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ABSTRACT

Background Chronic airflow obstruction is a key
characteristic of chronic obstructive pulmonary
disease. We investigated whether isolated small
airways obstruction is associated with chronic airflow
obstruction later in life.

Methods We used longitudinal data from 3957
participants of the multinational Burden of Obstructive
Lung Disease study. We defined isolated small airways
obstruction using the prebronchodilator mean forced
expiratory flow rate between 25% and 75% of the
forced vital capacity (FVC) (FEF,, ) if a result was
less than the lower limit of normal (<LLN) in the
presence of a normal forced expiratory volume in

1s to FVC ratio (FEV,/FVC). We also used the forced
expiratory volume in 3 s to FVC ratio (FEV,/FVC) to
define small airways obstruction. We defined chronic
airflow obstruction as post-bronchodilator FEV./
FVC<LLN. We performed mixed effects regression
analyses to model the association between baseline
isolated small airways obstruction and chronic airflow
obstruction at follow-up. We assessed discriminative
and predictive ability by calculating the area under
the receiver operating curve (AUC) and Brier score. We
replicated our analyses in 26 512 participants of the
UK Biobank study.

Results Median follow-up time was 8.3 years.
Chronic airflow obstruction was more likely to
develop in participants with isolated small airways
obstruction at baseline (FEF . less than the LLN,
OR: 2.95, 95% Cl 1.02 to 8.54; FEV./FVC less than
the LLN, OR: 1.94, 95% CI 1.05 to 3.62). FEF,, ,, was
better than the FEV,/FVC ratio to discriminate future
chronic airflow obstruction (AUC: 0.764 vs 0.692).
Results were similar among participants of the UK
Biobank study.

Conclusion Measurements of small airways
obstruction can be used as early markers of future
obstructive lung disease.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Small hospital-based studies and studies of symp-
tomatic smokers have suggested that isolated small
airways obstruction predicts future chronic airflow
obstruction.

WHAT THIS STUDY ADDS

= In general populations, individuals with isolated
small airways obstruction are at greater risk of lung
function decline and development of chronic airflow
obstruction.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings will lead to more research into the
role of the small airways in chronic obstructive pul-
monary disease and how to target them to prevent
disease. They will also raise awareness of clinicians
to the potential benefit of keeping record of patients’
forced expiratory flows, in addition to other more
common spirometry measures.

INTRODUCTION

Chronic  obstructive pulmonary disease
(COPD) is a heterogeneous condition asso-
ciated with reduced lifespan,' increased
disability” and a greater dependence on
healthcare services.” A primary feature of
COPD is chronic airflow obstruction, which is
defined by an abnormal postbronchodilator
forced expiratory volume in 1 s to forced
vital capacity ratio (FEV / FVC)." The FEV /
FVC ratio is non-specific, reflecting the pres-
ence of airflow obstruction in both the large
and small airways. However, in early disease,
damage is largely confined to the small
airways.’
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Parameters that are universally measured by spirom-
etry devices but seldom reported are the mean forced
expiratory flow rate between 25% and 75% of the forced
vital capacity (FEF,,..) and the forced expiratory volume
in three seconds as a ratio of the forced vital capacity
(FEV,/FVC). There is increasing interest in the use of
these parameters to identify airflow obstruction in the
small airways,” and studies in ever smokers have shown
that individuals with atypical measurements for these
parameters have evidence of functional small airways
disease, gas trapping and emphysema on CT, even when
lung function is normal according to traditional measure-
ment indices (ie, isolated small airways obstructiorl).7_10
Despite these findings, it is still widely believed that these
parameters are neither sensitive nor specific to changes
within the small airways.ll

Studies in selected clinical populations and symptom-
atic ever smokers have found that individuals with isolated
small airways obstruction are at greater risk of developing
chronic airflow obstruction in later life.* '* To the best
of our knowledge, no study has attempted to determine
whether this is also true in general populations. Using
longitudinal data from the multinational Burden of
Obstructive Lung Disease (BOLD) study, we aimed to
investigate if having isolated small airways obstruction
at baseline was associated with progression to chronic
airflow obstruction at follow-up and to compare results
for two different definitions of small airways obstruction.
We also aimed to replicate our findings using data from
the UK Biobank study.

METHODS

Main study

Study population

The BOLD study is a multinational observational
cohort study whose protocol has been published previ-
ously."”” ' Between January 2003 and December 2016,
non-institutionalised adults >40 years of age were
recruited from 41 municipalities, across 34 countries.
Site-specific sampling strategies were implemented to
randomly recruit representative samples of the popu-
lations studied. Participants from 18 sites were then
followed up between January 2019 and October 2021.
For the present study, participants were included if they
had completed the study core questionnaire and had
acceptable spirometry at both baseline and follow-up.
Participants were excluded if they had a contraindication
for lung function testing at either visit.

Procedures

Demographic data and information on respiratory symp-
toms, health status and exposure to potential risk factors
were collected by trained staff, who administered stand-
ardised questionnaires translated into the local language.
Lung function, including FEV,, FVC, FEV, and F EF,. ..,
was measured using the ndd EasyOne Spirometer (ndd
Medizintechnik AG, Zurich, Switzerland), before and

15min after inhaled salbutamol (200 pg). Spirograms
were centrally reviewed and assigned a quality score
based on acceptability and reproducibility criteria.'

