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Abstract
Background The lifetime risk of developing clinical COPD among smokers ranges from 13% to 22%.
Identifying at-risk individuals who will develop overt disease in a reasonable timeframe may allow for
early intervention. We hypothesised that readily available clinical and physiological variables could help
identify ever-smokers at higher risk of developing chronic airflow limitation (CAL).
Methods Among 2273 Lovelace Smokers’ Cohort (LSC) participants, we included 677 (mean age 54 years)
with normal spirometry at baseline and a minimum of three spirometries, each 1 year apart. Repeated
spirometric measurements were used to determine incident CAL. Using logistic regression, demographics,
anthropometrics, smoking history, modified Medical Research Council dyspnoea scale, St George’s
Respiratory Questionnaire, comorbidities and spirometry, we related variables obtained at baseline to
incident CAL as defined by the Global Initiative for Chronic Obstructive Lung Disease and lower limit of
normal criteria. The predictive model derived from the LSC was validated in subjects from the COPDGene
study.
Results Over 6.3 years, the incidence of CAL was 26 cases per 1000 person-years. The strongest
independent predictors were forced expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) <0.75,
having smoked ⩾30 pack-years, body mass index (BMI) ⩽25 kg·m2 and symptoms of chronic bronchitis.
Having all four predictors increased the risk of developing CAL over 6 years to 85% (area under the
receiver operating characteristic curve (AUC ROC) 0.84, 95% CI 0.81–0.89). The prediction model
showed similar results when applied to subjects in the COPDGene study with a follow-up period of
10 years (AUC ROC 0.77, 95% CI 0.72–0.81).
Conclusion In middle-aged ever-smokers, a simple predictive model with FEV1/FVC, smoking history,
BMI and chronic bronchitis helps identify subjects at high risk of developing CAL.

Introduction
COPD is defined as a heterogeneous lung condition characterised by chronic respiratory symptoms
(dyspnoea, cough, expectoration and/or exacerbations) due to abnormalities of the airways (bronchitis,
bronchiolitis) and/or alveoli (emphysema) that cause persistent, often progressive, airflow obstruction [1].
COPD has a long latency period and once the diagnosis is established, modifying disease progression has
proven difficult [2].

Cigarette smoking remains the leading cause of COPD. Yet, in this at-risk group, screening spirometry for
early detection of COPD is discouraged in the absence of respiratory symptoms [3], creating a lack of

Copyright ©The authors 2023.

This version is distributed under
the terms of the Creative
Commons Attribution Non-
Commercial Licence 4.0. For
commercial reproduction rights
and permissions contact
permissions@ersnet.org

This article has an editorial
commentary:
https://doi.org/10.1183/
13993003.01470-2023

Received: 13 May 2023
Accepted: 9 Aug 2023

https://doi.org/10.1183/13993003.00806-2023 Eur Respir J 2023; 62: 2300806

EUROPEAN RESPIRATORY JOURNAL
ORIGINAL RESEARCH ARTICLE

M.J. DIVO ET AL.

https://orcid.org/0000-0002-0770-7653
https://orcid.org/0000-0001-9686-5698
https://orcid.org/0000-0001-9920-4713
https://orcid.org/0000-0002-7266-8371
https://orcid.org/0000-0002-3997-5839
mailto:mdivo@bwh.harvard.edu
https://crossmark.crossref.org/dialog/?doi=10.1183/13993003.00806-2023&domain=pdf&date_stamp=
https://bit.ly/45mwLx3
https://bit.ly/45mwLx3
https://doi.org/10.1183/13993003.00806-2023
mailto:permissions@ersnet.org
https://doi.org/10.1183/13993003.01470-2023
https://doi.org/10.1183/13993003.01470-2023


clinical spirometric data in young and middle-aged adults. Chronic airflow limitation (CAL) is often used
as a surrogate marker of COPD incidence in long-term epidemiological studies [4–8]. From these studies,
we have learned that the estimated incidence in ever-smokers ranges between 13% and 22%. Predicting
who will develop CAL can provide an opportunity to inform those subjects at risk and potentially design
effective disease-modifying interventions at early disease stages [4].

