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Emphysema Progression and Lung
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BACKGROUND: Attenuation of transforming growth factor b by blocking angiotensin II has been
shown to reduce emphysema in a murine model. General population studies have demonstrated
that the use of angiotensin converting enzyme inhibitors (ACEis) and angiotensin-receptor
blockers (ARBs) is associated with reduction of emphysema progression in former smokers
and that the use of ACEis is associated with reduction of FEV1 progression in current smokers.

RESEARCHQUESTION: Is use of ACEi and ARB associated with less progression of emphysema
and FEV1 decline among individuals with COPD or baseline emphysema?

METHODS: Former and current smokers from the Genetic Epidemiology of COPD Study who
attended baseline and 5-year follow-up visits, did not change smoking status, and underwent chest
CT imaging were included. Adjusted linear mixed models were used to evaluate progression of
adjusted lung density (ALD), percent emphysema (%total lung volume <–950 Hounsfield units
[HU]), 15th percentile of the attenuation histogram (attenuation [in HU] below which 15% of
voxels are situated plus 1,000 HU), and lung function decline over 5 years between ACEi and ARB
users and nonusers in those with spirometry-confirmedCOPD, as well as all participants and those
with baseline emphysema. Effect modification by smoking status also was investigated.

RESULTS: Over 5 years of follow-up, compared with nonusers, ACEi and ARB users with COPD
showed slower ALD progression (adjusted mean difference [aMD], 1.6; 95% CI, 0.34-2.9). Slowed
lung function decline was not observed based on phase 1 medication (aMD of FEV1 % predicted,
0.83; 95% CI, –0.62 to 2.3), but was when analysis was limited to consistent ACEi and ARB users
(aMD of FEV1 % predicted, 1.9; 95% CI, 0.14-3.6). No effect modification by smoking status was
found for radiographic outcomes, and the lung function effect was more pronounced in former
smokers. Results were similar among participants with baseline emphysema.

INTERPRETATION: Among participants with spirometry-confirmed COPD or baseline emphysema,
ACEi and ARB use was associated with slower progression of emphysema and lung function decline.

TRIAL REGISTRY: ClinicalTrials.gov; No.: NCT00608764; URL: www.clinicaltrials.gov
CHEST 2021; 160(4):1245-1254
KEY WORDS: angiotensin II; COPD; emphysema progression
FOR EDITORIAL COMMENT, SEE PAGE 1160
giotensin converting enzyme inhibitor;
MD = adjusted mean difference; ARB =
COPDGene = Genetic Epidemiology of
nit; MESA = Multi-Ethnic Study of
percentile of the attenuation histogram;
factor b; TLV = total lung volume
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Take-home Points

Study Question: Is ACEi and ARB use associated with
less progression of emphysema and FEV1 decline
among individualswithCOPDorbaseline emphysema?
Results: Over a 5-year follow-up, ACEi andARBusers
with COPD showed slower ALD progression (adjusted
mean difference [aMD], 1.6; 95% CI, 0.34-2.9). Slowed
lung function decline was not observed based on phase
1 medication (aMD of FEV1 percent predicted, 0.83;
95% CI, –0.62 to 2.3), but was when analysis was
limited to consistent ACEi and ARB users (aMD of
FEV1 percent predicted, 1.9; 95% CI, 0.14-3.6). No
effect modification by smoking status was found for
radiographic outcomes, and the lung function effect
wasmore pronounced in former smokers. Results were
similar among participants with baseline emphysema.
Interpretation: Among participants with spirometry-
confirmed COPD or baseline emphysema, ACEi and
ARB use was associated with slower progression of
emphysema and lung function decline.
COPD is a leading cause of death worldwide1 and is
characterized by airflow obstruction and pulmonary
emphysema or airspace enlargement with destruction of
alveolar walls.2 The degree of radiographic emphysema
on CT imaging predicts morbidity and mortality,
independent of lung function, among individuals with
COPD3,4 and also is associated with incident airflow
obstruction,5 increased dyspnea,6 and mortality among
individuals without COPD.7
Medical School, Boston, MA; the Department of Biostatistics (K. A.
Pratte), the Department of Radiology (D. A. Lynch and S. M.
Humphries), National Jewish Health, Denver, the Department of
Epidemiology (G. L. Kinney), Colorado School of Public Health,
Aurora, CO; and the Division of Pulmonary, Allergy and Critical Care
Medicine (S. P. Bhatt), University of Alabama at Birmingham, Bir-
mingham, AL.
*Collaborators from the COPDGene Investigators are listed in the
Acknowledgments.
FUNDING/SUPPORT: This study was supported by the National Heart,
Lung, and Blood Institute [Grant F32HL149258-01 to V.T.] and the
Baurenschmidt Award from the Johns Hopkins Eudowood Foundation
(V.T.). M. H. C. was supported by the National Institutes of Health
[Grants R01HL135142, R01 HL137927, and R01 HL147148]. The
COPDGene study (NCT00608764) is supported by National Heart,
Lung, and Blood Institute [Grants R01 HL089897 and R01 HL089856]
and the COPD Foundation through contributions made to an industry
advisory board comprising AstraZeneca, Boehringer Ingelheim,
Novartis, Pfizer, GlaxoSmithKline, Siemens, and Sunovion.
CORRESPONDENCE TO: Vickram Tejwani, MD; email: tejwanv@ccf.
org
Copyright � 2021 American College of Chest Physicians. Published by
Elsevier Inc. All rights reserved.
DOI: https://doi.org/10.1016/j.chest.2021.05.007