Definitions of spirometric abnormalities

At baseline, we defined isolated small airways obstruction
as a prebronchodilator FEF, . less than the lower limit
of normal (LLN), with an FEV, /FVC ratio equal to or
greater than the LLN. Due to the perceived lack of clin-
ical utility for FEF, .. and its large between subject varia-
tion in normal populations,' '® we investigated a second
parameter, the FEVg/ FVC ratio using the same defini-
tion. At follow-up, we defined chronic airflow obstruc-
tion as postbronchodilator FEV, /FVC ratio below the
LLN. To calculate the LLN, we used reference equations
for European Americans in the third US National Health
and Nutrition Examination Survey.17 18

Statistical analysis
We calculated the incidence rate of chronic airflow
obstruction per 1000 person years. To estimate the asso-
ciation between having isolated small airways obstruction
at baseline and chronic airflow obstruction at follow-up,
we performed multilevel (mixed effects) logistic regres-
sion analyses to account for clustering by study site. We
also used multilevel linear regression to estimate the
association between isolated small airways obstruction
and postbronchodilator FEV, /FVC ratio as a continuous
measure. We initially considered all potential risk factors
for chronic airflow obstruction,19 however, as risk factors
for progression from isolated small airways obstruction
to chronic airflow obstruction are largely unknown, we
then used a backward elimination procedure, keeping
only those variables that were significant in the final
model: sex (male/female), age (years), body mass index
(BMI; kg/m?), smoking status (never/former/current),
and pack years of smoking. We modelled the association
of isolated small airways obstruction with chronic airflow
obstruction using a random slope to allow the magnitude
of the association to vary by study site. We did not directly
model the effect of follow-up time as this was determined
at site level. However, to check for effect modification,
we performed stratified analyses in those with less than
5-year follow-up and those with equal to or greater than
5-year follow-up. We also performed stratified analyses
by sex to investigate possible effect modification. Finally,
we performed a sensitivity analysis on never smokers to
investigate any residual confounding due to smoking.
All analyses were conducted using inverse probability
weights® to account for missing data at follow-up.
Receiver-operating  characteristic ~ curves  were
constructed, and the area under the curve (AUC) calcu-
lated for both FEF,, .. and the FEV,/FVC ratio to deter-
mine their sensitivity and specificity in predicting chronic
airflow obstruction. The AUC values of the two parame-
ters were compared as previously described.? In addition,
we evaluated the incremental value of both parame-
ters to determine if they conveyed an improvement in
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classification accuracy over a model containing age,
sex, BMI and smoking history.22 To assess the overall
predictive performance of the parameters, we calculated
the Brier score, which ranges between 0 and 1, with 0
indicating a perfect prediction and 1 a poor predictive
ability.”> All results were considered significant if the p
value was below 0.05. Analyses were performed using
Stata V.17 (Stata Corp.).

Replication study

Study population

The UK Biobank study recruited over 500 000 adults, aged
40-69years, across 22 different sites covering England,
Wales and Scotland, between 2006 and 2010.*" Partic-
ipants completed a baseline assessment with a detailed
health questionnaire and clinical measurements, which
included spirometry. Between 2014 and 2020, individuals
living within close proximity of an assessment site were
invited for repeat assessment

Procedures

Participants were included in this study if they had
acceptable spirometry at both baseline and follow-up.
Spirometry was performed prebronchodilator (partici-
pants were not instructed to withhold their usual inhaled
medications) using a calibrated Vitalograph Pneumotrac
6800. We included only those with the highest quality
spirometry manoeuvres, defined as a having minimum
of two spirograms with no cough, back-extrapolated
volume<b% FVC  (or>b%but <150mL), reproducible
FEV and FVC, and a forced expiratory time of>6s on the
best curve (curve with highest FEV, and FVC). FEF,
and FEV, were derived from the raw data as previously
described.” For participants who attended for more than
one follow-up visit, airflow obstruction was defined at its
first presentation.

Statistical analysis

We conducted the same analysis used for the BOLD data,
further adjusting for follow-up time, as this was not deter-
mined at site level. We also performed sensitivity analyses
excluding those with a self-reported doctor diagnosis of
asthma at baseline. This was done to make the results
comparable to the postbronchodilator estimates in the
BOLD study.

Patient and public involvement

Patients or the public were not involved in the design,
or conduct, or reporting, or dissemination plans of our
research.

RESULTS

Main study

Atbaseline, 26 448 participants, across 41 sites, completed
the core study questionnaire and had acceptable meas-
urements for FEF, = and FEV,/FVC ratio. Eighteen

study sites took part in follow-up, with 12520 eligible

participants. At follow-up, 1155 participants had died,
3658 had migrated or were unreachable, and 1237
refused to participate. Five thousand nine hundred and
thirty-six participants completed the core questionnaire
at follow-up, from which 1979 participants were excluded
due tonot performing spirometry (n=855) or poor-quality
spirometry (n=1124). A total of 3957 participants with
a median (IQR) follow-up time of 8.3 years (6.1-11.0)
were included in the present analysis (table 1). There
were fewer males than females (1733 vs 2224). Mean age
ranged from 46.1 to 61.9 years across study sites. Mean
BMI was lowest in Chikwawa, Malawi (21.9kg/m?) and
highest in Jamaica (30.2kg/m?). The site with the largest
proportion of never smokers was Sémé-Kpodji, Benin
(99%, 150 of 152 participants), and the smallest propor-
tion was Bergen, Norway (34%, 81 of 237 participants).
At baseline, the prevalence of isolated small airways
obstruction for FEF,, .. ranged from 0% in Tartu, Estonia
and Fez, Morocco to 27.9% in Mysore, India. For FEV,/
FVC ratio, prevalence ranged from 0% in Jamaica and
Fes, Morocco to 11.6% in Reykjavik, Iceland. The prev-
alence of chronic airflow obstruction at baseline ranged
from 4.3% in Naryn, Kyrgyzstan to 24.6% in Kashmir,
India. At follow-up, the prevalence of chronic airflow
obstruction was similar to baseline, ranging from 3.8%
in Sémé-Kpodji, Benin to 25.0% in Kashmir, India. Mean
follow-up time ranged from 4.4 years in Karachi, Pakistan
to 14.7 years in Reykjavik, Iceland (table 1).

