of phenotypic
abnormalities. The prevalence of pulmonary phenotypic
abnormalities in those with and without airflow
obstruction is summarized in e-Figure 6. Although more
frequent, phenotypic abnormalities were not limited to
those with airflow obstruction.

The correlation between various pulmonary phenotypes
was weak to moderate (Fig 1), with the exception of the
strong correlation of FEV; % predicted with FEV; to
FVC ratio (r = 0.76) and with RV to TLC ratio (r =
-0.69). In those with airflow obstruction, the only strong
correlation was between FEV, % predicted and FEV, to
FVC ratio (r = 0.74).

Similarly, in the COPDGene cohort, pulmonary
phenotypic abnormalities on average were mild with
wide SDs (Table 2). Although more frequent,
phenotypic abnormalities were not limited to those with
airflow obstruction (e-Fig 7). Further, the correlation
between various pulmonary phenotypes was weak to
intermediate in the full cohort (e-Fig 8), in those with
FEV, to FVC ratio of < 0.7, and in those with FEV; to
FVC ratio of < 0.7 and FEV < 50% predicted (with the
exception of r > 0.70 between FEV; % predicted and
FEV, to FVC ratio).

Subclinical CAD

Major cardiovascular risk factors (age, sex, race,
hypertension, diabetes, hyperlipidemia, and tobacco
exposure) were associated with increased coronary
artery calcium scores in both cohorts, as expected
(Tables 1, 2). In the SCCOR cohort, FEV; % predicted,
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Figure 1 — Scatterplot matrix depicting the correlations between various pulmonary phenotypes along with Spearman correlation coefficients in the
University of Pittsburgh COPD Specialized Center for Clinically Oriented Research cohort. The unit for each pulmonary phenotype is listed along with
the name of the phenotype in the diagonal axis of the figure. For ratios, ie, FEV; to FVC ratio and residual volume to total lung capacity ratio, the units
are 0 to 100, rather than 0 to 1. The Spearman correlation coefficient is depicted on the top of each scatterplot.

FEV, to FVC ratio, diffusing capacity for carbon
monoxide % predicted, and RV to TLC ratio showed a
statistically significant univariate association with
coronary artery calcium score (Table 1). In addition to
these phenotypes, bronchodilator response and LAA
%-950 also were associated with coronary artery
calcium score in the COPDGene cohort in univariate
analysis (Table 2).

To determine which phenotypes were associated with
coronary artery calcification, we performed multivariate
analyses whereby any pulmonary phenotype associated
with calcium score at P < .1 in univariate analysis was
included as a predictor of calcium score along with
major cardiovascular risk factors (Tables 3, 4). Lung
hyperinflation was the only phenotype associated with
calcium score in these multivariate models in either
cohort (Tables 3, 4).

To examine lung hyperinflation further, we compared it
directly against FEV; % predicted and emphysema,

chestjournal.org

which are the most frequently assessed pulmonary
phenotypes when investigating cardiovascular disease in

smokers.?*°

In agreement with prior studies, FEV,

% predicted was associated with coronary artery calcium
scores in models adjusted for cardiovascular risk factors
in both cohorts (Fig 2). However, further adjustment for
lung hyperinflation completely attenuated the FEV; and
calcium score association (Fig 2). Emphysema was not
associated with calcium score in univariate analysis. In
contrast, lung hyperinflation was associated with
calcium scores despite accounting for the FEV,;, major
cardiovascular disease risk factors, and other pulmonary
phenotypes in both cohorts (Fig 2). Parsimonious
models based on these results also were generated by
backward elimination (e-Appendix 1).