Different studies have shown that the risk for CAL is increased among subjects with poor lung growth and
low maximal forced expiratory volume in 1 s (FEV1) attained by the fourth decade of life [5, 9, 10], the
amount of smoking [10], the presence of chronic mucous production [10, 11], a low baseline value of
diffusing capacity of the lung for carbon monoxide (DLCO) [12], a rapid rate of FEV1 decline [13] or
abnormalities on chest computed tomography (CT) [14]. However, except for chronic mucous production
and smoking, which are easily obtainable, clinicians would need to perform yearly spirometry to determine
FEV1 slope, obtain a chest CT or measure DLCO to identify possible cases [3].

We hypothesised that a more practical alternative could be integrating variables easily obtainable by any
clinician and building a predictive model to identify ever-smokers with baseline normal spirometry more
likely to develop CAL. We tested this hypothesis using the prospectively collected data from the Lovelace
Smokers’ Cohort (LSC). This longitudinal, well-characterised, observational cohort studies the factors
associated with CAL development among ever-smokers. Analysis of data from the LSC has helped identify
lung function trajectories [5, 13], spirometric variability over time [15] and individual risks for CAL
development [16–18].

Methods
Study design, setting and population
The LSC recruited 2273 individuals from the Albuquerque area (NM, USA) aged 40–75 years with
⩾15 pack-years of smoking from 2001 to 2015. Subjects are followed every 18 months with
questionnaires, anthropometric measurements and pulmonary function tests [18]. The Western (20031684)
and Mass General Brigham (protocol 2020P003513) Institutional Review Boards approved the study, and
all participants provided informed consent.

Eligibility criteria
To study CAL incidence, we included all current and ex-smokers with a post-bronchodilator FEV1/forced
vital capacity (FVC) ⩾0.7 and FEV1 ⩾80% predicted, who were followed for at least 3 years and
performed at least three spirometries measured at least 1 year apart. We used the 3 years and three
spirometries criteria because the progression to COPD based on FEV1 measurements can vary [19, 20] and
three spirometries help establish a reliable progression pattern [15, 21].

Study measurements
Demographics, anthropometrics and smoking status were obtained by trained personnel at baseline and
each visit. Body mass index (BMI) was calculated in kg·m−2. Dyspnoea was evaluated using the modified
Medical Research Council dyspnoea scale (mMRC) [22], and quality of life using the St George’s
Respiratory Questionnaire (SGRQ) [23] and the adult American Thoracic Society Division of Lung
Disease-78 questionnaire [24]. Chronic bronchitis was defined as the persistence of cough and phlegm for
3 months for at least 2 years. Self-reported comorbidities, including asthma, were ascertained during the
initial visit.

Pulmonary function and spirometric classification
Spirometries were obtained following international guidelines [25] and interpretation of the
post-bronchodilator results into the following categories: 1) normal: subject with FEV1/FVC ⩾0.70 and
FEV1 ⩾80% predicted; 2) CAL: when FEV1/FVC <0.70 with the severity of obstruction based on the
Global Initiative for Chronic Obstructive Lung Disease (GOLD) spirometric classification [26]; and
3) preserved ratio impaired spirometry (PRISm): subjects with FEV1/FVC ⩾0.70 and FEV1 <80%
predicted (supplementary table E1a) [27]. The National Health and Nutrition Examination Survey
(NHANES) III provided the reference values [28].

Outcomes
To determine incident CAL, we included only those subjects with normal spirometry at baseline. Lung
function trajectories were determined using all available spirometries rather than just the first and last
measurements. Four possible trajectories were determined based on each visit’s spirometric classification:
1) sustained normal spirometry included subjects with normal spirometry at every visit; 2) incident CAL
included those who transitioned and remained in any spirometric GOLD stage in the subsequent visits;
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3) incident PRISm included those who transitioned and remained in the PRISm classification; and 4) an
“Unstable” category referring to subjects with fluctuating spirometric patterns without a clear trajectory
(see supplementary table E2 for a graphic representation).

