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Potential pre-COPD indicators in association with COPD
development and COPD prediction models in Chinese:
a prospective cohort study
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Summary

Background Lung injury might take place before chronic obstructive pulmonary disease (COPD) occurs. A clearer
definition of “pre-COPD” based on the effects of potential indicators on increasing risk of COPD development and a
prediction model involving them are lacking.

Methods A total of 3526 Chinese residents without COPD aged 40 years or older derived from the national cross-
sectional survey of COPD surveillance in 2014-2015 were followed up for a mean of 3.59 years. We examined the
associations of chronic bronchitis, preserved ratio impaired spirometry (PRISm), low peak expiratory flow (PEF),
spirometric small airway dysfunction (sSAD), low maximal mid-expiratory flow (MMEF), low forced expiratory
flow 50% of pulmonary volume (FEF50), and low FEF75 with subsequent COPD and constructed a prediction
model with LASSO-Cox regression.

Findings 235 subjects in the cohort developed COPD during the follow-up. Subjects with PRISm, low PEF, sSAD, low
MMEF, low FEF50, and low FEF75 had an increased risk of developing COPD (adjusted hazard ratio [HR] ranging
from 1.57 to 3.01). Only chronic bronchitis (HR 2.84 [95% CI 1.38-5.84] and 2.94 [1.43-6.04]) and sSAD/low MMEF
(HR 2.74 [2.07-3.61] and 2.38 [1.65-3.43]) showed effects independent of the other indicators and their concurrence
had the strongest effect (HR 5.89 and 4.80). The prediction model including age, sex, low MMEF, low FEF50, and
indoor exposure to biomass had good performance both internally and temporally. The corrected C-index was 0.77
(0.72-0.81) for discrimination in internal validation. For temporal validation, the area under the receiver operating
characteristic curve was 0.73 (0.63-0.83). Good calibration was indicated in plot for internal validation and by
Hosmer-Lemeshow test for temporal validation.

Interpretation Individuals with concurrent chronic bronchitis and sSAD/low MMEF indicating pre-COPD optimally
require more high attention from physicians. Our prediction model could serve as a multi-dimension tool to predict
COPD comprehensively.

Funding The Ministry of Finance and the Ministry of Science and Technology of the People’s Republic of China and
the National Natural Science Foundation of China.
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Introduction

Chronic obstructive pulmonary disease (COPD) is one
of the leading causes of death in the world.! According
to the Global Initiative for Chronic Obstructive Lung
Disease, the gold standard for the definition of COPD is
post-bronchodilator forced expiratory volume in 1 s
(FEVy)/forced vital capacity (FVC) less than 70%.>
However, it takes a long period of time to develop
COPD, which might be induced by smoking, indoor air
pollution, occupational exposure, and other environ-
mental factors.” Since lung injury might take place
before FEV,/FVC becomes less than 70%, it is signifi-
cant to define a range of clinical indicators comprising
the term “pre-COPD” to identify individuals with
normal spirometry at present but at increased risk of
developing COPD in the future.’

Some indicators have been proposed by previous
studies to imply “pre-COPD” potentially, such as symp-
toms (e.g., chronic bronchitis), functional (e.g., small
airway dysfunction), or imaging abnormalities.”"* How-
ever, each of these studies on progression to COPD was
focused on only one sole indicator to identify individuals
at higher risk of developing COPD. Besides, some were
only limited in specific populations rather than the gen-
eral population and Chinese population was not involved
in any of them.*"° Hence, the distinction and the priority
of these indicators in increasing the risk of developing
COPD and their predictive values remain unknown. A
clearer, refined and dlinically operable definition of “pre-
COPD” and a prediction model involving “pre-COPD”

which might be defined from symptom, function, and
structure are lacking for earlier detection of COPD.'""?
Using data from the national cross-sectional study of
COPD surveillance in China and the follow-up of the
subjects in certain sites, we sought to (1) examine the
associations of potential pre-COPD indicators with
COPD development to develop a clear cognition about
pre-COPD, and (2) develop and validate a prediction
model for COPD development involving potential in-
dicators for pre-COPD and risk factors for COPD.

Methods

Study design and participants

We did a prospective cohort study in subjects derived
from the COPD surveillance in China. The COPD sur-
veillance is a national cross-sectional survey conducted
every 5 years and covered a representative sample of
Chinese population aged 40 years or older. Using a
complex, stratified, multistage cluster sampling strategy,
66,752 individuals were sampled and investigated with
questionnaires and acceptable post-bronchodilator
spirometry tests in 125 sites (counties/districts) from 31
provinces in China in 2014-2015." After that fourteen
sites intended for follow-up were selected across six re-
gions of China—North, Northeast, East, Central, South,
and Southwest China, where 7576 subjects had been
investigated with acceptable post-bronchodilator spirom-
etry examinations in 2014-2015. During 2018-2020, a
total of 5306 subjects of them, 4419 of whom had no
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Research in context

