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Abstract

Rationale: Cigarette smoking contributes to the risk of death
through different mechanisms.

Objectives: To determine how causes of and clinical features
associated with death vary in tobacco cigarette users by lung
function impairment.

Methods: We stratified current and former tobacco cigarette
users enrolled in Genetic Epidemiology of Chronic Obstructive
Pulmonary Disease (COPDGene) into normal spirometry, PRISm
(Preserved Ratio Impaired Spirometry), Global Initiative for
Chronic Obstructive Lung Disease (GOLD) 1-2 COPD,

and GOLD 3-4 COPD. Deaths were identified via longitudinal
follow-up and Social Security Death Index search. Causes of
death were adjudicated after a review of death certificates,
medical records, and next-of-kin interviews. We tested
associations between baseline clinical variables and all-cause
mortality using multivariable Cox proportional hazards models.

Measurements and Main Results: Over a 10.1-year median
follow-up, 2,200 deaths occurred among 10,132 participants

(age 59.5 = 9.0 yr; 46.6% women). Death from cardiovascular
disease was most frequent in PRISm (31% of deaths). Lung cancer
deaths were most frequent in GOLD 1-2 (18% of deaths

vs. 9-11% in other groups). Respiratory deaths outpaced competing
causes of death in GOLD 34, particularly when BODE

index =7. St. George’s Respiratory Questionnaire score =25 was
associated with higher mortality in all groups: Hazard ratio (HR),
1.48 (1.20-1.84) normal spirometry; HR, 1.40 (1.05-1.87) PRISm;
HR, 1.80 (1.49-2.17) GOLD 1-2; HR, 1.65 (1.26-2.17)

GOLD 3-4. History of respiratory exacerbations was associated with
higher mortality in GOLD 1-2 and GOLD 3-4, quantitative
emphysema in GOLD 1-2, and airway wall thickness in PRISm and
GOLD 3-4.

Conclusions: Leading causes of death vary by lung function
impairment in tobacco cigarette users. Worse respiratory-related
quality of life is associated with all-cause mortality regardless of
lung function.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Mortality adjudication
analyses of clinical trials that
enrolled participants with smoking-
related chronic obstructive
pulmonary disease (COPD) suggest
the proportion of respiratory deaths
is higher when lung function is
lower. However, outside of clinical
trials, the distribution of causes

of death in current and former
tobacco cigarette users with
different severities of lung function
impairment has not been fully
characterized.

What This Study Adds to the
Field: In this analysis of the
COPDGene cohort, death from
cardiovascular disease was most
frequent in PRISm (preserved ratio
impaired spirometry), lung cancer
deaths were most frequent in
GOLD (Global Initiative for
Chronic Obstructive Lung Disease)
1-2 COPD, and respiratory deaths
outpaced competing causes of death
in GOLD 3-4 COPD, especially
when the BODE (body mass index,
airflow obstruction, dyspnea,
exercise capacity) index was =7.
Impaired baseline respiratory-
related quality of life was
independently associated with
higher 10-year all-cause mortality
regardless of lung function.

Cigarette smoking is responsible for one of
every five deaths in the United States, most
commonly because of respiratory disease,
cardiovascular disease, and malignancy

(1, 2). The primary cause of death in
individuals with a smoking history depends
on a host of genetic, clinical, and behavioral
determinants, including susceptibility to
lung injury. Mortality adjudication analyses
of clinical trials that enrolled participants
with smoking-related chronic obstructive

pulmonary disease (COPD) suggest the
proportion of respiratory deaths is higher
when the FEV is lower. For example, in
the European Respiratory Society Study

on Chronic Obstructive Pulmonary Disease
(mean FEV, 77% predicted), 11% of deaths
were attributed to respiratory causes (3).

In contrast, the proportions of respiratory
deaths in the Toward a Revolution in
COPD Health (mean FEV 44% predicted)
and Understanding Potential Long-Term
Impacts on Function with Tiotropium
(mean FEV, 48% predicted) clinical trials
were 35% and 38%, respectively (4-7).
Outside of mortality data from COPD
clinical trials, the distribution of causes

of death in clinically diverse tobacco
cigarette users with and without

airflow obstruction has not been fully
characterized.