1246 Original Research
Disturbances in transforming growth factor b (TGF-
b) signaling have been identified as a contributing
factor to increased extracellular matrix observed in
the distal airways of patients with severe COPD that
may compromise repair in the airspace
compartment, leading to histologic emphysema.8,9

Furthermore, TGF-b2 genetic variants and TGF-b-
related loci have been implicated in emphysema,
lung function, and COPD susceptibility.10,11 These
observations have led to therapeutic interest in TGF-
b antagonism with angiotensin converting enzyme
inhibitors (ACEis) and angiotensin-receptor blockers
(ARBs).12,13

Angiotensin-receptor blockade has been demonstrated
to improve histologic changes in a murine model of
cigarette smoke-induced emphysema.14 In a human
pilot study, ARB treatment was associated with a trend
toward improvement in emphysema in those with
baseline emphysema after 12 months of therapy.15 Data
from the general population of the Multi-Ethnic Study
of Atherosclerosis (MESA) Lung Study showed that use
of ACEis or ARBs was associated with slower
progression of emphysema, most pronounced in former
smokers.16 Data from the Lovelace Smokers Cohort, a
general population study of current smokers, found that
ACEi use was associated with less rapid decline in
FEV1.

17 Whether ACEi or ARB use is associated with
attenuation of emphysema or lung function progression
in those with established COPD is unclear. Furthermore,
whether any association in those with established disease
is affected by smoking status also is undetermined. We
sought to assess the association of ACEi and ARB use
with radiographic emphysema and lung function
progression in the Genetic Epidemiology of COPD
(COPDGene) Study among participants with
spirometry-confirmed COPD and, separately, those with
radiographic emphysema and all participants regardless
of COPD status or baseline emphysema.

Methods
COPDGene Cohort

The COPDGene Study is a multicenter prospective, observational
study that recruited > 10,000 participants who self-identified as non-
Hispanic White or Black. Individuals 45 to 80 years of age with
a $ 10-pack-year cigarette smoking history with and without COPD
were included.18 The COPDGene Study was approved by the
institutional review board at each site, and written informed consent
was obtained from all participants. This study is registered at
ClinicalTrials.gov (Identifier: NCT00608764).

This study included participants enrolled in phase 1 (baseline) from
2008 through 2011 with complete medication data and completed
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Qualitative emphysema (any visual emphysema)
n = 2,571

Subjects with phase 1 medication data and quality
baseline and follow-up CT scans

n = 4, 224
(~All Participants˘)

