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Abstract

Background—Abnormal lung volumes that reflect air trapping are common in COPD. However,
their significance in smokers with preserved spirometry (normal FEV to FVC ratio) is unclear.

Methods—Using the Veterans Administration Informatics and Computing Infrastructure
database, we identified 7479 patients at risk for COPD (ever smokers >40 years of age without
restrictive lung disease) who had preserved spirometry and concomitant lung volume
measurements, and examined their subsequent health records for clinical diagnoses of COPD,
healthcare utilisation, follow-up spirometry and mortality.

Results—Air trapping was prevalent, with 31% of patients having residual volume to total lung
capacity ratio (RV:TLC) greater than the upper limit of normal (ULN). RV:TLC varied widely
from 14% to 77% (51% to 204% of predicted) across the normal ranges of FEV1:FVC and FEV1.
Patients with RV:TLC greater than the ULN were more likely to receive subseguent clinical
diagnoses of COPD (HR (95% CI)=1.55 (1.42 to 1.70), p<0.001) and had higher all-cause
mortality (HR (95% CI)=1.41 (1.29 to 1.54), p<0.001). They had higher rates of respiratory
medication prescriptions and hospital and intensive care unit admissions. Other air trapping and
static hyperinflation indices showed similar associations with health outcomes. Additionally, high-
normal RV:TLC was associated with intermediate adverse health outcomes compared with low-
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normal and abnormal RV:TLC. Abnormal RV:TLC predicted higher likelihood of progression to
spirometric COPD (OR (95% CI1)=1.30 (1.03 to 1.65), p=0.027).

Conclusion—In this study of the Veterans Affairs electronic health records, air trapping was
common in smokers with preserved spirometry and predicted adverse respiratory outcomes and
progression to overt COPD.

INTRODUCTION

The Global Initiative on Obstructive Lung Disease (GOLD) defines COPD by an absolute
reduction in FEV to FVC ratio of <0.70 after albuterol administration (stage 1), with higher
stages of COPD defined by a concomitant reduction in FEV; as a per cent predicted.! Other
criteria emphasise a lower-limit-of-predicted normal (LLN) approach rather than a standard
fixed cut-point in FEV1:FVC, but nonetheless rely on the same basic metrics of spirometry.
23 Many current and former smokers without GOLD-defined (or LLN-defined) COPD have
similar acute and chronic respiratory symptoms as those with COPD and may proceed to
develop overt disease.*-” Thus, the ability to identify the smokers with preserved spirometry
(GOLD-defined or LLN-defined) who are at risk for the development of respiratory
problems and disease progression is of great interest for prognostication and intervention
purposes.

Air trapping, defined as abnormal increase in volume of air remaining in the lungs at the end
of exhalation, is a manifestation of obstructive lung diseases including COPD. Air trapping
in people with COPD is associated with increased dyspnoea, reduced functional capacity
and higher mortality.89 However, its clinical significance in smokers without COPD (normal
FEV{:FVC and FEV1) is unknown. In fact, abnormal lung volumes suggestive of air
trapping are routinely ignored in the interpretation of lung function when spirometry is
preserved.

In this study, we hypothesised that in patients at risk for COPD due to smoking but with
preserved spirometry, those with air trapping (and static hyperinflation) as measured by
residual volume (RV), functional residual capacity (FRC), inspiratory capacity (IC) and their
ratios to total lung capacity (TLC) have increased respiratory morbidity and mortality. To
test this, we identified 7479 patients from the Veterans Administration Informatics and
Computing Infrastructure (VINCI) database at risk for COPD due to smoking who ever had
a pulmonary function test (PFT) with concomitant lung volume measurements that showed
preserved spirometry (defined by FEV{:FVC and FEV{=LLN). We then reviewed their
subsequent electronic health records (EHR) and determined whether patients with air
trapping were more likely to have adverse health outcomes compared with those without air

trapping.

METHODS

Study design

This was a retrospective study of EHR available from the nationwide Veterans Health
Administration (VHA) VINCI database with patients at risk for COPD (current or former
smokers >40 years of age) who ever had a full PFT between 1985 and 2017. Medical records
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of eligible patients were interrogated to quantify the frequency of acute and chronic
respiratory outcomes and mortality subsequent to their very first PFT that included
prealbuterol and postalbuterol administration spirometry and lung volume measurement by
plethysmography. The latest postbronchodilator spirometry that was available in their EHR
was also examined. Mortality data were extracted from documented death notes, and
patients were considered to be alive up to the date of their last medical encounter, after
which they were considered as lost to follow-up. The utility of lung volume indices from the
first PFT to predict the subsequent occurrence of the above outcomes was assessed in those
with preserved spirometry.

The University of California San Francisco Institutional Review Board and the \eterans
Health Administration Research and Development Committee approved this study. Detailed
inclusion and exclusion algorithm and the International Classification of Diseases (ICD)-9
and ICD-10 diagnosis codes used are available in the online supplementary appendix.

Study population

From 1985 to 2017, 127 940 patients from the VHA were documented to have received full
PFT including postbronchodilator spirometry and lung volume measurements by
plethysmography. Our study aimed to focus on patients at risk for COPD as defined by those
who were >40 years of age and had diagnosis of tobacco use at the time of their full PFT.
Smoking status was assigned by documented diagnosis of ICD-9 or ICD-10 codes or
diagnosis of smoking on PFT report. Accordingly, 52 668 patients who were not considered
to be at risk for COPD were excluded. Patients were further excluded if they had evidence of
restrictive lung disease on PFT as determined by TLC <80% or <LLN, diagnoses of
interstitial lung diseases, or allergic lung diseases (except for asthma). Patients with a
diagnosis of asthma who were considered to be at risk for COPD were not excluded to avoid
exclusion of those with overlap disease. A further 35 286 patients were excluded who had
abnormal spirometry (FEV1:FVC or FEV1<LLN). Overall, data were available from 7479
patients at risk for COPD but with preserved spirometry from 37 Veterans Affairs Medical
Centers across the USA (figure 1). Data from other \eterans Affairs Medical Centers were
not used due to lack of availability of coded PFT data that would be obtainable through
VINCI.

