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Chronic obstructive pulmonary disease 
(COPD) is a global health burden that 
affects 300 million people worldwide1 

resulting in more than 3 million deaths annu-
ally.1,2 Although COPD is defined by airflow 
limitation, the rate of decline in lung function is 
extremely variable across patients.3,4 Accord-
ingly, data on the rate of change of forced expi-
ratory volume in 1 second (FEV1), the most 
commonly used measure of lung function, can 
be very noisy (i.e., quite variable), often associ-
ated with a coefficient of variation that exceeds 
1.50.3 FEV1 is directly related to severity classi-
fications (i.e., Global Initiative for Chronic 
Obstructive Lung Disease [GOLD] grades) that 
determine treatment algorithms.1 However, the 
relatively poor signal-to-noise ratio of this mea-
surement has made it difficult to risk-stratify 
patients for disease progression, especially in 
mild COPD, where the difference between 

patients with rapid and slow decline might be 
difficult to detect. Such risk stratification can 
help physicians personalize strategies for dis-
ease management and help researchers design 
more efficient therapeutic trials. For cardiovas-
cular diseases, prediction tools (e.g., the Fram-
ingham Risk Score5) have been available for 
several decades and have played major roles in 
clinical, research and policy domains. A lack of 
equivalent risk-prediction tools and the reduced 
ability to individualize disease prevention and 
management might explain the lack of success 
in reducing the burden of COPD compared with 
cardiovascular diseases.6

The objective of this study was to create and 
externally validate a probabilistic model to pre-
dict the individualized rate of decline in FEV1 
over 11 years and the corresponding GOLD 
severity grades in current smokers with mild-
to-moderate COPD.
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Background: The rate of lung-function decline 
in chronic obstructive pulmonary disease 
(COPD) varies substantially among individuals. 
We sought to develop and validate an individ-
ualized prediction model for forced expiratory 
volume at 1 second (FEV1) in current smokers 
with mild-to-moderate COPD.

Methods: Using data from a large long-term 
clinical trial (the Lung Health Study), we derived 
mixed-effects regression models to predict 
future FEV1 values over 11 years according to 
clinical traits. We modelled heterogeneity by 
allowing regression coefficients to vary across 
individuals. Two independent cohorts with 
COPD were used for validating the equations.

Results: We used data from 5594 patients 
(mean age 48.4 yr, 63% men, mean baseline 
FEV1 2.75 L) to create the individualized predic-
tion equations. There was significant between-

individual variability in the rate of FEV1 
decline, with the interval for the annual rate 
of decline that contained 95% of individuals 
being –124 to –15 mL/yr for smokers and –83 
to 15 mL/yr for sustained quitters. Clinical vari-
ables in the final model explained 88% of 
variation around follow-up FEV1. The C statis-
tic for predicting severity grades was 0.90. 
Prediction equations performed robustly in 
the 2 external data sets.

Interpretation: A substantial part of individual 
variation in FEV1 decline can be explained by 
easily measured clinical variables. The model 
developed in this work can be used for predic-
tion of future lung health in patients with 
mild-to-moderate COPD. Trial registration: 
Lung Health Study — ClinicalTrials.gov, no. 
NCT00000568; Pan-Canadian Early Detection 
of Lung Cancer Study — ClinicalTrials.gov, no. 
NCT00751660
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Methods

Study population
To derive the prediction equations, we used data 
from the Lung Health Study (LHS). The details 
of the LHS design and its major findings have 
been published elsewhere.7 In summary, LHS 
was a multicentre clinical trial, in which 5887 
smokers were randomly assigned to 3 arms of 
usual care and special intervention (smoking 
cessation) with or without a bronchodilator 
(ipratropium). All patients had mild-to-moderate 
COPD and were between the ages of 35 and 60 
years.7–9 Patients were excluded if they had any 
other substantial respiratory diseases.7,8 All 
patients were seen in person on an annual basis 
for 5 years, and spirometry was performed 
according to criteria of the American Thoracic 
Society.7 The study was subsequently extended 
by the addition of an in-person visit at about the 
11th year of follow-up.10 In the current study, 
we included all individuals with no missing 
FEV1 values and other independent variables at 
baseline and with at least 1 follow-up FEV1.

Exposure and outcomes
The exposures (predictors) were clinical and 
demographic variables (e.g., sex, age, weight 
and height), treatment group assignment, metha-
choline responsiveness (by use of the  O’Connor 
2-point slope11), smoking history (in pack-years) 
and baseline FEV1. In line with the original 
analysis of LHS, individuals were considered 
continuous smokers if they smoked throughout 
the first 5 years of follow-up, sustained quitters 
if they did not smoke in this period and intermit-
tent quitters if their smoking behaviour varied.7 
The outcome of interest was the individualized 
FEV1 value after bronchodilator treatment for up 
to 11 years after the baseline visit.

