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Abstract

Background: Various questionnaire-based definitions of chronic obstructive pulmonary disease
(COPD) have been applied using the US-representative National Health and Nutrition
Examination Survey (NHANES), but few have been validated against objective lung function data.
We validated two prior definitions that incorporated self-reported physician diagnosis, respiratory
symptoms, and/or smoking. We also validated a new definition that we developed empirically
using gradient boosting, an ensemble machine learning method.

Methods: Data came from 7,996 individuals aged 40-79 years who participated in NHANES
2007-2012 and underwent spirometry. We considered participants “true” COPD cases if their ratio
of post-bronchodilator forced expiratory volume in 1 second to forced vital capacity was below 0.7
or the lower limit of normal. We stratified all analyses by smoking history. We developed
agradient boosting model for smokers only; predictors assessed (25 total) included
sociodemographics, inhalant exposures, clinical variables, and respiratory symptoms.

Results: The spirometry-based COPD prevalence was 26% for smokers and 8% for never
smokers. Among smokers, using questionnaire-based definitions resulted in a COPD prevalence
ranging from 11%-16%, sensitivity ranging from 18%—-35%, and specificity ranging from 88%
-92%. The new definition classified participants based on age, bronchodilator use, BMI, smoking
pack-years, and occupational organic dust exposure, and resulted in the highest sensitivity (35%)
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and specificity (92%) among smokers. Among never smokers, the COPD prevalence ranged from
4%-5%, and we attained good specificity (96%) at the expense of sensitivity (9-10%).

Conclusions: Our results can be used to parametrize misclassification assumptions for
quantitative bias analysis when pulmonary function data are unavailable.
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INTRODUCTION

Clinical guidelines suggest that chronic obstructive pulmonary disease (COPD) be
diagnosed with spirometry and is defined as post-bronchodilator forced expiratory volume in
one second to forced vital capacity (FEV1/FVC) ratio < 0.7.1 However, in population-based
research, large-scale pulmonary function testing is often unavailable, and researchers have
had to rely on questionnaire-based definitions to identify COPD.2-6

The National Health and Nutrition Examination Survey (NHANES), which was conducted
by the U.S. National Center for Health Statistics, is a popular data source for studying
COPD.>7-12 However, spirometry was only performed in select years (2007-2012) and the
subsample with spirometry data often do not overlap with other subsamples with data on key
exposures or covariates of interest. Several investigators wanting to use NHANES data to
study COPD-related questions have derived their own questionnaire-based case definitions,
513.14 byt none has been validated.

Misclassification poses a substantial threat to the validity of epidemiologic studies, and
researchers are encouraged to perform quantitative bias analysis to gauge how robust their
findings are under various assumptions about the extent of misclassification.15-19 While
methods to conduct quantitative bias analyses have existed for many years, these methods
rely on the availability of validation data from other studies to parameterize misclassification
assumptions. Limited data currently exist in the context of questionnaire-defined COPD.

To increase the availability of validation data for conducting subsequent quantitative bias
analyses in population-based studies of COPD that lack pulmonary function testing, we
assessed the validity of two questionnaire-based definitions previously applied in NHANES
against spirometry data. Because the previously applied COPD definitions were developed
using clinical assumptions, we additionally assessed the validity of a new COPD definition
that we developed empirically using gradient boosting, an ensemble machine learning
method. To increase the utility of our study results across a range of settings, we used
nationally representative data, validated both cases and non-cases, and provided
classification parameters stratified by a range of covariates.
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METHODS

Study Population

We used the 2007-2012 NHANES, which employs a complex, multistage, stratified
probability sampling design to select participants representative of the civilian, non-
institutionalized US population.2? The analysis included 7,996 individuals aged 40-79 years
with complete respiratory questionnaires, smoking data, and pre-bronchodilator spirometry
data (see Figure 1). We limited the analysis to participants ages 40-79 because COPD is
extremely rare at ages younger than 40 years?! and because those >79 years of age were
ineligible for spirometry in NHANES. All NHANES protocols were approved by the
National Center for Health Statistics Research Ethics Review Board.?2