Instead of including both FEV; and RV to TLC ratio as
predictors of coronary artery calcium in the same model,
we compared models where only FEV; or only RV to

TLC ratio predicted the presence or absence of coronary
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TABLE2 ] Demographics, Cardiovascular Risk Factors, and Pulmonary Phenotypes Stratified by the Extent of Coronary Artery Calcium in the COPDGene Cohort

Coronary Calcium
Variable All Patients None Mild Moderate Severe Univariate OR (95% CI)? P Value®
No. (%) 2,580 990 (38.3) 729 (28.2) 509 (19.7) 352 (13.6)
Demographics
Age, y 60.7 £ 9.1 56.3 + 8.0 60.6 + 8.5 64.4 + 8.1 67.7 £7.3 2.8 (2.5-3.0)° < .001
Male sex 50.5 42.3 48.1 58.5 66.7 1.8 (1.6-2.1) < .001
Non-Hispanic White 76.8 64.2 82.2 85.0 88.9 2.9 (2.4-3.5) < .001
Cardiovascular risk factors
Hypertension 52.7 22.6 35.5 46.6 57.8 2.7 (2.3-3.2) < .001
Diabetes mellitus 7.1 4.1 6.7 9.0 13.1 2.2 (1.7-2.9) < .001
Hyperlipidemia 26.4 22.3 24.8 36.1 50.1 3.1 (2.6-3.6) < .001
BMI, kg/m? 28.4+£6.1 28.4+ 6.4 28.2+5.9 28.1 £ 5.6 29.0 £ 6.2 1.0 (0.9-1.1)° .62
Current smoker 44.5 54.5 43.9 36.1 29.6 0.5 (0.4-0.6) < .001
Pack-years of smoking 44.3 + 24.3 38.9 + 21.2 43.8 +£ 23.9 47.4 + 23.4 56.0 + 29.2 1.1 (1.1-1.2)° < .001
Expiratory airflow
FEV,, % predicted 74.2 + 27.7 78.5 + 27.1 75.6 + 27.2 69.5 + 28.4 65.5 + 27.1 1.2 (1.1-1.3)° < .001
FEV; to FVC ratio 0.64 + 0.17 0.68 £ 0.17 0.65 +£0.17 0.60 £ 0.18 0.58 £ 0.17 1.2 (1.1-1.3)° < .001
Postbronchodilator change in FEV; 6.1 +£10.3 5.4 +£10.3 6.0 +£ 10.2 6.8 + 10.0 7.1+11.3 0.8 (0.7-0.9)° .003
Emphysema
Low attenuation area LAA%-950 8.1 +11.3 6.4 +£10.4 7.8+11.1 10.0 +12.1 10.9 + 11.8 1.6 (1.4-1.8)¢ < .001
Airway remodeling
Mean wall area 61.2 +£3.2 61.2 + 3.2 61.2 + 3.3 61.3 + 3.2 61.4+ 3.4 1.0 (0.9-1.1) .15
Lung hyperinflation
FRV to TLV ratio® 0.58 + 0.13 0.57 £0.13 0.57 £0.12 0.60 +£0.12 0.61 +£0.12 1.5 (1.4-1.6)¢ < .001

[ TZ0Z Y39W3ILd3S LSIHD €#097T ]

Data are presented as percentage or mean =+ SD, unless otherwise indicated. COPDGene = Genetic Epidemiology of COPD; FRV = functional residual volume; % low attenuation area = % of low attenuation areas in
density mask analyses of chest CT scans; TLV = total lung volume

20R and P values are for unadjusted odds of being in a higher category of coronary artery calcium score per unit change for continuous predictors and yes vs no for categorical predictors.

®0R is per 10-point increase in the predictor variable.

‘OR is per 20-point decrease in the predictor variable.

90R is per 20-point increase in the predictor variable.

°FRV was defined as the lung volume assessed on CT images acquired at normal expiration, whereas the TLV was defined as the lung volume assessed on images acquired at full inspiration.



