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a b s t r a c t

Background: Interpretation of longitudinal information about lung function decline from middle to older
age has been limited by loss to follow-up that may be correlated with baseline lung function or the rate
of decline. We conducted these analyses to estimate age-related decline in lung function across groups of
race, sex, and smoking status while accounting for dropout from the Atherosclerosis Risk in Communities
Study.
Methods: We analyzed data from 13,896 black and white participants, aged 45e64 years at the 1987
e1989 baseline clinical examination. Using spirometry data collected at baseline and two follow-up
visits, we estimated annual population-averaged mean changes in forced expiratory volume in one
second (FEV1) and forced vital capacity (FVC) by race, sex, and smoking status using inverse-probability-
weighted independence estimating equations conditioning-on-being-alive.
Results: Estimated rates of FEV1 decline estimated using inverse-probability-weighted independence
estimating equations conditioning on being alive were higher among white than black participants at age
45 years (e.g., male never smokers: black: �29.5 ml/year; white: �51.9 ml/year), but higher among black
than white participants by age 75 (black: �51.2 ml/year; white: �26). Observed differences by race were
more pronounced among men than among women. By smoking status, FEV1 declines were larger among
current than former or never smokers at age 45 across all categories of race and sex. By age 60, FEV1

decline was larger among former and never than current smokers. Estimated annual declines generated
using unweighted generalized estimating equations were smaller for current smokers at younger ages in
all four groups of race and sex compared with results from weighted analyses that accounted for
attrition.

ABBREVIATIONS: ARIC, Atherosclerosis Risk in Communities; CI, confidence in-
terval; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory vol-
ume in one second; FVC, forced vital capacity; GEE, generalized estimating
equations; ml, milliliters.
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Conclusions: Using methods accounting for dropout from an approximately 25-year health study, esti-
mated rates of lung function decline varied by age, race, sex, and smoking status, with largest declines
observed among current smokers at younger ages.

Published by Elsevier Ltd.

1. Introduction

Low measures of pulmonary function are diagnostic for chronic
obstructive pulmonary disease (COPD) and characteristic of other
lung conditions. Longitudinal research provides evidence that
spirometric measures of pulmonary function also predict the
development of arrhythmias, risk of coronary heart disease, heart
failure, cognitive decline, and mortality in the general population,
even among individuals without known lung disease and among
non-smokers [1e8]. Because of these associations, however, pul-
monary function may affect continued participation in the very
prospective studies used to evaluate trajectories of lung function. If
baseline lung function affects continued participation, then this
potential source of bias may interfere with the interpretation of
results on rates of lung function decline over time [9].

A recent study of the association between smoking and cogni-
tive decline attempted to account for loss to follow-up that may
depend on baseline levels of both smoking and cognitive function
[10]. Similar methods have not been applied to the study of decline
of lung function with age. To date, epidemiologic studies of rates of
lung function decline have focused largely on describing discrep-
ancies between estimates generated using cross-sectional versus
longitudinal data [11e13], assessing modification of the effects of
smoking on lung function decline [14e17], and evaluating associ-
ations between genetic variation and lung function decline [18,19].
While one study examined lung function declines leading to COPD
[20] and several have examined differences in lung function decline
by race, sex, and smoking status [12,13,17], longitudinal studies
have not generally accounted for the potential influences of
dropout during study follow-up. Results from such longitudinal
studies, based on participants healthy enough to continue partici-
pating, may underestimate rates of lung function decline in the
target population.

In longitudinal studies of lung function, individuals who do not
continue to participate may do so due to death during the study
follow-up or withdrawal (i.e., dropout) from the study for reasons
other than death. While existing literature cautions against making
inferences as if death did not occur by extrapolating observations
beyond death [21,22], new statistical methods are now available to
address loss to follow-upethat is, study attritioneamong in-
dividuals who were alive at the time of the follow-up observation,
but did not continue to participate [22,23]. Considering the docu-
mented associations between lung function and both morbidity
and mortality [1e8], distinguishing between attrition due to death
and dropout for reasons other death could plausibly influence es-
timates of lung function decline. By taking into account non-death
loss to follow-up, new statistical methods may improve estimation
of lung function decline generated from longitudinal studies
[22,23].

The Atherosclerosis Risk in Communities (ARIC) study provides
an opportunity to extend our understanding about lung function
decline by evaluating variation in patterns of age-related changes in
lung function in a large, population-based cohort of black andwhite
adults in the United States. We used data from three clinical ex-
aminations spanning approximately 25 years to estimate rates of
decline in forced expiratory volume in one second (FEV1) and

forced vital capacity (FVC) across groups of race, sex, and cigarette
smoking status. Our analyses examined quantitative changes in
pulmonary function, rather than diagnoses of chronic obstructive
pulmonary disease or other conditions. Because low measures of
FVC and FEV1 are risk factors for morbidity and mortality in the
general population, even among individuals with measures in the
normal range [24,25], quantitative changes in FVC and FEV1 are
valuable metrics of pulmonary health regardless of whether such
changes reach a threshold for impairment. We accounted for non-
participation in follow-up visits using inverse-probability-
weighted independence estimating equations with population-
averaged linear models for regression conditioning-on-being-
alive [22,23].

2. Methods

2.1. Study population

The ARIC study is a prospective cohort study designed to eval-
uate the etiology of atherosclerosis and its clinical sequelae in a
general population based sample of adults [26]. Men and women,
aged 45e64 years, were recruited and enrolled from four U.S.
communities: Forsyth County, North Carolina; Jackson, Mississippi;
suburbs of Minneapolis, Minnesota; and Washington County,
Maryland. Initial examination of the cohort took place in
1987e1989 (‘visit 1’, n ¼ 15,792), when participants responded to
health-related questionnaires and completed a clinical examina-
tion. Follow-up examinations occurred in 1990e1992 (‘visit 2’,
n ¼ 14,348; 93% of those still alive) when participants were 48e67
years of age, 1993e1995 (‘visit 3’), 1996e1998 (‘visit 4’), and
2011e2013 (‘visit 5’, n ¼ 6538; 65% of those still alive) when par-
ticipants were 65e90 years of age. Of the 15,792 adults who
completed visit 1, 13,896 were included in our final analysis after
sequentially excluding participants based on the following criteria:
data use restricted by participant consent (n ¼ 41), race other than
black or white (n ¼ 48), black participants recruited from suburbs
of Minneapolis, Minnesota or Washington County, Maryland
(n ¼ 54), incomplete spirometry at visit 1 (n ¼ 138), errors in
recording spirometry data (n ¼ 182), and inadequate participant
effort (n ¼ 1433). The study protocol and instruments were
approved by institutional review boards at each of the four
participating exam sites and the data coordinating center, and all
participants provided written informed consent. The analyses
presented here were exempted from institutional review board
review at the Centers for Disease Control and Prevention.

2.2. Spirometry

FEV1 and FVC were measured at visits 1 and 2 using Collins
Survey II water-seal spirometers (Warren E. Collins Inc., Braintree,
MA) and at visit 5 using SensorMedics model 1022 dry rolling seal
spirometers (OMI, Houston, TX). At each visit, spirometry testing
protocols were standardized across the four ARIC field centers,
calibration checks were performed daily, and the standardization of
data collection and management was coordinated across field
centers by a single pulmonary function reading center. For the
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