Evidence before this study

We searched PubMed, Wanfang Database and China National
Knowledge Infrastructure for articles published up to
December, 2022, using terms “chronic obstructive pulmonary
disease/COPD”, “chronic bronchitis”, “cough”, “sputum

production”, “phlegm”, “chronic mucus hypersecretion”,
“preserved ratio impaired spirometry/PRISm”, “peak
expiratory flow/PEF”, “small airway function”, “small airway

nou nou

dysfunction”, “small airway disease”, “emphysema” and “pre-
COPD” in English and Chinese. Some indicators have been
proposed by previous studies to imply “pre-COPD” potentially
from symptoms, functional or imaging abnormalities (Chronic
cough/phlegm: incidence rate ratio 1.85 (95% Cl, 1.17-2.93);
chronic bronchitis: hazard ratio 1.37 (0.98-1.92); PRISm:
hazard ratio 2.48 and odds ratio 3.75; FEV3/FEVe < LLN:
hazard ratio 2.11; N,-slope increase in quintiles: hazard ratio
1.63; emphysema: odds ratio 4.38 and hazard ratio 5.14).
However, each of these studies on progression to COPD was
focused on only one sole indicator to identify individuals at
higher risk of developing COPD. Besides, some of them were
only limited in specific populations rather than the general
population and Chinese population was not involved in any of
them. Therefore, the distinction of these indicators in
increasing the risk of developing COPD and their predictive
values remains uncertain and a clearer, refined and clinically
operable definition of “pre-COPD” and a prediction model
involving “pre-COPD” which could be defined from symptom,
function, and structure are lacking for earlier detection of
COPD.

Added value of this study

To our knowledge, this study is the first one to provide
prospective evidence for effects of potential pre-COPD
indicators on predicting progression to COPD in one Chinese
cohort. We found that subjects with PRISm, low PEF,
spirometric small airway dysfunction (sSAD), low MMEF, low

airflow limitation in 2014-2015, were initially contacted
for the survey at the follow-up. Among the 4419 subjects
without COPD, 4093 subjects participated in the inter-
view at the follow-up, 3526 of whom had acceptable post-
bronchodilator spirometry examinations then, 47 sub-
jects were found dead before the contact and 279 were
lost to follow-up. Finally, 3526 subjects were included in
the cohort for the association analysis and used as the
training set for the prediction model (Fig. 1a).

An entry date to the cohort was defined for each
subject as the date of the first survey in 2014-2015. An
exit date was defined as the date of the follow-up survey
during 2018-2020.

A total of 482 subjects took part in both the first
(2014-2015) and second (2019-2020) surveys of COPD
surveillance with acceptable post-bronchodilator spirom-
etry examinations and had no airflow limitation in
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FEF50, and low FEF75 had an increased risk of developing
COPD (hazard ratio 1.57, 1.65, 2.77, 3.01, 2.52, and 2.34) after
adjusting for other risk factors. Only chronic bronchitis and
sSAD/low MMEF showed independent effects when adjusted
for the other indicators and their concurrence had the
strongest effect (hazard ratio 5.89 and 4.80) compared to
each of them alone. The prediction model for COPD
development including age, sex, low MMEF, low FEF50, and
indoor exposure to biomass had good performance both
internally and temporally. The C-index and corrected C-index
was 0.7704 and 0.7660 for discrimination in internal
validation. For temporal validation, the area under the
receiver operating characteristic curve was 0.730. The cut-off
value of the prognostic index was 3.630 to discriminate
individuals at a high or low risk of COPD, at which the
sensitivity and the specificity was 0.633 and 0.774
respectively and the positive and negative predictive value
was 0.165 and 0.968.

Implications of all the available evidence

The presence of chronic bronchitis and sSAD/low MMEF
predicted COPD independently and were the most optimal of
those investigated in Chinese population. Physicians should
pay more attention to patients with chronic bronchitis and
sSAD/low MMEF concurrently. Our prediction model involving
these pre-COPD indicators and other risk factors may serve as
a multi-dimension tool to predict COPD comprehensively.
Taking advantage of pre-COPD and the prediction model, we
are able to identify the high risk individuals for COPD and
initiate interventions at an earlier stage. Further studies are
needed to illustrate the particular risks of COPD and develop
specific prediction models in populations with or without
exposures to specific COPD risk factors to understand the
natural history of COPD in various contexts and facilitate
interventions and treatments accordingly.

2014-2015. In order to ensure the subjects in the training
and validation datasets were not overlapped, 21 subjects
living in the fourteen sites for follow-up were excluded
and the remaining 461 subjects were used as the vali-
dation cohort for the prediction model (Fig. 1b). The sites
in the validation cohort covered all the seven regions over
the country including Northwest China.

The study was approved by the ethics review com-
mittee of the National Center for Chronic and Non-
Communicable Disease Control and Prevention, Chi-
nese Center for Disease Control and Prevention. Written
informed consent was obtained from all participants.

Procedures

In the national cross-sectional surveys of COPD sur-
veillance and the survey at follow-up, each participant
was invited to an interview administered by local trained
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a

Subjects  with post- pirometry results and
questionnaire in 14 sites in the 2014-2015 survey of COPD surveillance
(n=7576)

Attempt to contact subjects
2018-2020 (n=5306)

Excluded: subjects with airflow
limitation in the 2014-2015 survey
(n=887)

2014-2015 survey (n=4419)

| ' '

Died of causes other Interviewed ~ with  questionnaire Lost to follow-up
than COPD (n=47) 2018-2020 (n=4093) (n=279)

l

[ Subjects without airflow limitation in the J

Final analysis: subjects with acceptable post-bronchodilator spirometry results

[ and questionnaire 2018-2020 (n=3526)

b

Subjects investigated in the
2019-2020 survey of COPD
surveillance (n=74559)

Subjects investigated in the
2014-2015 survey of COPD
surveillance (n=75107)

Matched subjects by ID card
number  with  acceptable

»  post pirometry |«
results and questionnaire in
both surveys (n=545)

Excluded: subjects with airflow
limitation in the 2014-2015 survey
(n=63)

[ Subjects without airflow limitation in (he]

2014-2015 survey (n=482)
Excluded: subjects in the 14 sites
selected for follow-up (n=21)

Final analysis: subjects not in the 14 sites
selected for follow-up (n=461)

Fig. 1: Flowchart of study participants. a) the 3526 study participants in the training cohort; b) the 461 study participants in the validation

cohort.

staff.” The questionnaire collected information on de-
mographic characteristics, medical history, respiratory
symptoms and exposure to risk factors for COPD. The
definitions of smoking status, indoor exposure to
biomass, indoor exposure to coal, and exposure to dust
or chemicals in the workplace were described previ-
ously” and provided in the appendix. History of
emphysema, coronary heart disease and hypertension
was defined as the self-reported disease diagnosed by
township or higher level hospitals before subjects were
investigated in the first survey.