Spirometric-defined COPD (Primary Analysis)
n = 1,687

Did not follow-up for phase 2 visit
n = 2,319

Died before phase 2 visit
n = 1,237

Phase 1 CT scan missing or unusable
n = 719

COPDGene Phase 1 Cohort
N = 10,198

Phase 2 Return Participants
On-site visit, n = 5,923

Exclude significant change in lung (eg, lung transplant, LVRS)
n = 195

Exclude no phase 1 medication data
n = 30

Exclude smoking status changes
n = 827

Phase 2 CT scan missing or unusable
n = 625

Missing covariate data
n = 22

Quantitative emphysema (lung tissue less than –950 HU > 10% of TLV)
n = 677

Figure 1 – Flowchart showing inclusion and exclusion criteria. COPDGene ¼ Genetic Epidemiology of COPD; TLV ¼ total lung volume; LVRS ¼ lung
volume reduction surgery.
phase 2 (5-year follow-up) visits, conducted between 2013 and 2016.
Participants were excluded if they did not have quality CT scan data
at either visit or if they reported a change in smoking status between
phase 1 and phase 2 visits, because smoking cessation is associated
with a decrease in lung attenuation,19 or if a significant change in
lung volume occurred (Fig 1).

ACEi and ARB Assessment
Medications were assessed at phase 1 and phase 2 visits by self-report.
Medications were grouped as ACEi and ARB using standard
pharmacopeia (e-Table 1). Participants who had the same ACEi or
ARB status at both phases (ie, did not start or stop ACEi or ARB
therapy during the follow-up period) hereafter are referred to as
consistent users. Participants who alternated between an ACEi or
ARB use but were still taking a medication within either class also
were defined as consistent users.

Radiographic Outcomes of Interest

Noncontrast axial inspiratory and expiratory CT scans were obtained
during both phases using a standardized protocol described in e-
Appendix 1.18 The primary outcome is emphysema measured by
adjusted lung density (ALD) quantified on inspiratory scans using
MESA equations to adjust for total lung volume (TLV).20 We chose
ALD as the primary outcome given that it quantifies emphysema
more robustly independent of changes in FEV1.

21 Secondary
outcomes included other emphysema: (1) percentage of TLV less
than –950 Hounsfield units (HU; percent emphysema) and (2) based
chestjournal.org
on the 15th percentile of the attenuation histogram (Perc15) method
(attenuation [in HU] less than which 15% of voxels are situated plus
1,000 HU) adjusted for difference in TLV between baseline and
follow-up scans.21

Pulmonary Function Testing

Spirometry was performed using the EasyOne spirometer (Medical
Technologies) in accordance with European Respiratory Society and
American Thoracic Society guidelines.22 COPD was defined as
postbronchodilator ratio of FEV1 to FVC of < 70%. Predicted values
for FEV1 were calculated using Hankinson equations,23 and change
in FEV1 % predicted was investigated as a secondary outcome.

Statistical Analysis

The primary analysis included individuals with spirometry-confirmed
COPD. ACEi and ARB status was defined based on medications
being taking during phase 1. Baseline characteristics were compared
between ACEi and ARB users and nonusers using the c2 or Student
t tests. Longitudinal analysis was conducted using linear mixed
models with an unstructured covariance structure to account for
within-participant correlation and random intercepts for clinical site
and scanner model. All models were adjusted for baseline age, sex,
race, smoking status, BMI (underweight, < 18.5 kg/m2; normal or
overweight, 18.5-29.9 kg/m2; and obese, $ 30 kg/m2), CT scanner
model, systolic and diastolic BPs, use of aspirin or statin,24,25 self-
reported history of diabetes, congestive heart failure, and
atherosclerotic disease (coronary artery disease, heart attack,
1247
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coronary artery bypass surgery, or stroke). In longitudinal models,
BMI, CT scanner model, respiratory medication use, and systolic
and diastolic BP were included as time-varying covariates and an
interaction between ACEi and ARB status and time (study phase)
was included to evaluate change of each outcome of interest. Models
assessing FEV1 % predicted as an outcome did not include
adjustment for CT scanner model. These analyses also were
performed in all participants meeting inclusion and exclusion criteria
regardless of COPD status and in subsets of participants with
radiographic emphysema defined as lung tissue less than –950 HU >

10% of TLV (quantitative emphysema) or presence of any
emphysema by visual analysis (qualitative emphysema).26 Among all
participant analyses, a multiplicative interaction between COPD
status, ACEi and ARB use, and time (study phase) was used to
assess effect modification by COPD status. In the COPD participant
analysis, a multiplicative interaction between Global Initiative for
Chronic Obstructive Lung Disease stage, ACEi and ARB use, and
time (study phase) was used to assess effect modification by COPD
severity, defined by Global Initiative for Chronic Obstructive Lung
Disease stage. Effect modification by smoking status was evaluated
1248 Original Research
by including a multiplicative interaction between smoking status,
ACEi and ARB use, and time (study phase). Models that included all
participants were adjusted additionally for dichotomous baseline
COPD status.