Beyond FEV, clinical parameters such
as the burden of respiratory symptoms and
the frequency of respiratory exacerbations
help capture the heterogeneity of smoking-
related lung disease (8-11). In addition,
chest imaging features such as the extent
of emphysema and airway wall thickness
on computed tomography (CT) further
inform the nature and severity of such
disease (10-12). These features have
become increasingly available in clinical
practice as chest CT's are routinely obtained
for a number of indications ranging from
screening for lung cancer to evaluation
for pulmonary embolism. However,
the impact of these clinical and imaging
characteristics on long-term all-cause
and respiratory-related mortality has
not been comprehensively examined
in tobacco cigarette users with different
severities of lung function impairment.

We hypothesized that leading causes of
death and the association of common clinical
and imaging features with death vary by the
type and severity of lung function
impairment in individuals with a smoking
history. We tested this hypothesis using data
from the Genetic Epidemiology of Chronic
Obstructive Pulmonary Disease
(COPDGene) study that enrolled current
and former tobacco cigarette users with an
appreciable range of lung disease severity.
Some of the results of this analysis have been

previously reported in the form of an
abstract (13).

Methods

Study Population and Measurements
COPDGene is a multicenter longitudinal
cohort study in the United States that enrolled
individuals between the ages of 45 and

80 years with current or former tobacco use
(=10 pack-years) (14). Exclusion criteria
included a history of lung disease other than
asthma, active cancer under treatment, a lung
mass suspicious of malignancy, a recent
myocardial infarction, and a history of
radiation therapy to the chest.

Data on demographics, smoking
history, comorbidities, and number of
respiratory exacerbations in the year before
enrollment were collected from participants
at the baseline visit. Exacerbations were
defined as acute worsening of respiratory
symptoms requiring treatment with
antibiotics and/or systemic corticosteroids.
Respiratory-related quality of life was
assessed through the administration of
the SGRQ (St. George’s Respiratory
Questionnaire), with a total score of =25
denoting significant impairment (range,
0-100) (15). Spirometry was performed
using an Easy-One spirometer (ndd Medical
Technologies) at the baseline visit before and
after administration of 180 pg of albuterol.
The BODE (Body mass index, airflow
Obstruction, Dyspnea, Exercise capacity)
index was calculated using the body mass
index (BMI), postbronchodilator FEV,%
predicted, mMRC (modified Medical
Research Council) dyspnea severity score,
and the distance walked on a 6-minute-walk
test (range, 0-10, with higher scores
portending a worse prognosis) (16).

Participants underwent a volumetric
chest CT at the baseline visit, as previously
described (14). Emphysema was quantified
as the percent of lung volume with
attenuation <—950 Hounsfield Units at full
inspiration. Airway wall thickness was
assessed using Pil10, a standardized measure
of the square root of the wall area for a
hypothetical airway with an internal
perimeter of 10 mm (VIDA Diagnostics) (17).
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The study protocol was approved by the
institutional review boards of participating
centers, and all participants gave their
written informed consent.

Identification and Adjudication

of Deaths

Participants were enrolled from January 2008
to June 2011 and followed through August
2020 for vital status determination. Deaths
were identified via the Longitudinal Follow-
up Program of COPDGene and a search of
the Social Security Death Index (18). The
COPDGene Death Adjudication Committee
then reviewed all available sources of
information, including death certificates,
medical records, and next-of-kin interviews,
to determine the cause of death according

to the principles of mortality adjudication
adopted by the Clinical Endpoints
Committee of the Toward a Revolution in
COPD Health study (see the Appendix in the
online supplement) (6). Causes of death that
could not be definitively adjudicated after a
review of all available information were
classified as inconclusive. Deaths for which
adequate sources of information could

not be obtained had their cause classified

as missing.

Statistical Analyses

Analyses included all participants and were
also stratified by the following lung function
categories on the basis of postbronchodilator
spirometry: Normal spirometry (FEV/

FVC = 0.7 and FEV, = 80% predicted),
preserved ratio impaired spirometry
(PRISm: FEV,/FVC = 0.7 and FEV; < 80%
predicted) (19), GOLD 1-2 (FEV,/FVC < 0.7
and FEV, = 50% predicted), and GOLD 3-4
(FEV/FVC < 0.7 and FEV,; < 50%
predicted) (20). We compared the
proportions of each cause of death between
any two lung function categories using the
chi-square test. For each lung function
category, we estimated survival probabilities
stratified by the number of exacerbations

in the year before enrollment (=2 vs. <2)
and by baseline SGRQ score (=25 vs. <25)
using the Kaplan-Meier product limit
estimator.