Pre- and post-bronchodilator spirometry were per-
formed for eligible participants by trained staff using the
same brand of spirometer and following the same pro-
cedure to measure FVC, FEV;, peak expiratory flow
(PEF), maximal mid-expiratory flow (MMEF), and forced
expiratory flow 50% and 75% of pulmonary volume
(FEF50 and FEF75)."* Quality control of spirometry was
described previously" and provided in the Appendix.

The primary outcome of this study is the occurrence
of COPD defined as post-bronchodilator FEV;/FVC
<70%?* in the survey at the follow up or in the second
survey of COPD surveillance.

All seven potential indicators (chronic bronchitis,
preserved ratio impaired spirometry (PRISm), low PEF,
spirometric small airway dysfunction (sSAD), low
MMEEF, low FEF50, and low FEF75) were defined under
the condition of post-bronchodilator FEV;/FVC >70%
in the survey in 2014-2015. Chronic bronchitis were
defined as chronic cough for more than four times per
day, 4 days or more per week, and at least 3 months in
each of two consecutive years and chronic sputum
production for more than twice per day, 4 days or more
per week, and at least 3 months in each of two consec-
utive years." Since an increase in FEV; >12% and
>200 mL from the pre-bronchodilator value or a change
>10% of its predicted value indicates a positive

bronchodilator response,'*'® PRISm was defined as post-
bronchodilator FEV; <80% predicted to minimize the
potential influence caused by the airway reversibility in
some individuals.” Low PEF was defined as pre-
bronchodilator PEF <80% predicted.® According to re-
sults of previous studies and available indicators for
small airway function in our examinations, sSAD was
defined as at least two of the three indicators of pre-
bronchodilator MMEF, FEF50, and FEF75 less than
65% predicted.”* In order to explore the priority of
these three indicators in predicting COPD, we similarly
defined low MMEEF, low FEF50 and low FEF75 as its
pre-bronchodilator value less than the 65% predicted
respectively. Since changes in forced expiratory flows
(such as PEF or MMEF) are highly variable and signif-
icantly affected by changes in FVC, pre- and post-
bronchodilator measurements are not comparable.”
Hence, pre-bronchodilator PEF, MMEF, FEF50, and
FEF75 were used in our study. Predicted values of FEV,
PEF, and MMEF for normal lung function were ob-
tained from a national study in Chinese.” Predicted
values of FEF50 and FEF75 were obtained from an
official statement of the European Respiratory Society.”

Statistical analysis

The cumulative incidence of COPD was calculated and
compared by univariate Cox proportional hazard
regression among subjects with different characteristics
in the training cohort.

The relationships between potential indicators/their
combinations and COPD development

The crude hazard ratios (HRs) of COPD were estimated
for potential indicators which were significant in the
univariate Cox model and their adjusted HRs were
estimated in respective multivariable models with
covariates including baseline sex, age, smoking status,
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exposure to dust or chemicals in the workplace, indoor
exposure to coal, and indoor exposure to biomass
(model 1). Smoking and the environmental covariates
which were generally accepted risk factors for COPD
were considered because they were modifiable factors
and could be improved in the lifetime. To consider these
potential indicators all at once, only indicators which
had been significant in the univariate Cox model were
included in model 2 and 3. Chronic bronchitis, PRISm,
low PEF, and sSAD were included in model 2 while low
MMEF, low FEF50, and low FEF75 substituted for sSSAD
in model 3. Combinations of significant indicators in
model 2 and 3 were modeled to estimate their HRs with
history of coronary heart disease and hypertension
adjusted for additionally. Collinearity was tested for all
the variables in the models but none were found. The
associations between any two of the indicators at base-
line were tested by chi-square.

For sensitivity analysis, we examined if the effect of
each potential indicator on COPD development still
existed after excluding individuals with every other in-
dicator respectively. The purpose of this was to verify if
the associations between indicators and COPD devel-
opment were consistent in various populations or they
were conditional or dependent on the other indicators.

