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Rationale: The course of lung function decline for smokers with early
airflow obstruction remains undefined. It is also unclear which early
spirometric characteristics identify individuals at risk for rapid de-
cline and increased mortality.
Objectives: To determine the association between spirometric meas-
ures and 5-year decline in FEV1 and 12-year mortality.
Methods:Weanalyzed longitudinal data fromtheLungHealthStudy,
a clinical trial of intensive smoking cessation intervention with or
without bronchodilator therapy in 5,887 smokers withmild tomod-
erate airflow obstruction. Participants were stratified into bins of
baseline FEV1 to FVC ratio, using bins of 5%, and separately into bins
of Z-score (difference between actual and predicted FEV1/FVC, nor-
malized to SD of predicted FEV1/FVC). Associations between spiro-
metric measures and FEV1 decline and mortality were determined
after adjusting forbaselinecharacteristics and time-varying smoking
status.
Measurements and Main Results: The cohort was approximately two-
thirdsmale,predominantlyofwhiterace(96%),andwithmeanageof
49 6 7 years. In general, individuals with lower lung function by any
metric hadmore rapid adjusted FEV1decline.A threshold fordifferen-
tial decline was present at FEV1/FVC less than 0.65 (P , 0.001) and
Z-score less than 22 (2.3 percentile) (P , 0.001). At year 12, 575
(7.2%) of the cohort had died. Lower thresholds of each spirometric
metric were associated with increasing adjusted hazard of death.
Conclusions: Smokers at risk or with mild to moderate chronic ob-
structive pulmonary disease have accelerated lung function decline.
Individuals with lower baseline FEV1/FVC have more rapid decline
and worse mortality.
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Chronic obstructive pulmonary disease (COPD) is a major cause
of morbidity and mortality, recently becoming the third leading
cause of death in the United States (1). Expiratory airflow
limitation, the hallmark physiologic abnormality in COPD, is

determined by a reduction in the ratio of FEV1 to the FVC. The
traditional model of COPD as defined by Fletcher and Peto is
one of accelerated decline in lung function, resulting in reduced
FEV1 over many years (2). Recently, this notion has been chal-
lenged by several clinical trials describing substantial heteroge-
neity in lung function decline, with normal or near-normal rates
of decline in some individuals with established COPD (3–6). It
is unclear if these observations reflect a plateau of lung function
decline in those with moderate to severe COPD, the natural
course of treated COPD, or that not all COPD patients expe-
rience the historically accepted trajectory of FEV1 decline.

As most clinical trials included patients with established and
symptomatic COPD, the course of lung function decline for indi-
viduals with early airflow obstruction remains unclear. It is im-
portant to identify early spirometric characteristics that can
identify those at risk for the most rapid rate of lung function
decline as well as those with inconsequential disease. Moreover,
current spirometric guidelines used to diagnose COPD have not
been validated in terms of predicting long-term outcomes (7–11).
The Lung Health Study (LHS) was a longitudinal multicenter
randomized clinical trial of an intensive smoking cessation in-
tervention with or without inhaled bronchodilator therapy com-
pared with usual care in smokers recruited from the community
with mild to moderate airflow obstruction (12). The longitudinal
data from LHS offer a unique opportunity to explore how a
range of baseline spirometric measures are associated with lon-
gitudinal FEV1 decline and mortality. In this analysis, we strat-
ify the 5,885 LHS participants into bins of baseline FEV1/FVC
and FEV1% predicted, determining the association between
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The traditional model of accelerated decline in lung func-
tion in chronic obstructive pulmonary disease (COPD) has
been recently challenged by several studies showing het-
erogeneity in lung function decline. It is important to
identify early spirometric characteristics that can determine
who is at risk for the most rapid rate of lung function decline
and worse mortality.

What This Study Adds to the Field

In smokers at risk or with mild to moderate COPD, worse
baseline lung function is associated with more rapid long-
term FEV1 decline and higher risk of death. The thresh-
old of FEV1/FVC that placed people at risk for excessive
lung function decline and mortality was lower than current
thresholds used to define COPD.
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spirometric measures and the annual decline in FEV1 over 5
years and mortality at 12 years.