We constructed multivariable Cox
proportional hazards models with all-cause
mortality as the outcome and the following
predictors of interest: =2 exacerbations in
the year before enrollment, SGRQ = 25,
mMRC = 2, and chronic bronchitis (defined
as chronic cough and sputum production
for at least 3 months per year for two

consecutive years) in separate clinical
models, and 1% absolute increase in
emphysema and a one-standard-deviation
increase in Pil0 in separate imaging models.
Clinical models were adjusted for age, sex,
race, BMI, smoking status, smoking pack-
years, highest level of school completed,
postbronchodilator FEV,% predicted, and
study site. Imaging models were adjusted for
the same variables as clinical models except
for scanner make instead of the study site.

To account for dependent censoring
from competing causes of death, we applied
inverse probability weighting to Kaplan-
Meier curves to model probabilities of death
from respiratory disease, cardiovascular
disease, and lung cancer in each lung
function category. We also applied inverse
probability weighting to multivariable
Cox proportional hazards models with
respiratory mortality as the outcome. These
models were weighted for demographic and
clinical variables that could affect risk and
cause of mortality in tobacco cigarette users,
including age, sex, race, BMI, smoking status,
smoking pack-years, time since smoking
cessation, postbronchodilator FEV;%
predicted, the highest level of school
completed, personal and family history of
cancer, and self-reported history of coronary
artery disease, congestive heart failure, and
diabetes mellitus.

All analyses were performed in R
software version 3.4.0. A P value less than
0.05 was considered statistically significant.

Results

Baseline Characteristics

The baseline characteristics of the 10,132
participants (4,387 normal spirometry, 1,262
PRISm, 2,713 GOLD 1-2, and 1,770 GOLD
3-4) are summarized in Table 1. The mean
age was 59.5 years. Women and Black
individuals accounted for 46.6% and 33.2%
of the cohort, respectively. The proportion of
participants with at least two respiratory
exacerbations in the year before enrollment
increased with the severity of lung function
impairment: 2.7% in normal spirometry,
7.4% in PRISm, 10.7% in GOLD 1-2, and
23.3% in GOLD 3-4. The proportion of
participants with SGRQ = 25 was lowest

in normal spirometry (26.0%), highest in
GOLD 3-4 (89.7%), and intermediate in
PRISm (51.0%) and GOLD 1-2 (50.1%).
Median percent emphysema on CT was
2.2%, lowest in PRISm (0.7%) and highest
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in GOLD 3-4 (18.8%). Mean Pil0 was

3.68 mm, lowest in normal spirometry

(3.65 mm), and highest in PRISm and GOLD
3-4 (3.73 and 3.75 mm, respectively).

Causes of Death
Over a median follow-up of 10.1 years, 2,200
deaths occurred: 436 in normal spirometry,
228 in PRISm, 600 in GOLD 1-2, and 936 in
GOLD 3-4. Of the 2,200 recorded deaths,
1,757 had their causes reviewed to date.
Of these, 409 (23.3%) had their cause
classified as missing because of an inability
to obtain adequate sources of information.
The proportions of deaths with a missing
cause were similar between lung function
categories (Table E1 in the online
supplement). Other than lower smoking
pack-years (51.2 = 25.2 vs. 54.6 = 30.7) and
higher FEV % predicted (59.1 = 26.1 vs.
55.5 % 28.1), participants with a missing
cause of death had similar demographic
and clinical characteristics to those with
adjudicated causes of death (Table E2).
Leading causes of death in participants
with normal spirometry included
cardiovascular disease (22%) and
malignancies other than lung cancer (22%)
(Figure 1 and Table E1). The leading cause
of death in PRISm was cardiovascular
disease (31%). In GOLD 1-2 participants,
deaths from cardiovascular disease (22%),
respiratory disease (20%), lung cancer (18%),
and malignancies other than lung cancer
(17%) occurred with nearly similar incidence.
By contrast, respiratory events accounted
for most deaths (61%) in GOLD 3-4
participants. The proportion of respiratory-
related deaths was significantly higher
with increasing severity of lung function
impairment (Table E3). Cardiovascular
deaths were proportionately less frequent in
GOLD 3-4, and lung cancer deaths were
proportionately more frequent in GOLD 1-2
relative to other lung function categories.
We then examined causes of death by
spirometry group further stratified by sex,
race, and smoking status (Table E4 and
Figures E1-E3). Female participants with
PRISm had a higher incidence of lung cancer
deaths compared with male participants with
PRISm (16.9% vs. 5.9%; P=0.047). Black
participants with normal spirometry had a
higher incidence of cardiovascular deaths
compared with White participants with
normal spirometry (28.6% vs. 17.4%;
P=0.03). Participants who formerly smoked
were more likely to die from respiratory
causes than those still smoking, particularly
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Table 1. Baseline Characteristics of Individuals with a Smoking History