TABLE 3 | Effect Estimates and P Values for the Multivariate Model Predicting Coronary Artery Calcium Scores in
the SCCOR Cohort (n = 413; Those With Clinical CAD Were Excluded)

Variable Multivariate OR (95% CI) P Value
Pulmonary phenotypes
RV to TLC ratio, per 0.20 increase 3.2 (1.6-6.4) .001
FEV, per 20 % predicted decrease 1.0 (0.6-1.5) .92
FEV; to FVC ratio, per 0.20 decrease 1.0 (0.3-1.2) .12
Visual emphysema score, per 1-unit increase 1.1 (0.9-1.4) .31
Mean lumen perimeter, per 1-mm increase 1.1 (0.9-1.3) .17
Dico, per 20% predicted decrease 1.2 (0.9-1.5) .28
Demographics
Age, per 10-y increase 1.8 (1.3-2.6) .001
Male sex 3.5 (2.3-5.4) < .001
Non-Hispanic White 2.3 (0.9-5.8) .07
Cardiovascular risk factors
Hypertension 1.4 (0.9-2.0) .09
Diabetes mellitus 1.6 (0.8-3.2) .16
Hyperlipidemia 1.6 (1.1-2.3) .01
Pack-years of smoking, per 10-y increase 1.1 (1.0-1.2) .04
Current smoking 1.0 (0.7-1.4) .90

CAD = coronary artery disease; Dico = diffusing capacity for carbon monoxide; RV = residual volume; SCCOR = University of Pittsburgh COPD Specialized

Center for Clinically Oriented Research; TLC = total lung capacity.

calcium in terms of the concordance index (C-statistic
or area under receiver operating characteristic curve)
and index of prediction accuracy (IPA or Brier score per
the method of Kattan and Gerds®'). In the SCCOR

cohort, the RV to TLC ratio C-statistic was 0.63 as
compared with 0.58 for FEV; when predicting the

presence or absence of coronary artery calcium. In
agreement, the IPA for RV to TLC ratio (20.1) was

TABLE 4 | Effect Estimates and P Values for the Multivariate Model Predicting Coronary Artery Calcium Scores in
the COPDGene Cohort (n = 2,377; Those With Clinical CAD Were Excluded)

Variable Multivariate OR (95% CI) P Value
Pulmonary phenotypes
FRV to TLV ratio, per 0.20 increase 1.2 (1.0-1.4) .01
FEV1, per 20% predicted decrease 1.1 (0.9-1.2) .20
FEV; to FVC, per 0.20 decrease 1.0 (1.0-1.1) .85
Low attenuation area LAA%-950, per 10% increase 1.0 (0.9-1.1) .61
Postbronchodilator change in FEVy, % 1.0 (0.9-1.2) .56
Demographics
Age, per 10-y increase 2.4 (2.2-2.7) < .001
Male sex 2.3 (2.0-2.7) < .001
Non-Hispanic White 1.7 (1.3-2.1) < .001
Cardiovascular risk factors
Hypertension 1.7 (1.4-2.4) < .001
Diabetes mellitus 1.3 (1.0-1.7) .09
Hyperlipidemia 1.6 (1.3-1.8) < .001
Pack-years of smoking, per 10-y increase 1.0 (1.0-1.0) < .001
Current smoking 1.3 (1.1-1.6) .003

CAD = coronary artery disease; COPDGene = Genetic Epidemiology of COPD; FRV = functional residual volume; TLC = total lung capacity.
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SCCOR cohort (n = 413)

All models adjusted for CAD risk factors*
FEV1
FEV1 also adjusted for RV/TLC —H
Emphysema score T
Emphysema score also adjusted for RV/TLC
RV/TLC
RV/TLC also adjusted for FEV1
RV/TLC also adjusted for Emphysema score
RV/TLC also adjusted for FEV1 and Emphysema

All models adjusted for CAD risk factors & other phenotypes$§
FEV1 B
FEV1 also adjusted for RV/TLC 1
Emphysema score —{
Emphysema score also adjusted for RV/TLC —
RV/TLC U
RV/TLC also adjusted for FEV1 '
RV/TLC also adjusted for Emphysema score U