METHODS

Participant Selection

The design of LHS has been previously described (12–14). LHS I was
a multicenter, randomized three-arm trial of smoking cessation inter-
vention combined with inhaled ipratropium or placebo versus usual
care (Clinialtrials.gov NCT00000568). The study enrolled 5,887 active
smokers from the community aged 35 to 60 years with prebronchodi-
lator FEV1/FVC less than 0.70 and prebronchodilator FEV1 between
55 and 90% predicted who were not regularly using physician-
prescribed bronchodilators. Lung function was measured annually over
5 years. LHS III extended the follow-up of 98.3% of LHS I participants
to December 31, 2001 or 14.5 years (whichever was earlier), to deter-
mine long-term impact of the smoking cessation intervention (15, 16).
For this analysis, all LHS I participants with post-bronchodilator FEV1/
FVC measurements (n ¼ 5885) were included. Because of the observed
increase in FEV1 during the first year of LHS (13), and potential bias
related to deaths and loss to follow-up with LHS III, analysis of rate of
decline of FEV1 was limited to annual visit one through annual visit
five. For mortality analyses, LHS III death status was used. Written
informed consent was obtained from all participants originally enrolled
in LHS. Institutional Review Board approval was waived as all data
were previously collected and deidentified.

Defining Spirometric Thresholds

The procedure for spirometry measurements has been described else-
where (17). Spirometric values collected at the second screening
visit were used in this analysis. Participants were stratified into bins
of baseline post-bronchodilator FEV1/FVC as a percent, using bins
of 5%. Separately, participants were stratified by baseline post-
bronchodilator FEV1/FVC into bins of Z-score, using reference formu-
las of Hankinson (18). The Z-score represents the difference between
the actual FEV1/FVC and the predicted FEV1/FVC, normalized to the
SD of the predicted FEV1/FVC. For example, a Z-score of 21.0 means
that the measured FEV1/FVC is 1 SD below the mean of the reference
population (the 16th percentile of the population). A Z-score of21.645
represents the 5th percentile of the population (the lower limit of
normal [LLN] threshold) used to define COPD by some guidelines
(8). Table E1 in the online supplement provides a summary of the
correlation between Z-scores and normally distributed population per-
centiles. Participants were also stratified into bins of baseline FEV1%
predicted.

Modeling of Longitudinal FEV1 Decline

To test for the association between bins of baseline spirometric meas-
urements and mean annual FEV1 decline, generalized estimating equa-
tions (19) with a robust exchangeable variance-covariance matrix were
used. Lung function decline was assessed via the interaction of the
spirometric measure and time. Predictors associated with FEV1 meas-
urements and thus included in modeling were randomization group,
race, sex, age, height, body mass index, and time-varying smoking pat-
terns. Time-varying smoking pattern was modeled with three covari-
ates: (1) average number of cigarettes smoked per day over the
previous year at each annual visit, (2) subject’s smoking status for
the current year, (3) and subject’s smoking status for the previous year
(defined as smoker or nonsmoker). Full details on predictors and
model construction are available in the online supplement. Graphs of
adjusted mean FEV1 change (expressed in milliliters per year) across
bins of different spirometric measures were generated. Methacholine
reactivity was defined as previously described (20). To determine the
association between different spirometric thresholds and the hazard of
death at LHS III follow-up, adjusted Cox proportional hazard regres-
sion models were generated using duration of follow-up as the time
metric. A P value of less than 0.05 was used to infer statistical signif-
icance. Stata version 10.0 (Stata Corp, College Station, TX), was used
for statistical analyses.

RESULTS

Participant Characteristics at Baseline

A total of 5,885 LHS participants were included in this analy-
sis, representing 99.9% of the original LHS cohort. (Table 1)
Two individuals were excluded due to the lack of post-
bronchodilator spirometry. The cohort was predominantly of
white race (96%), with mean age of 49 6 6.8 years. Approxi-
mately two-thirds were men. All participants were active smok-
ers at the time of enrollment, with an average smoking history
of 41 6 19 pack-years. The mean prebronchodilator FEV1/FVC
was 0.636 0.06, with post-bronchodilator FEV1/FVC increasing
to 0.65 6 0.06. Although all participants had a prebronchodila-
tor FEV1/FVC less than 0.70, 1,245 (21%) had a post-
bronchodilator FEV1/FVC greater than or equal to 0.70. The
mean post-bronchodilator FEV1% predicted of the cohort was
78 6 9% predicted.