Statistical analysis

Data management—Predicted values and ranges for PFT measurements were calculated
using Crapo predicted formulas,19-12 except for FRC:TLC, IC and IC:TLC for which data
from Quanijer et a/and Francisco et a/ were used.213 Patients were categorised to have air
trapping if they had abnormal RV:TLC (greater than the upper limit of normal (ULN)).
Those with normal RV:TLC were further categorised into low-normal and high-normal
groups relative to the median value of the distribution of normal RV:TLC.

Outcomes—Healthcare outcomes including clinical diagnoses, respiratory medication
prescribed, outpatient office visits, emergency room (ER) visits, hospital admissions and
intensive care unit (ICU) admissions with a COPD diagnosis and all-cause mortality were
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also acquired based on the ICD-9 and ICD-10 codes and prescription information along with
the relevant dates as detailed in the online supplementary appendix.

Analyses—Distributions of patients’ demographics and lung function were computed, and
the differences between the groups of patients were examined using XZ test, Wilcoxon-
Mann-Whitney tests and Student’s t-test for comparison of binary, ordinal and continuous
variables, respectively. Correlations among airflow obstruction indices (FEV1:FVC and
FEV,) and air trapping (RV:TLC) were examined using Pearson’s correlation test. To
control for age, height and sex covariates when examining the absolute PFT values, partial
and semipartial correlations were examined.

Cox proportional hazards regression models were used to analyse the association between
air trapping and “clinical diagnosis of COPD’ and ‘all-cause mortality’. The associations of
air trapping with aggregated counts of ‘respiratory medications’, ‘office visits’, ‘ER visits’,
‘hospital admissions’ and ‘ICU admissions’ for each patient were analysed using Poisson
regression modelling to examine the incident rate ratios of such events with consideration of
follow-up time. Since the time from index PFT to last follow-up spirometry does not reflect
the time at which the patient actually developed spirometric COPD, the association of air
trapping with progression to COPD (‘COPD on follow-up spirometry’) was analysed using
mixed effect logistic regression modelling, instead of Cox proportional hazard. To do this,
time to follow-up spirometry was divided into quartiles and included in the model as the
random effect variable. Similarly, mixed effect linear regression modelling was used for
examining the associations of air trapping with changes in spirometric indices. All models
included absolute values of lung function and were then adjusted internally for age, sex and
height based on an a priori decision.

Sensitivity analyses were performed by excluding patients with specific characteristics that
could act as confounders, including obesity, asthma, FEV reversibility, or FVC and
maximum airflow at mid-lung volume (FEF,5_75) less than the LLN individually. To
examine any possible medical centre effect, additional sensitivity analyses were also
performed by adjusting for clusters in Cox proportional hazard models or including the
centres as a random effect in other models.

Line graph comparisons were done in GraphPad Prism (V.7.0c; GraphPad Software, La
Jolla, California, USA). Data management, figure generation and Cox proportional hazards
regression plots were done using R (V.3.3.2; R Foundation for Statistical Computing,
Vienna, Austria). Other data analyses were conducted in STATA V.14.1.

Subject characteristics

In this VINCI cohort of 7479 patients at risk for COPD but with preserved spirometry,
RV:TLC in the earliest available PFT was above ULN in 30.8%, while other measures of air
trapping and static hyperinflation (FRC, FRC:TLC, IC and IC:TLC) were abnormal in a
smaller fraction of patients (<5%) (table 1 and online supplementary appendix). Patients
with abnormal RV:TLC were slightly older, included a higher proportion of men, and in
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general had worse airflow and air trapping indices compared with their counterparts with
normal RV:TLC.

Relationship between lung volume and airflow indices

Association

To examine the distribution of air trapping across airflow indices, FEV{:FVC and FEVq
were stratified into 5% increments based on their predicted values and plotted against
RV:TLC (figure 2). RV:TLC spanned from 14% to 77% (51% to 204% of predicted) and
varied widely at each increment of FEV1:FVC and FEV, with ranges as high as 150% and
143% of predicted value, corresponding to coefficients of variation (SD to mean ratio) of
18.9% and 25.2%, respectively.

between lung volume indices and healthcare outcomes

Air trapping and healthcare outcomes—The average follow-up time period available
was 8.6+4.8 years (median time of 8.2 years with IQR of 4.6-12.2 years and a total range of
1-24 years). During this follow-up period, those with abnormal RV:TLC among patients
with preserved spirometry were more likely to receive COPD diagnoses (HR (95% Cl)=1.55
(1.42 to 1.70), p<0.001) and to have higher all-cause mortality (HR (95% CI)=1.41 (1.29 to
1.54), p<0.001) compared with their normal RV:TLC counterparts (adjusted for covariates
including years of follow-up) (table 2). They also had an increased rate of respiratory
medication prescribed, and higher occurrence of outpatient office visits, ER visits, hospital
admissions and ICU admissions with COPD diagnoses (table 2). Furthermore, patients with
abnormal RV:TLC had reduced time to COPD-related illnesses and death from all causes
compared with their counterparts with normal RV:TLC (figure 3). Similar findings were
observed when FRC, FRC:TLC, IC or IC:TLC instead of RV:TLC were used in these
analyses, with the exception of respiratory medication prescription numbers (online
supplementary appendix).