Table 2 shows the characteristics of BOLD study partic-
ipants with isolated small airways obstruction at base-
line. Participants with isolated small airways obstruction
for FEF,, ., were on average younger, more likely to be
female, and to be never smokers than those with isolated
small airways obstruction for FEVS/ FVC ratio. They also
had a smaller smoking pack year history, higher FEVI/
FVC ratio and lower FVC.

Of those with isolated small airways obstruction for
FEF,,.., 26 of 448 (6%) progressed to chronic airflow
obstruction at follow-up. While for FEV,/FVC ratio, 14
of 233 (6%) progressed to chronic airflow obstruction.
In participants with no evidence of any airway obstruc-
tion at baseline, 72 of 2545 (3%) progressed to chronic
airflow obstruction. The incidence rates for progression
to chronic airflow obstruction were 7.1/1000 person
years (95% CI 4.9 to 10.5) for FEF,, . less than the LLN
and 6.9/1000 (95% CI 4.1 to 11.6) for FEV,/FVC ratio
less than the LLN. In individuals with no evidence of
airflow obstruction at baseline (ie, FEF25>75, FEVS/ FVC,
and FEVI/ FVC greater than or equal to the LLN), inci-
dence of progression to chronic airflow obstruction was
3.2/1000 (95% CI 2.6 to 4.1). For both parameters, inci-
dence rates were higher in males than females and in
ever smokers compared with never smokers (figure 1).

When stratifying by WHO region, incidence rates for
progression to chronic airflow obstruction for FEF, .,
ranged from 2.4/1000 (95% CI 0.6 to 9.6) in the African
region to 23.0/1000 (95% CI 12.7 to 41.5) in the Euro-
pean region. While for FEV,/FVC ratio, incidence ranged
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Table 2 Characteristics of those with isolated small airways obstruction (SAO) at baseline in the BOLD and UK Biobank
studies according to participation at follow-up

BOLD Study UK Biobank study

Isolated SAO Isolated SAO Isolated SAO Isolated SAO

FEF,, . .<LLN FEV,/FVC<LLN FEF, . .<LLN FEV,/FVC<LLN
N 448 233 549 162
Age years, Mean (SD) 47.7 (6.5) 52.6 (8.6) 50.8 (6.6) 53.2
Females, n (%) 290 (69) 101 (46) 413 (75) 107 (66)
BMI kg/m2, mean (SD) 25.1 (5.4) 26.0 (5.0) 27.0 (5.4) 26.5 (4.8)
Never smoked, n (%) 352 (84) 144 (65) 326 (60) 96 (59)
Current smoker, n (%) 44 (11) 40 (18) 67 (12) 8 (5)
Former smoker, n (%) 23 (6) 37 (17) 156 (28) 58 (36)
Smoking pack years, mean (SD) 2.3(7.7) 6.5 (13.1) 7.0 (13.9) 6.0 (12.7)
FEV,/FVC %, mean (SD) 74.5 (3.8) 72.5 (5.3) 72.4 (2.8) 75.7 (4.0)
FVC L, mean (SD) 2.5(0.7) 3.4(1.1) 2.8(0.7) 3.6 (0.9)
FEF,, ., L/min, mean (SD) 1.3(0.4) 1.6 (0.6) 1.4 (0.4) 2.1(0.7)
FEV,/FVC %, mean (SD) 89.4 (3.9) 84.1 (3.1) 90.4 (2.7) 83.9 (2.9)

Isolated SAOQ identified if the prebronchodilator FEF

25-75

equal to the LLN using European American reference equations from the National Health and Nutrition Examination Survey.
mean forced expiratory flow rate between 25% and 75% of the forced vital capacity; FEV,/FVC, forced

BMI, body mass index; FEF

25-75°

or FEV,/FVC were less than the LLN in the presence of an FEV,/FVC greater than or

1718

expiratory volume in 1 s as a ratio of the forced vital capacity; FEV /FVC, forced expiratory volume in 3 s as a ratio of the forced vital
capacity; FVC, forced vital capacity; Smoking pack years, calculated by number of cigarettes smoked per day divided by 20 and multiplied

by years of smoking.

for FEV,/FVC ratio. Interestingly, unlike in the BOLD
study, those with isolated small airways obstruction for
FEF,, .. had the lower FEV, /FVC ratio. When comparing
across cohorts, the characteristics of those with isolated
small airways obstruction were similar. The exceptions
being that there were less never smokers and more
former smokers in the UK Biobank study, as well as a
larger smoking pack year history (table 2).

Of those with normal lung function at baseline, 1877 of
25832 (7%) progressed to airflow obstruction (9.82/1000
person years, 95% CI 9.38 to 10.27). For FEF,, _, 116 of
549 (21%) progressed to airflow obstruction (28.77/1000
person years, 95% CI 23.98 to 34.91), and for FEVg/FVC
ratio, 17 of 162 (10%) progressed to airflow obstruction
(14.22/1000 person years, 95% CI 8.84 to 22.88).

Isolated small airways obstruction for FEF, . was
associated with a lower FEV,/FVC ratio (B: -4.45, 95%
CI -5.05 to -3.85) and greater odds of progression
to airflow obstruction at follow-up (OR: 3.79, 95% CI
3.10 to 4.71). This association was seen in both males
and females, and those who had never smoked (online
supplemental etable 4, appendix). There was no associa-
tion between isolated small airways obstruction for FEV,/
FVC ratio and the FEV,/FVC ratio at follow-up (online
supplemental etable 5, appendix). When stratifying by
follow-up time, there were no significant differences in
the associations for either parameter. After excluding
those with a self-reported doctor diagnosis of asthma
(online supplemental etable 6, appendix), associations
with isolated small airways obstruction for FEF, = did

not materially change. However, those with isolated
small airways obstruction for FEVS/ FVC ratio had a lower
FEV /FVC ratio (B: -2.02, 95% CI -3.61 to —0.43) and
greater odds of progressing to airflow obstruction (OR:
2.65,95% CI 1.45 to 4.82).