Secondary analysis was conducted including only consistent users. We
also compared ACEi users with ACEi and ARB nonusers and ARB
users with ACEi and ARB nonusers to explore whether differences
existed between ACEi and ARB users. Additionally, we conducted
sensitivity analyses that added b-blocker and calcium-channel
blocker use individually as covariates along with their interaction
with time to evaluate whether the observed effect was the result of
antihypertensive therapy. Finally, to account for baseline differences
among ACEi and ARB users compared with nonusers and residual
confounding, sensitivity analyses with propensity score matching was
conducted (described in e-Appendix 1) and weighing ACEi and ARB
assignment by the inverse of inverse of the propensity score.27–30

P < .05 was considered statistically significant for all analyses.
Analyses were conducted using SAS version 9.4 software (SAS
Institute).
Results
Of the initial 10,198 COPDGene participants, 5,923 had
a quality phase 1 CT scan and returned for a phase 2
visit (719 did not have a quality phase 1 CT scan, 1,237
died before phase 2, and 2,319 did not have phase 2
follow-up). An additional 1,699 met a prespecified
exclusion criteria; thus, 4,224 participants met all
inclusion criteria (Fig 1). Of these participants
(henceforth, all participants), 1,687 (40%) had
spirometry-defined COPD, 677 (16%) had quantitatively
defined emphysema, and 2,571 (61%) had qualitative
emphysema.

Approximately one-quarter of participants (n ¼ 472
[28%]) reported ACEi or ARB use at baseline (Table 1).
ACEi and ARB users were older and were more likely to
be men and former smokers, but had higher pack-year
smoking histories compared with nonusers. The ACEi
and ARB users also showed a higher BMI, prevalence of
cardiac comorbidities and diabetes, and use of aspirin
and statins. Three-quarters of these participants (n ¼
1,307) showed consistent ACEi or ARB status between
visits, of which 325 were consistent ACEi or ARB users.
Participants who died before the second visit (n ¼ 881)
or did not complete the second visit (n ¼ 1,130) had
more severe COPD and emphysema and were more
likely to be current smokers with more substantial
smoking history, to be underweight, and to be users of
respiratory medications; however, they showed no
difference in ACEi or ARB use (e-Table 2).

Primary Outcome of ALD

In longitudinal analysis of participants with spirometry-
confirmed COPD, baseline ACEi and ARB users showed
less worsening of lung density over 5 years (adjusted
mean difference [aMD] of ALD, 1.6 g/L; 95% CI, 0.34-
2.9 g/L) compared with ACEi and ARB nonusers. When
limiting analysis to those with consistent ACEi or ARB
status, results were stronger with consistent ACEi or
ARB users having a 2.1-g/L slower progression of ALD
(95% CI, 0.58-3.6 g/L) (Fig 2). No difference was found
between ACEi users (n ¼ 340) and ARB users (n ¼ 132)
when evaluated separately (e-Fig 1).

For participants with baseline emphysema, results
were stronger in those with quantitative emphysema
showing an association between baseline ACEi and
ARB use and less progression of lung density (aMD,
1.8 [95% CI, 0.17-3.4] in those with quantitative
emphysema; aMD, 0.93 [95% CI, –0.06 to 1.9] in
those with qualitative emphysema). The results again
were more robust when limiting to those whose
ACEi or ARB status did not change (e-Table 3).
When analyzing all participants meeting inclusion
criteria regardless of COPD status or baseline
emphysema, ACEi and ARB users showed
directionally similar—but not statistically
significant—less progression of ALD (aMD, 0.54;
95% CI, –0.22 to 1.3). Results still did not achieve
statistical significance when limiting to consistent
ACEi and ARB users.