Statistical analysis
Summary statistics included means, standard deviation, medians and interquartile ranges for continuous
variables and proportions for categorical variables. Chi-squared and Fisher’s exact tests were used to
analyse categorical variables, while the two-sample t-test was used for continuous variables.

Derivation of a prediction model for incident CAL
A multivariable logistic regression model was used to evaluate parameter estimates and odds ratios with
95% confidence intervals for factors associated with the incidence of CAL. Based on prior knowledge and
clinical plausibility, we included: age [10], gender [10], Hispanic ethnicity [16], pack-years of smoking
[10], current smoking status [10, 29], level of education, chronic bronchitis [11], SGRQ scores, mMRC
score [30], history of asthma [10, 29, 31], have received a diagnosis of COPD, BMI, baseline
post-bronchodilator FEV1/FVC, FEV1 % pred and FVC % pred as candidate predictors. The least absolute
shrinkage and selection operator (LASSO) with cross-validation was used as the variable selection method
for our final models. We calculated that a conservative sample size of at least 368 subjects was needed to
minimise model overfitting and to target precise estimates based on the use of 15 candidate variables, an
estimated incidence of 15% of the primary composite outcome and the expected Nagelkerke’s R2 of at
least 0.57 [32].

To increase clinical applicability, a second model was derived. Continuous variables were dichotomised at
threshold values calculated using a recursive partitioning decision tree with incident CAL as the outcome.
Recursive partitioning splits continuous predictors by optimising the cutting value based on the LogWorth
statistics [33]. Each model was evaluated for discrimination and calibration, and the Youden index field
[34] was applied to choose the optimal probability threshold used to define a case.

External validation
The external validation population was drawn from eligible participants from the COPDGene study (www.
COPDGene.org) [35] and none of the subjects were represented in both cohorts. COPDGene
(ClinicalTrials.gov: NCT00608764) recruited 10 371 smokers with at least 10 pack-years of cigarette
smoking at 21 US clinical centres between 2007 and 2011. COPDGene collects longitudinal data on study
participants at 5-year intervals, with the 10-year study visit (Visit 3) ongoing. For this analysis, we
included the 830 subjects who completed Visit 3 (having three spirometries) (supplementary figure E1).
All coefficients from the derivation model in the LSC were precisely applied in this sample. We estimated
the discrimination and calibration in the external validation cohorts by setting the same probability
threshold chosen in the derivation cohort. COPDGene was approved by Institutional Review Boards at all
study centres and all subjects signed written informed consent.

Sensitivity and secondary analysis
We repeated the analyses using the lower limit of normal (LLN) to define CAL, using the NHANES III
values as the reference (supplementary table E1b) [28].

To better inform CAL evolution, we calculated each subject’s FEV1 and FVC slopes using linear
regression and expressed them in mL per year [19]. The slopes of FEV1 and FVC were compared between
incident CAL and those with persistent normal spirometry. Also, we determined longitudinal changes in
BMI, smoking quitting and relapse rates, symptoms progression by the mMRC, and SGRQ scores over the
observation period using a mixed model for repeated measures. For these models, the group membership
(incident CAL and persistent normal spirometry), time in years and the interaction were entered as the
fixed effects, while each subject was the random effect. Previous reports have demonstrated that
missingness in the LSC and COPDGene cohorts is completely at random; in this analysis, missingness was
<25% and we used single imputation to complete the dataset. For hypothesis testing, p⩽0.05 was deemed
statistically significant. We used SAS JMP Pro version 16.1.0 (SAS Institute, Cary, NC, USA) and R
version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria).