The prediction model for COPD development

Least absolute shrinkage and selection operator
(LASSO) regression model**** was used to screen for
predictors involved in the final prediction model devel-
oped by Cox regression. LASSO is one method of the
regularization in which only one model is needed to be
fit for each tuning parameter contained in the contrac-
tion penalty term, so the computational efficiency will
be greatly improved. Second, it can properly select
appropriate value for tuning parameter to optimize the
deviation/variance of the residual sum of squares
tradeoff to improve the fitness of the regression model.
Third, it can be used to mitigate the over-fitting problem
and can reduce the regression coefficient to zero
increasing the interpretability of the model.** We used
the minimum standard I-Standard Error method to
determine the final number of predictors which was
identified at the one standard error on the right from the
minimum mean square error indicating good fitness of
the model with the fewest predictors.* For internal
validation, Harrell’'s C (C-Index) and Somers Dxy for
censored data were calculated for discrimination evalu-
ation and a C-Index >0.7 indicated good discrimina-
tion.** Optimism-corrected estimates of C-Index and
Somers Dxy were provided using a bootstrap resam-
pling process. Akaike information criterion (AIC)**
indicating the goodness of fit of the model was esti-
mated as well and calibration in plot predicting the
probability of developing COPD at 5 years versus
observed probability was evaluated through bootstrap re-
sampling method.** For temporal validation, the
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prognostic index indicating the risk of developing
COPD in future was calculated for each subject in the
validation dataset as Y, ;xX; where f5; were the regres-
sion coefficients of covariates X; from the prediction
model and was used to determine the performance of
the model with logistic regression. Sensitivity, that is the
ability of the model to find the cases, was calculated as
the number of actual incident COPD cases classified as
at high risk of COPD by the model divided by the total
number of actual incident COPD cases.” Specificity,
that is the ability of the model to find the non-cases, was
calculated as the number of actual non-incident COPD
cases classified as at low risk of COPD by the model
divided by the total number of actual non-incident
COPD cases.” The cut-off value of prognostic index
maximizing the sum of sensitivity and specificity to
predict COPD development were estimated for the
optimal point to discriminate between individuals at
high and low risk of COPD. The area under the receiver
operating characteristic (ROC) curve (AUC)” was
calculated to evaluate the model’s ability to discriminate
between individuals at high and low risk of COPD in
temporal validation. Youden’s index defined as sensi-
tivity — false positive error fraction maximizing the
vertical line between ROC curve and diagonal line was
calculated as sensitivity+specificity — 1, which reflected
the overall ability of the model to predict subsequent
COPD.” Positive predictive value was calculated as the
probability of developing COPD actually among in-
dividuals classified as at high risk of COPD¥ and
negative predictive value was calculated as the proba-
bility of not developing COPD actually among in-
dividuals classified as at low risk of COPD,?” which are
used by doctors to make decision when the test results
are known. Hosmer-Lemeshow statistic (statistic C)*
was calculated to evaluate the calibration degree in
temporal validation which was the ability of the model to
match the predictions to the actual disease outcomes.*
Statistical analyses were performed using Statistical
Analysis System (SAS) version 9.4 and R 4.1.3 software.
All tests were two sided. A P value less than 0.05 was
considered to indicate statistical significance.

Role of the funding source

The funder of the study had no role in study design, data
collection, data Formal analysis, data interpretation,
writing of the report, or the decision to submit this
report for publication.

Results

Table 1 presents the baseline characteristics and cu-
mulative incidence of COPD (overall 6.66% [95% CI
5.84-7.49]) among 3526 individuals followed up in the
cohort, out of whom 235 were found with an FEV,/
FVC <70% in the follow-up survey. With the average
follow-up time 3.59 years the incidence density was
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Total® Cases” Non-cases® Incidence (%, 95% Cl)  P°

Overall 3526 235 3291 6.66 (5.84-7.49)

Age (years) 54.5(9.3) 59.7 (9.5) 54.1(9.2) <0.0001

Sex <0.0001
Male 1487/3526 (42.2) 155/235 (66.0) 1332/3291 (40.5) 10.42 (8.87-11.98)
Female 2039/3526 (57.8)  80/235 (34.0) 1959/3291 (59.5)  3.92 (3.08-4.77)

Chronic bronchitis® 0.0039
No 3473/3524 (98.6)  227/235 (96.6) 3246/3289 (98.7)  6.54 (5.71-7.36)
Yes 51/3524 (1.5) 8/235 (3.4) 43/3289 (1.3) 15.69 (5.71-25.67)

PRISm 0.0206
No 3283/3526 (93.1)  210/235 (89.4) 3073/3291 (93.4) 6.40 (5.56-7.23)
Yes 243/3526 (6.9) 25/235 (10.6) 218/3291 (6.6) 10.29 (6.47-14.11)

Low PEF* 0.0001
No 2780/3483 (79.8)  163/231 (70.6) 2617/3252 (80.5)  5.86 (4.99-6.74)
Yes 703/3483 (20.2) 68/231 (29.4) 635/3252 (19.5) 9.67 (7.49-11.86)

sSAD® <0.0001
No 2458/3483 (70.6)  109/231 (47.2) 2349/3252 (72.2) 4.43 (3.62-5.25)
Yes 1025/3483 (29.4)  122/231 (52.8) 903/3252 (27.8) 11.90 (9.92-13.88)

Low MMEF® <0.0001
No 2878/3483 (82.6)  141/231 (61.0) 2737/3252 (84.2)  4.90 (4.11-5.69)
Yes 605/3483 (17.4) 90/231 (39.0) 515/3252 (15.8) 14.88 (12.04-17.71)

Low FEF50° <0.0001
No 2488/3483 (71.4)  117/231 (50.7) 2371/3252 (72.9) 4.70 (3.87-5.53)
Yes 995/3483 (28.6) 114/231 (49.4) 881/3252 (27.1) 11.46 (9.48-13.44)

Low FEF75° <0.0001
No 1209/3483 (34.7)  49/231 (21.2) 1160/3252 35.7)  4.05 (2.94-5.16)
Yes 2274/3483 (653)  182/231 (78.8)  2092/3252 (64.3)  8.00 (6.89-9.12)

Emphysema“ 0.9678
No 3510/3524 (99.6)  235/235 (100.0)  3275/3289 (99.6)  6.70 (5.87-7.52)
Yes 14/3524 (0.4) 0/235 (0) 14/3289 (0.4) 0 (0-0)

Smoking status® <0.0001
Never smoker 2337/3521 (66.4)  115/235 (48.9)  2222/3286 (67.6)  4.92 (4.04-5.80)
Former smoker 296/3521 (8.4) 21/235 (8.9) 275/3286 (8.4) 7.09 (4.17-10.02)
Current smoker 888/3521 (25.2) 99/235 (42.1) 789/3286 (24.0) 1115 (9.08-13.22)