Age, yr

Female, %

Black, %

Body mass index, kg/m?

Currently smoking, %

Smoking pack-years

Postbronchodilator FEV4, L

Postbronchodilator FEV4, % predicted

Postbronchodilator FEV/FVC, %

BODE index

=2 respiratory exacerbations in yr before
study enrollment, n (%)*

SGRAQ total score =25, n (%)

mMRC score =2, n (%)

Chronic bronchitis, n (%)

Self-reported coronary artery disease, n (%)

Self-reported congestive heart failure, n (%)

Self-reported diabetes mellitus, n (%)

Personal history of cancer (before
enroliment), n (%)

Family history of cancer, n (%)

Emphysema on chest CT, % of total lung
volume'’

Pi10, mm¥*

All Normal Spirometry PRISm GOLD 1-2 GOLD 34
(N=10,132) (n=4,387) (n=1,262) (n=2,713) (n=1,770)
59.5+9.0 56.6 = 8.4 572+8.2 62.3+8.9 64.2+8.1
4,723 (46.6) 2,067 (47.1) 679 (53.8) 1,230 (45.3) 747 (42.2)
3,366 (33.2) 1,807 (41.2) 541 (42.9) 660 (24.3) 358 (20.2)
28.8+£6.3 8.9+5.8 31.9+73 28.3+5.9 27.3+6.3
5,364 (52.9) 2,617 (59.7) 804 (63.7) 1,394 (51.4) 549 (31.0)
442 +25.0 37.2+20.2 42.6+24.2 49.0 +-26.3 55.4 +28.1
22+0.9 29+0.7 21+0.5 21+0.7 1.0+04
76.3+25.5 97.4+115 70.2+8.4 725+14.5 34.2+10.0
66.7 = 16.2 78.7+5.2 76.6 4.9 60.3+7.7 39.8+10.4
1 [0-3] 0 [0-1] 1 [0-3] 1 [0-3] 5 [4-7]
916 (9.0) 119 (2.7) 94 (7.4) 290 (10.7) 413 (23.3)
4,731 (46.7) 1,142 (26.0) 643 (51.0) 1,359 (50.1) 1,587 (89.7)
4,239 (41.8) 1,027 (23.4) 589 (46.7) 1,140 (42.0) 1,483 (83.8)
1,940 (19.1) 551 (12.6) 226 (17.9) 647 (23.8) 516 (29.2)
654 (6.5) 170 (3.9) 87 (6.9) 234 (8.6) 163 (9.2)
322 (3.2) 58 (1.3) 59 (4.7) 84 (3.1) 121 (6.8)
1,328 (13.1) 506 (11.5) 273 (21.6) 312 (11.5) 237 (13.4)
494 (4.9) 158 (3.6) 43 (3.4) 159 (5.9) 134 (7.6)
3,766 (37.2) 1,518 (34.6) 525 (41.6) 1,017 (37.5) 706 (39.9)
2.2[0.7-7.3] 1.1 [0.5-2.8] 0.7[0.3-1.8] 4.1[1.5-9.5] 18.8[7.6-30.2]
3.68+0.13 3.65+0.11 3.73+£0.13 3.67+£0.13 3.75+0.14

Definition of abbreviations: BODE = Body mass index, airflow Obstruction, Dyspnea severity, Exercise capacity index; CT = computed
tomography; GOLD = Global Initiative for Chronic Obstructive Lung Disease spirometry grade; mMRC = modified Medical Research Council
dyspnea score; PRISm = preserved ratio impaired spirometry; SGRQ = St. George’s Respiratory Questionnaire.