Secondary Emphysema Outcomes

Among participants with COPD, baseline ACEi and
ARB use was associated with significantly less
progression in percent emphysema (aMD, –0.61;
95% CI, –1.2 to –0.02) and Perc15 (aMD, 1.9; 95% CI,
0.35-3.4), with similar results when limiting analysis to
[ 1 6 0 # 4 CHES T OC TO B E R 2 0 2 1 ]



TABLE 1 ] Participant Characteristics

Characteristic No ACE or ARB Use (n ¼ 1,215) ACE or ARB Use (n ¼ 472) P Value

Age, y 62.2 � 8.4 65.7 � 7.4 < .0001

Female sex 588 (48.4) 192 (40.7) .004

Black 243 (20) 84 (17.8) .3

FEV1 % predicted 64.3 � 21 62.7 � 19.8 .2

GOLD stage ... ... .0001

1 (FEV1 $ 80%, FEV1 to FVC ratio, < 0.7) 294 (24.2) 96 (20.3) ...

2 (50% # FEV1 < 80%, FEV1 to FVC ratio, < 0.7) 584 (48.1) 237 (50.2) ...

3 (30% # FEV1 < 50%, FEV1 to FVC ratio, < 0.7) 268 (22.1) 119 (25.2) ...

4 (FEV1 < 30%, FEV1 to FVC ratio, 0.7) 69 (5.7) 20 (4.2) ...

Percent emphysema < –950 HU 10.1 � 10.7 9.7 � 8.8 .47

Adjusted lung density, g/L 74.0 � 23.7 74.2 � 25.3 .9

Perc15, HU 68.3 � 24.8 68.4 � 27.1 .9

6MWT, feet 1,381.5 � 364.2 1,309.5 � 348.6 .0003

SGRQ total score 29.4 � 21.5 31 � 20.9 .2

No. of exacerbations in the last year 0.48 � 1 0.52 � 1 .4

Current smoker 489 (40.3) 118 (25) < .0001

Pack-years smoked 48.3 � 25.1 52.9 � 26.4 .001

Respiratory medication use 671 (55.2) 291 (61.7) .02

Inhaled corticosteroid 432 (36) 185 (39.8) .2

BMI 27.7 � 5.6 29.7 � 5.8 < .0001

BMI category ... ... < .0001

Underweight 21 (1.7) 2 (0.4) ...

Normal or overweight 826 (68) 275 (58.3) ...

Obese 368 (30.3) 195 (41.3) ...

Congestive heart failure 28 (2.3) 22 (4.7) 0.01

Diabetes 79 (6.5) 122 (25.9) < .0001

High BP 378 (31.1) 420 (89) < .0001

High cholesterol 442 (36.4) 284 (60.2) < .0001

Atherosclerotic disease 121 (10) 117 (24.8) < .0001

History of heart attack 67 (5.5) 62 (13.1) < .0001

History of stroke 36 (3) 19 (4) .3

History of coronary artery bypass graft 23 (1.9) 35 (7.4) < .0001

Coronary artery disease 69 (5.7) 88 (18.6) < .0001

BP, mm Hg ... ... ...

Systolic 129.2 � 16.4 130.7 � 17.3 .1

Diastolic 76.2 � 10.5 74.7 � 10.9 .01

Oral corticosteroid 32 (2.7) 12 (2.6) .9

Aspirin 197 (16.2) 181 (38.4) < .0001

Statin 262 (21.6) 253 (53.6) < .0001

Calcium-channel blocker 111 (9.1) 117 (24.8) < .0001

b-blocker 137 (11.3) 135 (28.6) < .0001

Same scanner identification at both visits 576 (47.4) 223 (47.3) 1

Same scanner model at both visits 700 (57.6) 270 (57.2) .9

Data are presented as No. (%) or mean � SD, unless otherwise indicated. ACE ¼ angiotensin converting enzyme; ARB ¼ angiotensin-receptor blocker;
GOLD ¼ Global Initiative for Chronic Obstructive Lung Disease; HU ¼ Hounsfield unit; Perc15 ¼ 15th percentile of the attenuation histogram; SGRQ ¼ St.
George’s Respiratory Questionnaire; 6MWT ¼ 6-min walk test.

chestjournal.org 1249
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Change over 5 y (95% CI) ACEi/ARB users ACEi/ARB
nonusers

Models are adjusted for age, gender, race, smoking status, body mass index (time varying; underweight, normal/overweight, obese), CT scanner model (time varying), respiratory medication use
(time varying), aspirin use, statin use, systolic blood pressure (time varying), diastolic blood pressure (time varying), history of diabetes, congestive heart failure, atherosclerotic disease (coronary artery
disease, heart attack, coronary artery bypass surgery, or stroke). Unstructured covariance structure for within-participant repeated measures. Random intercepts for study center and scanner model.
FEV1 % predicted model excludes CT scanner model as both fixed and random effect. Higher ALD, lower % emphysema, higher Perc15 and higher FEV1 % predicted favor ACEi/ARB use.