The AUCfor FEF, . was 0.692, which improved discrim-
ination compared with FEV,/FVC ratio (AUC: 0.629)
(online supplemental figure 1, appendix). For both
parameters, isolated small airways obstruction improved
discrimination compared with a model containing age,
sex, BMI and smoking history. The brier scores were 0.096
and 0.1042 for FEF,, . and FEV,/FVC ratio, respectively.
Restricting the analyses to those without a self-reported
history of asthma did not improve discrimination (online
supplemental efigure 2, appendix).

DISCUSSION

To the best of our knowledge, this is the first general-
population study to investigate whether isolated small
airways obstruction is associated with progression to
chronic airflow obstruction over time. Our study shows
that isolated small airways obstruction is associated with
having a lower FEV /FVC ratio and increased odds of
chronic airflow obstruction later in life. In addition, we
found that isolated small airways obstruction measured
using FEF, . was a better predictor of future obstruction
than the FEV,/FVCratio. We successfully replicated these
findings using data from the UK Biobank study.
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Figure 1

obstruction for A) FEF,, .. and B) FEV,/FVC ratio.

25-75

In the present study, when compared with those with
no evidence of airflow obstruction at baseline, isolated
small airways obstruction for FEF,_ . was associated with
a 4% lower FEV /FVC ratio and three times greater
odds of chronic airflow obstruction at follow-up. We
found similar in the UK Biobank study. Only one study
has previously investigated this association. Kwon et

Incidence rate per 1000 person years for progression from isolated small airways obstruction to chronic airflow

al'® showed, in a hospital-based population of South
Korean adults, that an isolated abnormality in FEF 05,75
was associated with increased risk of airflow obstruc-
tion over a 10-year period. They also showed that risk
of progression was higher for those with a smoking
history. Unlike our study, Kwon et al'® used the fixed
ratio of 0.70 for FEV,/FVC to define chronic airflow
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Table 3 Association between baseline isolated small airways obstruction (SAO) and chronic airflow obstruction (CAO) at
follow-up for FEF

25-75

Isolated
SAO CAO OR B coefficient
Total n (baseline) n (follow-up) n (95% CI) P value (95% CI)* P value
Overall model 3040 448 26 2.95(1.02 to 8.54) 0.046 —-4.16 (-5.70 to 2.63) <0.0001
Follow-up 360 60 4 2.66 (0.66 to 10.69) 0.168 -5.07 (-5.72 to 4.43) <0.0001
time<5 years
Follow-up 2680 388 22 3.41 (0.81 to 14.34) 0.093 —-4.15 (-6.00 to 2.31) <0.0001
time>5 years
Stratified by sex
Male 1329 138 13 4.62 (1.09 to 19.61) 0.038 -5.19 (-7.14 to 3.24) <0.0001
Female 1711 310 13 2.32 (0.45t0 11.85) 0.311 -3.13 (-4.69 to 1.58) <0.0001
Never smoked 2300 378 12 1.45(0.38t0 5.47) 0.587 -3.41 (-4.88 to 1.95) <0.0001

Linear associations between prebronchodilator isolated SAO for FEF
estimated using mixed effects linear regression models.

*Negative regression coefficient indicates a reduction in FEV./FVC ratio (ie, worsened lung function). Associations between isolated SAO at
baseline and progression to CAO were estimated using mixed effects logistic regression models. Models were adjusted for sex, age, BMI,
smoking status and smoking pack years. As we expected associations to vary by study site, we fitted a random slope model to average the
associations across study sites. Isolated SAO was identified if the prebronchodilator mean forced expiratory flow rate between 25% and
75% of the forced vital capacity (FEF,, ) was below the lower limit of normal (<LLN) and the prebronchodilator forced expiratory volume

in 1 s as aratio of the forced vital capacity (FEV,/FVC ratio) was equal to or above the lower limit of normal (>LLN) at baseline. CAO was
diagnosed if the postbronchodilator (200 pg salbutamol) FEV,/FVC ratio was <LLN at follow up. Lower limit of normal calculated using
reference equations from the NHANES Il study population'” 8. Total n= those without CAO at baseline who had a measurement for FEF

2575 at baseline and follow-up postbronchodilator FEV./FVC ratio were

25-75.

obstruction. The limitations of using a fixed ratio in
general populations are well known and relate to
overestimation of incidence. For this reason, its use is
no longer recommended by the American Thoracic in general populations.

Society and European Respiratory Society.”® Our study
adds to their findings by showing that the same associa-
tion is seen when using the LLN to define abnormality

Table 4 Association between baseline isolated small airways obstruction (SAO) and chronic airflow obstruction (CAO) at
follow-up for FEV,/FVC ratio.

Isolated
SAO CAO OR B coefficient
Total n (baseline) n (follow-up) n (95% CI) P value (95% CI)* P value
Overall model 3140 233 14 1.94 (1.05t0 3.62) 0.035 —-2.87 (-4.27 to 1.47) <0.0001
Follow-up 377 33 0 - - -3.79 (-7.33 t0 0.25) 0.036
time<5 years
Follow-up 2763 200 14 2.29 (1.19t0 4.40) 0.013 —-2.87 (-4.33 to 1.40) <0.0001
time>5 years
Stratified by sex
Male 1369 127 11 2.44 (1.19t04.98) 0.014 -3.94 (-5.19 to 2.68) <0.0001
Female 1771 106 3 0.55 (0.03 to 10.82) 0.698 —-1.65 (-3.32 to 0.02) 0.053
Never smoked 2379 151 5 1.36 (0.53t0 3.50) 0.521 -2.58 (-3.97 to 1.21) <0.0001

Linear associations between prebronchodilator isolated small airways obstruction (SAO) for FEV /FVC ratio at baseline and follow-up post-
bronchodilator FEV,/FVC ratio were estimated using mixed effects linear regression models.

