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Abstract

Background: Former smokers now outnumber current smokers in many developed countries,
and current smokers are smoking fewer cigarettes per day. Limited data suggest that lung function
decline normalizes with smoking cessation; however, mechanistic studies suggest ongoing risk.
We hypothesized that former smokers and low-intensity current smokers have accelerated lung
function decline compared with never-smokers, including among those without prevalent lung
disease.

Methods: Longitudinal spirometry measures and self-reported smoking behaviors were
harmonized across six US population-based cohorts. FEV1 decline of sustained former smokers
and current smokers was compared to that of never-smokers using mixed models adjusted for
socio-demographic and anthropometric factors. Differential FEV1 decline was also evaluated
according to duration of smoking cessation and cumulative (pack-years) and current (cigarettes-
per-day) cigarette consumption.

Findings: 25,352 participants (ages 17—93 years) completed 70,228 valid spirometry exams.
Over median 7-year follow-up (interquartile range, 3—20), FEV1 decline at the median age (57
years) was 31:01, 34-97, and 39-92 mL/year in sustained never-smokers, former smokers, and
current smokers, respectively. With adjustment, former smokers demonstrated 1-82 mL/year
accelerated FEV1 decline (95% ClI, 1.24—2-40) compared to never-smokers, which was 20% of
the effect estimate for current smokers. Compared to never-smokers, accelerated FEV1 decline
was observed for decades after smoking cessation and in smokers with low cumulative cigarette
consumption (<10 pack-years). With respect to current cigarette consumption, the effect estimate
for FEV1 decline in current smokers of <5 cigarettes-per-day was 68% of those in current smokers
of >30 cigarettes-per-day, and 5 times greater than in former smokers. Among participants without
prevalent lung disease, associations were attenuated but were consistent with the main results.
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Interpretation: Former smokers and low-intensity current smokers have accelerated lung
function decline compared to never-smokers. This suggests that all levels of smoking exposure
may be associated with lasting and progressive lung damage.

Funding: National Institutes of Health/National Heart Lung and Blood Institute, US
Environmental Protection Agency

INTRODUCTION

In many developed countries, declines in cigarette smoking represent one of the most
important public health successes of the last fifty years.! In the United States (US), the
prevalence of current smoking in adults has fallen from 42% to 16% over that time period,
and former smokers now constitute 22% of the adult population.1= In addition, many
current smokers report smoking fewer cigarettes per day, with the average in the US
dropping from 21 in to 14 over the last 25 years.* Yet the number of deaths from chronic
obstructive pulmonary disease (COPD) has increased such that COPD is now the third
leading cause of death worldwide.®> Hence, it is increasingly important to understand
possible ongoing lung function impairment in former smokers, and to define more clearly
the respiratory risks among low-intensity current smokers, in order to inform prevention
strategies for COPD.

Whereas there is broad agreement that current smoking increases age-related decline in adult
lung function,® which may lead to COPD,’~9 and that smoking cessation slows this decline,
10 jt is less clear whether the rate of lung function decline in former smokers “normalizes” to
that of never-smokers or remains increased. This distinction is important since
“normalization” implies a lack of ongoing lung damage after smoking cessation, whereas a
persistent increase implies ongoing deterioration that may warrant additional preventative
strategies. A recent meta-analysis of 88,887 adults participating in 47 studies (37 general
population-based, 6 disease-focused, 4 interventional)1! found non-significantly different
rates of FEV1 decline in former smokers. However, additional evidence is warranted, since
many of the included studies were small, used variably standardized spirometry, included
mostly males of European ancestry, and yielded variable results. Furthermore, most prior
studies did not exclude participants with prevalent lung disease, which has been
independently associated with accelerated lung function decline.12

In addition, there is mounting evidence from large prospective cohorts that low-intensity
current smoking, which is frequently perceived as low risk,1314 is associated with
disproportionately high risks for cardiovascular events and numerous cancers.15-17 To date,
no adequately powered cohorts including women and race/ethnic minorities, among whom
low-intensity current smoking is more common,1® have established associations between
low-intensity current smoking and lung function decline, and prominent COPD cohort
studies!®20 have required that participants report at least 10 pack-years of cumulative
smoking exposure, limiting the data available on smokers with <10 pack-years.