Validation cohort
We determined the external validity of the pre-
diction equations using 2 independent data sets: 
the European Respiratory Society Study on 
Chronic Obstructive Pulmonary Disease 
(EUROSCOP) and the Pan-Canadian Early 
Detection of Lung Cancer Study (PanCan). 
EUROSCOP was a multicentre clinical trial that 
compared inhaled budesonide with placebo over 
3 years in patients with mild-to-moderate COPD, 
with recruitment and follow-up between 1992 
and 1996,12 and with spirometry performed every 
3 months. PanCan13 recruited current or former 
smokers with or without COPD and performed 
spirometry yearly for up to 3 years, with recruit-
ment and follow-up between 2008 and 2013.14 
Because different treatments were used in these 

trials, external validation was determined only in 
the placebo arms of these studies. In addition, for 
external validation in PanCan, we included only 
patients with FEV1 values between 55% and 90% 
of the predicted value to be in line with inclusion 
criterial of LHS and EUROSCOP.7–9,12

Statistical analysis
The details of the statistical analysis are provided 
in Appendix 1, available at www.cmaj.ca/lookup/
suppl/doi:10.1503/cmaj.151483/-/DC1. Briefly, 
we used mixed linear regression to model the 
FEV1 for each individual. A mixed-effects model 
enables explicit specification of heterogeneity by 
assigning random-effect terms to parameters 
whose effect is variable between individuals. The 
regression equation was of the form 

FEV1t = β0 + β.X + β0'.t + β'.X.t + β0".t2 + 
(intsmo + intipra) + e

with FEVt representing FEV1 at tth follow-up 
year and e representing an independent nor-
mally distributed error term. X’s are the set of 
covariates (i.e., baseline age, sex, weight, 
height, height squared, smoking status, 
O’Connor slope, and interaction of baseline age 
and height squared) as described above. Inter-
cept, β0, and slope, β0', were modelled as ran-
dom effect (to vary across individuals), and 
other coefficients were modelled as fixed effect. 
β coefficients predict the baseline FEV1 and 
β' coefficients predict the slope of FEV1 change 
over time, β0" captures the potential nonlinear 
component of decline, and intsmo and  intipra  rep-
resent smoking-cessation and ipratropium inter-
ventions that model 1-time jump in FEV1 after 
the baseline visit for those who quit smoking or 
received ipratropium (these 2 variables were set 
to 0 for all 3 arms for the baseline visit because 
baseline FEV1 was measured before the initia-
tion of interventions).8 This model connects 
serial FEV1 measurements for an individual 
through a multivariate normal distribution, 
enabling conditional prediction of future FEV1 
values based on observable characteristics, 
baseline FEV1 and, potentially, previous FEV1 
values (details of calculations are provided in 
Appendix 2, available at www.cmaj.ca/lookup/
suppl/doi:10.1503/cmaj. 151483 /-/DC1).

Using this framework, we constructed differ-
ent models with different choices of predictors. 
We used the Akaike information criterion15 to 
choose the best predictive model (the final 
model). Details of model selection are shown in 
Appendix 1. From the final model, we calculated 
the predicted individualized lung function, as 
well as the range of FEV1 values around the esti-
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mate at the individual level that covers 95% of 
individuals with similar characteristics (i.e., 95% 
prediction interval). We also predicted the prob-
abilities of different GOLD grades over 11 years 
for an individual based on clinical traits and 
smoking status (continued smoker v. sustained 
quitter) during the follow-up period. In addition, 
we predicted future FEV1 and GOLD grades by 
adding a 1-year prior FEV1 value to other base-
line clinical traits (analogous to knowing a previ-
ous history of exacerbation, which can enhance 
prediction of future COPD exacerbations). A 
variance component analysis was performed to 
determine the contribution of covariates in 
explaining the variation of the follow-up FEV1 
values. Finally, we evaluated the discriminatory 
power of the model in predicting future GOLD 
grades by calculating the C statistics. GOLD 
grading classifies lung-function decline into 
4 categories: mild (FEV1 ≥ 80% of predicted), 
moderate (FEV1 50%–79% of predicted), severe 
(30%–49% of predicted) and very severe (< 30% 
of predicted).1 We used reference equations from 
the Third National Health and Nutrition Exami-
nation Survey to calculate the predicted FEV1 
values,16 and we combined severe and very 
severe grades because not many predicted values 
fell into the very severe category.