Results
Among the 1087 LSC participants with at least three spirometries and at least 3 years of follow-up, 677
(30%) had normal baseline spirometry and were included in this analysis (supplementary figure E2). These
subjects had a mean age of 54 years, 51% were current smokers, 35 pack-years of smoking, 82% were
female and 18% were Hispanic (table 1). On average, these subjects had five spirometries measured over
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6.3 years of observation. For the COPDGene validation cohort, 830 participants met the inclusion criteria
(supplementary figure E1). These subjects had a mean age of 57 years, 52% were female and 33% were
African American (table 1).

Incidence of CAL in the LSC
Over the observation period, 110 subjects (16%) developed incident CAL, 489 (72%) maintained normal
spirometries, 15 (2%) transitioned to PRISm and 63 (9%) demonstrated an “Unstable” pattern (figure 1).
Thus, the incidence rate for CAL in the LSC was 26 cases per 1000 person-years. 19% of the symptomatic
(n=70) and 13% of the asymptomatic (n=40) participants evolved to CAL (figure 1), and by the end of the
observation period, 76 (69%) of the 110 with incident CAL were symptomatic, reflecting that six
asymptomatic participants developed new symptoms during the observation period. The comparison of the
baseline characteristics between subjects with and without incident CAL is presented in table 2 for the
LSC cohort. As seen in supplementary figure E3, most of the subjects who developed CAL (red dots) were
clustered close to the FEV1/FVC 0.70 and FEV1 80% predicted thresholds.

Derivation and validation of a prediction model for incident CAL
From the 15 candidate predictors for CAL incidence (supplementary table E4a), FEV1/FVC, pack-years,
age, BMI, FEV1 % pred, FVC % pred, diagnosis of COPD, a history of chronic bronchitis and education
level were the LASSO’s selected candidate predictors. In the multivariate model, FEV1/FVC, BMI, age,
FEV1 % pred and a history of chronic bronchitis were the best predictors of incident CAL in the derivation
cohort. This model’s discrimination and calibration characteristics are presented in table 3 (model 1). The
prediction formula, graphic profiler for each predictor and predictor’s contribution index table are shown in
supplementary material C. To facilitate its practical use, we built a model in which the six continuous
candidate variables (age, BMI, pack-years, FEV1/FVC, FEV1 % pred and FVC % pred) were dichotomised
on thresholds determined by recursive partitioning. The resulting optimal split values were 55 years for
age, 25 kg·m−2 for BMI, 30 pack-years for smoking, 0.75 for FEV1/FVC, 100% for FEV1 % pred and
95% for FVC % pred. We applied LASSO to select the new transformed variables (supplementary table
E4b). We found that FEV1/FVC 0.70–0.75, ⩾30 pack-years of cumulative smoking, BMI ⩽25 kg·m−2,
FEV1 80–100% predicted and a history of chronic bronchitis were significant predictors of incident CAL
(table 4: model 2); the model’s characteristics are listed in table 3. However, a more parsimonious model
was evaluated by excluding FEV1 80–100% predicted from the previous model due to collinearity with
FEV1/FVC (table 4: model 3). In this simpler model, the 6-year probability of developing CAL in a

TABLE 1 Baseline characteristics of the Lovelace Smokers’ Cohort (LSC) (derivation cohort) and the subjects
of the COPDGene cohort (validation cohort)

LSC (n=677) COPDGene (n=830)

Age (years) 54±9 57±8
Female 571 (82) 435 (52)
Race/ethnicity
White 508 (75) 558 (67)
Hispanic 125 (18)
Black (African American) 272 (33)

BMI (kg·m−2) 28.0±5.4 28.9±5.6
Current smoker 346 (51) 453 (45)
Pack-years of smoking 35±18 38±19
Age of smoking initiation (years) 17±4 17±2
Pre-COPD# 273 (54) 416 (50)
Spirometries (n) 5 (4–6) 3
FEV1/FVC 0.79±0.05 0.79±0.05
FEV1 (L) 2.8±0.6 2.9±0.7
FEV1 (% pred) 97±10 98±11
Follow-up (years) 6.3±1.8 10.1±0.6