Ascertainment of “True” COPD Status

The NHANES spirometry and bronchodilator procedures have been published previously.
23,24 Those with pre-bronchodilator FEV1/FVC below 0.71 or the lower limit of normal for
their age, sex, and race/ethnicity® were eligible for a second spirometry test after
bronchodilator (Albuterol) treatment. Of the 1,605 individuals eligible for post-
bronchodilator spirometry, 48% underwent testing (see eTable 1). Participants who were
eligible for but did not receive post-bronchodilator spirometry included those who declined
to participate, had an incomplete or unreliable exam, or who were excluded for one of the
following safety concerns related to the bronchodilator treatment: recent use of a p2-
adrenergic bronchodilator; previous adverse reaction to albuterol; current pregnancy or
breastfeeding; diagnosed major arrhythmia; elevated blood pressure for age; resting
tachycardia; irregular pulse; current use of class 1 antiarrhythmics, an implanted automatic
defibrillator, monoamine oxidase inhibitors, anticonvulsant medications for epilepsy, or
diuretic therapy without potassium supplementation; current use of tricyclic antidepressants
if being treated for heart disease, kidney disease, or a thyroid disorder. When available, post-
bronchodilator spirometry values were used, with participants having a FEV1/FVC below
0.7 or the lower limit of normal being classified as “true” COPD cases.1 When post-
bronchodilator results were unavailable (52%), we used pre-bronchodilator values. Among
those with both pre- and post-bronchodilator values, 39% (unweighted) who showed
evidence of obstruction at baseline were ultimately classified as COPD negative after
bronchodilator treatment.

Questionnaire-based Case Definitions of COPD

We examined two questionnaire-based COPD case definitions previously applied to
NHANES data. The first defined COPD as self-reported physician diagnosis of chronic
bronchitis or emphysema (Mendy et al.).> The second additionally classified COPD as
report of chronic cough and phlegm production plus =10 pack—years of smoking (Fessler et
al.).14

We also examined a new COPD case definition that we developed empirically using gradient
boosting. Briefly, gradient boosting is an ensemble machine learning method that employs
an iterative process to grow decision trees, with each subsequent tree using information from
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the prior tree to reduce misclassification.2%26 The utility of this approach has been
demonstrated previously in the epidemiologic literature.27-29

Variables considered for the new definition included sociodemographic variables (age,
gender, race/ethnicity, educational attainment, poverty to income ratio), body mass index
(BMI), inhalant exposure variables (smoking pack-years, secondhand tobacco smoke
exposure, and occupational exposure to mineral or organic dusts, exhaust, or other fumes),
medical history variables (physician-diagnosed emphysema, physician-diagnosed chronic
bronchitis, current physician-diagnosed asthma, hay fever, and use of bronchodilators), and
respiratory symptom variables (cough and phlegm for 3 consecutive months for 2 or more
years, shortness of breath when walking on stairs or inclines, and impact of wheezing on
exercise, sleep, and normal activity). Bronchodilator use included participants who received
a Beta-2-adrenergic bronchodilator, anticholinergic bronchodilator, a methylxanthine, or
bronchodilator combination prior to pre-bronchodilator spirometry. The variables selected
for inclusion in the model were based on known COPD risk factors. Unless otherwise noted
above, all variables were defined in accordance with the NHANES analytic guidelines.30 We
compared accuracy (number of correct classifications/total N) between models that included
up to four trees and a depth of five. To facilitate interpretation, we ultimately selected the
most parsimonious model (i.e., fewest number of variables and branches) once reductions in
the error rate leveled off. More details on gradient boosting model are provided in
eAppendix 1.

The new COPD definition (depicted visually in Figure 2) ultimately included one tree with a
depth of four and five predictor variables: age, bronchodilator use, BMI, smoking pack—
years, and occupational organic dust exposure. Participants were classified as COPD cases if
they were at least 55 years of age and met any of the following criteria: (1) bronchodilator
use, (2) <32 BMI with >36 smoking pack-years, or (3) <32 BMI with >18 years of
occupational organic dust exposure.

Statistical Analysis

As COPD risk factors are likely different for those with a history of smoking and those who
have never smoked, we stratified all analyses by smoking history, examining current and
former smokers separately from never smokers. We were unable to develop a reliable
gradient boosting model for never smokers, and thus our new COPD definition was
developed only among those with a smoking history. However, we show the classification
parameters of this definition among never smokers to determine how it performs compared
to the previously applied definitions.

We conducted descriptive analyses to characterize the distribution of COPD predictors in the
study population. To assess the validity of each questionnaire-based COPD case definition,
we calculated the following classification parameters for predicting COPD status based on
spirometry: sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), and accuracy (number of correct classifications/total N). We also calculated COPD
prevalence based on each definition.
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All analyses appropriately accounted for the NHANES complex survey design. Gradient
boosting was conducted in R (Version 3.3.4) using the XGBoost package (Version 0.71.2).
All other analyses were conducted in SAS 9.4 (SAS Institute, Inc., Cary, North Carolina).

