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Abstract

Background and objective: The reduction of forced expiratory volume in 1 s (FEV1) in 

response to methacholine challenge in asthma may reflect two components: airway narrowing, 

assessed by the change in FEV1/forced vital capacity (FVC), and airway closure, assessed by the 

change in FVC. The purpose of this study was to determine the degree and determinants of airway 

closure in response to methacholine in a large group of asthmatic patients participating in studies 

conducted by the American Lung Association-Airways Clinical Research Centers (ALA-ACRC).
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Methods: We used the methacholine challenge data from participants in five studies of the 

ALA-ACRC to determine the closing index, defined as the contribution of airway closure to the 

decrease in FEV1ʹ and calculated as %ΔFVC/%ΔFEV1.

Results: There were a total of 936 participants with asthma, among whom the median closing 

index was 0.67 relative to that of a published healthy population of 0.54. A higher closing index 

was associated with increased age (10-year increments) (0.04, 95% CI = 0.02, 0.05, P < 0.005) 

and obesity (0.07, 95% CI = 0.03, 0.10, P < 0.001). There was no association between the closing 

index and asthma control.

Conclusion: Our findings confirm that airway closure in response to methacholine occurs in a 

large, diverse population of asthmatic participants, and that increased airway closure is associated 

with older age and obesity. These findings suggest that therapies targeting airway closure may be 

important in patients with a high closing index.
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INTRODUCTION

The process of airway hyperresponsiveness (AHR) in asthma is complex, involving elements 

of both airway narrowing and airway closure.1,2 Incremental doses of inhaled methacholine 

cause a reduction in forced expiratory volume in 1 s (FEV1), but the decrease in FEV1 

can be thought of as having two components: airway narrowing, assessed by a reduction in 

FEV1/forced vital capacity (FVC), and airway closure, estimated indirectly by a decrease in 

FVC. A decrease in FVC in response to methacholine corresponds with changes in small 

airway function and gas trapping,3–5 implicating airway closure. The relative contribution 

of airway narrowing versus airway closure to the decrease in FEV1 can be assessed by 

calculating %ΔFVC/%ΔFEV1, which has been called the closing index.6 Airway closure 

promotes air trapping and hyperinflation that contribute significantly to dyspnoea and 

exercise intolerance.7 Airway closure has implications for treatment as well, as inhaled 

drugs may not penetrate to areas of the lung distal to closed airways.8 Although excessive 

airway closure has been described in asthma, its prevalence among a large population of 

asthmatic individuals is not known.

The American Lung Association-Airways Clinical Research Centers (ALA-ACRC) is a 

multicentre network formed to evaluate a range of asthma therapies. Study participants 

routinely undergo standardized bronchoprovocation testing with inhaled methacholine. 

Although airway closure has been described in asthma, the studies involved have been 

smaller investigations that did not encompass the wide variety of asthma. Therefore, it 

is important to assess airway closure in response to methacholine in a large, diverse 

population of asthmatic participants. Accordingly, we calculated the closing index from 

a large group of participants with asthma who were involved in different studies conducted 

by the ALA-ACRC in order to determine the contribution of airway closure to the response 

to methacholine, and to assess clinical features associated with airway closure.
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METHODS

We analysed methacholine challenge data from both paediatric and adult participants 

involved in one of the five different studies of the ALA-ACRC9–14 (ClinicalTrials.gov 

Identifiers: NCT00069823, NCT00442013, NCT01118312, NCT00705341 and 

NCT01629823). More information about each study is provided in Table S1 (Supplementary 

Information). Each original study had been individually approved by each centre’s local 

institutional review board (IRB), but the current study was exempt from IRB review 

because it involved analysis of aggregate, de-identified data only. Methacholine challenge 

study protocols were standardized using the dosimeter method, and spirometric methods 

included exhalation for at least 6 s and development of a 1-s plateau in exhaled volume 

over time, as per the American Thoracic Society/European Respiratory Society (ATS/

ERS) guidelines.15,16 All research coordinators performing methacholine challenge testing 

were formally trained and certified, and test results were periodically audited for quality. 