Data are presented as mean±SD, n (%) or median (interquartile range). BMI: body mass index; FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity. All subjects in both cohorts had normal lung function at
baseline, performed at least three spirometries, were followed for at least 3 years and had ⩾15 pack-years of
cumulative smoking. #: pre-COPD is defined as having normal spirometric results and either chronic sputum
production, cough or modified Medical Research Council dyspnoea scale (mMRC) score >2 points at baseline
[41]; chest computed tomography or exacerbation-like events were not available. During the baseline
evaluation, there were missing data for cough (n=69) and mMRC (n=43).

https://doi.org/10.1183/13993003.00806-2023 4

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | M.J. DIVO ET AL.

http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00806-2023.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00806-2023.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00806-2023.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00806-2023.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00806-2023.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00806-2023.figures-only#fig-data-supplementary-materials


subject with all four predictors is 85% compared with only 2% for those without any predictors (figure 2).
As seen in table 3, the area under the receiver operating characteristic curve (AUC ROC) is 0.84 (95% CI
0.81–0.89). With the optimal threshold to classify a case as those with a probability of ⩾16% based on the
probability formula presented in supplementary material D, sensitivity is 0.72, specificity is 0.85, positive
predictive value is 0.52 and negative predictive value is 0.93, with a misclassification rate of 0.17.

External validation of the prediction model
The LSC’s simpler model with dichotomised variables was validated in the COPDGene cohort (n=830).
Over the 10 years of follow-up, 146 subjects (18%) met the criteria for incident CAL (incidence rate of 18
cases per 1000 person-years). The comparison of the baseline characteristics between subjects with and
without incident CAL in the COPDGene cohort is presented in supplementary table E3. We tested the
model performance in this cohort using the derived prediction formula and the estimated probability of
⩾16% for a positive case. The results are displayed in table 3.

Sensitivity and secondary analyses
Analyses using spirometric classification by the LLN offered similar results to those obtained using the
GOLD spirometric classification (supplementary material E). Finally, the longitudinal changes in lung
function, smoking status, BMI and symptoms analyses are presented in supplementary material F.

Discussion
The present study shows that a combination of simple spirometry-derived parameters, FEV1/FVC,
combined with cumulative pack-year history of smoking, BMI and a history of chronic bronchitis provides
a reliable estimate for the risk of developing CAL within 6 years in ever-smokers. The prediction model
was first derived from the LSC and then externally validated in the COPDGene study, obtaining
comparable results. Many of the model’s individual components are known to increase the risk of CAL
[10, 29, 36]; here, we replicated and combined them to build a single practical risk calculator able to

Symptomatic#

(54%)

Normal spirometry

n=489 (72%)

"Unstable" n=63 (9%)

Spirometric

classification by end

of observation period

Observation period (mean±SD): 6.3±1.8 years

Number of spirometries (median (interquartile range)): 5 (4–6)

Subjects with

normal spirometry at

enrolment (n=677)

PRISm n=15 (2%)

CAL n=110 (16%)

Asymptomatic

(46%)

19%

70%

9%

8%
13%

77%

FIGURE 1 Cumulative incidence of subjects with chronic airflow limitation (CAL), preserved ratio impaired
spirometry (PRISm), normal spirometry or those who fluctuate between these spirometric classifications
(“Unstable”) at the end of the observation period for those symptomatic and asymptomatic subjects who
entered the study with preserved lung function in the Lovelace Smokers’ Cohort. #: symptomatic is defined as
having either chronic sputum production, cough or modified Medical Research Council dyspnoea scale (mMRC)
score >2 points at baseline; chest computed tomography or exacerbation-like events were not available. During
the baseline evaluation, there were missing data for cough (n=69) and mMRC (n=43).
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TABLE 2 Comparison of baseline characteristics between subjects with incident chronic airflow limitation (CAL)
and those who maintained normal lung function at the end of the observation period in the Lovelace Smokers’
Cohort