Secondary analyses

RESULTS

We conducted several secondary analyses to inform future bias analyses and studies
conducted in specific sub-populations (see eTables 2-11). Specifically, we examined
classification parameters stratified by:

1. Former vs. current smoking

2. Gender (women vs. men)

3. Age (40-59 vs. 69+ years of age)

4, Race/ethnicity (non-Hispanic white vs. non-Hispanic black vs. Hispanic)
5. With vs. without asthma

6. Fixed ratio vs. lower limit of normal cut-point for obstruction

We then examined classification parameters limiting to participants with moderate-to-severe
COPD (see eTable 8), defined in accordance with guidelines as having a post-bronchodilator
FEV1/FVC below 0.7 or the lower limit of normal with a FEV value less than 80%
predicted.} As FEV; predicted values are only defined for non-Hispanic white, non-Hispanic
black, and Mexican American participants, this sensitivity analysis was additionally limited
to this subgroup.

To assess the extent to which missing post-bronchodilator data may have affected our
results, we corrected for potential misclassification using the re-weighting approach
described by Tilert et al (see eTable 9).11 For additional context, we also examined
classification parameters using pre-bronchodilator values only (see eTable 10) and excluding
those who did not undergo post-bronchodilator testing despite being eligible (see eTable 11).

Descriptive Analysis

Figure 1 shows unweighted frequencies of the study population, which included 3,940
current or former smokers and 4,056 never smokers. Among smokers, the prevalence of
spirometry-defined COPD was 26%, while among never smokers the prevalence was 8%.
Table 1 shows the distribution of participant characteristics by smoking and COPD status.

Case Definition Classification Parameters

Table 2 shows the COPD prevalence and classification parameters for each case definition.
Among current and previous smokers, the COPD prevalence ranged from 11%-16%. In this
population, the Mendy case definition tied for the highest specificity (92%) but had the
lowest prevalence (11%) and sensitivity (18%). Our new case definition (gradient boosting)
resulted in the highest sensitivity (35%) while still maintaining a high specificity (92%). Our
new definition also performed better in terms of positive predictive value (59%) relative to
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the previous case definitions, had similar negative predictive value (81% relative to 77%
—78%), and resulted in better overall accuracy (78% relative to 72%-73%).

All three case definitions performed similarly among never-smokers. In this group, the
prevalence of COPD ranged from 4%-5%, sensitivity ranged from 9%-10%, specificity was
96%, PPV ranged from 14%-18%, NPV was 93%, and overall accuracy ranged from 89%
-90%.

DISCUSSION

Overall, our study provides guidance to researchers studying COPD and related conditions
in the absence of pulmonary function testing. We provide estimates stratified by smoking
status and within levels of a range of covariates, which can be used to parametrize future
bias analyses.

All three of the definitions we validated resulted in a high specificity (range: 88%—-96%), but
a relatively low sensitivity (range: 9%-35%). There is a direct tradeoff between sensitivity
and specificity, and the ideal tradeoff between the two has to be evaluated against the
research or clinical objective in question, as well as characteristics of the disease.3! For
example, compromising specificity for sensitivity is necessary in the context of common
outcomes and screening tools intended for clinical application. Several validated COPD
screening questionnaires exist, including the COPD Diagnostic Questionnaire,13 the COPD
Population Screener,32 the Lung Function Questionnaire33, and the Salzburg COPD-
screening questionnaire.34 These questionnaires were primarily designed to identify those at
risk for COPD who would benefit from spirometry to confirm the diagnosis. As such, these
clinical questionnaires tend to have a high sensitivity for COPD identification at the expense
of a lower specificity in order to confidently rule out those without the disease.

Although compromising specificity for sensitivity is acceptable and often necessary when
administering screening tools, such criteria may not be as optimal in other scenarios. For
example, a high specificity may be most important when examining a primary outcome,
particularly in the context of a rare outcome such as COPD,3! as in the paper by Mendy et
al. that looked at the association between house dust endotoxin and COPD.> In our analysis,
this case definition (affirmative response to physician-diagnosed chronic bronchitis or
emphysema) tied for the highest specificity among both smokers (92%) and never smokers
(96%). As expected, this relatively restrictive definition also had a low sensitivity (18%
among smokers and 9% among never smokers), suggesting that there may be a high
proportion of false negatives among non-cases. Indeed, under-diagnosis of COPD is widely
documented in the literature,3>-37 including in NHANES.10 The extent to which
underdiagnosis may bias an analysis likely depends on the application, and a previously
published sensitivity analysis found that relative risk estimates were robust to changes in
false-negative probabilities compared to changes in false-positive probabilities.?

Among smokers, the new definition that we developed using gradient boosting resulted in a
higher sensitivity than the previously used definitions while matching the highest specificity.
Notably, the new definition does not rely on self-reports of chronic bronchitis or
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emphysema, as our model suggested that these variables were weaker predictors of COPD
status than age, bronchodilator use, BMI, smoking pack-years, and number of years of
occupational exposure to organic dust.