Air trapping and healthcare outcomes with inclusion of airflow indices—
Inclusion of airflow indices (FEV1:FVC, FEV and FEF,5_75) in the multivariate analysis did
not affect the observed association of air trapping, with either COPD diagnoses, respiratory
medications, office visits, hospital admissions or mortality with RV:TLC on index PFT
remaining an independent predictor for those outcomes (table 2).

Normal RV:TLC and healthcare outcomes—To further examine the relationship
between gradient of lung volumes and health outcomes, we examined RV:TLC as a
continuous variable and found it to have similar associations with health outcomes (table 2).
For example, every 10% increase in RV:TLC (absolute value) on index PFT resulted in 33%
higher likelihood of receiving a COPD diagnosis, 31% more COPD-related hospital
admissions and 2% higher likelihood of dying from any cause during the follow-up period.
Furthermore, when we stratified patients with normal RV:TLC into high and low groups
relative to the median RV:TLC, we found those with high-normal RV:TLC to have an overall
increased occurrence of COPD-related adverse health outcomes compared with those with
low-normal RV:TLC, but decreased occurrence compared with those with abnormal RV:TLC
(figure 4).
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Association between lung volume indices and progression to spirometric COPD

We looked to see if any of the patients had follow-up postbronchodilator spirometry after
their index PFT and examined the last such spirometry that was available in their records.
We found 1706 patients (582 (34%) with abnormal RV:TLC) to have such spirometry
4.1+3.1 years after their index PFT (median time of 3.3 years with an IQR of 1.8-5.6 years)
(table 3). The time interval between the index PFT and the follow-up spirometry was slightly
longer in those with abnormal RV:TLC (difference of 0.8 years (95% CI 0.5 to 1.1 years),
p<0.001). Patients with abnormal RV:TLC were more likely to develop spirometric COPD
(OR (95%Cl1)=1.30 (1.03 to 1.65), p=0.027; adjusted for years of follow-up).

In models that examined the change in spirometric indices in a continuous manner, the
change in FEV4 was not different between those with abnormal RV:TLC compared with
their normal counterparts (p=0.889) (figure 5). However, those with abnormal RV:TLC had a
significant increase in FVC (p=0.041), which resulted in a relatively higher decline in
FEV{:FVC compared with those with normal RV:TLC (p=0.001) (figure 5).

Sensitivity analysis
Overall, 41.4% of patients were obese (body mass index >30), 21.4% had asthma diagnosis,
40.8% had reversibility (=12%and =200 mL increase in FEV after bronchodilator
administration), and FVC and FEF,5_75 were lower than LLN in 4.1% and 1.2% of the
patients, respectively. Sensitivity analyses with exclusion of patients with obesity, asthma,
FEV1 reversibility, or FVC and FEF5_75<LLN did not change the observed associations.
Additional sensitivity analyses with adjustment for Veterans Affairs Medical Center sites did
not affect the findings.

Sensitivity analysis using the GOLD criteria to define COPD and determine those with
preserved spirometry showed similar results (online supplementary appendix).

DISCUSSION

In this study of 7479 current and former smokers with preserved spirometry from the VHA,
we found that (1) air trapping was prevalent, with approximately a third of patients at risk
for COPD but with preserved spirometry having RV:TLC>ULN; (2) air trapping indices
varied widely across the range of spirometric indices used for COPD definition (FEV1:FVC
and FEV1); (3) patients with air trapping (RV: TLC>ULN) were more likely to receive
clinical diagnoses of COPD and to have higher all-cause mortality, and had increased
healthcare utilisation and hospitalisation associated with COPD diagnosis; (4) in patients
without overt air trapping (normal RV:TLC), those with high-normal RV:TLC had worse
outcomes compared with their low-normal counterparts; and (5) patients with air trapping
were more likely to progress to develop spirometric COPD. These findings indicate the
predictive usefulness of lung volume measurements in those at risk for COPD, and argue for
use of air trapping as an additional dimension for COPD definition and prognosis.

There is a major interest in the early detection of COPD for the purpose of prognostication
and intervention. The traditional approach for diagnosis and management of COPD has been
based on spirometry, although more recently respiratory symptoms have also been
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incorporated into the guidelines for treatment decision. Different perspectives exist regarding
optimal criteria for spirometric diagnosis of COPD, as GOLD fixed ratio is recommended
for its simplicity and consistency but may lead to an overdiagnosis of COPD, while LLN
and Global Lung Initiative definitions adjust for variables like age, sex, height and ethnicity,
but potentially introduce additional biases and may underdiagnose COPD.14 Regardless,
COPD cohort studies have shown that smokers without spirometric COPD, by any of the
above criteria, may indeed suffer from respiratory symptoms and acute exacerbation-like
illnesses as those with spirometric COPD.#15 Furthermore, spirometric airflow indices
usually used to define and rate the severity of COPD have not been found to be reliable
predictors of future disease progression in these patients, and similarly their utility in
prognostication of smokers with preserved spirometry remains unclear.1617

Many studies have documented the significance of air trapping in patients with overt COPD
and its association with increased morbidity and mortality.18-22 Others have shown that in
mild disease or in smokers without GOLD-defined COPD, air trapping and hyperinflation
may be associated with clinically important physiological impairment beyond the
information provided by spirometry.1523 Recently, in a study of individuals at risk for COPD
due to heavy occupational exposure to secondhand tobacco smoke but with preserved
spirometry, we showed RV:TLC to be negatively associated with exercise capacity, with the
individuals who had RV:TLC values =90% predicted being half as likely to achieve their
maximum predicted exercise capacity.2425 Our current study further uncovers the
importance of lung volumes representing air trapping in predicting respiratory morbidity and
progression to overt disease in smokers at risk for COPD but with preserved spirometry in a
longitudinal manner. We found that in the presence of preserved spirometry, the smokers
with air trapping (RV:TLC>ULN) were more likely to have subsequent clinical diagnoses of
COPD, a likely indicator of practitioners’ consideration of patients’ respiratory symptoms.
Corroborating this finding was their higher rate of respiratory medication prescription and
COPD-related healthcare utilisation compared with their counterparts without air trapping.
Our study did not report specific cause of death in patients, but we were able to observe an
increase in the number of COPD-related hospital and ICU admissions, which may suggest
that at least some of the increased death was due to respiratory complications related to
COPD. Nevertheless, air trapping, particularly if enhanced due to increased respiratory
demands, may cause major shifts in intrathoracic pressures, and studies have shown that its
consequences may extend beyond the lungs to other organ systems including cardiovascular
function.26-29 Thus, identification of these patients at an early stage may aid in interventions
related to pulmonary and cardiovascular and other systems complications. Overall, these
findings demonstrate that measurement of lung volume that represents air trapping in those
at risk for COPD could identify subgroups susceptible to health complications and disease
progression.