Values represent counts (proportions) for categorical variables and means =+ standard deviations or medians [interquartile intervals] for

continuous variables.

*Respiratory exacerbations were defined as those requiring treatment with antibiotics and/or systemic corticosteroids.
TEmphysema is defined as the extent of low attenuation area (voxels <—950 Hounsfield Units at total lung capacity) as a percent of total lung

volume (available for 9,419 participants).

*Pi10 is a standardized measure of airway wall thickness on CT, defined as the square root of the wall area of a theoretical airway with an
internal perimeter of 10mm (available for 9,358 participants).

within the normal spirometry (7.5% vs. 1.6%;
P=0.02) and GOLD 1-2 (26.8% vs. 13.2%;
P=0.002) groups.

In inverse-weighted probability cause-
specific mortality analyses examining
respiratory, cardiovascular, and lung cancer
deaths by lung function category, current
and former tobacco cigarette users with
GOLD 3-4 had a substantially higher risk of
respiratory deaths (Figure 2A). Among these
GOLD 3-4 participants, the risk of
respiratory deaths was highest relative to
lung cancer and cardiovascular deaths among
those with a BODE index =7 (Figure 2B).

Features Associated with

All-Cause Mortality

Participants with at least two respiratory
exacerbations in the year preceding
enrollment had worse survival probabilities
compared with those with fewer than two
exacerbations within the PRISm, GOLD 1-2,
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and GOLD 3-4 groups (all pairwise log-rank
test P << 0.05) (Figure 3A). Participants with
SGRQ = 25 had worse survival probabilities
compared with those with SGRQ < 25
within all lung function categories (all
pairwise log-rank test P < 0.05) (Figure 3B).
In particular, the survival probability
estimate was similar among normal
spirometry participants with SGRQ = 25
and GOLD 1-2 participants with SGRQ less
than 25 (log-rank test P=0.4). Likewise,

the survival probability estimate was similar
among GOLD 1-2 participants with

SGRQ = 25 and GOLD 3-4 participants

with SGRQ less than 25 (log-rank test P=0.7).

In multivariable Cox proportional
hazards models including all participants,
a history of at least two respiratory
exacerbations in the year before enrollment
(HR, 1.44; 95% CI, 1.28-1.62) and
SGRQ = 25 (HR 1.60; 95% CI, 1.43-1.79)
were associated with higher all-cause

mortality (Table 2). In subgroup analyses,
the exacerbation history association with
mortality was observed in the GOLD 1-2
and GOLD 3-4 groups, whereas SGRQ = 25
was associated with mortality in all lung
function groups. Compared with at least two
exacerbations, a history of at least one
exacerbation in the year before enrollment
remained associated with all-cause mortality
but with a lower magnitude of effect in
GOLD 1-2 (HR, 1.13; 95% CI, 1.06-1.22)
and GOLD 3-4 (HR, 1.10; 95% CI,
1.05-1.15). More severe dyspnea

(mMRC = 2) was associated with all-cause
mortality (HR, 1.57; 95% CI, 1.41-1.74),
including in all lung function groups except
for normal spirometry. Chronic bronchitis
was also associated with all-cause mortality
(HR, 1.21;95% CI, 1.09-1.34) and had a
similar effect size in all lung function groups,
with statistical significance in GOLD 1-2 and
GOLD 3-4. Furthermore, disease awareness
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Normal spirometry

Lung Cancer 9 %,

Other Cancer 22 % -

Other 36 %

GOLD 1-2

Cardiovascular 22 %, ———

Lung Cancer 18 % -

Other Cancer 17 %

Other 17 %

PRISm

Cardiovascular 31 %,

Cardiovascular 22 %

Respiratory 3 %

Inconclusive 7 %

Respiratory 61 %,
_Respiratory 20 %

“Inconclusive 6 %

Lung Cancer 11 % -

Other Cancer 16 %~

Cardiovascular 10 %"

Respiratory 10 %

Inconclusive 5 %

Other 27 %

GOLD 3-4

Inconclusive 3 %
Other 10 %

) Other Cancer 6 %
Lung Cancer 9 %

Figure 1. Distribution of causes of death by baseline lung function category. GOLD = Global Initiative for Chronic Obstructive Lung Disease;

PRISm = preserved ratio impaired spirometry.

was an important prognostic factor as
baseline self-reported diagnoses of COPD
and/or emphysema (HR, 1.29; 95% CI,
1.15-1.45) and of coronary artery disease
and/or congestive heart failure (HR, 1.34;
95% CI, 1.18-1.51) were independently
associated with all-cause mortality.