We are aware of at least two prior studies that validated questionnaire-defined COPD.2 In
the Nurses’ Health Study, Barr et al. validated self-reported COPD (cases only) against
medical records and reported positive predictive values ranging from 78%-86%, higher than
we observed in this study. This may be explained by the fact that the authors only validated
cases and by differences in the study populations, with the Nurses’ Health Study population
likely being more educated on medical topics and thus more likely to accurately self-report
disease status than the general U.S. population. These differences suggest that relying on
self-reported disease status may be more reliable in certain settings, whereas using an
alternate definition such as the one we developed using gradient boosting may be more
reliable in other settings.

The other previously published study, which was conducted in Sweden among a nationally
representative general population sample, found results more consistent with what we saw in
our US-representative study, but with even lower sensitivity.38 Using self-reported physician
diagnosis, the authors found a sensitivity of 5.6% and a specificity of 99.7%. Using a
definition based on questionnaire-assessed chronic bronchitis symptoms, the authors found a
sensitivity of 4.6% and a specificity of 97.9%. The lower sensitivities and higher
specificities reported by the authors compared to our study may be driven by the fact that the
authors did not stratify by smoking status (their results are most comparable to what we
observed among never smokers) and that they relied solely on pre-bronchodilator
spirometry.

Our results indicate that accurately classifying COPD among never smokers may require a
different case definition than among smokers, possibly due to the heterogeneous set of risk
factors that may predispose these individuals to COPD.3%-42 The varying etiologies may also
have contributed to our inability to estimate a reliable gradient boosting model in this
population. Given that, globally, 25%-45% of individuals with COPD never smoked,*3 it is
important that more research is done to develop optimal criteria to identify COPD among
never smokers in population-based studies when spirometry is not readily available.

We used spirometry testing as the gold standard for the diagnosis of COPD given that
current guidelines support pulmonary function testing as an integral aspect of diagnosing
COPD.1 In the clinical setting, spirometry is typically performed in conjunction with a
thorough clinical examination. Spirometry is estimated to have a sensitivity of 92% when
used in the primary care setting.** Regardless, we cannot exclude the possibility that some
patients with COPD were not identified in our population due to the absence of a complete
clinical evaluation. Additionally, our gold standard definition may capture chronic
obstructive lung diseases other than emphysema and chronic bronchitis, such as
bronchiectasis. Alternative imaging modalities such as computed tomography and magnetic
resonance imaging are becoming better recognized and may offer more precise diagnostic
capabilities.*>
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Although COPD is generally a disease associated with aging, there may be a low prevalence
among young adults.48 The classification parameters demonstrated in the present study for
40-79 year olds may not translate to younger populations. Likewise, because NHANES
limited spirometry testing to those <80 years of age, our classification should be used with
caution for populations 80 years of age and older.

A large proportion (52%) of eligible participants did not undergo post-bronchodilator
spirometry. Using data from NHANES 2007-2010, Tilert et al. showed that COPD
prevalence reduced 33% when using post- rather than pre-bronchodilator spirometry.11
Replicating the methods the authors used to account for the misclassification, we found that
our results remained relatively unchanged. This is reassuring given the high number of
participants who are likely to have a medical contraindication to bronchodilator treatment in
a population-based setting. While bronchodilator treatment can help distinguish COPD from
other airway diseases (e.g., asthma), its utility may be limited in a population-based setting
given the extent of contraindications to the treatment (see safety exclusions described in the
methods section) and willingness of participants to undergo the treatment for the sake of the
study.

Despite these limitations, our study also had several strengths, including using data from a
US representative study with a detailed respiratory questionnaire, extensive subgroup
analyses, and validation data for both cases and non-cases. We were also able to make use of
previously collected data rather than employing a design that required validating self-
reported disease against medical records, another common validation study design. Although
such studies make an important contribution to the literature, in the case of COPD, medical
record documentation of disease has been shown to lead to even more extreme
underestimation of disease prevalence than questionnaires that rely on self-reported disease
status.?” Gradient boosting, the machine learning approach we used to develop our new case
definition, was also advantageous in that it is non-parametric and thus does not require
assumptions about the functional form of predictor variables (e.g., normality). It also
inherently accounts for any underlying interactions between predictors. Gradient boosting
and other ensemble machine learning approaches have been used to successfully predict
many clinical outcomes of interest, including cardiovascular events, fetal growth, and
mortality.26-28

NHANES continues to be widely utilized in COPD research. Examining the validity of
simple case definitions built from easily assessed questionnaire items can be used to inform
future population-based studies with limited resources for clinical-based assessments. Our
validation results suggest that misclassification based on these definitions may be
considerable, and our results add to the limited resources available for researchers to conduct
sensitivity analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Study sample selection.
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