There is currently no definitive recommendation for the use of one specific
plethysmographic measurement in evaluating obstructive lung disease. RV:TLC has been
widely adopted for its strong association with degree of airflow obstruction in COPD.3031
While this association was weaker in our cohort of smokers with preserved spirometry and
no airflow obstruction, RV:TLC remained predictive of morbidity and mortality. RV:TLC is
thought to be sensitive in detecting small changes in lung volume,32 and increases in RV are
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reported to be the earliest functional abnormality observed in heavy smokers with chronic
bronchitis.33 Corbin et af* showed increases in RV and, to a lesser extent, TLC over a 4-
year follow-up in smokers despite stable FEV1:FVVC measurements. Other measures of air
trapping and static hyperinflation including FRC, IC, and their ratios to TLC and their
predictive values have also been studied in COPD. Casanova and colleagues3® reported an
increase in respiratory and overall mortality in patients with COPD when IC:TLC fell below
25%. In our study of smokers with preserved spirometry, the prevalence of abnormal FRC,
IC, FRC:TLC or IC:TLC was substantially smaller than that for abnormal RV:TLC.
Nevertheless, these indices were all associated with adverse health outcomes.

It is intriguing that smokers with preserved spirometry have such a wide distribution of
RV:TLC over airflow indices particularly as air trapping is usually considered to be a
consequence of airflow obstruction. However, destruction of lung tissue, as it could occur
with smoking, may also contribute to the development of air trapping through loss of lung
elastance, untethering of small airways, and subsequent increase in closing volume and air
trapping.36 A notable finding in our study is that the abnormally high RV:TLC was mostly
achieved by a substantial increase in the volume of RV rather than any decrease in the
volume of TLC, and in fact TLC was mildly elevated in those with abnormal RV:TLC
compared with those with normal RV:TLC. This finding too implicates loss of lung
elastance along with the outward pull on the lungs by the chest wall as the contributing
mechanism at this early stage of the disease. Interestingly, during the follow-up period
available in our study, the higher rate of progression to spirometric COPD among those with
abnormal RV:TLC seems to have been the result of a relative increase in FVC, rather than
any decrease in FEV1, possibly implicating compensatory expansion of the chest cavity and
increase in TLC as the responsible mechanism as explained below. Radiographic studies
have shown air trapping to be a regional process with patchy areas of involved and
uninvolved lung,3” which suggests that areas with lung tissue loss with resulting air trapping
and untethered small airways may indeed be present adjacent to areas of relatively normal
lung without air trapping and with normal airways. Given the regional nature of this process,
the increase in TLC may then cause outward pull on at least the small airways within normal
areas of the lungs, increasing their diameters, with the result that the overall airflow through
all small airways throughout the lungs may be unaffected at this early stage of the disease.
This of course would be a hypothesis that would need further evaluation and testing.

Our study has several limitations. First, our investigation was a retrospective review of EHR,
making it vulnerable to misclassification bias and confounding, including reliance on
proxies to ascertain health outcomes such as COPD diagnosis codes to assess respiratory
symptoms, or the number of respiratory medication prescriptions to assess need for
medication. Such proxies have been widely used to ascertain symptoms from EHR and are
neutral to biases towards having air trapping, and thus should not have affected the
corresponding analyses. Second, while smoking status was obtained using diagnosis codes
of smoking, information regarding length and amount of smoking was lacking. Our
approach was based on the assumptions that almost all smokers begin smoking before age
18, and it is likely that the veterans in this cohort with documented ‘former’ or ‘current’
smoking status after age 40 likely had a substantial smoking history before smoking
diagnosis code was entered in their EHR.3839 Third, the reasons that the patients were
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referred for spirometry and plethysmography testing are unclear. Although it is possible that
the patients were referred for a variety of reasons including routine preoperative work-up, it
is likely that the majority of patients were referred out of concerns for respiratory symptoms.
Similarly, the reasons that patients were referred for repeat spirometry are unclear. However,
it is possible that only those patients with persistent or worsening symptoms underwent
follow-up spirometry. Thus, the findings of this study may be mostly generalisable to those
smokers at risk for COPD who have some degree of respiratory symptoms. Although we are
unaware of any harmonisation of PFT equipment or protocols across the VHA medical
centres, it is known that most Veterans Affairs Medical Centers have been closely associated
with medical schools and academic medical centres for decades,* and thus it is likely that
their PFT measurements were done at comparable qualities with those done at non-VHA
major academic medical centres. Furthermore, the proportion of patients with abnormal
RV:TLC within the VHA medical centres generally followed a normal distribution (online
supplementary appendix), discrediting the assumption of any site-specific measurement bias.
Finally, our study design algorithm aimed to optimise the maximum number of patients at
risk for COPD but with preserved spirometry while at the same time excluding those with
non-relevant diseases including restrictive lung disease. Through this approach, patients with
certain diseases and characteristics (such as asthma and obesity) were included, which may
have confounded our analyses. However, sensitivity analysis with exclusion of the patients
with concerns for confounding did not significantly change our findings.