From the methacholine challenge data, we extracted the individual changes in FEV1 

and FVC at the maximal concentration of methacholine and calculated the closing index 

as %ΔFVC/%ΔFEV1, which reflects the contribution of airway closure to the reduction 

in FEV1.6 We also calculated the closing index using the %ΔFVC at the provocative 

concentration of methacholine causing a 20% decrease in FEV1 (PC20), in order to assess 

the degree of airway closure standardized for the same level of change in FEV1. We not only 

examined the data from all participants, but also analysed the subset of participants who 

demonstrated AHR, defined by a PC20 ≤ 8 mg/mL, to determine whether there were any 

unique features relating AHR to the closing index.

Data analysis

We describe continuous data using median (Q1 and Q3) and categorical data using counts 

with proportions. Continuous variables were compared using Kruskal–Wallis test, and 

categorical variables were compared using chi-square test. To compare the closing index 

calculated using the maximal dose of methacholine versus using the PC20, we constructed 

a plot of the difference in the closing index calculated by both methods versus the maximal 

change in FEV1 from the maximal concentration challenge. We used multivariable linear 

regression to determine the association of factors with the magnitude of the closing index, 

and expressed the results as the coefficient estimate (95% CI). These factors included age, 

sex, body mass index (BMI), race, baseline use of inhaled corticosteroid/long-acting beta-

agonist therapy (ICS/LABA), Asthma Control Test (ACT) score17 and Asthma Symptom 

Utility Index (ASUI).18 Using negative binomial regression, taking into account age, sex, 

race, obesity (binary) and study, we analysed if the closing index was associated with the 

rate of episodes of poor asthma control (EPAC), offset for the length of study follow-up. 

EPAC were defined as any one of the following occurring within 1 week by diary account: 

decreased peak flow by more than 30% from personal best for two or more consecutive 

days, increased beta-agonist use over baseline by more than four inhalations of meter 

dose inhaler or two nebulizer treatments, increased oral corticosteroid use or unscheduled 

healthcare visits.19 We also used intraclass correlation to examine the stability of the closing 

index over time using data from the one study (MeCIS, Methacholine Bronchoprovocation 
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– Influence of High-Potency Inhaled Corticosteroids in Asthma) that involved up to three 

repeated assessments of PC20 over time without any change in intervention.14

RESULTS

The characteristics of all participants stratified by study are listed in Table 1. There were a 

total of 936 participants across a broad range of age, ethnicity and disease characteristics. 

Most participants had poorly controlled asthma. The overall median closing index among 

all participants was 0.67 (Table 1, Fig. 1). We censored the data from six participants who 

had a post-methacholine FEV1/FVC ratio of >1, which is not physiologically reasonable, 

and likely reflects technical error. The characteristics of the subset of participants who 

achieved a PC20 < 8 mg/mL are shown in Table S2 (Supplementary Information). Overall, 

these characteristics were similar to those of the total population, as was the distribution 

of the closing index (Fig. S1, Supplementary Information). In both populations, we 

used the closing index calculated from the maximal concentration of methacholine to be 

consistent with the methodology of Chapman et al.,6 who found a similar closing index 

among asthmatic patients (0.60) as we did in our study (0.67). As shown in Figure 

S2 (Supplementary Information), the closing index was slightly higher when calculated 

from the maximal concentration than when calculated at the PC20, especially when FEV1 

had decreased by more than about 30% during the methacholine challenge ending at the 

maximal concentration.

Univariate analysis of the closing index among all participants showed that a higher closing 

index was associated with older age, female sex, obesity, later onset of asthma, use of 

ICS/LABA, asthma control in children, lower % predicted FEV1 and FVC and higher PC20 

(Table 2). In the multivariable linear regression model, a higher closing index was associated 

with higher age (10 year increments) (0.04, 95% CI = 0.02, 0.05, P < 0.005) and obesity 

(0.07, 95% CI = 0.03, 0.10, P < 0.001) after controlling for race, sex and study (Table 

3). Age of asthma onset and baseline use of ICS/LABA therapy were dropped from the 

model due to lack of significance, after adding each specific study to the model (Table 

S5, Supplementary Information). Lung function variables (FEV1, FVC and PC20) were not 

included due to their being directly linked to the closing index. Child ACT (cACT) score 

was only measured in SARCA (Study of Acid Reflux in Childhood Asthma) and STAN 

(Study of Asthma and Nasal Steroids), and was required to be ≤19 in STAN. In this subset 

of patients, a cACT of 19 or less was associated with a higher closing index (Table S7, 

Supplementary Information).