Exposure to dust or chemicals in the workplace® 0.5937
No 1743/3524 (49.5)  128/235 (54.5) 1615/3289 (49.1)  7.34 (6.12-8.57)
Yes 1781/3524 (50.5)  107/235 (45.5) 1674/3289 (50.9)  6.01 (4.90-7.11)

Indoor exposure to coal® 0.0072
No 2046/3522 (58.1)  149/235 (63.4)  1897/3287 (57.7)  7.28 (6.16-8.41)
Yes 1476/3522 (41.9) 86/235 (36.6) 1390/3287 (423)  5.83 (4.63-7.02)

Indoor exposure to biomass* 0.0003
No 1861/3524 (52.8)  97/235 (41.3) 1764/3289 (53.6)  5.21 (4.20-6.22)
Yes 1663/3524 (47.2)  138/235 (58.7) 1525/3289 (46.4)  8.30 (6.97-9.62)

History of coronary heart disease® 0.0469
No 3379/3524 (95.9)  218/235 (92.8) 3161/3289 (96.1)  6.45 (5.62-7.28)
Yes 145/3524 (95.9) 17/235 (7.2) 128/3289 (3.9) 11.72 (6.49-16.96)

History of hypertension® 0.0393
No 2883/3524 (81.8)  180/235 (76.6)  2703/3289 (82.2)  6.24 (5.36-7.13)
Yes 641/3524 (18.2) 55/235 (23.4) 586/3289 (17.8) 8.58 (6.41-10.75)

Definition of abbreviations: Cl = confidence interval; PRISm = preserved ratio impaired spirometry; PEF = peak expiratory flow; sSAD = spirometric small airway dysfunction;
MMEF = maximal midexpiratory flow; FEF50 = forced expiratory flow at 50% of FVC exhaled; FEF75 = forced expiratory flow at 75% of FVC exhaled. “Data are presented as
exposed/total participants (%) or mean (SD). 5P value for the univariate Cox regression in the training cohort. “Data missing for chronic bronchitis (n = 2), low PEF (n = 43),
sSAD (n = 43), low MMEF (n = 43), low FEF50 (n = 43), low FEF75 (n = 43), emphysema (n = 2), smoking status (n = 5), exposure to dust or chemicals in the workplace
(n = 2), indoor exposure to coal (n = 4), indoor exposure to biomass (n = 2), history of coronary heart disease (n = 2), and history of hypertension (n = 2).

Table 1: Baseline characteristics of 3526 subjects and cumulative incidence of COPD in the training cohort.
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Crude HR (95% Cl)  Model 1° Model 2° Model 3°

Adjusted HR (95% CI) P Adjusted HR (95% CI) P Adjusted HR (95% CI) P

Chronic bronchitis ~ 2.89 (1.40-5.93) 1.80 (0.85-3.85) 0.1274  2.84 (1.38-5.84) 0.0046  2.94 (1.43-6.04) 0.0035
PRISm 1.63 (1.08-2.47) 1.57 (1.03-2.40) 0.0361  0.87 (0.56-1.36) 0.5385  0.76 (0.48-1.19) 0.2270
Low PEF 175 (1.32-2.32) 1.66 (1.25-2.21) 0.0005  1.28 (0.94-1.75) 01115  1.22 (0.90-1.68) 0.2055
sSAD 2.86 (2.21-3.70) 2.69 (2.07-3.49) <0.0001  2.74 (2.07-3.61) <0.0001

Low MMEF 3.26 (2.50-4.25) 2.93 (2.24-3.83) <0.0001 238 (1.65-3.43) <0.0001
Low FEF50 2.58 (1.99-3.34) 2.46 (1.89-3.19) <0.0001 1.42 (0.98-2.06) 0.0622
Low FEF75 1.98 (1.44-2.71) 2.37 (1.73-3.26) <0.0001 1.23 (0.86-1.76) 0.2598

Definition of abbreviations: Cl = confidence interval; PRISm = preserved ratio impaired spirometry; PEF = peak expiratory flow; sSAD = spirometric small airway dysfunction;
MMEF = maximal midexpiratory flow; FEF50 = forced expiratory flow at 50% of FVC exhaled; FEF75 = forced expiratory flow at 75% of FVC exhaled. *“Model 1: included each
one of chronic bronchitis, PRISm, low PEF, sSAD, low MMEF, low FEF50, and low FEF75 respectively, adjusted for sex, age, smoking status, exposure to dust or chemicals in
the workplace, indoor exposure to coal, and indoor exposure to biomass. "Model 2: included chronic bronchitis, PRISm, low PEF, and sSAD. “Model 3: included chronic
bronchitis, PRISm, low PEF, low MMEF, low FEF50, and low FEF75.

Table 2: Crude and adjusted hazard ratios of COPD development for potential indicators for pre-COPD.

18.54/1000 person-years. Subjects who were with
chronic bronchitis, PRISm, low PEF, sSAD, low
MMEF, low FEF50, and low FEF75 respectively had
higher incidence of COPD than those who were
without the corresponding indicator.