In conclusion, in this study based on the nationwide Veterans Affairs EHR, air trapping was
common in smokers with preserved spirometry and predicted adverse respiratory outcomes
and progression to overt COPD. Further prospective validation of this retrospective study
could increase confidence in the usefulness of air trapping as a predictor for morbidity and
disease progression in smokers without overt COPD. Moreover, understanding the
underlying biological mechanisms involved in the development of air trapping in the
absence of airflow obstruction could lead to discovery of novel therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Messages
What is the key question?

. Could lung volumes predict progression to overt COPD in smokers without
airflow obstruction?

What is the bottom line?

. This retrospective analysis of the US Veterans Affairs electronic health
records showed that abnormal lung volumes representing air trapping are
common in smokers without COPD and are associated with higher healthcare
utilisation, death and decline in lung function.

Why read on?

. Understanding the predictors of morbidity and disease progression in smokers
without COPD is extremely important for prognostication and early
intervention.
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Figure 1.

35,286 FEV,:FVC <LLN or FEV, <LLN

Subject flow. LLN, lower limit of normal; PFT, pulmonary function test; TLC, total lung

capacity.
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Figure 2.
Association between RV:TLC and FEV1:FVC or FEV1 in the cohort. Relationship between

RV:TLC (% predicted) and FEV1:FVC (% predicted), or FEVq (% predicted). Boxplot
distribution of RV:TLC % predicted by 5% increments in FEV1:FVC % predicted (A) and
5% increments in FEV % predicted (B) are shown. Blue dots denote patients with abnormal
RV:TLC by the upper limit of normal. RV, residual volume; TLC, total lung capacity.
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Survival curves for subjects dichotomised based on the upper limit of normal for RV:TLC.
Survival curves represent survival rates with respect to time of follow-up among subjects

with normal RV:TLC (blue) compared with those who had abnormal RV:TLC (red).
Respiratory-related illness includes emergency room visits, hospital admissions and

intensive care unit admissions. Abnormal RV:TLC: RV:TLC greater than the upper limit of
normal; p value: significance from comparisons in survival rates generated by adjusted (age,
sex and height) Cox proportional hazards regression analysis. ED, emergency department;

RV, residual volume; TLC, total lung capacity.
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p=0.043

p =0.004

p=0.031
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2 g
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p <0.001
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0.
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Associations of healthcare outcomes with RV:TLC strata. Graphs represent incident rate

ratio (IRR) and hazard ratio (HR) with 95% Cls from Poisson and Cox proportional hazard
regression analyses, respectively, of the association between healthcare outcomes and
RV:TLC strata relative to the reference group (subjects with low-normal RV:TLC). Bold

residual volume; TLC, total lung capacity.
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Figure 5.
Comparison of change in airflow indices on follow-up spirometry across the RV:TLC strata.

Graphs represent coefficient of change with 95% Cls in airflow indices across the RV:TLC
strata relative to the reference group (subjects with low-normal RV:TLC) from mixed effect
linear regression modelling with adjustment for age, sex, height and time to follow-up
spirometry. Bold values represent significant p values. FEF,5_75, maximum airflow at mid-
lung volume; RV, residual volume; TLC, total lung capacity.

Thorax. Author manuscript; available in PMC 2020 September 07.



Page 18

Zeng et al.

100°0> (61001 TT°0) ST'0 TL0796'C ELOFITE  €L0F90€ qQ)e]!
100°0> (Tz 0 €2-) 22— €CF8IT 61796 €2¥20T (payo1paid 96) OY4
T000> (69°0 0} L2°0-) €L°0- 98070 L10FYEE 18°0795°€ (Q)ReXE|
100°0> (v 0y 6v-) 87— 8ZFIST 02F0T 2EF8TT (pavorpaid 96) A
T000> (90T O} TT'T-) 80'T- 89°0FLEE€ 1507622 GL'0¥29'C (M A
100°0> (06 0 T°0T-) 9'6- €TF90T T1¥96 Z1%66 (perotpaid 96) O1L
T000> (#5700} ¥9°0-) 650 TTTFS0°L TOTFOY'9 8O TFY9'9 (MoL
S921pul sWnN|oA mcsl_
100°0> (6 03 ¥T-) %TT- (2'8v) T2TT (e'28) 626T  (8'0V) 0S0E (%) U ‘TAZS Ul Aujiqisianay
100°0> (8zor2e-)ee- 0T¥6 L¥9 6%/ (%) *A34 ul Aupigisionay
100°0> (6% 01 69-) 65— qeTFLTT 26TFL9T Y0ZFI8T (W) TAI4 ul Aujigisianay
100°0> (G903TH) €g 7eFes GzF88 G2¥98 (peropaid 9p) 4792434
100°0> (0€'0 01 02°0) 52'0 88'0789'C 16°0%€6'C G6'0758'C (1) 47434
100°0> (6:001€0) 90 9786 9766 9786 (paro1paid %) DAL IATA
100°0> (600160 2'0 LYF5'9L 6vFC LL 8YF0LL (%) DAL TA34
100°0> (z90r19) 'S 6¥98 T1%26 TT¥06 (payo1paid 95) NS
100°0> (9e'0 01 62°0) €€°0 TL'0¥08°€ LLOFCTY  LLOFC0Y (1) ond
100°0> (5901 6'6) 0'9 878 0T¥06 0T+68 (pa1oipaid 95) TAT4
100°0> (0£'0 03 52°0) 82°0 ¥5'0706'C 65°0F8T'E  650F60°€ (M *A34
S301PUI MO
6000 (Loog0-) g0- 0'G¥8'8 L'v¥5'8 8'7¥9'8 dn-moj |04 4O sIesA
€580 (€001 €0-) €0°0- 6'GFS6C L'GFG'6C L'SFS'62 (zw/Bx) 1INg
700°0> (9T0180) 2T LLIFLELT 8LFEVLT  8LFIVLT (wo) broH
100°0> (L'9015%) %9'S (9¢) €8 (z6) L1y (52) 095 (%) u ‘(srewdy) Xas
100°0> (ezoree-)8z- 8'0TF9°€9 L'0T%809 8'0TFL'T9 (s1eak) aby
- - 00€Z 6L1S 6LYL u
solydesBowaq
sonfend (1D %G6) 3oualayid OILAY O1LAY  swusned |1 sonsueoRIRyYD