Incident CAL
(n=110)

Maintained normal lung function
(n=489)

p-value

Demographic and anthropometric data
Age (years) 58±9 53±9 <0.0001
Female 89 (81) 416 (85) 0.7533
Hispanic 15 (14) 101 (21) 0.1201
BMI (kg·m−2) 25.9±4.3 28.6±5.4 <0.0001
Height (cm) 165±8 166±9 0.1416
Follow-up (years) 6.5±1.9 6.2±1.8 0.3538
Spirometries (n) 5 (4–6) 5 (4–6) 0.4773

Exposure
Age of smoking initiation (years) 18±5 17±4 0.0087
Current smoking 56 (51) 259 (53) 0.2348
Age of quitting smoking (years)# 51±8 45±9 <0.0001
Pack-years of smoking 42±18 33±17 <0.0001

Lung function
FEV1/FVC 0.74±0.03 0.80±0.04 <0.0001
FEV1 (L) 2.67±0.61 2.85±0.61 0.0125
FEV1 (% pred) 94±9 99±10 <0.0001
FVC (L) 3.61±0.84 3.56±0.77 0.9411
FVC (% pred) 100±4 99±5 0.0361

Symptoms
mMRC score¶ 1.33±1.15 1.09±1.22 0.0459
SGRQ total score 18±15 16±15 0.2120
Chronic bronchitis (%) 37 24 0.0206

Comorbidities
History of asthma 19 (18) 61 (13) 0.1595
Told of having a diagnosis of COPD 11 (10) 11 (2) 0.0005

Data are presented as mean±SD, n (%) or median (interquartile range). BMI: body mass index; FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; mMRC: modified Medical Research Council dyspnoea scale;
SGRQ: St George’s Respiratory Questionnaire. #: applies to those who quit smoking at baseline evaluation;
¶: baseline data were missing in 15 subjects with incident CAL and 100 subjects who remained within the
normal lung function range.

TABLE 3 Performance comparison of the derivation models (with continuous, dichotomic and dichotomic parsimonious variables) and their
performance in the external validation cohort

Derivation (Lovelace Smokers’ Cohort) Validation (COPDGene)

Model 1 Model 2 Model 3

Predictor’s characteristics Continuous
variables

Continuous variables
dichotomised

Continuous variables dichotomised
(parsimonious model)

Validation with model 3
probability formula

Subjects (n) 599 599 599 830
CAL incidence (cases per 1000
person-years)

26 26 26 18

Predictors in the model (n) 5 5 4 4
Probability threshold for case
assignment (%)

>15 >19 >16 >16

Sensitivity 0.89 0.75 0.72 0.79
Specificity 0.78 0.85 0.85 0.67
Positive predictive value 0.47 0.53 0.52 0.34
Negative predictive value 0.97 0.94 0.93 0.94
AUC ROC 0.91 0.86 0.84 0.77
Misclassification rate 0.20 0.17 0.17 0.31
Nagelkerke’s R2 0.52 0.41 0.39

CAL: chronic airflow limitation; AUC ROC: area under the receiver operating characteristic curve.
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identify high-risk subjects likely to develop CAL. In addition, we then validated the model in a different
cohort of at-risk smokers.

Currently, most patients diagnosed with COPD are in their seventh or eighth decade of life when the
management of these patients offers a limited impact on the natural progression of the disease. In COPD,
as in other non-communicable chronic diseases [37–39], efforts are being made to identify patients with
earlier stages of the disease. This concept has been adopted recently by the GOLD initiative to identify
those individuals with a high likelihood of developing poorly reversible airflow limitation and labelled as

TABLE 4 Estimates (odd ratios) and weight of predictors for the incidence of chronic airway limitation analysed
by multivariate logistic regression in the Lovelace Smokers’ Cohort