We hypothesized that former smokers and low-intensity current smokers have accelerated
lung function decline compared with never-smokers, including among those without
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prevalent lung disease. We tested these hypotheses in a large, multi-ethnic, pooled sample of
women and men with highly standardized spirometry.

METHODS

Sample

The NHLBI Pooled Cohorts Study harmonized and pooled data from nine US general
population-based cohorts.21 All cohorts sampled community-dwelling adults, mostly via
random digit dialing, and some but not all included representative sampling. All studies were
approved by Institutional Review Boards (IRB) at participating institutions and all
participants provided written informed consent. The Columbia University IRB provided
approval for the secondary data analyses in this report. For the current work, we restricted
the sample to participants in six cohorts with valid spirometry at >2 exams (Table S1). Two
cohorts recruited younger adults, two recruited middle-aged and older adults, and two
recruited only elderly adults; participants in the pooled cohort were 17—93 years old at
baseline.

Measures

Highly standardized and often identical protocols were used across cohorts, allowing for
systematic quality control (QC), harmonization, and pooling of measures, as previously
described.?!

Lung function was measured by pre-bronchodilator spirometry following American
Thoracic Society (ATS) standards current at time of testing (1983—2014) using
standardized protocols, often with the same equipment and acquired by the same
investigators.21 We harmonized these data and retrospectively performed QC according to
the ATS/European Respiratory Society (ERS) 2005 standards, which define valid exams as
>2 acceptable curves reproducible within 150 mL.22 The current report was limited to
spirometry exams meeting ATS/ERS 2005 standards, since this approach was previously
found to reduce between- and with-person variability, outliers, and lung-function trend
irregularities.2! Reference equations were used to define percent-predicted and lower-limit-
of-normal (LLN).21.23

Smoking exposures, which were self-reported in a similar manner across cohorts (Table S2),
were systematically quality-controlled for within-individual consistency over follow-up and
harmonized prior to pooling.2: Smoking status was self-reported as “ever” and “current” at
each spirometry exam, with biochemical verification in a subset. Former smokers were
defined as ever-smokers who denied current smoking. For our primary analysis of smoking
status, participants reporting the same smoking status at all spirometry exams were classified
as sustained never-smokers, former smokers, or current smokers; all others were classified as
having variable smoking status (Table S3). For secondary analyses, “observed quitters” were
defined as the subset of participants with variable smoking status who demonstrated a single,
sustained transition from current smoking at the first exam to former smoking at subsequent
exams. To examine trends with respect to duration of smoking cessation, sustained former
smokers were classified by years-since-quit-date at the last spirometry exam, which were
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categorized at thresholds of <10, 10-20, 20-30, and =30 years. For secondary analyses,
former smokers were stratified by years-since-quit-date at the baseline exam. Cumulative
cigarette exposure was defined among sustained former smokers and current smokers in
terms of pack-years, which were calculated at baseline as average-cigarettes-per-day*years-
smoked/20, and categorized at thresholds of 1, 10, and 20 pack-years. Current cigarette
exposure was defined among sustained current smokers by time-variant cigarettes-per-day,
which was categorized in increments of 5, from “low-intensity (<5) to “high-intensity”
(=30). All ranges were inclusive of the lower boundary point and exclusive of the upper
boundary point. With respect to other tobacco-related exposures, secondhand smoke was
classified as any (>0 hours/week or living with smoker) or none (0 hours/week or not living
with smoker) in five cohorts collecting relevant data over follow-up, and cigar and/or pipe
use was dichotomized as never or ever (Table S2).

Sex, educational attainment, and birth-year were self-reported at baseline. Time-variant
height and weight were measured at each spirometry exam using standard methods.

Prevalent lung disease was defined as baseline airflow limitation, defined as ratio of the
forced expiratory volume in one second (FEV1) to the forced vital capacity (FVC)<LLN;
restrictive spirometry, defined as FEV1/FVC=LLN with FVC<LLN; or diagnosed clinical
lung disease, defined as self-reported physician diagnosis of asthma, COPD, emphysema, or
chronic bronchitis, or inhaler use.921

Statistical analyses

Linear mixed models with cohort-specific unstructured covariance matrices were used to test
associations with repeated measures of the FEV1.24 Due to the large age range included in
the data, the age-dependence of lung function,?3 and left truncation of data due to delayed
time-entry, the time scale for analyses was defined as age-at-exam (hereafter referred to as
“age”) rather than time-since-enrollment. Unadjusted mean FEV1 decline was estimated
from a model including only age and age-squared as predictors. Unadjusted models were
performed separately for each stratum of the primary exposures: smoking status, duration of
smoking cessation, and cumulative and current cigarette exposure. Since age distribution
differed by stratum, unadjusted FEV1 declines were consistently estimated at 57 years, the
overall median age.