*Negative regression coefficient indicates a reduction in FEV,/FVC ratio (ie, worsened lung function). Associations between isolated SAO at
baseline and progression to CAO were estimated using mixed effects logistic regression models. Models were adjusted for sex, age, BMI,
smoking status, and smoking pack years. As we expected associations to vary by study site, we fitted a random slope model to average the
associations across study sites. Isolated SAO was identified if the prebronchodilator forced expiratory volume in 3 s as a ratio of the forced
vital capacity (FEV,/FVC ratio) was below the lower limit of normal (<LLN) and the prebronchodilator forced expiratory volume in 1 s as a ratio
of the forced vital capacity (FEV,/FVC ratio) was equal to or above the lower limit of normal (>LLN) at baseline. CAO was diagnosed if the
postbronchodilator (200 pg salbutamol) FEV./FVC ratio was <LLN at follow up. Lower limit of normal calculated using reference equations
from the US National Health and Nutrition Examination Survey IIl study population'” 8. Total n= those without CAO at baseline who had a
measurement for FEV,/FVC ratio
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Figure 2 Receiver operator characteristic curve and area under the curve (AUC) comparing ability of FEF
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ratio to a model containing age, sex, BMI and smoking history alone to discriminate future chronic airflow obstruction. *P-
value less than 0.05 indicates significant difference between models according to X? test.

At baseline, isolated small airways obstruction for
FEV,/FVC ratio was associated with a 3% lower FEV /
FVC ratio and two times greater odds of progression to
chronic airflow obstruction at follow-up. We replicated
these findings in UK biobank participants but only after
exclusion of those with a self-reported history of asthma.
No previous studies have investigated this association.
However, Dilektasli ¢/ al’ reported that in ever smokers
from the COPDGene study, when the FEV, /FVC ratio was
greater than 0.70, FEV,/FVC ratio less than the LLN was
associated with increased emphysema and gas trapping
on CT imaging, supporting our finding that an abnormal
FEV,/FVC ratio is a precursor to future obstructive lung
disease. In addition, studies in ever smokers have shown
that having a FEV,/FEV, ratio less than the LLN is also
associated with increased risk of chronic airflow obstruc-
tion.* ¥’ The FEV,/FVC ratio and FEV,/FEV, ratio are
highly correlated and shown to give very similar preva-
lence estimates for isolated small airways obstruction.*®
The rationale behind using the FEV, in place of the FVC
is uncertain providing spirometry has been performed
correctly.

Interestingly, in the BOLD study, we found that
isolated small airways obstruction was associated with
progression to chronic airflow obstruction only in males.
However, it is not clear if this is a genuine interaction,
as in contrast with the logistic regression, the results of
the linear regression showed that regardless of sex, those

with isolated small airways obstruction had a lower FEV /
FVC ratio at follow-up. A potential explanation is the far
smaller proportion of females that reported a smoking
history compared with males; an important difference
considering smoking is the strongest risk factor for
chronic airflow obstruction.'?* In our replication study,
females with isolated small airways obstruction had a
lower FEV, /FVC ratio and greater odds of progression
to airflow obstruction at follow-up. This makes it likely
that despite the association being stronger in males,
universally, isolated small airways obstruction is a good
predictor of future airflow obstruction.

Our finding that in never smokers, isolated small
airways obstruction was associated with having a signifi-
cantly lower FEV, /FVC ratio at follow-up is novel and was
successfully replicated in participants of the UK Biobank
study. It is well known that cigarette smoke damages
the small airways, eventually leading to chronic airflow
obstruction.'” We have previously shown that risk factors
for isolated small airways obstruction also include occu-
pational exposures to dust, previous TB diagnosis, low
education level and family history of COPD.* The causal
pathways in never smokers are less clear and deserve
further research, especially on the impact of intrauterine
exposures, childhood growth, and ambient and indoor
air pollution.

No previous studies have reported incidence rates
for progression of isolated small airways obstruction
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to chronic airflow obstruction. In the BOLD study,
we found that incidence of progression was similar for
both parameters. It was higher in males compared with
females, and ever smokers compared with never smokers.
We found considerable variation in incidence rates across
WHO regions. Despite this, incidence of progression
to chronic airflow obstruction was generally highest in
the European region. The incidence rates for progres-
sion from isolated small airways obstruction to airflow
obstruction were significantly higher in our replication
study. However, they were similar to BOLD sites in the
European region. This finding is likely related to tobacco
smoking, as in the European region of the BOLD study
and the UK Biobank study, 43% and 40% of participants,
respectively, were smokers.

Due to lack of agreement as to which spirometry param-
eters best reflects changes within the small airways, we
used both FEF%75 and FEVS/ FVC. Both parameters have
been shown to correlate with functional small airways
disease on CT imaging,” ' and we found that when less
than the LLN, both are also associated with progression
to chronic airflow obstruction. When we calculated the
AUC of the parameters, FEF, .. was significantly better
at discriminating future chronic airflow obstruction than
the FEV3/ FVC ratio. In addition, when compared with
a model containing age, sex, BMI and smoking history
alone, only FEF25_75 significantly improved discrimination.
Predictive accuracy using the Brier score was good for
both parameters. We found a similar pattern in the UK
Biobank study; however, overall discriminative ability was
weaker. This could be explained by the optimisation of
the statistical model for participants of the BOLD study,
meaning there could be additional covariates that influ-
ence discriminative ability in the UK Biobank study that
are not significant or are unmeasured in the BOLD study.
Despite this, our findings suggest that while both FEF,
and FEV,/FVC ratio can be used to identify those at risk
of chronic airflow obstruction, FEF, . performs the best.