Five-Year and LHS III Outcomes

At 5-year follow-up, 147 (2.5%) of the cohort had died (Table 1).
Of those still living, 3,890 (68%) were active smokers. At LHS
III, 575 participants had died, representing 9.8% of the original
LHS cohort. Data regarding cause of death have been previ-
ously reported (13, 15, 21). At the last visit before study com-
pletion, loss to follow-up, or death, 2,695 (46%) of the cohort
were active smokers, whereas 915 (15.5%) were sustained quit-
ters. The unadjusted annual decline in absolute FEV1 for the
entire cohort was 53.1 6 0.6 ml at year 5 and 53.9 6 0.5 ml at
year 12.

Adjusted Mean FEV1 Decline Stratified by Bins of Baseline

Spirometric Measures

In exploratory analyses, several participant baseline characteris-
tics were identified to contribute to the longitudinal decline in

TABLE 1. CHARACTERISTICS OF LUNG HEALTH STUDY
COHORT (N ¼ 5,885)

Baseline

Age, yr 48.5 (6.8)

Male, n (%) 3,701 (63)

Race/ethnicity, n (%)

White 5,636 (95.8)

Black 225 (3.8)

Other 24 (0.4)

BMI, kg/m2 25.6 (3.9)

Pack-years smoking 40.5 (19)

Cigarettes per day 21 (12)

FEV1/FVC ratio, post-BD 0.65 (0.06)

FEV1, post-BD

Absolute, L 2.75 (0.63)

% Predicted 78.3 (9.1)

FVC, post-BD, L 4.24 (0.95)

Longitudinal Follow-up

Smoking status at last visit

Continuous smoker 2,695 (45.8)

Intermittent smoker 2,275 (38.7)

Sustained quitter 915 (15.5)

Alive

5-yr 5,738 (97.5)

LHS3 5,310 (90.2)

Average annual change in post-BD FEV1, ml

5-yr 253.1 (0.78)

LHS3 253.9 (0.51)

Definition of abbreviations: BD¼ bronchodilator; BMI¼ body mass index; LHS3¼
Lung Health Study III.

Values are presented as mean (SD) unless otherwise indicated.
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absolute FEV1 and were incorporated in a multivariate model.
The relative adjusted effect of these covariates on absolute
FEV1 is summarized in Table E2. In general, individuals with
lower lung function by any metric had more rapid adjusted
FEV1 decline. When stratifying participants into bins of base-
line absolute FEV1/FVC, all but the highest bin was associated
with an adjusted mean FEV1 slope less than zero (Figure 1).
There appeared to be a threshold of differential decline at the
0.60 to 0.65 bin, with a statistically greater FEV1 decline com-
pared with participants in the next highest bin (P , 0.001). For
the bins less than 0.65 to 0.70, there was a significantly greater
FEV1 decline for lower FEV1/FVC bins (see Figure 1 and Table
E3). When stratifying participants into bins of Z-score, a similar
pattern was observed with a threshold of differential decline
occurring between the 22.5 to 22 Z-score bin and the 22 to
21.5 bin (P , 0.001) (Figure 2). There was no statistical differ-
ence in annual FEV1 decline between participants whose base-
line FEV1/FVC Z-score includes the LLN 5th percentile
threshold (22 to 21.5 bin) compared with the next highest
bin (P ¼ 0.52). Subsequently lower Z-score bins were associated
with greater adjusted FEV1 slope of decline (Table E3). Indi-
viduals with baseline FEV1% predicted that ranged from 80 to
85% had a greater annual decline than participants in the 85 to
90% FEV1% predicted bin (P , 0.001) (Figure 3). Each sub-
sequently lower bin of baseline FEV1% predicted was associ-
ated with a statistically greater decline in annual FEV1 (Table
E3). The observed trends in FEV1 slope of decline across bins
of different spirometric measures were not substantially altered
when including methacholine reactivity or baseline FEV1 in the
primary model (Figures E1–E5). When evaluating the usual
care group separately (to completely remove any potential im-
pact of smoking cessation intervention and ipratropium on the
FEV1 slope) or including the 11-year follow-up data, similar
trends were present (Figures E6–E11). When stratifying the
study cohort by smoking pattern (sustained quitter, intermittent
quitter, or continuous smoker), the association between lower
baseline lung function and accelerated decline was present in all
three groups, but attenuated in the sustained quitters. Intermit-
tent smokers and continuous smokers had similar trends when
baseline lung function was normal or mildly impaired. At levels