[ew.iouge yum syusired

[ew.ou y1m sjusiyed

Author Manuscript

T alqeL

Author Manuscript

s108[gns [|e Jo sonsuaRIRYD

Author Manuscript

Author Manuscript

Thorax. Author manuscript; available in PMC 2020 September 07.



Page 19

Zeng et al.

‘Aioeded Buny 1e10] ‘DL ‘awnjoA [enpisal ‘AY ‘Aloeded Aloyesidsul Q| ‘Auoeded [enpisal [euonouny ‘Oy4 ‘BwnjoA Bunj-piw 1e mojpre wnwixew ‘S.—GZ434 ‘xapul ssew Apoq ‘|NgG

‘uonjeASIUIWpPE JojejIpoyauo.q Jaie TATH ul 8sessoul W Q0ZZ PUB %ZT< Se paulap Ajiqisianay
(6002 gy/2 45 00s10URIL) DTL:D] J0) PaSN B1oM SeInuLI) PaloIpaid 00s1ouelS pue (66T 77248 Jafuend) DI pue O71.L:D¥4 10} pasn a1om sejnuuioy pajipaid Jafuend “71L:D1 pue I *O71L:0u 104 1dsoxe

(2861 PUR T86T * 720 0deD) senuioy pajoipaid odeld Buisn paje|nojes alam sanjea [ewiou Jo pajolpaid 9 pue uonouny Areuownd Jo sainseal suoiienbs a0UaIaJaY D71 L:AY [BWLIOUCE PUE [ewliou

usamiaq uosiiedwod paisnipeun Joj anjea d yum (10 9%G6) 8ouaIayip pue (94) swuaired jo abeiusalad pue (N) siusired Jo Jaquuinu 2301 8Y3 Jo N0 (U) 3|qeLieA 3yl Jo) anjeA aAlisod yiim syuaijed Jo Jsquinu
10 gSFueaw se pajussald aJe ejeq “[ew.ou Jo nwij Jaddn auy Ag DAY [ewdou pue [ewloude 0} Buipiodde paijiiess a1em sjualied “Answoinds paasasaid yim syuanied ur uonouny buny pue saydesBowsq

'PI0g Ul UMOYs aJe suostiedwod Juealyiubis o) sanjeA-d

100°0> (70T 0128) €6 6TF.8 T2¥96 T2F€6 (pevorpaud 96) O1LIDI
100°0> (G901 95 T'9 A 6F8Y 6F9Y (%) 01121
100°0> (8'8 0} ¥'0T-) 9'6- ET¥10T GT¥¢6 GT¥S6 (pajopaid 96) 011:0¥44
100°0> (9601 69-) T'9- 8¥85 6¥2S 6FYS (%) 071.L:0¥4
100°0> (g 01 9g-) Ge- STFIVT ¥1¥90T TCFLIT (payo1paid 96) DT LAY
1000> (02T 0} 9°CT-) €CT- G¥8Y 9FG€ 8F6€ (%) O1LAY
700°0> (tm1)z vIFeL STFYL YIFEL (pa1o1paud %) DI
sanfend (1D %S6) ddualayq J1LAd OTILAY  swened |y sonstaloRIRyD

[ewaouge Yum siuaiied  [ewlou Yim syusied

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Thorax. Author manuscript; available in PMC 2020 September 07.



Page 20

Zeng et al.

‘A1oeded Bunj [e101 ‘DL ‘BWNJOA [enpisal ‘AY ‘a]qedljdde Jou ‘N ‘011el alel JUapIdUl ‘H¥| ‘11UN a1ed sAISUSIUL ‘ND] ‘BWNjoA Bunj-piw e mojie wnwixew ‘G.—G¢434 ‘woos Aouabiawa ‘43

*dn-moj |0} JO s1eak Jo pealsul Alswodlds
dn-moj]0} yans 03 383 uonouNy Areuownd Xapul WoJy awil Joy paisnipe atam sjppow {(90,T=u) siuaired Jo dnoifigns e 1o} ajge|iene sem (Anawouids Jojejipoyauoigisod ajqejrene ise|) Answouids dn-mojjo4
¥

"3SIMJIBY10 PaloU SSaJUN G/ 7/ =U "P|Og Ul UMOYS aJe
suolre100sse JuedlIUBIS "81qel 8yl Ul UMOYS aJe s10301pald ay) Jo anjen d pue |D %56 YIM HO pue 441 ‘dH Amc UOITRUILLIB)SP JO SIUBIDIL809 [apow 8y "(seatpul uonauny Buny)xgd+(dn-mojjoy Jo sieak)vrgd)

+(yb18y) €g+(xas) Cgd+(abe) Tg+0g=sawoaino areayiesH :dn-mojjo} Jo sieak pue ybiay ‘xas ‘abe 1oy Juswisnipe Yim sawoaino Areulq 1oy uoissaifial o1siBo] (3o paxiw) s199))8 Paxiw Jo ‘8wWoIno Jo
SIUN0J 40} UOISSaIBaI UOSSIOd ‘SALI0IN0 0} Wi} 40} uoissalfial spiezey jeuoiiodoid X0 Buisn parewss sem sisoubelp QdOD e UM SW0IN0 aledyljeay palejal-A1ojelidsal pue D71:AY JO UOIRId0SSe Y |