Our study has strengths, including a wide geographical
coverage, samples that are representative of the general
population, and quality assured spirometry. We also
compared the predictive ability of two different spirom-
etry parameters. Our decision to prioritise prebron-
chodilator spirometry to define isolated small airways
obstruction means atrisk individuals can be identified
without the need for postbronchodilator spirometry,
which is time consuming, costly and not widely avail-
able in low resource settings. There are also limitations.
First, in a previous publication, we found that there was
minimal difference between the FVC and forced expi-
ratory volume in six seconds (FEV,) in UK Biobank
partiscipants.” This suggests that the FVC may be under-
estimated, which would falsely increase the FEF,
and FEVS/ FVC ratio. As a result, prevalence if isolated
small airways obstruction would be underestimated and
the power to find an association reduced, particularly
for the FEVS/ FVC ratio. Second, due to the COVID-19
pandemic, the BOLD study had considerable loss to

follow-up at some sites. However, we used inverse proba-
bility weighting in our analyses to account for this.

CONCLUSION

People with isolated small airways obstruction, particu-
larly when measured using FEF,. ., are more likely to
develop chronic airflow obstruction over time. As chronic
airflow obstruction is a key component of a COPD diag-
nosis, our findings have implications for early detection
and prevention of disease.
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eTable 1. Incidence rates per 1000 person years for progression from isolated small airways obstruction at baseline to chronic airflow obstruction at follow-up according to WHO region and study site.

World region/BOLD Centre FEF35.75 FEV3/FVC

Baseline cao Incidence rate per Baseline cao Incidence rate per

isolated SAO at follow- Person isolated SAO at follow- Person
FEF2575 up years 1000 person- FEVs/FVC up years 1000 person-
= n= years (95%Cl) n= n= years (95%Cl)

European 58 11 478.7 23.0 (12.7-41.5) 97 7 924.6 7.6 (3.6-15.9)
Estonia (Tartu) 0 0 0.0 0.0 11 1 119.5 8.4 (1.18-59.4)
Iceland (Reykjavik) 6 3 88.9 33.7 (10.9-104.6) 19 3 281.0 10.7 (3.4-33.1)
Kyrgyzstan (Chui) 24 4 149.5 26.8 (10.0-71.3) 15 1 92.76 10.8 (1.5-76.5)
Kyrgyzstan (Naryn) 15 1 95.6 10.8 (1.5-76.7) 24 1 147.6 6.8 (1.0-48.1)
Norway (Bergen) 6 0 65.4 0.0 19 0 172.1 0.0
Sweden (Uppsala) 6 3 82.3 36.5(11.7-113.0) 9 1 111.6 9.0 (1.3-64.0)
Eastern Mediterranean 48 4 256.6 15.6 (5.9, 41.5) 21 0 117.9 0.0
Morocco (Fes) 0 0 0.0 0.0 0 0 0.0 0.0
Pakistan (Karachi) 38 2 163.0 12.3(3.1-49.1) 16 0 68.0
Sudan (Khartoum) 4 0 30.3 0.0 1 0 7.1 0.0
Tunisia (Sousse) 6 2 63.3 31.6 (7.9-126.4) 4 0 42.8 0.0
South-East Asian 190 6 1689 3.6 (1.6-7.9) 44 3 424.7 7.1(2.28-21.9)
India (Mysore) 101 1 720.0 1.39(0.2-9.9) 17 1 130.1 7.69 (1.08-54.6)
India (Pune) 88 5 961.0 5.2 (2.2-12.5) 26 2 286.1 7.0 (1.8 (1.7-8.0)
India (Kashmir) 1 0 8.5 0.0 1 0 8.5 0.0
African 116 2 831.4 2.4 (0.6-9.6) 57 2 411.6 4.9 (1.2-19.4)
Benin (Sémé-Kpodiji) 27 0 188.7 0.0 11 0 77.0 0.0
Malawi (Chikwawa) 31 2 150.1 13.4 (3.4-53.3) 14 1 68.8 14.5(2.5-103.2
Nigeria (Ife) 58 0 492.6 0.0 32 1 265.8 3.76 (0.53-26.7)
Western Pacific 35 3 380.9 7.9 (2.5-24.4) 14 2 154.0 13.0 (3.24-51.9)
Philippines (Nampicuan-Talugtug) 35 3 380.9 7.9 (2.5-24.4) 14 2 154.0 13.0(3.24-51.9)
Americas 2 0 10.7 0.0 0 0 0.0 0.0
Jamaica (Kingston) 2 0 10.7 0.0 0 0 0.0 0.0

Incidence rates reported per 1000 person years with 95% confidence interval. FEF2s.7s: Mean forced expiratory flow rate between 25% and 75% of the forced vital capacity. FEVs/FVC ratio: Forced expiratory volume in three seconds as a ratio of the forced
vital capacity. Isolated reductions in FEF2s.7sand FEVs/FVC ratio identified if pre-bronchodilator measurment was less than the lower limit of normal with a pre-bronchodilator FEV1/FVC equal to or above the lower limit of normal. Chronic airflow obstruction

at follow-up defined as post-bronchodilator FEV1/FVC ratio less than the lower limit of normal. Limits of normal calculated using European American reference equations from the National Health and Nutrition Examination Survey”&

Knox-Brown B, et al. BMJ Open Respir Res 2023; 10:€002056. doi: 10.1136/bmjresp-2023-002056



Supplemental material

P S Bk s o s B e B LSRG Y e

eTable 2. Association between post-bronchodilator isolated small airways obstruction at baseline and chronic airflow obstruction at follow-up for FEF2s.75 in the BOLD study