Changes in radiographic features and FEV1 in ACEi/ARB users versus nonusers among COPD participants

Changes in radiographic features and FEV1 in ACEi/ARB users versus nonusers among COPD participants
(Limited to those that did not switch ACEi/ARB status)

–1.5 –1 –0.5 0 0.5 1

Adjusted Mean Difference over 5 y (95% CI)

1.5 2 2.5 3 3.5

–1 –0.5 0 0.5 1

Adjusted Mean Difference over 5 y (95% CI)

1.5 2 2.5 3 3.5

Δ Adjusted Lung Density (g/L) 1.6 (0.34 to 2.9)–5.2 (–6.0 to –4.4)–3.5 (–4.9 to –2.4)

Δ in Perc15 (inspiratory) 1.9 (0.35 to 3.4)–5.6 (–6.5 to –4.6)–3.7 (–5.1 to –2.3)

Δ Adjusted Lung Density (g/L) –3.2 (–4.6 to –1.8) –5.2 (–6.1 to –4.4) 2.1 (0.58 to 3.6)

Δ in Perc15 (inspiratory) –3.4 (–5.1 to –1.8) –5.2 (–6.3 to –4.2) 1.8 (–0.002 to 3.6)

Δ in FEV1 % predicted –0.58 (–2.1 to –0.93) –2.4 (-3.3 to –1.6) 1.9 (0.14 to 3.6)

Δ %emphysema (< –950 HU) 1.6 (0.97 to 2.3) 2.4 (2.0 to 2.8) –0.77 (–1.5 to –0.07)

Δ %emphysema (< –950 HU) –0.61 (–1.2 to –0.02)2.3 (2.0 to 2.7)1.0 (–0.07 to 2.1)

Δ in FEV1 % predicted 0.83 (–0.62 to 2.3)–2.2 (–3.0 to –1.4)–1.4 (–2.6 to –0.14)

Figure 2 – Forest plot showing change in radiographic features and FEV1 in ACEi and ARB users vs nonusers among participants with COPD. ACEi ¼
angiotensin converting enzyme inhibitor; ARB ¼ angiotensin-receptor blocker; HU ¼ Hounsfield unit; Perc15 ¼ 15th percentile of the attenuation
histogram.
consistent users (Fig 2). No difference was found between
ACEi and ARB users when evaluated separately (e-Fig 1).

For participants with baseline emphysema, results of
secondary emphysema measures again were stronger in
those with quantitative emphysema. When limited to
those with the consistent ACEi or ARB status,
associations remained stronger in those with
quantitative emphysema. Among all participants,
similar, but nonstatistical, trends were found of slowing
of progression in emphysema and Perc15. Analysis
limited to those with consistent ACEi or ARB status
demonstrated similar results (e-Table 3).

Secondary Outcome of Lung Function (FEV1

% Predicted)

Among participants with COPD, those reporting
baseline ACEi or ARB use showed a trend toward lower
loss in lung function (0.83%; 95% CI, –0.62 to 2.3) (Fig
2) compared with those not using ACEis or ARBs at
baseline. When limiting to those with consistent ACEi
or ARB status, a slower progression of FEV1 % predicted
was found that showed a 1.9% lower loss (95% CI,
0.14%-3.6%). When analyzing COPD participants who
were ACEi users and ARB users separately, the slowing
FEV1 % predicted progression seemed to be more
pronounced in ACEi users, but neither was statistically
significant (e-Fig 1).
1250 Original Research
In those with qualitative and quantitative emphysema at
baseline, baseline ACEi and ARB users showed a decline
in attenuated progression of FEV1 % predicted
compared with those not reporting ACEi or ARB use
(aMD for FEV1 % predicted, 2.5 less [95% CI, 0.23-4.8]
in those with quantitative emphysema and 1.1 less
[95% CI, 0.05-2.2] in those with qualitative
emphysema). When limited to consistent users,
associations were stronger, with consistent ACEi or ARB
users showed a 3.6% and 2.2% lower loss in FEV1