120°0=d 100°0>d 600°0=d 100°0>d €10°0=d 100°0>d 100°0>d 100°0>d
(T70'T01€00T)  (SZ0'T 01 ETOT) (620°T 03 %00°'T) (Ge0'T01220T)  (ETO'T03200°T) (LT0T 01 ¥10°T) (900°'T 02 +00°T) (0v0°'T 021 920°T)
20T 6T0'T 9T0'T 1€0°T L00T 9707 S00°T €e0'T (%) OTLAY
WN VN 00 500 00 600 100 VN 2! 18PON
|apow uonouny
Buniiniy
84752434 pue TA34 'OAL:PAIA sepnjoul snonupuod
050°0=d 100°0>d 061°0=d 100°0>d orz'o=d 700°0>d 100°0>d
(69'T0100T) (7' T016T'T) (€€'1 01 G6°0) (27101 92'T) (€0°'T 01 /8°0) (8T'TOIYPT'T)  T000>d (80°T 01 50°T) (s5'T0162'T) [ew.ou
0£'T 1€'T T ve'T G6'0 9T'T 10T T SA [ewIouqy
VN VN 00 500 ¥0'0 800 100 wN 2 I3pON
|apow uonoauny
Buninnin
5752434 pue TA3H ‘“OAL:TAIL sepnjoul Kreurg
1200=d 100°0>d 100°0=d 100°0>d €70°0=d 100°0>d 100°0>d
(S9'T01€0T) (¥S'T0162T) (95°T012TT) (510107 T)  (8T'TO1E00T) (0eT019ZT)  T000>d (ET'TOIO0T'T) (0L T012P'T) [ew.ou
0e'T T €T 8T 60T 82T T 65’7 SA [ewiouqy
wN wN 200 €00 200 900 700 WwN 2 13pON

Jepow uonouny Bunj-ajbuls

Areurg
48 paxiw "o dH ateall absll absll ddl aball dH
Aaswouids AireronN suoissiwpe NI suolssiwpe SUSIA Y3 SUSIA 3030 suolyeslpaw adod DL
Q:.\so__mh uo ddod [eadsoH Aaoyeaidsay 10 sisoufelp
[earuno

SBLI00IN0 Yl|eay parejad-Alorelidsay

SaL02IN0 Yl[eay pue D.L:AY 1O UoNRIoosSy

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Thorax. Author manuscript; available in PMC 2020 September 07.



Page 21

Zeng et al.

1210 (PT°00120°0-) 900 69°0¥790°€ TL'0FCT'E TL0F0T'E qQ)e]!
100°0> (0z 0 v2-) 22— €2¥8TT 61¥S6 €2FE0T (pero1paid 96) OY4
T000>  (99°0 0} €8°0-) ¥2°0- 98'0FL0'Y v1.°0F€EE 98°'0F.G°€ (@)ReXE|
100°0> (8¥ 01 26-) 05— 62FYST 0ZF10T €EFTCT (pavorpaid 96) A
T000> (€0'T O} ¥T'T-) 60'T— 69'076€€ 0S'070€C 110719 (M
7000> (#6034 2'TT-) GOT- €TFL0T 0T¥96 ZTF00T (pajopaid 96) 0L
T000> (/5001 8.°0-) 89°0- 0T TFCT’L T0TFri'9 60'TFL9'9 (MoL

S921puUl sWnN|oA mc:n_
T000>  (¥'€01EET-) %b'8- (TLv) vie (2'8¢) sev (9'T¥) 60L (%) u TA34 ut Anpigisianay
100°0> (9T 5¢-)G2- 11%6 8¥9 6FL (%) TA34 ul Aupigisienay
100°0> (22 o1%9-) - 022¥9TZ 86TFELT 102F.8T (w) TAZH Ut Aupiqisianay
100°0> (8L01TE) V'S T¢¥e8 GZF.8 vZF98 (peropaid 9p) 4752434
100°0> (82°0010T'0) 6T°0 G8'0FELT 16'0%26'C 76'0758'C (1) 472434

8700  (9T°T 01%00°0) 850 L'S%6'L6 8'G¥5'86 8'GFE'86 (paroipaid 96) DAL IATA

€600 (6001 1°0-) 70 9vFL'9L 6VFT'LL 8vF0'LL (%) DAL TA34
100°0> (90 v'y) v's 6¥98 1116 0T+68 (perotpaid 96) ONS
700°0> (¥€'00102°0) L20 89'0%¢8'€ 8.'0%60'y 9,°0%00'% (1) on4
100°0> (99018¥) L'S 8Fv8 0T+06 6¥88 (povorpaid 96) TA3S
100'0> (82°00191°0) 220 25°07E6'C 09°0FST'E 850F.0°€ (M *A34

S821pUI MOJJIR Buljaseqg
700°0> (00 gT-)80- 9v¥80T 97F0°0T 9'YFE0T dn-moj o} JO seaA

6860 (9°0019°0-) ¥000 L'G¥9'67 9'G¥L'6C 9'GFL'6C (zw/Bx) 1INg

9000 ETOEQTT L'IF6'€LT 6'LF0'GLT 8'LFLYLT (wo) ybraH
100°0> (76 012°G) %E'L (7'2) vT (2'6) 60T (L) eer (%) u ‘(areway) xas

€200 (comzz-)zT- 9'0T¥T'29 £'0T¥6'09 7'0TFETY (s1eak) aby
7000> (ST 0}LG-) %9€E- (e'52) 285 (L12) vert (8'z2) 90LT (140y02 Apmis ayp 40 %) u

solydesBowag
sanfend (1D 9%S6) doualaplg JILNA LN Anawoads SonIsIIloRIRYD

[ew.iouge yum siuaied

[ew.Iou yum sjusited

dn-mojjo4 ynm syusired ||

Author Manuscript

€ 9lqeL

Author Manuscript

Anawouds dn-mojjoy pey oym s193lgns Jo sonsuaoeseyd

Author Manuscript Author Manuscript

Thorax. Author manuscript; available in PMC 2020 September 07.