Total Isolated SAQ cA0 B coefficient
(baseline) (follow-up) OR (95%Cl) p-value . p-value
n n " (95%CI)

Overall model 3324 332 28 3.67(1.97,6.83) | <0.0001 | -4.14(-5.69,-2.60) | <0.0001
Stratified by sex

Male 1431 109 16 6.14 (2.99, 12.63) | <0.0001 | -5.82 (-7.96, -3.69) | <0.0001

Female 1893 223 12 2.31(0.90, 5.90) 0.080 -3.12 (-4.82, -1.42) | <0.0001

Never smoked 2513 286 17 3.34 (1.64, 6.79) 0.001 -4.16 (-5.87, -2.46) | <0.0001

Linear associations between an isolated reduction in post-bronchodilator FEF2s.75 at baseline and follow-up post-bronchodilator FEV:1/FVC ratio were estimated using mixed effects linear regression models. *Negative regression coefficient indicates a
reduction in FEV.1/FVC ratio (ie, worsened lung function). Associations between an isolated reduction in FEFzs 75 at baseline and progression to chronic airflow obstruction were estimated using mixed effects logistic regression models. Models were
adjusted for sex, age, BMI, smoking status, and smoking pack years. As we expected associations to vary by study site, we fitted a random slope model to average the associations across study sites. Isolated reduction in FEF2s.7s identified if the post-
bronchodilator mean forced expiratory flow rate between 25% and 75% of the forced vital capacity (FEF2s.75) was below the lower limit of normal (<LLN) and the post-bronchodilator forced expiratory volume in 1 second as a ratio of the forced vital
capacity (FEV:/FVC ratio) was equal to or above the lower limit of normal (>LLN) at baseline. Chronic airflow obstruction was diagnosed if the post-bronchodilator (200mcg salbutamol) FEV1/FVC ratio was <LLN at follow up. Lower limit of normal
calculated using reference equations from the NHANES I1l study population”8. Total n= those without chronic airflow obstruction at baseline who had a measurement for FEFzs.7s.

eTable 3. Association between post-bronchodilator isolated small airways obstruction at baseline and chronic airflow obstruction at follow-up for FEV3/FVC in the BOLD study

Total Isolated SAQ CAO B coefficient
(baseline) (follow-up) OR (95%Cl) p-value . p-value
n n n (95%Cl)

Overall model 3384 135 15 2.22 (1.23, 4.00) 0.008 -3.87 (-6.16, -1.59) 0.001
Stratified by sex
Male 1451 80 13 2.57(1.18,5.66) | 0.018 | -5.05(-7.42,-2.68) | <0.0001
Female 1933 55 2 0.76 (0.07,8.09) | 0.817 -0.87 (-2.76, 1.00) 0.360
Never smoked 2562 81 6 1.81(0.46,7.17) | 0.394 | -4.42(-7.23,-1.61) 0.002

Linear associations between an isolated reduction in post-bronchodilator FEVs/FVC ratio at baseline and follow-up post-bronchodilator FEV:/FVC ratio were estimated using mixed effects linear regression models. *Negative regression coefficient
indicates a reduction in FEV1/FVC ratio (ie, worsened lung function). Associations between an isolated reduction in FEV3/FVC ratio at baseline and progression to chronic airflow obstruction were estimated using mixed effects logistic regression models.
Models were adjusted for sex, age, BMI, smoking status, and smoking pack years. As we expected associations to vary by study site, we fitted a random slope model to average the associations across study sites. Isolated reduction in FEV3/FVC ratio
identified if the post-bronchodilator forced expiratory volume in 3 seconds as a ratio of the forced vital capacity (FEV3/FVC ratio) was below the lower limit of normal (<LLN) and the post-bronchodilator forced expiratory volume in 1 second as a ratio of
the forced vital capacity (FEV1/FVC ratio) was equal to or above the lower limit of normal (2LLN) at baseline. Chronic airflow obstruction was diagnosed if the post-bronchodilator (200mcg salbutamol) FEV1/FVC ratio was <LLN at follow up. Lower limit
of normal calculated using reference equations from the NHANES 11l study population’é, Total n= those without chronic airflow obstruction at baseline who had a measurement for FEV3/FVC ratio.
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eTable 4. Association between baseline isolated small airways obstruction and airflow obstruction at follow-up in the UK Biobank for FEF2s7s.

Total |5;’;::‘I’i::)0 (follgz-u ) OR -value B coefficient -value
n . n P (95%C1) P (95%C1)° P

Overall model 26512 549 116 3.79 (3.10, 4.71) <0.0001 | -4.45 (-5.05, -3.85) | <0.0001

Follow-up time <5 years 5172 105 20 3.77 (2.23, 6.37) <0.0001 | -5.16 (-6.63, -3.69) | <0.0001

Follow-up time > 5 years | 21340 444 96 3.82(3.01, 4.85) <0.0001 | -4.32(-4.97,-3.66) | <0.0001
Stratified by sex

Male 11197 136 44 7.75(5.29,11.34) | <0.0001 | -5.65 (-6.88,-4.41) | <0.0001

Female 15315 413 72 2.80(2.14,3.66) | <0.0001 | -4.04 (-4.72,-3.37) | <0.0001

Never smoked 15960 326 62 3.57 (2.67, 4.76) <0.0001 | -4.35(-5.11, -3.60) | <0.0001