of more severe baseline lung impairments, intermittent smokers
demonstrated less rapid lung function decline than continuous
smokers (Figures E12–E14).

Hazard of Death with Different Spirometric Thresholds

As seen in Figure 4 and Table E4, a consistent trend was seen
with lower thresholds of spirometric measures being associated
with increasing adjusted hazard of death. Specifically, lower
FEV1/FVC ratios increased the hazard of death, with statistical
significance being met when comparing an FEV1/FVC less than
0.55 to greater than 0.55 (hazard ratio [HR], 1.31; 95% confi-
dence interval [CI], 1.01–1.70; P ¼ 0.04). When evaluating dif-
ferent Z-score thresholds, the hazard of death began increasing
at the 23.0 threshold (HR, 1.19; 95% CI, 0.99–1.43; P ¼ 0.06)
and reached statistical significance at the 23.5 threshold (HR,
1.31; 95% CI, 1.06–1.62; P ¼ 0.014). Progressively lower Z-score
thresholds were associated with an increasing hazard of death.
An increased hazard of death was seen across the range of
baseline FEV1% predicted thresholds, with the greatest risk
observed when comparing those with a baseline FEV1% pre-
dicted less than 65% to those greater than 65% predicted (HR,
1.36; 95% CI, 1.08–1.72; P ¼ 0.01). When stratifying by cause of
death, no clear spirometric thresholds existed to identify an
increased risk of death. (Table E5).

DISCUSSION

We have demonstrated that spirometry testing in a population at
risk or with mild to moderate lung disease provides important
prognostic information. Some smokers with mild to moderate
airflow limitation do have an increased rate of lung function de-
cline. In smokers at risk or with mild to moderate COPD, worse
lung function at baseline is associated with more rapid long-term
decline in FEV1 and higher risk of death. In our analysis, ex-
cessive lung function decline occurred below FEV1/FVC of 0.65
or Z-score of 22.0 (2.3 percentile). The risk of death did
not increase until even lower thresholds (FEV1/FVC of 0.55 or
Z-score of 23.5 [0.023 percentile]). The thresholds we observed

Figure 1. Adjusted mean FEV1 slope stratified by bins of baseline FEV1/
FVC ratio. Model adjusted for randomization group, race, sex, sex–time

interaction, age, height, body mass index, average number of ciga-

rettes smoked per day over the previous year at each annual visit,

subject’s smoking status in each of the 2 prior years (defined as smoker
or nonsmoker), and smoking status–time interaction. Error bars repre-

sent 95% confidence intervals.

Figure 2. Adjusted mean FEV1 slope stratified by bins of baseline FEV1/

FVC Z-score. The Z-score represents the difference between the actual
FEV1/FVC and the predicted FEV1/FVC, normalized to the SD of the

predicted FEV1/FVC. Model adjusted for randomization group, race,

sex, sex–time interaction, age, height, body mass index, average num-

ber of cigarettes smoked per day over the previous year at each annual
visit, subject’s smoking status in each of the 2 prior years (defined as

smoker or nonsmoker), and smoking status–time interaction. Error bars

represent 95% confidence intervals.
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that placed people at risk for excessive lung function decline
and mortality were lower than current thresholds used to define
COPD (FEV1/FVC , 0.70 or fifth percentile LLN). These find-
ings highlight the usefulness of screening spirometry in at-risk
groups, allowing for risk stratification of at-risk individuals to
avoid overtreatment of those not at risk for accelerated lung
function decline or death. Moreover, these data can inform
screening criteria for guideline development.