We performed internal validation using LHS 
and external validation using EUROSCOP12 and 
PanCan.13 Because EUROSCOP and PanCan did 

not measure bronchial responsiveness (i.e., 
O’Connor slope), we refitted the final model 
after removing this variable (Appendix 3, avail-
able at www.cmaj .ca /lookup/suppl/doi:10.1503/
cmaj.151483 /-/DC1). Validity was assessed in 
3 ways: plotting the observed versus predicted 
mean FEV1 at follow-up visits, calculating the 
root mean squared error (RMSE) of the pre-
dicted versus observed FEV1 values (the smaller 
the RMSE, the better the prediction), and deter-
mining the coverage probability defined as the 
proportion of the observed FEV1 values falling 
within the 95% prediction interval for that obser-
vation (the closer the coverage probability to 
95%, the better the prediction).

To make the prediction equation accessible 
to the research and clinical communities, we 
developed a Web application. All analyses were 
performed using SAS Version 9.4.

Results

We used data from 5594 individuals (mean age 
48.4 yr; 63% men). The mean follow-up time 
was 9.2 years with a combined total of 35 046 
visits. Details of the baseline characteristics can 
be found in Table 1.

The results of model comparison are pro-
vided in Appendix 1. The final model included 
the following variables: baseline age, follow-up 
time, sex, weight, height, height squared, smok-
ing status during follow-up, the O’Connor 
slope, and smoking-cessation and ipratropium 
interventions. Regression coefficients from this 
model are presented in Table 2. Most of the 
included variables in the final model were sig-
nificantly associated with the rate of FEV1 
decline (p < 0.05). There was significant 
between-individual variability in the rate of 
FEV1 decline, with the interval for the annual 
rate of decline that contained 95% of individu-
als being –124 to –15 mL/yr for smokers and 
–83 to 15 mL/yr for sustained quitters. In the 
final model, 88% of total variation around the 
follow-up FEV1 values was explained by the 
included clinical covariates and baseline FEV1 
as well as random effects. The final model had 
a C statistic of 0.90 for follow-up GOLD 
grades. Within follow-up periods, the C statis-
tics were 0.92 for years 1 and 2, 0.91 for year 3, 
0.90 for year 4, 0.88 for year 5 and 0.85 for 
year 11.

Figure 1 shows an example of prediction of 
lung-function decline and the corresponding 
GOLD grades stratified by future smoking 
behaviour for a patient with a baseline FEV1 of 
2.75 L. Based on these figures, if the patient 
continues smoking, over 11 years the average 

Table 1: Baseline characteristics of 5594 patients included in the final model

Characteristic Mean ± SD*

Follow-up time, yr 9.2 ± 2.9

Baseline age, yr 48.4 ± 6.8

Baseline FEV1, L† 2.75 ± 0.63

FEV1, % of the predicted value 78.47 ± 9.06

Weight, kg 75.9 ± 15.1

Height, m 1.72 ± 0.09

Methacholine responsiveness (O’Connor slope)‡ –12.73 (23.4)

Pack-years of smoking 40 ± 19

Sex, no. (%)

Male 3524 (63.0)

Female 2070 (37.0)

Smoking status by year 5, no. (%)

Sustained quitters 951 (17.0)

Intermittent quitters 1566 (28.0)

Continuous smokers 3077 (55.0)

Note: FEV1 = forced expiratory volume in 1 second, SD = standard deviation.
*Unless stated otherwise.
†After bronchodilator treatment.
‡Unit is change in FEV1 per mg/mL change in methacholine concentration.
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rate of decline would be –70 (95% prediction 
interval –128 to –11) mL/yr. If the patient stops 
smoking, the expected rate of decline would be 
–40 (95% prediction interval  –98 to 18) mL/yr. 
In terms of GOLD grades, if the patient contin-
ues to smoke, there is a 9% chance that he will 
remain in mild COPD, an 84% chance that he 
will transition to moderate COPD and a 7% 
chance that he will transition to severe or very 
severe COPD. These transitions can be substan-
tially improved if the patient quits smoking, 
with almost no chance of severe or very severe 
COPD developing, a 63% chance of moderate 
COPD developing and a 37% chance that he 
will remain in mild COPD. Incorporation of a 
previous FEV1 value for this patient will reduce 
the width of the prediction interval. This effect 
is more pronounced in short-term prediction: 
the width of the prediction interval is reduced 
by 38% and 30% for the first- and second-year 
prediction, respectively.