Adjusted effect estimates for smoking exposures, relative to never-smoking, were generated
using models adjusted for a priori confounders and precision variables (e.g., height) that
account for a large proportion of normal FEV1 variance. These covariates were age, age-
squared, height, height-squared, sex, and race/ethnicity, which are in standard reference
equations for lung function,23 as well as weight. Due to the inclusion of multi-center studies
conducted over several decades, models were also adjusted for birth year, site, study, and
educational attainment. To account for potential confounding of associations with FEV1
slope, multiplicative interactions with age were modeled for all covariates. To these models
was added the smoking exposure of interest and its interaction with age (smoking-
exposure*age); the effect estimate for this multiplicative interaction term was interpreted as
the association of the smoking exposure with annualized lung function decline.
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Fully-adjusted models were also used to plot predicted FEV1 curves. To reflect differences
in age distributions across strata of smoking exposures, predictions at the extremes of each
stratum-specific age distribution (<5 or >95t" percentile) were not shown.

Several sensitivity analyses were performed. Since accelerated lung function decline has
been previously demonstrated in adults with airway disease,? effect modification by
prevalent lung disease was assessed by multiplicative interaction terms (smoking-
exposure*age*prevalent-lung-disease) and in disease-stratified models. Effect modification
by secondhand smoke, cigar/pipe exposure, and the covariates was tested via multiplicative
interaction terms and stratification. Analyses were repeated in observed quitters; using
baseline rather than time-variant categorization of cigarettes-per-day; and, excluding all
observations obtained at less than 30 years old. In addition, associations with FEV1/FVC
decline were tested.

Analyses were completed in SAS, v9.4. Statistical significance was defined as a two-tailed
P<0.05. Because of the potential for type 1 error with multiple comparisons, findings for
secondary analyses should be interpreted as exploratory. Since missing covariate data were
infrequent (2%), only complete cases were analyzed.

Role of the funding source

RESULTS

NHLBI staff routinely monitored the performance of component studies but neither NHLBI
nor the US Environmental Protection Agency were involved in data collection, analysis,
interpretation, or writing of this report, nor the decision to submit the paper for publication.
The corresponding author (ECO) had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

25,352 adults contributed 70,228 spirometry exams over median 7 (interquartile range
[IQR], 3—20) years of follow-up (Figure 1). There were 10,087 never-smokers, 6,989
former smokers, 2,462 current smokers, and 5,814 participants reporting variable smoking
status over follow-up, which included 2,599 observed quitters (Table S3). Among former
smokers, median pack-years was 16 (IQR, 6—33) and 20% (1,369/6,989) quit =30 years
prior to baseline. Current smokers had greater pack-years at baseline (27, IQR, 10—42),
when 5% (118/2,462) were low-intensity smokers. Compared to former smokers, current
smokers were younger, had more prevalent lung disease, and had shorter spirometry follow-
up (Table 1).

Former smoking

Former smokers demonstrated accelerated FEV1 decline compared to never-smokers. The
unadjusted FEV1 decline in former smokers was 34-97 mL/year (95% Cl, 34-36—35-57),
compared to 31-01 mL/year (95% ClI, 30-66—31-37) in never-smokers, and 39-92 mL/year
(95% Cl, 38-:92—40-92) in current smokers (Table 2). In adjusted models, former smokers
demonstrated 1-82 mL/year accelerated FEV1 decline (95% Cl, 1.24—2-40) compared to
never-smokers; this estimate was 20% of the magnitude of the effect estimate for current
smokers (9-:21 mL/year; 95% CI, 8-35—10:08) (Table 2, Figure 2). Effect estimates were
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intermediate in participants with variable smoking status (2:56 mL/year; 95% ClI, 2-:03—
3-08), including among 2,599 observed quitters (3:00 mL/year, 95% ClI, 2:29—3-71) (Table
S4).