B
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*la
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!
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RV/TLC also adjusted for FEV1 and Emphysema

0.8 1 2 4 5 6
OR for one category higher coronary artery calcium score

* age, gender, race, hypertension, diabetes, hyperlipidemia, current smoking, pack years of smoking
§ other pulmonary phenotypes include FEV1/FVC, lumen perimeter of all airways, and diffusion capacity

COPDGene cohort (n = 2,377)

All models adjusted for CAD risk factors*
FEV1
FEV1 also adjusted for FRV/TLV —
LAA% -950 (log)
LAA% -950 (log) also adjusted for FRV/TLV -
FRV/TLV
FRV/TLV also adjusted for FEV1
FRV/TLV also adjusted for LAA% -950
FRV/TLV also adjusted for FEV1 and LAA% -950
All models adjusted for CAD risk factors & other phenotypes§
FEV1
FEV1 also adjusted for FRV/TLV —
LAA% -950 (log)
LAA% -950 (log) also adjusted for FRV/TLV 1
FRV/TLV —B—
FRV/TLV also adjusted for FEV1 ——
—
—B—

?% ++++++¥¢

FRV/TLV also adjusted for LAA% -950
FRV/TLV also adjusted for FEV1 and LAA% -950

0.8 1 1.25 15 175 2
OR for one category higher coronary artery calcium score

* age, gender, race, hypertension, diabetes, hyperlipidemia, current smoking, pack years of smoking
§ other pulmonary phenotypes include FEV1/FVC and post bronchodilator change in FEV1

Figure 2 — Forrest plots depicting the association of FEV; (% predicted), emphysema (visual emphysema score), and lung hyperinflation (RV to TLC
ratio) with coronary artery calcium score after adjustment for CAD risk factors (top) and further adjustment for other pulmonary phenotypes listed in
Tables 3 and 4 (bottom) in the SCCOR (n = 413) and COPDGene (n = 2,377) cohorts. Individuals with history of clinical CAD were excluded from
these models. ORs are calculated per 20% decrease in FEV; % predicted, a 1-point increase in visual emphysema score (SCCOR cohort), q 1-point
increase in log LAA%-950 (COPDGene cohort), and a 0.20 increase in RV to TLC ratio (SCCOR cohort) and FRV to TLC ratio (COPDGene cohort).
Any association of FEV, % predicted (gray box) or emphysema (blue box) with calcium score was attenuated after adjustment for lung hyperinflation.
In contrast, lung hyperinflation (red box) was associated with the extent of coronary artery calcium despite accounting for the FEV; % predicted,
severity of emphysema, other pulmonary phenotypes, and CAD risk factors in both cohorts. CAD = coronary artery disease; COPDGene = Genetic
Epidemiology of COPD; FRV = functional residual volume; LAA%-950 = low attenuation area with a -950-Hounsfield unit cutoff; RV = residual
volume; SCCOR = University of Pittsburgh COPD Specialized Center for Clinically Oriented Research; TLC = total lung capacity.
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COPDGene cohort (FEV1/FVC < 0.70, n = 1,138)

All models adjusted for CAD risk factors*
FEV1
FEV1 also adjusted for FRV/TLV
LAA% -950 (log)
LAA% -950 (log) also adjusted for FRV/TLV

FRV/TLV ——
FRV/TLV also adjusted for FEV1 — ]
FRV/TLV also adjusted for LAA% —950 —{
FRV/TLV also adjusted for FEV1 and LAA% -950 —B—

All models adjusted for CAD risk factors & other phenotypes§
FEV1 —
FEV1 also adjusted for FRV/TLV B
LAA% -950 (log)
LAA% -950 (log) also adjusted for FRV/TLV i
FRV/TLV —u—
FRV/TLV also adjusted for FEV1 ——
FRV/TLV also adjusted for LAA% —950 ——
FRV/TLV also adjusted for FEV1 and LAA% -950 '