Validation

Internal validation using LHS
Figure 2A–B presents the predicted-versus-
observed mean FEV1 at follow-up visits for contin-
uous smokers and sustained quitters. The RMSE 
for both smokers and sustained quitters was 0.24, 
and the actual coverage probabilities of the 95% 

prediction intervals were 94% and 93%, respec-
tively (Appendix 4, e-Figure 1, available at www 
.cmaj .ca/lookup/suppl/doi:10.1503 /cmaj .151483 /-/
DC1, provides further internal validation for other 
subgroups).

External validation using EUROSCOP
There were 542 patients (72% men, baseline age 
52.5 yr, baseline FEV1 2.56 L [73.23% of pre-
dicted]) in the placebo arm of EUROSCOP. 
Baseline characteristics of this cohort are sum-
marized in the Appendix 4, e-Table 3. Figure 2C 
shows the replication data in this cohort. The 
RMSE in this cohort was 0.22, and the actual 
coverage probability of 95% prediction interval 
was 91% (Appendix 4, e-Figure 2 provides 
results for subgroups within EUROSCOP).

External validation using PanCan
There were 940 patients with COPD in PanCan 
(59% men, baseline age 63 yr, baseline FEV1 
2.21 L). Baseline characteristics of this cohort 
are presented in Appendix 4, e-Table 3. Fig-
ure 2D–E presents predicted-versus-observed 
values for FEV1 decline for current smokers and 
former smokers, respectively. For current smok-
ers, RMSE and the actual coverage probability 
of 95% prediction interval were 0.25 and 90%, 
respectively; whereas for sustained quitters, 
these values were 0.19 and 93%, respectively.

Table 2: Association of covariates with baseline FEV1 and rate of FEV1 change (millilitres per year) 

Variable

Baseline FEV1 Rate of FEV1 change

Effect (95% CI), mL p value Effect (95% CI), mL/yr p value

Intercept 1421.2 (–1277.33 to 4119.73) 0.3 –177.9 (–456.42 to 100.62) 0.2

Baseline age, yr –5.19 (–17.2 to 6.82) 0.4 2.31 (1.06 to 3.56) < 0.001

Sex (male v. female) 462.5 (436.71 to 488.29) < 0.001 –8.86 (–11.55 to –6.17) < 0.001

Weight, kg –0.11 (–0.86 to 0.64) 0.8 0.15 (0.07 to 0.23) < 0.001

Height, m –1760.3 (–4729.11 to 1208.51) 0.2 74.13 (–232.61 to 380.87) 0.6

Height squared, m2 1893.1 (1037.36 to 2748.84) < 0.001 11.39 (–77.2 to 99.98) 0.8

Continuous smoker* (v. sustained quitters) –77.22 (–88.73 to –65.71) < 0.001 –25.79 (–28.29 to –23.29) < 0.001

Intermittent quitter* (v. sustained quitters) –41.31 (–53.92 to –28.7) < 0.001 –10.02 (–12.79 to –7.25) < 0.001

Methacholine responsiveness
(O’Connor slope)†

2.61 (2.24 to 2.98) < 0.001 0.2 (0.16 to 0.23) < 0.001

Baseline age × height squared‡ –8.2 (–12.2 to –4.2) < 0.001 –0.92 (–1.34 to –0.5) < 0.001

Follow-up time from baseline, yr — — –0.44 (–0.59 to –0.29) < 0.001

Parameters Effect on 1-time jump in FEV1

Intervention: smoking cessation 27.35 (18.78 to 35.92) < 0.001

Intervention: ipratropium 33.71 (24.05 to 43.37) < 0.001

Note: CI = confidence interval, FEV1 = forced expiratory volume in 1 second. 
*Dummy variable. 
†Measure of hyperresponsiveness. This variable is log-transformed. Unit is per-unit log change in FEV1 per mg/mL change in methacholine concentration.
‡This interaction term was chosen among different interaction terms based on their Akaike information criterion values.
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Web application
Using prediction equations, we developed a Web-
based application (available at http://resp.med.ubc.
ca/software/ipress/epic/fev1pred). This tool enables 
the prediction of future FEV1 values and GOLD 
grades for up to 11 years using clinical variables 
that can be collected at the point of care. It also 
allows users to incorporate, from external sources, 
the effect of pharmacologic interventions such as 
bronchodilators in terms of 1-time increase in FEV1.