Understanding the predictors and significance of the rate of
decline in lung function in individuals with COPD has been the
focus of several recent studies (3–6, 22–24). When examining
individuals with established COPD, it was observed that lung
function decline is heterogeneous (5). A recent report observed
that only 18% of patients with COPD experienced a statistically
significant FEV1 decline assessed by linear regression (6). It is
unclear if the observation of less than anticipated FEV1 decline
in those studies was attributable to alterations in disease patho-
biology or response to medical therapy. By analyzing a group
of individuals with mild to moderate disease relatively free of
treatment, we have expanded the understanding of lung func-
tion decline in smokers. Our results demonstrate that some
smokers with minimal to moderate lung function impairment
do have an accelerated decline of lung function. Both the base-
line FEV1/FVC ratio and the FEV1% predicted were informa-
tive in this regard. These findings were present even after
accounting for longitudinal smoking habits of the LHS cohort.
Although the most accelerated lung function decline was seen
in continuous smokers, the association between lower baseline
lung function and more rapid FEV1 decline was also present
in intermittent quitters and sustained quitters. Our findings
confirm the previously described “horse racing effect” in estab-
lished COPD, whereby those with the most severe FEV1 im-
pairment, on average, have the most accelerated future FEV1

decline (25). Our findings also complement the reported obser-
vation that lower lung function at young age is highly predictive
of low lung function in middle age (23). We have now expanded
this observation by including at-risk individuals as well. We
observed that at thresholds of FEV1% predicted above 60%,
those below that level had a higher risk of death than those
above. These observations can help practitioners identify those

individuals who are at greatest risk for future lung impairment
and death.

Consistent with recent reports describing the heterogeneity
of FEV1 decline in COPD, in addition to identifying a subset
of individuals with accelerated lung function decline we also
observed that many smokers did not have a rapid decline in
lung function over time. We observed that differential FEV1

decline did not occur unless the baseline FEV1/FVC was below
0.65 or Z-score less than 22.0, and the mean rate of decline of
FEV1 increased with further reduction in the baseline ratio. As
identified by the writing committees of the major pulmonary
organizations, the currently selected spirometric thresholds lack
clinical validation (7, 8). These data suggest that the current
thresholds to define COPD may be identifying individuals
who are not at risk of accelerated FEV1 decline and thus may
not warrant pharmacotherapy. The use of a diagnostic threshold
that identifies individuals who may not be at risk of accelerated
decline could lead to potential overdiagnosis of nonsignificant
disease.

Current guidelines recommend against spirometric screening
of asymptomatic individuals, regardless of COPD risk factors
(26). Such recommendations are based on the lack of evidence
for beneficial pharmacotherapy to treat asymptomatic persons
with or without airflow obstruction. Our analysis shows that
spirometry can inform the prognosis of smokers. Albeit limited
by post hoc subgroup analysis, reports demonstrate that phar-
macotherapies can improve symptoms, exacerbation frequency,
rate of FEV1 decline, and mortality in individuals with mild and
moderate COPD (27–29). It remains unclear if therapies for
mild COPD will definitely improve outcomes, and thus the find-
ings presented here do not contradict current screening guide-
lines. If pharmacotherapy that reduces rate of decline in more
advanced disease is found to be useful in milder disease, there
may be therapeutic benefit of screening. This is not the case
currently. Smoking cessation should be recommended to all
individuals regardless of lung function status. However, if
resources for high intensity smoking cessation are limited, those
with the greatest risk for lung function decline would be highest
priority.

In our analysis, we did not observe a statistically significant
increase in the risk of death for participants with a baseline
FEV1/FVC less than 0.70 or LLN encompassing the fifth

Figure 3. Adjusted mean FEV1 slope stratified by bins of baseline post-

bronchodilator FEV1% predicted. Model adjusted for randomization

group, race, sex, sex–time interaction, age, height, body mass index,
average number of cigarettes smoked per day over the previous year at

each annual visit, subject’s smoking status in each of the 2 prior years

(defined as smoker or nonsmoker), and smoking status–time interac-

tion. Error bars represent 95% confidence intervals.