0.8 1 1.25 15 175 2

OR for one category higher coronary artery calcium score

* age, gender, race, hypertension, diabetes, hyperlipidemia, current smoking, pack years of smoking
§ other pulmonary phenotypes include FEV1/FVC and post bronchodilator change in FEV1

Figure 3 — Forrest plots depicting the association of FEV; (% predicted), emphysema (log LAA%-950), and lung hyperinflation (FRV to TLV ratio) with
coronary artery calcium score after adjustment for CAD risk factors (top) and further adjustment for other pulmonary phenotypes (bottom) in
participants with airflow obstruction in the COPDGene cohort (n = 1,138). Individuals with a history of clinical CAD were excluded from these models.
ORs are calculated per 20% decrease in FEV, % predicted, a 1-point increase in log LAA%-950, and a 0.20 increase in FRV to TLV ratio. Any
association of FEV percent predicted (gray box) or emphysema (blue box) with calcium score was attenuated after adjustment for lung hyperinflation.
In contrast, lung hyperinflation (red box) was associated with the extent of coronary artery calcium, despite accounting for the FEV; % predicted,
severity of emphysema, other pulmonary phenotypes, and CAD risk factors. CAD = coronary artery disease; COPDGene = Genetic Epidemiology of
COPD; FRV = functional residual volume; LAA%-950 = low attenuation area with a -950-Hounsfield unit cutoff; TLV = total lung volume.

greater than for FEV, (18.8). Results were similar in the
COPDGene cohort, although the magnitude of the

differences was smaller (RV to TLC ratio C-statistic, 0.77
and IPA, 20.9 vs FEV, C-statistic, 0.76 and IPA, 20.8).

We also performed a number of analyses to examine the
robustness of the association between lung
hyperinflation and calcium score. First, further
adjustment for additional cardiovascular risk factors and
use of cardiovascular medications associated with
calcium score with univariate P < .20 did not change the
results (e-Appendix 1). Next, using categorical (no

vs any) coronary artery calcium as the outcome variable
did not alter the results, ie, the findings were not
dependent on the use of ordinal categories (none, mild,
moderate, severe) of calcium score (e-Appendix 1). The
use of ordinal categories of calcium score was supported
by nonsignificant P values for likelihood ratio tests for
the proportional odds assumption in our multivariate
models. Finally, no evidence was found of significant
collinearity among the pulmonary phenotypes and other
covariates included in statistical models in either cohort

chestjournal.org

(variance inflation factor, < 10). Therefore, the
independent association between lung hyperinflation
and coronary artery calcium seemed to be robust in both
cohorts.

Clinical CAD and MI

Those with a history of cardiovascular events in the
preceding year were excluded from the SCCOR cohort;
therefore, an insufficient number of participants with a
history of myocardial infarction (n = 25) or other forms
of clinical CAD (n = 38) was available to allow
meaningful multivariate analyses in the SCCOR cohort.

Two hundred two COPDGene participants reported a
history of clinical CAD. Increased lung hyperinflation
was associated with increased clinical CAD in univariate
analyses and in multivariate models adjusted for risk
factors, FEV, and other pulmonary phenotypes (OR,
1.60 per 0.20 increase in FRV to TLV ratio; 95% CI,
1.13-2.26; P = .008; adjusted for age, sex, race,
hypertension, diabetes, hyperlipidemia, current
smoking, pack years of smoking, FEV;, FEV, to FVC
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ratio, postbronchodilator change in FEV;, and LAA
%-950). FEV, was associated with increased odds of
clinical CAD (OR, 1.20 per 20% predicted lower FEV;
95% CI, 1.08-1.32; P = .001); however, similar to
calcium scores, adjustment for lung hyperinflation fully
attenuated this association (adjusted OR, 1.10 per

20% predicted lower FEV; 95% CI, 0.96-1.26; P = .15).
In the fully adjusted model, lung hyperinflation was the
only pulmonary phenotype with a significant association
with clinical CAD.