In imaging models including all
participants, percent emphysema (HR, 1.01;
95% CI, 1.01-1.02 per 1% absolute increase)
and Pil0 (HR, 1.09; 95% CI, 1.04-1.14 per
one standard deviation increase) were
associated with higher all-cause mortality
(Table 2). In subgroup analyses, the
emphysema association was significant
in GOLD 1-2 only, whereas the Pi10
association was significant in PRISm
(HR, 1.25; 95% CI, 1.07-1.46) and GOLD
3-4 (HR, 1.10; 95% CI, 1.03-1.17).

Because information on our clinical
and imaging predictors of interest may be
concurrently available in clinical practice,
we ran additional models simultaneously
containing all of them. Compared with the
models in Table 2, all associations were
maintained except for SGRQ = 25 in PRISm
and exacerbation history in GOLD 1-2
(Table E5).

Features Associated with
Respiratory Mortality

In multivariable models including all
participants, a history of at least two
respiratory exacerbations in the year before
enrollment (HR, 1.74; 95% CI, 1.43-2.11),
SGRQ =25 (HR, 2.27; 95% CI, 1.59-3.22),
mMRC = 2 (HR, 1.80; 95% CI, 1.37-2.38),
chronic bronchitis (HR, 1.53, 95% CI,
1.26-1.85), the extent of emphysema (HR,
1.02; 95% CI, 1.01-1.03 per 1% absolute
increase) and Pil0 (HR, 1.12; 95% CI,
1.02-1.22 per one standard deviation
increase) were all associated with increased
risk of respiratory mortality (Table E6). In
subgroup analyses, all six features were
associated with an increased risk of
respiratory mortality in participants with
normal spirometry, GOLD 1-2 and GOLD
3-4, except for mMRC = 2 in normal
spirometry and Pi10 in GOLD 3-4. Among
participants with PRISm, only Pil0 was
significant. Results of multivariable models
simultaneously including all clinical and
imaging parameters of interest for
respiratory mortality are shown in Table E7.
Some of the effect estimates in the normal
spirometry and PRISm groups were unstable
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because of the low number of respiratory
deaths in these groups.

Discussion

This COPDGene analysis, one of the
largest, most rigorous (in terms of death
adjudication methods), and most inclusive
(in terms of the range of lung disease
severity) COPD mortality analyses, informs
causes of death and provides insight into the
association of common clinical and imaging
features with risk of death among current
and former tobacco cigarette users with
different severities of lung function
impairment.

In addition to the crucial step of
smoking cessation, the different distributions
of causes of death by category of lung
function impairment have important
implications for the clinical care of current
and former tobacco cigarette users. Our data
suggest that those with normal spirometry,
PRISm, and GOLD 1-2 COPD would
benefit from timely screening for lung cancer
and targeted assessments for cardiovascular
diseases such as coronary artery disease,
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Figure 2. Kaplan-Meier plots of inverse-weighted survival probabilities of respiratory, cardiovascular, and lung cancer deaths in A) all
participants by lung function category and B) GOLD 3-4 participants by BODE (Body mass index, airflow Obstruction, Dyspnea, and Exercise
capacity) index category. GOLD = Global Initiative for Chronic Obstructive Lung Disease; PRISm = preserved ratio impaired spirometry.

arrhythmias, and systolic and diastolic heart
failure. Similar to several population-based
cohorts, we found that participants with
PRISm were at a significantly increased risk
of cardiovascular mortality, likely because of
a high prevalence of cardiac comorbidities
and the metabolic syndrome (21-23).