Linear associations between isolated small airways obstruction for FEF2s.75 at baseline and follow-up FEV:/FVC ratio were estimated using mixed effects linear regression models. *Negative regression coefficient indicates a reduction in FEV:/FVC ratio (ie,

worsened lung function). Associations between isolated small airways obstruction at baseline and progression to airflow obstruction were estimated using mixed effects logistic regression models. Models were adjusted for sex, age, BMI, smoking status,
follow-up duration, and smoking pack years. As there was a possibility that associations varied by testing site, we fitted a random slope model to average the associations across sites. Isolated small airways obstruction was identified if the mean forced
expiratory flow rate between 25% and 75% of the forced vital capacity (FEF2s.75) was below the lower limit of normal (<LLN) and the pre-bronchodilator forced expiratory volume in 1 second as a ratio of the forced vital capacity (FEV1/FVC ratio) was equal
to or above the lower limit of normal (>LLN) at baseline. Airflow obstruction was diagnosed if the FEV1/FVC ratio was <LLN at follow up. Lower limit of normal calculated using reference equations from the NHANES 11l study population'”*é, Total n= those
without airflow obstruction at baseline who had a measurement for FEF2s.;sand who had a measurement of FEV:1/FVC at follow-up.

eTable 5. Association between baseline isolated small airways obstruction and airflow obstruction at follow-up in the UK Biobank for FEV3/FVC ratio.

Total ISOIatEd. SAO AO OR B coefficient
n (bas::,llne) (follo’\:l-up) (95%C1) p-value (95%C1)* p-value

Overall model 26512 162 17 1.49(0.90, 2.47) 0.125 -0.28 (-1.41, 0.84) 0.626

Follow-up time <5 years 5172 24 4 - - -1.94 (-5.07, 1.18) 0.223

Follow-up time > 5 years | 21340 138 13 1.29(0.73, 2.30) 0.378 -0.83 (-2.02, 0.38) 0.178
Stratified by sex
Male 11197 55 7 1.70 (0.77, 3.80) 0.191 -0.81(-2.83,1.21) 0.431
Female 15315 107 10 1.37 (0.71, 2.65) 0.343 -1.07 (-2.41, 0.26) 0.115
Never smoked 15960 96 8 1.23(0.59, 2.54) 0.576 -0.89 (-2.24, 0.48) 0.206

Linear associations between isolated small airways obstruction for FEV3/FVC ratio at baseline and follow-up FEV.1/FVC ratio were estimated using mixed effects linear regression models. *Negative regression coefficient indicates a reduction in FEV1/FVC
ratio (ie, worsened lung function). Associations between isolated small airways obstruction at baseline and progression to airflow obstruction were estimated using mixed effects logistic regression models. Models were adjusted for sex, age, BMI, smoking
status, follow-up duration, and smoking pack years. As there was a possibility that associations varied by testing site, we fitted a random slope model to average the associations across sites. For follow-up time <5 years, the logistic regression would not
converge due to the small sample size. Isolated small airways obstruction was identified if the forced expiratory volume in 3 seconds as a ratio of the forced vital capacity (FEV3/FVC ratio) was below the lower limit of normal (<LLN) and the forced
expiratory volume in 1 second as a ratio of the forced vital capacity (FEV1/FVC ratio) was equal to or above the lower limit of normal (2LLN) at baseline. Airflow obstruction was diagnosed if the FEV1/FVC ratio was <LLN at follow up. Lower limit of normal

calculated using reference equations from the NHANES Ill study population'”*8, Total n= those without airflow obstruction at baseline who had a measurement for FEVs3/FVC ratio and who had a measurement of FEV1/FVC at follow-up.
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eFigure 1. Receiver operator characteristic curve and area under the curve (AUC) comparing ability of FEF2s.7s and FEV3/FVC ratio to a model containing age, sex, BMI and
smoking history alone to discriminate future airflow obstruction in UK Biobank participants. *P-value less than 0.05 indicates significant difference between models according
to X? test
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eTable 6. Association between baseline isolated small airways obstruction and airflow obstruction at follow-up in the UK Biobank excluding those with asthma.

Total |5(‘::;:::3° (foII:\\g up) OR value B coefficient value
n . " P (95%Cl) P (95%C1)* P
FEF2s.75 13046 212 43 3.94 (2.77,5.60) | <0.0001 | -4.17 (-5.15,-3.18) | <0.0001
FEV3/FVC | 13046 82 13 2.65(1.45,4.82) | 0.001 | -2.02(-3.61,-0.43) | 0.013

Linear associations between isolated small airways obstruction for at baseline and follow-up FEV.1/FVC ratio were estimated using mixed effects linear regression models. *Negative regression coefficient indicates a reduction in FEV1/FVC ratio (ie, worsened
lung function). Associations between isolated small airways obstruction at baseline and progression to airflow obstruction were estimated using mixed effects logistic regression models. Models were adjusted for sex, age, BMI, smoking status, follow-up
duration, and smoking pack years. As there was a possibility associations varied by testing site, we fitted a random slope model to average the associations across sites. Isolated small airways obstruction was identified if the mean forced expiratory flow
rate between 25% and 75% of the forced vital capacity (FEF2s.7s) was below the lower limit of normal (<LLN) or if the forced expiratory volume in 3 seconds as a ratio of the forced vital capacity (FEVs/FVC ratio) was below the LLN and the pre-bronchodilator
forced expiratory volume in 1 second as a ratio of the forced vital capacity (FEV1/FVC ratio) was equal to or above the lower limit of normal (2LLN) at baseline. Airflow obstruction was diagnosed if the FEV1/FVC ratio was <LLN at follow up. Lower limit of
normal calculated using reference equations from the NHANES Il study populationi’%, Total n= those without airflow obstruction or self-reported asthma at baseline, who had a measurement for FEF2s.7s and FEVs3/FVC and who had a measurement of

FEV1/FVC at follow-up.
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eFigure 2. Receiver operator characteristic curve and area under the curve (AUC) comparing ability of FEF2s.7s and FEV3/FVC ratio to discriminate future airflow obstruction in
UK Biobank participants with no self-reported asthma at baseline. *P-value less than 0.05 indicates significant difference between models according to X? test

Brier score FEF2s.75= 0.1007

Brier score FEV3/FVC = 0.1058
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