The relationships between potential indicators/
their combinations and COPD development

Each of the seven indicators was associated with an
increased risk of developing COPD in the univariate
model (Table 2). In the multivariable model for each of
them, the association was still significant except for
chronic bronchitis after adjustment for COPD-specific
risk factors (model 1). The adjusted HRs for PRISm,
low PEF, sSAD, low MMEF, low FEF50, and low FEF75
were 1.57 (95% CI 1.03-2.41), 1.65 (1.24-2.21), 2.77
(2.13-3.60), 3.01 (2.30-3.94), 2.52 (1.94-3.28), and 2.34

(1.70-3.21). When only chronic bronchitis, PRISm, low
PEF and sSAD were included in model 2, chronic
bronchitis and sSAD remained significant. When the
place of sSSAD was taken by low MMEF, low FEF50 and
low FEF75 in model 3, chronic bronchitis and low
MMEF remained significant.

As shown in Table 3, combinations of chronic
bronchitis and sSAD were categorized into four groups:
neither of chronic bronchitis and sSAD, only chronic
bronchitis, only sSAD, and both of chronic bronchitis
and sSAD. Combinations of chronic bronchitis and low
MMEF were also categorized in the same way. Although
there was no evidence of significant interaction, both of
chronic bronchitis and sSAD and both of chronic
bronchitis and low MMEF showed the highest HR of
developing COPD compared to the other groups with
only one indicator alone.

Number of Crude HR (95% Cl) P Number of Adjusted HR p*
cases/participants cases/participants (95% CI)*
Model including the combination of CB and sSAD 231/3481 231/3476
Neither of CB and sSAD 105/2425 1.00 (ref) 105/2422 1.00 (ref)
Only CB 4/32 2.94 (1.04-8.33) 0.0427 4/32 1.55 (0.48-4.96) 0.4626
Only sSAD 118/1005 2.86 (2.20-3.72) <0.0001 118/1003 2.62 (2.00-3.42) <0.0001
Both of CB and sSAD 4/19 7.74 (2.85-21.05) <0.0001 4/19 5.79 (2.08-16.08) 0.0008
Model including the interaction item
CB*sSAD 0.9115 0.6511
Model including the combination of CB and low MMEF 231/3481 231/3476
Neither of CB and low MMEF 135/2836 1.00 (ref) 135/2832 1.00 (ref)
Only CB 6/40 3.39 (1.46-7.88) 0.0046 6/40 2.07 (0.83-5.13) 0.1179
Only low MMEF 88/594 3.30 (2.52-4.32) <0.0001 88/593 2.87 (2.17-3.79) <0.0001
Both of CB and low MMEF 2/11 7.56 (1.87-30.62) 0.0046 2/11 4.76 (1.15-19.69) 0.0312
Model including the interaction item
CB*low MMEF 0.6390 0.7996

Definition of abbreviations: Cl = confidence interval; CB = chronic bronchitis; sSSAD = spirometric small airway dysfunction; MMEF = maximal midexpiratory flow. “Adjusted for sex, age, smoking status,
exposure to dust or chemicals in the workplace, indoor exposure to coal, indoor exposure to biomass, and history of coronary heart disease and hypertension.

Table 3: Hazard ratios of COPD development for combinations of chronic bronchitis and sSAD/low MMEF.
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Positive associations were found between any two
of PRISm, low PEF, low MMEF, low FEF50, and low
FEF75 (eTable 1). When individuals with low MMEF,
low FEF50, or chronic bronchitis were excluded for
sensitivity analysis, PRISm was not associated with a
higher risk of COPD (eTable 2). When individuals
with low MMEF or low FEF50 were excluded, low PEF
was not associated with a higher risk of COPD
(eTable 2).

The prediction model for COPD development
All the variables described in Table 1 were involved in
LASSO regression model for screening predictors.
SSAD and its three elements were screened in two
separate models. Using the minimum standard I-
Standard Error method, four predictors were selected
for model 4 (age, sex, sSAD, and indoor exposure to
biomass) and five for model 5 (age, sex, low MMEEF,
low FEF50, and indoor exposure to biomass) (eFig. 1
and Table 4). Table 4 presents the results of Cox
regression and performance metrics for model 4 and 5.
For internal validation, model 5 showed a higher Dxy
and C-index but a lower AIC than model 4. The cali-
bration plots for the two models (Fig. 2) demonstrated
good concordance between nomogram-predicted
probability of developing COPD at 5 years and actual
proportion of COPD at 5 years.

eTable 3 presents the baseline characteristics of
subjects in the validation cohort. Characteristics were
not significantly different between the training cohort

and validation cohort except for indoor exposure to
coal (14763522 (41.91%) versus 132/461 (28.60%)).
30 out of 461 subjects (6.51%) developed COPD in the
second survey. For temporal validation, Fig. 3 presents
the ROC curves demonstrating the good predictive
value of the prognostic index calculated based on the
two prediction models (model 4: prognostic index =
0.0382 x age + 0.9977 x male sex + 0.9953 x sSAD +
0.6932 x indoor exposure to biomass; model 5: prog-
nostic index = 0.0394 x age + 0.9206 x male sex +
0.7552 x low MMEF + 0.4541 x low FEF 50 + 0.7169 x
indoor exposure to biomass; each variable value except
age equaled 1/0 if the corresponding factor was pre-
sent/absent) and variable values in the validation
dataset. However, model 5 showed a higher AUC and
Youden’s index of the cut-off point (sensitivity +
specificity — 1) than model 4. The positive and negative
predictive values were also relatively higher in model 5
than in model 4, although these two measures were
strongly affected by prevalence of the target disease in
a population.” The cut-off point could be used to
discriminate individuals at a high or low risk of COPD
if the prognostic index was calculated. Moreover,
Hosmer—Lemeshow test showed good calibration de-
gree for the two models in temporal validation. Ac-
cording to the relatively better internal and temporal
performance, model 5 was defined as the final pre-
diction model. The 5-year probability of developing
COPD for any individual could be predicted by the
nomogram of the final model (Fig. 4).