OR (95% CI) p-value Total effect on model

Model 2
FEV1/FVC <0.75 13.75 (8.15–23.17) <0.0001 0.72
⩾30 pack-years cumulative smoking 3.38 (1.94–5.89) <0.0001 0.15
BMI ⩽25 kg·m−2 2.41 (1.43–4.06) 0.001 0.08
FEV1 % pred <100% 2.07 (1.17–3.67) 0.0130 0.05
Chronic bronchitis (yes) 1.89 (1.09–3.27) 0.0231 0.04

Model 3
FEV1/FVC <0.75 15.32 (9.14–25.69) <0.0001 0.80
⩾30 pack-years cumulative smoking 3.38 (1.96–5.86) <0.0001 0.15
BMI ⩽25 kg·m−2 2.40 (1.43–4.03) 0.0009 0.07
Chronic bronchitis (yes) 1.87 (1.09–3.22) 0.0234 0.04

Model 2: continuous variables dichotomised and five predictors; model 3: continuous variables dichotomised
and four predictors (parsimonious model). FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; BMI:
body mass index.
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FIGURE 2 Prediction estimates for the incidence of chronic airway limitation (CAL). The probabilities were
calculated with the prediction formula derived and presented in supplementary material D. The dashed line
represents the cut-off threshold of >16% for case (CAL) assignment (see text for details). FEV1: forced expiratory
volume in 1 s; FVC: forced vital capacity; BMI: body mass index.
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“pre-COPD” [1, 40]. Pre-COPD is defined by the presence of respiratory symptoms, structural lung
lesions, physiological abnormalities (including low-normal FEV1, gas trapping, hyperinflation, reduced
DLCO or rapid FEV1 decline) without airflow limitation (FEV1/FVC ⩾0.7) [1, 40]. In the LSC cohort, only
54% of the participants at baseline met the criteria for pre-COPD, albeit not having data from chest CT,
DLCO or exacerbation-like events (table 1). In our study, FEV1/FVC between 0.70 and 0.75 was the
strongest predictor for incident CAL (table 3), making a strong case to add this criterion to the pre-COPD
definition. When FEV1/FVC between 0.70 and 0.75 is combined with a cumulative smoking history of
⩾30 pack-years, BMI ⩽25 kg·m−2 and a history of chronic bronchitis, the probability of developing CAL
reaches 85%. Using the colour-coded, easy-to-use chart (figure 2), or using the logistic regression formula
in supplementary material C and D, integrated into an online or clinical decision calculator, the risk can be
easily computed in many different settings.

Evidence from cohorts of smokers at risk has shown a relationship between the existence of symptoms
(cough and phlegm), low FEV1 % pred, rapid rate of lung function decline, low DLCO, low BMI and
emphysema detected with chest CT scans with incident CAL [10, 41, 42]. Currently, a chest CT is hard to
justify if the subject does not meet lung cancer screening criteria, repeated spirometries over time to
establish FEV1 decline is time and resource consuming, while the DLCO may not be readily available,
particularly in low- or middle-income countries with resource-limited healthcare systems [43]. However,
we recognise that the addition of chest CT and DLCO could improve the accuracy of our model and expand
case detection not only for CAL but also for more structural phenotypes as well. However, our model
offers a practical and economical clinical tool for prognostication in ever-smokers or for the much-needed
trials to prevent further progression to CAL as a case-finding tool for study recruitment, as exemplified in
the algorithms presented in figure 3 and supplementary figure E4.

Having FEV1/FVC between 0.70 to 0.75 suggests a dissociation between expiratory airflow (FEV1) and
lung volume (FVC) as described in the Tasmanian Longitudinal Health Study [44], where individuals with
lower FEV1/FVC trajectories from age 7 to 53 years had lower BMI, higher cumulative smoking and
chronic sputum production [44]. Our observation could represent a snapshot of the evolution of some of
these trajectories over 6 years in those who reach middle age and beyond.