% predicted among those with baseline quantitative and
qualitative emphysema, respectively. Among all
participants, no statistically significant association was
found with slowing in FEV1 % predicted (aMD,
0.7% less; 95% CI, –0.09 to 1.6 less) based on phase 1
medication, but a statistically significant association was
found when limiting the analysis to consistent users
(aMD, 1.2% less; 95% CI, 0.27%-2.2% less).
Effect Modification and Sensitivity Analyses

Among all participants, effect modification by COPD
status was statistically significant (P < .05 for
interaction) for the primary outcome of ALD, and
trends were similar but not statistically significant for
secondary emphysema outcomes (e-Table 4). Among
participants with COPD, no effect modification was
found by Global Initiative for Chronic Obstructive Lung
[ 1 6 0 # 4 CHES T OC TO B E R 2 0 2 1 ]



Disease stage (e-Table 5). Among participants with
COPD, no effect modification was found by smoking
status on progression of ALD, percent emphysema, or
Perc15 (all P > .05 for interaction). However, the
protective association between ACEi or ARB status and
lung function decline was stronger among former
smokers than current smokers, a trend that was similar,
but not statistically significant, when limiting to
consistent users (e-Table 6).

The propensity score-matched sensitivity analysis
included 405 participant pairs (e-Table 7). An
association was found between ACEi or ARB use and
slower progression of ALD and Perc15, but results were
attenuated for percent emphysema and FEV1

% predicted. Results for the inverse probability of
treatment weights analysis was similar to those for the
main analysis (e-Table 8). The sensitivity analysis
investigating alternative antihypertensive medication
revealed that b-blocker and calcium-channel blocker
users did not show a change in primary or secondary
outcomes when compared with nonusers (e-Table 9).
Discussion
In those with COPD, either confirmed by spirometry or
those with quantitative or qualitative emphysema, ACEi
and ARB use was associated with slower progression of
emphysema, regardless of current or former smoking
status. ACEi and ARB use also was associated with
attenuated lung function decline, particularly in former
smokers. Participants reporting consistent ACEi or ARB
use showed more robust signals for slowing emphysema
progression and lung function decline. The magnitude
of effect of ACEi and ARB use with emphysema and
FEV1 % predicted progression was less when analyzing
all participants in the COPDGene Study, suggesting that
individuals with existing evidence of disease are more
likely to benefit from any potential protective effects of
ACEi and ARB use.

Although our results suggest that those with existing
evidence of disease (airflow obstruction or emphysema)
may be more likely to benefit from ACEi or ARB use and
association results were less strong when including
smokers without evidence of obstructive lung disease,
other studies suggest that ACEi and ARB use also may be
associated with attenuated emphysema or lung function
progression in general population cohorts. A prior study
of MESA Lung participants identified ACEi and ARB
users among a general population cohort without clinical
cardiovascular disease as showing a slower progression of
chestjournal.org
emphysema.16 In the MESA study, the association of
ACEi and ARB use was more pronounced in former
smokers, but was not statistically significant in current
smokers. In our study, we did not find effect modification
by smoking status, and the difference in study results may
be because our cohort included only participants with
heavy smoking histories, or because the association of
ACEi and ARB use in those already identified to be
susceptible to disease by having baseline airflow
obstruction or emphysema may be larger and evident
regardless of smoking status. Additionally, a study of
smokers without COPD from the Lovelace Smokers
Cohort showed that ACEi users demonstrated slower
worsening of FEV1 on serial spirometry.17 We observed a
similar slowing in all participants that included both
former and current smokers and among those with
COPD when limiting to those with consistent ACEi and
ARB status, with a more pronounced effect in former
smokers. No established minimally clinically important
difference for FEV1 % predicted exists; however,
regulators have noted that a change of 5% to 10% of
change from baseline is considered to be clinically
important.31 The difference over 5 years did not meet this
threshold, but prolonged use may lead to such a change.
Similarly, no minimally clinically important difference
has been established for ALD, but increased radiographic
emphysema has been associated with worse COPD
morbidity21,32 and increased mortality.3,4,33 For example,
a recent study of COPDGene participants found that a 1-
g/L faster decline in lung density per year was associated
with an 8% higher all-cause mortality and a 22% higher
respiratory mortality.34