Although there was statistical evidence of effect modification by secondhand smoke
exposure (P=0-0229) and cigar/pipe use (P=0:-0105), effect estimates for former smokers
were comparable in persons both with and without these exposures (Figure S1). Effect sizes
did not change considerably, despite significant multiplicative interaction terms, across strata
of sex, race/ethnicity, age, and cohort, with the exception of participants =70 years old at
baseline and a cohort limited to elderly participants (Figures S2—S3).

Duration of smoking cessation

Shorter durations of smoking cessation were associated with accelerated FEV1 decline
compared to longer durations (Figure 2); nonetheless, accelerated FEV1 decline was
observed for decades after cessation. In adjusted models, compared to never-smokers, FEV1
decline was accelerated by 2:50 mL/year (95% ClI, 1.61—3-40) in former smokers with 20—
30 years of cessation, and by 0-93 mL/year (95% ClI, 0-22—1-64) among those with =30
years of cessation (Table 2). Accelerated FEV1 decline compared to never-smokers was also
observed in former smokers who quit 20—30 and =30 years prior to the baseline exam
(Table S5). Among observed quitters with =20 years since cessation, of whom there were
fewer (N=499), FEV1 decline was similar to never-smokers (Table S6).

Low cumulative cigarette exposure

Compared to never-smokers, participants with 1—10 pack-years demonstrated accelerated
FEV1 decline (0-87 mL/year; 95% ClI, 0-17—1-57) (Table 2, Figure 2). Stratifying by
smoking status, effect estimates increased monotonically with greater pack-years in current
smokers; in former smokers, unadjusted mean FEV1 decline increased with greater pack-
years, but the adjusted effect estimate for =20 pack-years was attenuated (0-80 mL/year;
95% ClI, —0-11—1.71) (Table S7).

Low current cigarette exposure

At all levels of current smoking intensity, current smokers had accelerated FEV1 decline
compared to never-smokers (Table 2, Figure 2). The adjusted effect estimate for <5
cigarettes-per-day (7-65 mL/year; 95% ClI, 6-21—9-09) was 4-87 times greater than for
former smokers (1:57 mL/year; 95% CI, 1.00—2-14) and equivalent to 68% of the effect
estimate for =30 cigarettes-per-day.

Prevalent lung disease

Prevalent lung disease was an effect modifier for associations between smoking exposures
and FEV1 decline (P<0-0001 for all). In adjusted models, effect estimates were greater in the
sub-group with prevalent disease (Table S8) and attenuated in the sub-group without
prevalent disease (Table 3), but trends were similar. Compared to never-smokers, the effect
estimates for former smokers were 3.40 mL/year (95%Cl: 2.00—4-80) and 1:10 mL/year
(95%CI: 0-52—1.68) in those with and without prevalent lung disease, respectively. In the
absence of prevalent lung disease, the rate of FEV1 decline in former smokers with =30
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years of cessation approached that of never-smokers (0-53 mL/year; 95% CI, —0-18—1.25),
while effect estimates for low-intensity current smokers remained relatively large versus
never-smokers (4-72 mL/year; 95% CI, 3-10—6-33; Table 3).

Additional sensitivity analyses

Results were similar using baseline rather than time-variant cigarettes-per-day (Table S9)
and excluding observations at <30 years (Table S10). Similar to FEV1 decline, smoking
exposures were associated with accelerated FEV1/FVC decline (Table S11). There was no
evidence of bias related to regression to the mean (Figure S4).

DISCUSSION

In a large, US population-based sample, former smokers and low-intensity current smokers
had accelerated lung function decline compared to never-smokers. Accelerated lung function
decline persisted for decades after smoking cessation; was present in smokers with <10
pack-years; and was evident in current smokers reporting <5 cigarettes-per-day. These
findings persisted in adults without prevalent lung disease. Our results thereby reinforce that
there is no safe level of tobacco smoke exposure and that smoking cessation is the most
effective means of harm reduction.