Our results also support the concept of a dose–response relationship for cumulative smoking (pack-years)
and also that of early quitting of smoking, which decreases the risk for CAL [9, 45]. A novel and
interesting finding was the risk conferred by a lower BMI, a known predictor of worse outcomes in
patients with established COPD [46–48] but less acknowledged as a risk factor for incident CAL [49].
Importantly, BMI did not change over 6.3 years, suggesting that, on average, lung disease progression was
not accompanied by cachexia (supplementary material F). This indicates that the subjects were already in
the lower BMI range at an earlier stage of life, an observation supported by longitudinal studies that
included BMI measurements at younger age [50–52].

A history of chronic cough and phlegm, asthma or being an active cigarette smoker did not hold in our
final model as strong predictors for CAL. Although this differs from the findings from the CARDIA,
SPALDIA, UK MRC cohort and Copenhagen City Heart studies, the baseline spirometric values were not
included in the prediction models of those studies [11, 53–55]. Our study agrees with that of the TESAOD
cohort, where baseline spirometry was included in the model, and there, FEV1/FVC at baseline was a
strong predictor of future CAL [56].

There are several strengths to our study. The model is derived from a well-phenotyped cohort of at-risk
subjects, with multiple spirometries over a median of >6 years. The final CAL predictors were externally
validated in a second independent cohort with similar model performance. However, we also acknowledge
important limitations. First, our model is far from perfect, with 40% of variance explained and acceptable
performance in predicting this low probability event (26 cases per 1000 person-years); it is possible that
the addition of chest CT imaging (emphysema or air trapping and dysanapsis) or low DLCO could improve
the model, but at the expense of more complexity and cost. Moreover, SMITH et al. [57], using data from
CanCOLD, showed that participants with dysanapsis assessed by chest CT had a higher incidence of CAL;
interestingly, they also had lower baseline FEV1/FVC, a finding indicating that perhaps these are
surrogates’ markers of the same process. Second, we cannot assume that those who maintained
non-obstructed spirometry over 6 years of observation will remain normal if followed for a more extended
period. Third, in addition to not having chest CT and DLCO, we did not capture “exacerbation-like” events
in our questionnaires; therefore, our estimate of 54% of participants meeting the pre-COPD definition is
perhaps an underestimation (table 1). Fourth, the LSC cohort is mostly comprised of females (82%), with
an important representation of Hispanics of Mexican origin (18%) and no African Americans, all of which
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affect external validation. We observed a drop in the AUC ROC in the validation cohort, which could be
reflecting the baseline characteristics differences (table 1). However, an AUC ROC of 0.77 in the external
validation cohort is good, particularly considering that we are predicting a low-incidence event.
Importantly, the confidence intervals of both derivation and validation AUC ROC have some overlap,
suggesting the truth is somewhere in the vicinity of the reported values (table 3).

In conclusion, in two different cohorts of at-risk smokers, we found that FEV1/FVC 0.70–0.75, smoking
history ⩾30 pack-years, BMI ⩽25 kg·m−2 and FEV1 80–100% predicted provide a reasonable estimate for
the risk of developing chronic airway obstruction. The variables included in the model are simple to obtain
and provide an objective estimate to identify pre-COPD subjects.
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• Quantify cumulative smoking (pack-years)

• Check for symptoms of chronic bronchitis

• Measure BMI

• Obtain spirometry

• Counsel for smoking cessation

• Evaluate appropriateness for lung cancer

   screening CT

Spirometry

0.70≤ FEV1/FVC <0.75

Calculate the risk

using figure 2

Your risk at 6 years to

develop CAL is          %

• Monitor symptoms

• Yearly spirometry

FEV1/FVC <0.70

COPD

Act accordingly

FEV1/FVC ≥0.75

Consider spirometry 

in 5–6 years if no 

symptoms
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FIGURE 3 Proposed algorithm to apply our model to calculate the risk of incident chronic airway limitation
(CAL) in the clinical setting. BMI: body mass index; CT: computed tomography; FEV1: forced expiratory volume
in 1 s; FVC: forced vital capacity.
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