We also show lung cancer is a leading
cause of death in GOLD 1-2, which makes
these patients particularly important targets
for screening. Despite evidence that annual
lung cancer screening with low-dose chest
CT decreases mortality from lung cancer
(24, 25), this resource remains significantly
underused in the United States (26). In
patients with advanced COPD, especially
those with GOLD 3-4 spirometry and a
BODE index of at least seven, our analysis
suggests the risk of respiratory death
significantly outweighs competing risks from
other causes of death, including lung cancer.
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As with all patients, the decision to screen
these patients for lung cancer should be on
the basis of shared decision-making between
patients and their providers, considering
each patient’s values, clinical history, and life
expectancy. Our findings, combined with
previous reports of lack of mortality benefit
when screening patients with GOLD 3-4
COPD, may help inform this decision (27).
Regardless, these patients should be
evaluated for therapies with a demonstrated
survival benefit in COPD, including long-
term oxygen therapy in those with severe
hypoxia (28, 29), lung volume reduction
surgery in those with upper lobe-
predominant emphysema and low baseline
exercise capacity (30), home noninvasive
positive pressure ventilation in those with
chronic hypercapnia (31, 32), and arguably
inhaled corticosteroids in those at risk for
COPD exacerbations (33).

In additional subgroup analyses of
causes of death, we found that female
participants with PRISm were more likely to
die of lung cancer than male participants
with PRISm. The reasons are unclear but
may lie at the intersection of hormonal (both
endogenous and exogenous), metabolic, and
genetic differences (34). It remains to be
determined whether this differential rate of
lung cancer deaths between males and
females with PRISm will be observed in other
cohorts and whether it will decrease with the
new lung cancer screening guidelines that
now include younger individuals with a
lesser smoking history (35).

An analysis of SPIROMICS
(SubPopulations and InteRmediate Outcome
Measures in COPD Study) showed that
symptomatic (defined as having a CAT
[COPD assessment test] score of at least 10)
current or former tobacco cigarette users
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with preserved lung function had a higher normal spirometry and PRISm. To our

rate of respiratory exacerbations compared knowledge, this relationship has not been
with asymptomatic counterparts with mild to  previously investigated in PRISm. The exact
moderate COPD (9). Others have biological underpinnings and the optimal
demonstrated that respiratory symptoms in clinical management of respiratory disease in
this group of individuals are associated with current and former tobacco cigarette users

a higher risk of all-cause and respiratory without spirometric airflow obstruction
mortality (36, 37). In our analysis, using remain to be determined. Data from

SGRQ = 25 (equivalent to CAT = 10) (38), SPIROMICS showed that symptomatic
impaired respiratory-related quality of life individuals with a smoking history and

was associated with increased all-cause normal spirometry had thicker airway walls
mortality in all spirometry groups, including  and higher total airway mucin
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concentrations than their asymptomatic
counterparts, thereby suggesting one possible
pathologic basis for this phenotype (39).
We also found greater airway wall thickness
was independently associated with higher
all-cause and respiratory mortality in
participants with PRISm, which further
supports this hypothesis. However, in the
recently published Redefining Therapy in
Early COPD clinical trial, inhaled dual
bronchodilator therapy did not decrease the
burden of respiratory symptoms in tobacco
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Table 2. Association of Clinical and Imaging Variables with All-Cause Mortality in Individuals with a Smoking History

Clinical variables*
=2 respiratory exacerbations
in yr before enrollment
SGRQ total score =25

mMRC =2
Chronic bronchitis

Imaging variables®
% Emphysema (per 1%
increase)
Pi10 (per 1 SD=0.13mm
increase)

All Normal Spirometry PRISm GOLD 1-2 GOLD 34
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% Cl) HR (95% CI)
P value P value P value P value P value
1.44 (1.28-1.62) 0.94 (0.51-1.71) .45 (0.95-2.22) 1.45(1.15-1.84) 1.43 (1.23-1.66)
<0.001 0.83 0.09 0.002 <0.001
1.60 (1.43-1.79) 1.48 (1.20-1.84) 40 (1.05-1.87) 1.80 (1.49-2.17) 1.65 (1.26-2.17)
<0.001 <0.001 0.02 <0.001 <0.001
1.57 (1.41-1.74) 1.21 (0.96-1.52) 1.57 (1.18-2.09) 1.84 (1.53-2.20) 1.53 (1.24-1.88)
<0.001 0.10 0.002 <0.001 <0.001
1.21 (1.09-1.34) 1.26 (0.97-1.64) 29 (0.93-1.81) 1.21 (1.01-1.46)  1.25 (1.08-1.45)
<0.001 0.08 0.13 0.04 0.003
1.01 (1.01-1.02) 1.01 (0.97-1.06) 0.99 (0.93-1.05) 1.02 (1.01-1.03)  1.00 (1.00-1.01)
<0.001 0.53 0.71 <0.001 0.21
1.09 (1.04-1.14) 1.13 (1.00-1.28) 1.25 (1.07-1.46) 1.05 (0.96-1.15)  1.10 (1.03-1.17)
<0.001 0.06 0.004 0.32 0.005