Accelerated lung function decline in former smokers is consistent with sustained
pathophysiologic abnormalities of the lung after smoking cessation. Indeed, sustained
dysregulation has been observed along pathways relevant to smoking-related lung function
decline, including abnormalities in inflammation,25-27 infection and immunity,27-29
epigenetic alterations,39-32 airway hyper-responsiveness,2%:33 mucous hypersecretion,34 and
altered airway dimensions.35-37 There is also genetic evidence that supports a causal
relationship between smoking and increased white and red blood cells38 and systemic
inflammation.3? In addition, smoking-related emphysema, which does not reverse after
smoking cessation, has been associated with lung function decline,*0 potentially due to
mechanical stress placed on adjacent lung.** Meanwhile, our results regarding the adverse
effects of low cumulative and current cigarette use are consistent with prior studies in which
a single cigarette exposure has been linked to neutrophil retention in the lungs, increased
endothelial permeability, increased oxidative stress, and dysregulated repair, which persist
for hours to days.#2:43 Contrary to perceptions among “social” smokers,13-14 animal models
have suggested that intermittent cigarette exposure may be more mutagenic and cause more
emphysema than constant cigarette exposure.** Hence, the current understanding of the
pathophysiology of lung function decline is congruent with our results.

Our findings that cigarette-related lung damage may be incompletely reversible and non-
linear with respect to smoking intensity, even in healthy adults, build upon an extensive prior
epidemiologic literature. A large number of observational studies and clinical trials have
established the benefits of smoking cessation with respect to decelerating FEV1 decline.6:11
Nonetheless, whether FEV1 decline in former smokers decelerates or “normalizes” to the
rate among never-smokers has remained uncertain. In fact, somewhat counter to the
biological literature described above, recent meta-analysis of 88,887 adults included in 47
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studies, one third of which were conducted prior to 1970, estimated that former smokers
have non-significantly decelerated FEV1 decline compared to never-smokers.11

The contrast between the effect estimate for former versus never smoking from this recent
meta-analysis!! (-1-6 mL/year, P>0-05) and our result (+1-82 mL/year, 95%Cl: +1.24—
+2-40; P<0-0001) may be explained by several factors. First, whereas our study used only
spirometry measures that were systematically validated by contemporary quality standards,
the meta-analysis included many studies conducted before spirometry standards were first
established in 1979; this would be expected to increase measurement error, which leads to
wider confidence intervals, exacerbates problems of regression to the mean (not observed in
our data), and biases results towards the null. Second, FEV1 decline in former smokers may
be underestimated by observations during the immediate post-cessation period, when FEV1
may even improvel?; by contrast, the majority of former smokers in our study were remote
quitters, allowing us to confirm accelerated lung function decline decades after cessation.
Third, since smoking increases risks of disability and death, it influences probability of
recruitment into, and follow-up by, epidemiologic studies. Moreover, smokers sampled by
studies of healthy adults would be more likely to have a reduced susceptibility to tobacco
smoke.*® The resulting survivor bias and “healthy-smoker effect” are expected to result in
underestimation of associations between smoking behaviors and FEV1 decline. This may
have been particularly problematic in earlier studies included in the meta-analysis, since
cardiovascular mortality was much greater in the mid-20t Century.

There was nonetheless evidence of survivor bias in our study, suggesting that our results
may be underestimated. Current smoking was relatively rare in the two cohorts designed to
study elderly adults, contributing to a younger average baseline age among current smokers
in this study, and follow-up of current smokers was shorter. Thus, survivor bias may
contribute to the absence of significant effects in the elderly. A combination of survival,
“healthy-smoker,” and recall bias regarding details of remote smoking history may
contribute to the lack of significantly accelerated FEV1 decline in former smokers with =20
pack-years, as this was contrary to monotonically increasing rates of FEV1 decline in
current smokers with greater pack-years. The extent to which decelerations in FEV1 decline
with greater durations of smoking cessation may be due to physiologic recovery versus the
increasing importance of survivor biases remains unclear. At =30 years of smoking
cessation, FEV1 declines approximated those of never-smokers among observed quitters and
former smokers without prevalent lung disease; by contrast, accelerated FEV1 decline was
observed in former smokers who quit =30 years prior to baseline. The cautious interpretation
of these sub-group analyses is the same as for the primary results: that persistent
acceleration in FEV1 decline may be observed for decades after smoking cessation.