Our results add strength to the results of a pilot trial of
106 participants with COPD, randomized to losartan
vs placebo for 12 months of therapy, that showed a
marginal significant difference between the subgroup of
50 participants with baseline emphysema (b ¼ –2.5%;
P ¼ .06) in emphysema progression, which was defined
as 5% to 35% of voxels < 950 HU.15 The hypothesized
mechanism of our observations is attenuation of TGF-
b through reduction of angiotensin II effect on
angiotensin II type 1 receptors. The hypothesis that
protective benefits are conferred through TGF-b is
supported by histologic emphysema improvement in a
murine model of emphysema with both TGF-b-specific
neutralizing antibody or ARB therapy.14 Studies have
demonstrated that angiotensin II stimulates
extracellular protein synthesis via TGF-b activation
and may lead to a fibroproliferative response.13,35 It
also may be related to effects on angiotensin II on the
1251

http://chestjournal.org


Smad2/3 pathway that, in other cell types, has been
shown to occur in a TGF-b-independent mechanism.36

Other mechanisms that may be complementary also
are plausible. Improvement in skeletal muscle function
has been postulated given that angiotensin II promotes
skeletal muscle atrophy37; however, trials thus far of
ACEi in COPD have not improved muscle strength,
either alone or as an adjunct to pulmonary
rehabilitation.38,39 Angiotensin II also generates
reactive oxygen species and exerts a direct
proinflammatory effect on immune cells, which is
proposed to occur through activation of the nuclear
factor k B pathway, rather than TGF-b.40 Finally,
attenuating the classical effects of angiotensin II on
pulmonary vasculature, for example, vasoconstriction
and reduced nitric oxide,41 are less likely to explain an
improvement in radiographic emphysema and lung
function. This ambiguity is underscored further and
amplified by studies assessing ACEi independently or
ARB independently or considering them together.
Although both abrogate the effects of angiotensin II,
they do so in distinct manners, namely, ACEi inhibits
conversion of angiotensin I to angiotensin II, whereas
ARBs function as an angiotensin II receptor antagonist.
Whether the benefits conferred from ARBs are related
to preventing deleterious effects through antagonism of
angiotensin II type I receptors or protective benefits
through increased agonism of angiotensin II type II
receptors is unknown.42 We observed comparable
benefits of slowing emphysema progression in both the
ACEi-only group and ARB-only group; however, the
slowing of FEV1 % predicted progression seemed more
pronounced in the ACEi-only group. Therefore, it is
plausible that the protective mechanism may be
through antagonism of angiotensin type 1 receptors.
However, further studies are required to elucidate the
specific signaling mechanism of angiotensin II and its
role in emphysema and COPD.
1252 Original Research
Limitations of our study merit discussion. Only
participants who completed the phase 2 visit were
included in our study, which biased our cohort
toward a healthier group than those who were lost to
follow-up or died before the phase 2 visit. Our
medication data did not include dosage, and
therefore, we were unable to assess for a dose-
response effect that was identified previously in the
MESA Lung participants.16 Furthermore, medication
was self-reported, and we did not have medication
data at both visits for all participants. However, we
addressed the durability of our results by repeating
analyses on those with phase 1 and phase 2
medication data who did not change ACEi or ARB
status. We structured our study to evaluate prevalent
users given an unknown start date, and therefore an
unknown duration of exposure before study entry.
This may be interpreted as a continued benefit;
however, given an unknown duration of exposure
before phase 1, no definitive conclusions can be
drawn. Also a potential for confounding exists by
indication for treatment with an ACEi or ARB or
residual confounding. However, the strength of our
study lies in the comprehensive phenotype data and
the ability to investigate subgroups with baseline
pulmonary disease and adequate sample size to
explore effect modification by smoking status.

Interpretation
To our knowledge, this is the first study to report slower
progression of emphysema and FEV1 decline among
adults with COPD and those with presence of
quantitative and qualitative radiographic emphysema in
ACEi and ARB users. Findings from this study support
the pursuit of randomized control trials regardless of
smoking status to determine potential therapeutic
benefit of ACEi and ARB use in patients with
emphysema or spirometry-confirmed COPD.
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