Interval: 0.6190-0.8110. ‘95% Confidence Interval: 0.6320-0.8280.

Model 4 Model 5
Coefficient SE P Coefficient SE P
Age 0.0382 0.0069 <0.0001 0.0394 0.0069 <0.0001
Male 0.9977 0.1400 <0.0001 0.9206 0.1419 <0.0001
sSAD 0.9953 0.1325 <0.0001
Low MMEF 0.7552 0.1812 <0.0001
Low FEF50 0.4541 0.1762 0.0100
Indoor exposure to biomass 0.6932 0.1393 <0.0001 0.7169 0.1387 <0.0001
Internal validation
Dxy 0.534 0.541
C 0.7670" 0.0171 0‘7704b 0.0170
AlC 3184.793 3180.358
Corrected Dxy 0.527 0.532
Corrected C 0.7635° 0.0228 0.7660" 0.0229
Temporal validation
AUC 0.715° 0.049 0‘730l 0.050
X-squared of HL test 1.7459 0.9878 2.8828 0.9415

Definition of abbreviations: SSAD = spirometric small airway dysfunction; MMEF = maximal midexpiratory flow; FEF50 = forced expiratory flow at 50% of FVC exhaled;
AIC = akaike information criterion; AUC = area under the receiver operating characteristic curve; HL test = Hosmer-Lemeshow test; SE = standard error. “95% Confidence
Interval: 0.7335-0.8005. ®95% Confidence Interval: 0.7371-0.8037. “95% Confidence Interval: 0.7188-0.8082. 995% Confidence Interval: 0.7210-0.8110. °95% Confidence

development.

Table 4: Cox regression analysis results and performance metrics for the internal and temporal validation of the prediction models for COPD
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Fig. 2: Calibration plots for the internal validation of the nomograms to predict COPD development (a) for Model 4 and (b) for Model 5). The
solid line overlapping with the dashed line demonstrated the concordance between nomogram-predicted probability of developing COPD at 5

years and actual proportion of COPD at 5 years.

Discussion

This study demonstrated that each of PRISm, low PEF,
sSAD, low MMEF, low FEF50 and low FEF75 was asso-
ciated with a higher risk of COPD development and
highlighted the effects of chronic bronchitis and sSAD/
low MMEF independent of the other indicators. The
concurrence of chronic bronchitis and sSAD/low MMEF
had the strongest effect and they were the most optimal

of those investigated. PRISm was an independent indi-
cator for developing COPD only if low MMEF, low
FEF50, and chronic bronchitis were present. Low PEF
was an independent indicator only if low MMEF and low
FEF50 were present. Our prediction model for COPD
development including age, sex, low MMEF, low FEF50,
and indoor exposure to biomass had good discrimination
and calibration both internally and temporally.
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Fig. 3: Receiver operating characteristic curves for the temporal validation of the prediction models for COPD development. a) Model 4: The cut-
off value of prognostic index was 3.341 to discriminate individuals at a high or low risk of COPD, at which the sensitivity and the specificity was
0.700 and 0.627 respectively and the positive and negative predictive value was 0.117 and 0.967 respectively. The area under the curve was
0.715; b) Model 5: The cut-off value of prognostic index was 3.630 to discriminate individuals at a high or low risk of COPD, at which the
sensitivity and the specificity was 0.633 and 0.774 respectively and the positive and negative predictive value was 0.165 and 0.968 respectively.
The area under the curve was 0.730. For example for the usage of the cut-off value in model 5, a 65 year-old (65%0.0394) man (0.9206) with
low MMEF (0.7552), but without low FEF50 (0) and indoor exposure to biomass (0) presents a prognostic index of 4.2368 indicating a high risk

of COPD.
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Fig. 4: Nomogram of the final model (model 5) to predict 5-year incidence of COPD. The probability of developing COPD for any individual
could be predicted by the straight line drawn from the location of the total points which are obtained by drawing straight lines upward to the
points axis for each variable value and summing their points in the nomogram. For example, a 65 year-old (45 points) man (42.5 points) with
low MMEF (35 points), but without low FEF50 (0 point) and indoor exposure to biomass (0 point) presents a total of 122.5 points indicating a
slightly above 85% probability of developing COPD five years later. Definition of abbreviations: MMEF = maximal mid-expiratory flow;
FEF50 = forced expiratory flow at 50% of FVC exhaled.

As small airway could be one of the origins in COPD
disease process, small airway dysfunction has been re-
ported as associated with COPD development.”***
However, indicators and outcomes defined in some of
these studies were not consistent. Meanwhile, some
study populations (e.g., ever smokers, men, and oy-
antitrypsin deficiency patients) were not the general
population and their sample size were small, which
limited their generalizability. In contrast, the sample in
our study represented the general population aged 40
years or older living in China, the results of which could
be generalized in Chinese. Our larger sample size also
enhanced the evidence of the effect of sSAD and
prioritized its three spirometric elements on predicting

COPD.

In line with one study in the US,* the association of
chronic bronchitis with COPD development was sig-
nificant in univariate analysis but not significant when
other factors were taken into account. However, there
were others reporting significant associations in multi-
variable analysis.**”** The inconsistent results may be
attributed to different covariates which could be con-
founding factors between chronic bronchitis and COPD.