Contrary to survivor bias, it is interesting to consider the possibility that “susceptible
smokers” could be over-represented, via self-selection, among former smokers and those
with lower cumulative and/or current cigarette exposure, which could lead to overestimation
of our associations. Potentially consistent with this, former smokers with <10 years of
smoking cessation had greater rates of FEV1 decline than current smokers in unadjusted
analyses; however, the expected pattern was found after adjustment. In our analyses
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excluding “susceptible” participants with prevalent lung disease, associations were
attenuated, but they remained consistent with our main conclusions.

With respect to the significance of low cumulative tobacco exposure and low-intensity
current smoking, greater pack-years have been previously associated with accelerated lung
function decline,*6 yet prominent COPD cohort studies have required that participants report
>10 pack-years.19:20 Our findings confirm a gradient of harm with respect to accelerated
lung function decline that extends below 10 pack-years, suggesting ongoing lung
deterioration in persons who do not meet heretofore standard criteria for elevated COPD
risk.% Our finding that current smoking of <5 cigarettes-per-day was associated with
accelerated lung function decline is compatible with recent literature showing markedly
increased risks of cardiovascular events, lung cancers, and all-cause mortality, even among
low-intensity current smokers.15-17

Strengths of the current work include the large, highly-characterized sample with individual-
level, longitudinal data over decades of follow-up, and rigorously quality-controlled
spirometry harmonized to contemporary ATS/ERS standards.2! There are nonetheless
limitations.

Smoking status was classified by self-report and was therefore subject to reporting biases.
There may have been misclassification of former smokers as never-smokers and vice-versa,
which would bias are results towards the null, as well as misclassification of current smokers
as former smokers and of high-intensity current smokers as low-intensity current smokers,
which could bias our results away from the null.#” This adds uncertainty to our findings.
Nonetheless, we believe that misclassification was unlikely to explain our main results for
several reasons. First, in two cohorts with cotinine measures, only 2—4% of participants
who denied current smoking were reclassified as current smokers by cotinine measures,
suggesting any such bias is small.#849 Second, our findings were of consistent magnitude
across socio-demographic groups that are reported to have differential smoking
misclassification.*® Third, longitudinal smoking data were used to identify changes in self-
reported smoking status over follow-up, and participants with variable smoking status over
follow-up were treated separately. Finally, contrary to some prior work,> we observed
differences for former smokers reporting remote quit dates, among whom relapse is
relatively uncommon®! and survival biases are of greatest concern.

The possibility of additional unmeasured confounding due to socioeconomic, secular, or
other factors cannot be excluded. Notably, we lacked data on cigarette type or compaosition
(e.g., menthol), which have been previously hypothesized to contribute to increasing
tobacco-related mortality in recent birth cohorts,>2 yet our results were independent of birth
year. Information on alternative tobacco products, such as cigars and pipes, was also limited,
as was measurement of secondhand smoke exposure; nonetheless, excluding participants
with these exposures did not substantially alter the findings. Although we believe results are
generalizable to the US population, the applicability of our results to non-US settings,
including cigarette products not sold in the US, is anticipated but cannot be definitively
addressed by this study. We also were unable to test to what extent the relatively similar
rates of lung function decline among low-intensity, modest, and high-intensity current
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smokers could be due to deeper or prolonged inhalations among lower-intensity smokers,
thus yielding higher respiratory toxicity per cigarette.>3

Post-bronchodilator spirometry, which is required for diagnosis of COPD,® was not
available. Nonetheless, pre-bronchodilator spirometry has been shown to be highly
prognostic in general population settings®* and contemporary spirometry quality standards
were systematically applied.2!

The magnitude of some estimated effects was small. Nevertheless, a 1.55 mL/year increase
in the rate of FEV1 decline was equivalent to 5% of the average rate in never-smokers, and
the majority of our effect estimates met this standard for clinical significance.5® Regardless,
our results highlight the importance of smoking prevention and cessation, including with
respect to “social smoking.” Our findings regarding the disproportionate harms of even “low
intensity” current smoking also raise concerns regarding novel tobacco products marketed as
“low dose.”