Page 22

Zeng et al.

‘A1oeded

Bunj 1101 ‘DL ‘8WNjOA [enpisal ‘AY ‘181 uonouny Areuownd ‘| 44 ‘Anoedes Aloyesidsul ‘| ‘Alioeded [enpisal [euonouny ‘DY ‘ewnjoA Bunj-piw ye mojure wnwixew ‘S.—SZ434 ‘xapui ssew Apoq ‘|ING

"uolFeJISIUIWPE 10Je|IPOYdU0I] Jalye TATH Ul 8sealdul Jw 002 PUB %2 T Se paulyap Aujiqisianay (600g 72 79 03sIouel) DT.L:D| 10} pasn aiam sejnwloy pajoipaid 0asiouel
pue ‘(€66T 728 Jaluend)) D1 pue DTL: D44 10} pasn aiam senwioy payaipaid Jafuend 'D.L:DI pue DI ‘O1L:D¥4 10y 1dadxe ‘(z86T pue T86T 72 78 odelD) sejnwiioy paioipaid odesd Buisn pajenojed

313M San|eA [ewLiou Jo pajoipald 94, pue uonouny Areuow|nd Jo sainseal :suolienba adualajey ‘sjusiied Jo dnolbgns e Joy ajqejrene sem (Answolids Joyejipoyouoiaisod ajqejieae 1sel) Anawodids dn-mojjo4
*

"DTLAY [ewliouge pue [ewlou

uaamiag uosiedwod paisnipeun oy anfea d yum (1D 9%G6) d2uaiayip pue (o) sualred Jo abeiuaalad pue (N) siuaired Jo Jaquinu [e1ol ayl Jo 1o (U) ajqeLieA ayy 1oj anjeA aanisod yiim swualred Jo Jaquinu
10 gSFuesw se pajussald ase ejeq “[ew.ou Jo nwi| Jaddn ayy Ag DAY [ewdou pue [ewloude 03 Buipiodde paijiielis a1am sjuaited “Answolds paasasaid yim syuaned ur uonouny buny pue salydesBowsq

"PIOg U1l UMOYS aJe suosiiedwod Juediiubis 104 sanjen-d

100°0> (8zT012'L) 00T GZFS59 62¥5. 62¥2L (pavoipaid 05) SL-52434
100'0> (ev'0 01 ¥2°0) ¥E'0 88'0F0°C 00'T¥8EC 86'0¥92°C (1) 72434
100°0> (SemsT)SC 01F€6 0T¥56 0TFS6 (pa1oipaid 95) OASTATH
100°0> (8zazT1)0C 8¥¢L 8¥.L 8FvL (%) OAZTA3S
100°0> (e9oge) 8y Y1¥18 G198 GT+/8 (pevorpaud 95) DA
100°0> (€€'0 03 9T'0) G2'0 08'0F1S€ 98'0¥5L'€ 78'0FL9°€ (Mond
100°0> (620105) 5’9 YIFGL GT+18 GTF6L (pavo1paid 96) TA3S
100°0> (T€'0 01 8T0) G2'0 29'0%€5C G9'0FLLC G9'0¥69'C (M *A34
100°0> (G001 7'T-) 80~ CEFY 6'2¥8'€ TEFT'y  (s1eak) Answourds dn-mojjoy 03 L4d Xapul Loy dwiL

L000 6TOEOTT 8 LF8€LT T8%6V.T 0'8¥G VLT (wo) Anawouds dn-moj|o4 ye 1yBIaH
700°0> (0oTor0e-)0e- ¥'0TFL'99 €0TFL 79 7' 0TF7'S9 (sseak) Answourds dn-mojjo4 Je 8y

. Aswouds dn-mojjo4

100°0> (zto18) 0T 6T¥98 6196 02+¥€6 (pa1o1paid 96) OT1L:DI
100°0> (z9asv)v's LFEY 8¥8Y 8FLY (%) 01L:21
100°0> (L o101-) 6- €TF10T Y1¥¢6 GT¥G6 (pajo1paid 95) 9711:0¥44
100°0> (y 01 9-) G- 8F.G 8%2S 6FES (%) 0711044
100°0> (e 01 Le-) 9g- YIFEYT vIF.0T 2¢F6TT (pajoipaid 96) D1 LAY
T000> (2TTO}ETCT-) L'TT- G¥8Y 9¥9€ 8%0v (%) 1LY

6800 (8zorz0-)eT VIFEL YIF76 14537 (pa11paid 95) DI

sanfend (1D %S6) 8dualdaplq O71LAY OT1LAA Anpwouids sonsLialoRIRYD

[ew.iouge yym syuaied

[ewIou yum sjusiyed

dn-mojjo} yum sjuained ||

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Thorax. Author manuscript; available in PMC 2020 September 07.



	Abstract
	INTRODUCTION
	METHODS
	Study design
	Study population
	Statistical analysis
	Data management
	Outcomes
	Analyses


	RESULTS
	Subject characteristics
	Relationship between lung volume and airflow indices
	Association between lung volume indices and healthcare outcomes
	Air trapping and healthcare outcomes
	Air trapping and healthcare outcomes with inclusion of airflow indices
	Normal RV:TLC and healthcare outcomes

	Association between lung volume indices and progression to spirometric COPD
	Sensitivity analysis

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3