Definition of abbreviations: Cl

= confidence interval; GOLD = Global Initiative for Chronic Obstructive Lung Disease spirometry grade;

HR = hazard ratio; mMRC = modified Medical Research Council dyspnea scale; PRISm = Preserved ratio impaired spirometry; SD = standard
deviation; SGRQ = St. George’s Respiratory Questionnaire.
*Separate clinical models, each adjusted for age, sex, race, body mass index, smoking status, smoking pack-years, the highest level of
sohool completed, postbronchodilator FEV1% predicted, and study site.
TSeparate imaging models, each adjusted for the same variables as clinical models with the exception of scanner make instead of the

study site.

cigarette users without airflow obstruction
on spirometry (40). Collectively, these

data call for continued research on this
symptomatic population with a smoking
history and preserved lung function, which
consists of millions of individuals in the
United States, to improve their clinical
outcomes (10).

Among participants with airflow
obstruction, both exacerbation history and
SGRQ score of at least 25 were associated
with higher all-cause and respiratory
mortality. Several available maintenance
inhalers and oral medications improve
symptom burden and reduce exacerbation
frequency in patients with COPD. However,
no definitive data exist regarding their
benefits on long-term survival, which
highlights the sore need for additional
therapies for patients with COPD. Regarding
imaging characteristics, the extent of
emphysema on chest CT was independently
associated with increased all-cause and
respiratory mortality in participants with
GOLD 1-2 COPD. This could be because
these individuals are at the highest risk for
accelerated emphysema progression because
of local inflammatory and biomechanical
effects in the emphysematous regions of
their lungs (41).

We acknowledge the limitations of our
study. First, our analysis did not capture the
ongoing medical care of participants, such
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as their daily medications, supplemental
oxygen use, influenza and pneumonia
vaccination status, participation in
pulmonary rehabilitation, and referral to
annual lung cancer screening, all of which
could impact their risk and cause of death.
Second, our model for respiratory
exacerbations was limited to self-reported
events occurring in the year preceding
enrollment, but year-to-year variation in the
frequency of exacerbations has been
described (42). Third, the spirometric
categorization of participants may not fully
reflect the severity of smoking-related lung
disease. Although postbronchodilator FEV,/
FVC less than 0.70 is a common population-
based standard for defining airflow
obstruction, individuals with a smoking
history not meeting this definition can still
experience significant respiratory morbidity
(11). Fourth, individuals with active cancer
under treatment were not enrolled. Fifth,
the causes and risk factors of death may be
different in individuals with a lesser smoking
history than those in our study. Along the
same lines, our cohort, which was recruited
on the basis of smoking history, includes
participants who have already had a lifetime
of risk that cannot be accounted for,
although we mitigated this effect by using
inverse weight probability methods. Sixth,
the cause of death in 23.3% of participants
was missing because of the inability to obtain

adequate records for adjudication. Seventh,
we acknowledge that the interpretation of
predictor of interest effect estimates in
multivariable models can be complicated
because of several factors, including the
potential heterogeneity of such effect
estimates across levels of other covariates
(43). In addition, a better understanding of
how mortality risk factors vary in women
and minorities is essential, given the known
associations of sex and race with COPD risk,
manifestations, and outcomes (44, 45).

Conclusions

The causes of and clinical factors associated
with death among individuals with a
smoking history vary depending on lung
function. Impaired respiratory-related
quality of life and airway wall thickness on
chest CT are important prognostic factors
in tobacco cigarette users without airflow
obstruction, including those with PRISm.
In addition to smoking cessation, more
research is needed to identify effective
management strategies in this understudied
patient population. Among patients with
advanced COPD, particularly those with
BODE = 7, our data suggest respiratory
deaths significantly outweigh the risks from
competing causes of death and can help
inform discussions regarding lung cancer
screening and advanced COPD treatment
options.
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