We conclude that former smokers and low-intensity current smokers have accelerated lung
function decline compared to never-smokers. These findings reinforce the US Surgeon
General’s position that there is no safe level of tobacco smoke exposure and that smoking
cessation is the most effective means of harm reduction.! They furthermore justify
investigation into potential preventive interventions in the rising ranks of former smokers,
who remain at increased risk for COPD due to ongoing lung function deterioration.
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RESEARCH IN CONTEXT
Evidence before the study

Over 40 years ago, Fletcher and Peto published their landmark study on the effect of
smoking on age-related lung function decline in British working men. The Lung Health
Study, a randomized controlled trial of smoking cessation, subsequently confirmed
Fletcher and Peto’s observation that adults who successfully quit smoking have slower
lung function decline than continuing smokers. However, Fletcher and Peto’s conclusion
that “further damage to FEV [forced expiratory volume] due to smoking ceases within at
most a few years of stopping” remains controversial. A recent meta-analysis of 88,887
adults included in 47 studies (37 general population-based, 6 disease-focused, 4
interventional), one third of which were conducted prior to 1970, found that former
smokers had a non-significantly slower rate of FEV1 decline (27-6 mL/year, 95% CI 25-9
—29:4) compared to never-smokers (29-:2 mL/year; 95% CI 28:1—30-4). Additional
evidence is warranted, since many of the included studies were small, used variably
standardized spirometry, included mostly males of European ancestry, and yielded
variable results. Moreover, from a pathophysiologic standpoint, a large number of
mechanistic studies, both /n vitro and in vivo, have suggested ongoing smoking-related
harm to the lungs after smoking cessation.

Added value of this study

In a large, US general-population based sample, we demonstrate that former smokers and
low-intensity current smokers have accelerated lung function decline compared to never-
smokers. Accelerated lung function decline was observed after 230 years of smoking
cessation and in smokers with relatively low cumulative cigarette consumption (<10
pack-years). Even at less than 5 cigarettes-per-day, current smoking was associated with
substantially accelerated lung function decline compared to former smokers. Associations
were attenuated but were consistent among participants without prevalent lung disease.

Implications of all the available evidence

Our findings reinforce that there is no safe level of tobacco smoke exposure and that
smoking cessation is the most effective means of harm reduction. They furthermore
justify investigation into potential preventive interventions in the rising ranks of former
smokers, who remain at increased risk for chronic lung diseases due to ongoing lung
function deterioration.
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NHLBI Pooled Cohorts Study
(n=65,251)

Only one spirometry exam attempted
HCHS/SOL (n=16,415)
JHS only (n=2,835)
SHS (n=3,516)
Not selected for spirometry in MESA (n=2,331)
Declined spirometry (n=3,408)

4

Eligible/selected for longitudinal
spirometry follow-up (n=37,684)

<2 valid spirometry exams
No valid spirometry exam (n=2,548)
One valid spirometry exam (n=9,235)

4

¥

2+ valid spirometry exams
(n=25,901)

» Missing covariate data (n=549)

h

Study sample (n=25,352)

Figure 1. CONSORT diagram.
HCHS/SOL = Hispanic Community Health Study/Study of Latinos; JHS = Jackson Heart

Study; MESA = Multi-Ethnic Study of Atherosclerosis; NHLBI = National Heart, Lung,
Blood Institute; SHS = Strong Heart Study.
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C. Cumulative cigarette consumption
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D. Current cigarette consumption
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Figure 2. Predicted FEV1 curves according to (A) smoking status, (B) duration of smoking
cessation, (C) cumulative cigarette consumption, and (D) current cigarette consumption.

Predicted FEV1 curves were generated from linear mixed models with cohort-specific
unstructured covariance matrices adjusted for age, age?, height, height?, sex, race/ethnicity,
weight, birth year, site, study, educational attainment, and the smoking parameter of interest.
Multiplicative interactions with age were modeled for all covariates. 95% confidence
intervals are indicated by shading. To reflect differences in age distributions across strata of
smoking exposures, predictions at the extremes of each stratum-specific age distribution
(<5t or >95t percentile) were not shown. Participants with variable smoking status were
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excluded from analyses of duration of smoking cessation and of cumulative and current
cigarette consumption. With respect to categorizations of duration of smoking cessation and
cumulative and current cigarette consumption, all ranges were inclusive of the lower
boundary point and exclusive of the upper boundary point.
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