Figure 4. Adjusted hazard ratio of death comparing different thresh-

olds of baseline spirometric predictors. Point estimate and 95% error

bars represent the hazard ratio comparing spirometric indices above
the threshold to below the threshold, adjusted for baseline age, race,

sex, and smoking status at last visit.
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percentile compared with those above that threshold. The ma-
jority of studies evaluating the relationship between spirometry
and mortality focus on comparing the fixed ratio and LLN cri-
teria (30–33). Few have explored different thresholds above and
below the current criteria (34, 35). Moreover, all LHS partic-
ipants were active smokers at baseline with careful follow-up of
biochemically validated smoking status, allowing us to account
for the confounding effect of smoking on mortality. Vaz Fra-
goso and colleagues examined the association between different
thresholds of LLN criteria (ranging from 5th to 25th percentile)
and 12-year mortality in 3,502 participants of the Third National
Health and Nutrition Examination Survey (NHANES III) (34).
They observed an increase in the adjusted hazard of death only
for those below the 5th percentile compared with those above
the 25th percentile. The authors did not evaluate thresholds
below the fifth percentile. Mannino and colleagues evaluated
the association between FEV1/FVC less than 0.70 and LLN
fifth percentile criteria with 11-year mortality in an elderly
community-based cohort (35). These authors observed a 40%
increase in the hazard of death (HR, 1.40; 95% CI, 1.1–1.7)
comparing individuals with FEV1/FVC less than 0.70 and below
LLN to individuals with normal spirometry. In a recent analysis
of the Lung Health Study cohort, increased 15-year mortality
was seen only in those with modified GOLD stage three or four
lung disease (36). Our findings support and refine these obser-
vations by demonstrating that a better threshold to determine
mortality risk may exist, specifically an FEV1/FVC , 0.55 or
Z-score less than 23.5.

Our analysis has limitations. The data for this analysis are col-
lected in the setting of a clinical trial, and thus the characteristics
of participants in this cohort may not reflect the general popu-
lation. Even though evaluation of the usual care group alone
was similar to the overall findings, the data presented here
may reflect changes related to trial interventions rather than
the natural course of COPD. LHS did not collect radiographic
or pulmonary function measures of emphysema, which has
been shown to be important in determining prognosis in
patients with COPD (24). Because the LHS did not enroll
subjects with severe airflow limitation, these analyses do not
exclude the possibility that individuals with severe airflow ob-
struction experience a slower rate of decline in lung function
than those with moderate obstruction, resulting in a sigmoid
curve with mild and severe obstruction showing the slowest
rates of decline. The participants of LHS were predominantly
white, limiting generalizability to other demographic groups.
LHS had relatively few deaths and relatively mild airflow ob-
struction, potentially leading to an underpowering for detec-
tion of a consistent association between lower spirometric
values and mortality, particularly when stratifying by cause of
death. This analysis did not evaluate other endpoints important
in the conceptual definition of disease, specifically the association
between baseline FEV1 and respiratory symptoms and quality of
life.

In summary, we have demonstrated that smokers at risk or
with mild to moderate COPD have accelerated lung function de-
cline. Individuals with lower FEV1/FVC have more rapid de-
cline and worse mortality. The current spirometric thresholds
used to define COPD, either an FEV1/FVC less than 0.70 or
below the fifth percentile, are above a level that predicts more
rapid lung function decline and increased risk of death. In
a group of active smokers, it may be necessary to lower the
threshold to an FEV1/FVC less than 0.65 or Z-score less than
22.0 to identify those at increased risk for more rapid fall in
FEV1, with even lower thresholds potentially necessary to iden-
tify those at increased risk of mortality. In addition to demon-
strating the value of screening spirometry in smokers to predict

long-term outcomes, we have provided information allowing for
risk stratification of at-risk individuals.

Author disclosures are available with the text of this article at www.atsjournals.org.
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