Interpretation

Using data from LHS, we developed equations that 
enable individualized probabilistic prediction of 
FEV1 decline for up to 11 years based on readily 

available clinical features at the point of care in 
patients with mild-to-moderate COPD. Our data 
are consistent with the original data by Fletcher and 
Peto, which showed that continuous smokers on 
average experienced a faster decline than nonsmok-
ers,17 and with subsequent studies, which showed 
the tremendous heterogeneity in COPD.17,18 We 
also validated the robustness of our equations in 2 
independent data sets, EUROSCOP and PanCan. 
The latter study is more recent than LHS and 
EUROSCOP, which assures the relevance of our 
prediction for modern patients with COPD.

The present study can be seen as a step toward 
creating a quantitative framework for outcome pre-
dictions in COPD. The present work was focused 
on FEV1 and did not incorporate other meaningful 
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Figure 1: Prediction results based on baseline FEV1 and clinical traits for an example patient (a 55-year-old man who is a continuous 
smoker, weight 75 kg, height 170 cm, baseline FEV1 2.75 L). A) Mean estimates and 95% prediction intervals for future FEV1 and B) 
11-year prediction of GOLD grades if the patient continues smoking. C) Mean estimates and 95% prediction intervals for future FEV1 
and D) 11-year prediction of GOLD grades if the patient stops smoking. This is an illustrative case only. The reader can use the online 
FEV1 calculator (http://resp.med.ubc.ca/software/ipress/epic/fev1pred) to estimate future FEV1 decline in patients with different clinical 
features. Note: COPD = chronic obstructive pulmonary disease, FEV1 = forced expiratory volume in 1 second.
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Figure 2: Internal validation of the model in (A) LHS smokers (RMSE 0.24, actual 95% coverage probability 94%) and (B) LHS sustained 
quitters (RMSE 0.24, actual 95% coverage probability 93%). External validation of the model in (C) EUROSCOP smokers (EUROSCOP 
included only smokers) (RMSE 0.22, actual 95% coverage probability 91%), (D) PanCan smokers (RMSE 0.25, actual 95% coverage prob-
ability 90%) and (E) PanCan sustained quitters (RMSE 0.19, actual 95% coverage probability 93%). Note: EUROSCOP = European Respi-
ratory Society Study on Chronic Obstructive Pulmonary Disease, FEV1 = forced expiratory volume in 1 second, LHS = Lung Health Study, 
PanCan = Pan-Canadian Early Detection of Lung Cancer Study, RMSE = root mean squared error.
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end points in COPD. However, it has the potential 
to be expanded, incorporating exacerbations and 
mortality as watershed COPD events that are 
affected by the degree of lung-function impairment. 
For other conditions, such as cardiovascular dis-
eases, such frameworks have been in place for 
decades, allowing for evidence-based decision-
making at the clinical and policy levels, as well as 
more informed design of clinical trials.19 Given the 
high and escalating burden of COPD, it is time to 
develop similar frameworks for this disease.

Limitations
There were some limitations to our study. First, 
LHS did not include thoracic computed tomogra-
phy of patients;20 thus the impact of emphysema 
on the rate of FEV1 decline could not be incorpo-
rated into our model. Second, the determinants of 
FEV1 are likely to be very complex with multiple 
interactions, and, although we examined the per-
formance of several models, they are inevitably 
simplified versions of the underlying disease pro-
cess. Third, our model is applicable in patients 
with mild-to-moderate COPD, which has the 
greatest opportunity for disease modification. Our 
model may not be generalizable to patients with 
more severe disease. Moreover, our equations may 
not be generalizable to individuals with asthma–
COPD overlap syndrome, patients with COPD 
who are lifetime nonsmokers, or patients whose 
predominant risk factor is biomass or other forms 
of indoor or outdoor pollution.

Conclusion
This framework will allow clinicians to risk-stratify 
patients with mild-to-moderate COPD in terms of 
their future lung-function decline and to identify 
patients with rapid disease progression, who can be 
targeted for close follow-up and intervention (e.g., 
smoking cessation programs). Another potential 
application of such a prediction tool is to promote 
the design of efficient clinical trials of interventions 
to modify disease progression by improving the sig-
nal-to-noise ratio of the FEV1 decline variable and 
reducing the sample size. The latter is achieved in 2 
ways: by providing estimates of residual variance 
for sample size calculation that remove the effect of 
heterogeneity due to observable characteristics, and 
by enriching the recruitment by patients who are 
most likely to experience rapid decline in lung func-
tion. In addition, the development of the Web-based 
tool can enable rapid translation of the study’s find-
ings into clinical practice and research designs.
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