Lung hyperinflation also was associated with a history of
MI similar to history of clinical CAD in the COPDGene
cohort (76 COPDGene participants reported a history of
MI) (e-Appendix 1).

Results in Participants With Airflow Obstruction

In the COPDGene cohort, lung hyperinflation also was
associated with subclinical and clinical CAD in those
with airflow obstruction, ie, FEV, to FVC of < 0.70 (n =
1,248) (Fig 3). Specifically, lung hyperinflation was
associated with calcium score in univariate analyses and
in multivariate models adjusted for risk factors, FEV;,
and other pulmonary phenotypes (Fig 3). Reduced FEV;
was associated with calcium score independent of
cardiovascular risk factors; however, adjustment for lung
hyperinflation attenuated this association (Fig 3).
Similarly, lung hyperinflation was associated with
increased clinical CAD and MI in participants with
airflow limitation in univariate analyses and in
multivariate models adjusted for risk factors, FEV,, and
all other pulmonary phenotypes (e-Appendix 1).

In the SCCOR cohort, no pulmonary phenotype showed
a statistically significant association with calcium score
in individuals with airflow limitation. Specifically,
neither lung hyperinflation (P = .36), FEV, (P = .83),
nor emphysema (P = .83) were associated with coronary
artery calcium score in models adjusted for other
phenotypes and major risk factors. This was possibly
because of the relatively low number of individuals with
airflow obstruction (n = 239), leading to reduced
statistical power in multivariate models.

Discussion

We compared the association of various pulmonary
phenotypes with CAD using data from more than 3,000
smokers. Our results suggest that pulmonary phenotypes
have a weak to moderate correlation with one another
independent of airflow limitation. Our findings indicate
that lung hyperinflation is associated with CAD in a
manner that may be independent of FEV, or
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emphysema. In fact, after lung hyperinflation was
accounted for, FEV; and emphysema were not
associated with CAD. These findings were applicable to
clinical and subclinical CAD and to current and former
smokers with airflow obstruction and were replicated in
an unrelated community-based cohort.

If the association between lung hyperinflation and CAD
is causal, we can gain insight into mechanisms of
coronary vascular injury in smokers. First, lung
hyperinflation is an independent predictor of increased
left ventricular mass.”” Increase in left ventricular mass
in turn has been associated independently with
increased coronary artery calcium, clinical CAD, and
death in independent studies.”” *® Some have proposed
that increased left ventricular end-diastolic pressure
resulting from an increase in left ventricular mass
compromises subendocardial blood flow, leading to
vascular inflammation and atherosclerosis.”®
Alternatively, the coronary circulation may fail to meet
increased myocardial oxygen demand because of
muscular hypertrophy, resulting in chronic vascular
inflammation and atherosclerotic vascular injury.”’
Second, lung hyperinflation may impact systemic
endothelial function, a well-recognized precursor for
coronary atherosclerosis. The high degree of
improvement of lung hyperinflation, as compared with
FEV,, after lung volume reduction surgery predicts
improvement in systemic endothelial function after
surgery.”® Finally, lung hyperinflation is associated with
decreased sleep efficiency. Decreased sleep efficiency and
sleep apnea are highly prevalent in smokers with lung
disease and also have been associated with coronary
atherosclerosis.”” Our findings suggest that these
mechanisms for coronary vascular injury in smokers
with lung hyperinflation should be investigated further.