When chronic bronchitis, PRISm, low PEF and
sSAD were included in the model, only chronic bron-
chitis and sSAD remained significant indicating that
these two might progress to COPD in different pro-
cesses. This was consistent with a previous study putt-
ing forward two trajectories of progression to COPD.*

One study in China showed that PEF <80% predicted
was a good indicator to screen populations for airflow
obstruction,'® but whether it is effective to predict the
future risk of airflow obstruction is uncertain. From the
cohort in our study, the adjusted HR for PEF <80%
predicted suggested its value in prediction for COPD
besides screening. This implicated that even if subjects
with low PEF had normal FEV;/FVC temporarily, they
were still at higher probability of developing COPD in
years. Several studies have reported the higher per-
centage of individuals who would develop COPD in
years among those with PRISm compared to healthy
controls.””*'~** In our study the adjusted HR for PRISm
was relatively lower than the ones reported previ-
ously,”* which was probably caused by the environ-

mental factors adjusted for in our models.

When sSAD was replaced by its three elements, low
MMEEF implied the most valuable early-warning sign for
COPD compared to the other two. Although there have
been different methods for assessing small airway
dysfunction, most of them are difficult to perform,
costly, not widely available, with exposure to radiation or
in need of further studies.”” By comparison, spirometry
is a noninvasive method and relatively easy to perform.
Given that there is no universally accepted indicator for
small airway dysfunction, our study found the best one
in predicting COPD among several spiromtric parame-
ters. In addition, the HR for the coexistence of chronic
bronchitis and sSAD/low MMEF was higher than the
HR for the existence of each of them alone, suggesting
the prominence of their concurrence for the first time
and that eliminating either of them was important to
reduce the risk of the development of COPD.
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As COPD can be described from symptom, struc-
ture, function, and causation, we intended to predict the
development of COPD from different perspectives as
well. Although previous COPD prediction models
involved common risk factors for COPD," they did not
involve potential indicators for pre-COPD. Our study
took advantage of screened potential clinical indicators
for pre-COPD that could be easily obtained to predict
COPD from function, causation, and demography more
comprehensively. Chronic bronchitis, smoking, and in-
door exposure to coal were not included probably
because they were confounded by the independent
predictors in the model. As pathological changes can
persist on smoking cessation,’ the improvement of
spirometric parameters such as MMEF and FEF50 have
to be achieved when eliminating smoking or other
environmental risk factors in order to prevent COPD
effectively. The good performance in both the internal
and temporal validation indicated its consistent value in
prediction.

Within our study, PRISm and low PEF were sub-
stantially associated with the three elements of sSAD
among persons without COPD. The positive association
between PRISm and small airway dysfunction was re-
ported in two previous studies consistently.**' Simi-
larly, PEF was positively associated with most
parameters of small airway function in children.” In
addition to the associations we observed between in-
dicators at baseline, sensitivity analysis further revealed
that PRISm was an independent indicator for devel-
oping COPD only if low MMEF, low FEF50, and chronic
bronchitis were present, and low PEF was an indepen-
dent indicator only if low MMEF and low FEF50 were
present, which indicated the pathophysiological mech-
anism underlying them. This was consistent with their
significant HRs in their respective model but non-
significant HRs when all the indicators were included
at once. This finding also suggested that the association
of PRISm or low PEF with increased risk of COPD
development was not as generalizable as that reported in
previous studies but conditional to some extent.

A major strength of this study is that, it involved
more than one indicator proposed for pre-COPD in one
cohort making comparisons of their effects more
evident. To our knowledge, this study is the first one to
provide prospective evidence for it based on a cohort of
subjects across six regions of China making our results
generalizable to the Chinese population. Second, we
also examined their independent and additive effects
when they were involved simultaneously or combined
for the first time. Third, considering potential indicators
for pre-COPD from specific refined clinical features
made our prediction model more comprehensive and
concise. Fourth, we examined the associations among
potential indicators contemporarily and longitudinally
providing a clue to understand the mechanisms of
COPD development. Interventions and treatments
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could be implemented targeting the mechanisms un-
derlying the indicators.

Our study also has limitations. First, only two time
points of spirometry and a short follow-up period were
available, so variability in the measurements might
contaminate the definition of incident COPD. Second,
the spirometric indicators were selected according to
previous studies on predicting or screening COPD. In-
dicators of sSAD were those which had already been
frequently used to assess the function of small airways
and measured in our surveys. Those which were seldom
reported as predictors of COPD or used as indicators of
sSAD, or having few established methods for calculating
predicted values, were not included in our study. For
example, a novel spirometric measure the Peak Index
(the number of peaks adjusted for lung size) which had
been found significantly associated with small airway
disease was not involved.” Third, since the participants
in our study are all Chinese residents aged 40 years or
older, which is a high risk population for COPD in
terms of age, the applicability to populations in other
countries or younger populations is limited. The sample
size of the temporal validation dataset was relatively
small compared to the training dataset, and the results
could be validated within larger samples in future
studies.

In conclusion, each of PRISm, low PEF, sSAD, low
MMEEF, low FEF50 and low FEF75 was associated with a
higher risk of COPD development and the effects of
chronic bronchitis and sSAD/low MMEF were inde-
pendent of the other indicators. The concurrence of
chronic bronchitis and sSAD/low MMEF had the
strongest effect and they were the most optimal of those
investigated. Physicians should pay more attention to
patients with chronic bronchitis and sSAD/low MMEF
concurrently. The effect of PRISm on increasing risk of
COPD was dependent on low MMEF, low FEF50, and
chronic bronchitis. The effect of low PEF on increasing
risk of COPD was dependent on low MMEF and low
FEF50. Our prediction model had good performance
and could serve as a multi-dimension tool with the
prognostic index and nomogram to predict COPD more
comprehensively. Further studies are needed to illus-
trate the particular risks of COPD in populations with or
without exposures to specific COPD risk factors and
develop specific prediction models to understand the
natural history of COPD in various contexts and facili-
tate interventions and treatments accordingly.
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