Prior studies of the association between lung and CAD
have produced inconsistent results. For example, some
have reported an association between calcium score and
emphysema.”® > In contrast, calcium score was
associated with FEV; % predicted, but not with
emphysema, in the Evaluation of COPD Longitudinally
to Identify Predictive Surrogate End-points (ECLIPSE)
cohort.” Still others have reported an association
between calcium score and emphysema as well as FEV.
Finally, neither emphysema nor FEV; was associated
with calcium score in the Multi-Ethnic Study of
Athersclerosis (MESA Lung) Study.” Our study
advances the literature by explaining the contradictory
findings of previous reports, ie, all prior studies focused
on FEV; and emphysema and did not assess lung
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hyperinflation. Specifically, our results suggest that
emphysema is associated weakly with calcium score. For
example, emphysema was associated with coronary
artery calcium in the COPDGene dataset, but not in the
SCCOR dataset (Figs 2, 3). Although FEV, was
associated more consistently with calcium scores than
emphysema, this association was relatively weak and was
fully attenuated after adjusting for lung hyperinflation
(Figs 2, 3). In contrast, lung hyperinflation showed
highly significant associations with calcium scores in
both datasets in all models. Therefore, our findings
refine and clarify the association between lung
impairment and CAD in smokers. Our study also
advances the literature because it is the first study on this
topic to demonstrate the reproducibility of results in an
independent cohort. A strength of our study is the use of
different methodologies to assess lung hyperinflation
(RV to TLC ratio in SCCOR vs radiographic FRV to
TLV ratio in COPDGene) and calcium scores (Weston
score in SCCOR vs Agatston score in COPDGene) in the
two cohorts. An association that persists despite using
different measures of both the exposure and the
outcome likely is more robust than one that is
reproducible only when the same methodology has to be
used in a second cohort.

For potential clinical use as a novel risk factor for CAD
in smokers, lung hyperinflation has some advantages
and disadvantages. Its advantages are that the
infrastructure to measure lung hyperinflation already
exists, is widely available, and is subject to regular
quality control per standardized guidelines. Also, its
assessment is noninvasive and safe, and the results are
understood conceptually by most clinicians. Its major
disadvantage is that assessment of lung hyperinflation is
more time- and resource-intensive compared with that
of FEV,. Therefore, the measurement of lung
hyperinflation may be better suited to those with
intermediate CAD risk based on current risk
stratification algorithms, rather than to all individuals at
risk for CAD. Identifying the appropriate subgroup of
individuals will require the assessment of lung
hyperinflation in cardiovascular cohorts where CAD risk
stratification and outcomes have been assessed
longitudinally.

chestjournal.org

Our study has limitations. First, we did not have data to
investigate the causality of the association between lung
hyperinflation and CAD; longitudinal analysis is needed
to demonstrate an association between progression of
coronary calcium and hyperinflation. Second, we used
two cohorts with some differences in assessment
methodology for calcium scores and hyperinflation,
which meant that the data could not be pooled and do
not confound one another. Next, our cohorts included
individuals with mild disease, and our findings should be
replicated in those with severe airflow limitation.
Similarly, our cohorts did not include never smokers.
Further, self-reported history of CAD was assessed,
rather than incident coronary vascular events. However,
results were identical for calcium scores, suggesting that
our findings were not the result of recall bias. Also,
individuals who had experienced a cardiovascular event
in the preceding year were excluded from the SCCOR
cohort, resulting in our inability to analyze
cardiovascular events as an end point in this cohort
because of the inadequate sample size. Finally, one of the
definitions of hypertension was having elevated BP on a
single measurement during one study visit. Therefore,
we may have overestimated the prevalence of
hypertension in our cohorts.

The intent of our analysis is not to suggest that FEV,
should be replaced by lung hyperinflation in the
investigation of CAD in smokers. Our results suggest
that lung hyperinflation may play a larger role in CAD
in smokers than previously appreciated, and therefore,
the association between lung hyperinflation and CAD
warrants a role in future clinical and translational
investigation.

Interpretation

We identified that lung hyperinflation measured via CT
scan or via plethysmography is associated with clinical
and subclinical CAD in smokers, including those with
airflow obstruction. Subsequent studies should consider
assessing lung hyperinflation and its associated
mechanisms for coronary vascular injury, such as left
ventricular remodeling, when investigating CAD in
smokers.
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