For the 861 patients with diary card data, there was no association between the closing index 

and asthma control as shown by the number of EPAC (rate ratio (RR) = 1.002, 95% CI = 

0.65, 1.54, P = 0.99, Table 4). Males had significantly fewer EPAC than females (RR = 0.76, 

95% CI = 0.61, 0.95, P = 0.015). Black subjects had significantly more EPAC compared to 

white subjects (RR = 1.41, 95% CI = 1.13, 1.77, P = 0.002).

Among those participants who had repeat methacholine challenge testing while on stable 

treatment in the MeCIS trial (n = 27),14 there was poor reproducibility of the closing index 
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between study visits, with an intraclass correlation coefficient (ICC) of 0.25, (95% CI = 

0.10, 0.48).

All of these findings were similar in the subset of the participants who had AHR (Tables S3, 

S4, S6, S9, Supplementary Information), except for there being no association of cACT 

<19 and a higher closing index among children with AHR (Table S8, Supplementary 

Information). In addition, the findings were similar whether the closing index was calculated 

at the maximal concentration or at the PC20 concentration of methacholine.

DISCUSSION

This is the first study to demonstrate that airway closure occurs in response to methacholine, 

and is associated with increased age and obesity, in a large, diverse cohort of patients with 

asthma participating in clinical trials. The demographics and physiological characteristics 

of the participants in the five different studies were statistically different from each other, 

highlighting the diversity of the total population, although the absolute differences in many 

variables (e.g. FEV1 % predicted) were not necessarily clinically different. Nevertheless, 

given that our results are comparable to prior studies, but in a much larger, diverse group 

of asthmatic participants, we believe this study supports the closing index as a measure of 

enhanced airway closure in response to methacholine among patients with asthma, and is 

associated with older age and obesity.

We believe the closing index is an accurate indicator of airway closure. Since we did 

not directly measure airway closure, the change in FVC was used as a surrogate for 

airway closure, whether it be actual anatomic closure or functional closure due to extreme 

airway narrowing. Assessing the change in FVC following methacholine challenge has been 

described previously and is thought to reflect the degree of maximal airway response with 

subsequent airway closure leading to gas trapping.20–24 Of note, while Chapman et al. 
calculated the closing index at the maximal dose of methacholine,6 other studies measured 

changes in FVC at the same relative change in FEV1, that is, at the PC20.3,7,21,23,25,26 For 

this reason, we analysed our data both ways and found no significant differences in the 

results. This finding is consistent with that of Chapman et al. who found a linear relationship 

between the %ΔFVC and %FEV1,6 and supports the view that the closing index may be 

calculated by either method within the usual range of change in FEV1 (<30%) during a 

typical methacholine challenge test (as supported by the data in Fig. S2, Supplementary 

Information).

The change in FVC, and thus the degree to which airways narrow and close, appears to be an 

important physiological determinant of the clinical expression of AHR. For example, among 

subjects with equal degrees of AHR, those with no asthma symptoms had smaller changes in 

FVC in response to methacholine compared to those with mild, symptoms of asthma.20,22,23 

In addition, the change in FVC per dose of methacholine has been found to be correlated 

with asthma severity as judged by FEV1, symptoms, requirement for ICS and risk of near 

death.26 The change in FVC in response to methacholine has also been found to correlate 

with measures of small airway dysfunction by the forced oscillation technique,3 and we 

have previously reported that changes in peripheral airway resistance are associated with 
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airway closure based on computational modelling.5 Recently, Downie et al. provided direct 

evidence of an independent correlation between change in FVC following methacholine and 

increase in trapped gas as measured by multiple-breath nitrogen washout.4 Thus, there are 

strong data to support that a change in FVC following methacholine is an indicator of airway 

closure and has important clinical implications in asthma.

Multiple other studies also implicate airway closure as an important component of 

asthma. Airway closure occurs during bronchial challenge6,21,24 and is associated with 

more severe asthma,27 risk of exacerbations28 and poor control.29,30 Peripheral airway 

closure in asthma and in response to bronchial challenge has been documented directly 

by imaging studies.31–34 The data from imaging studies combined with those from direct 

measurement of lung mechanics using the forced oscillation technique or multiple-breath 

nitrogen washout indicate that airway closure is due to heterogeneous, extreme narrowing or 

closure of small, peripheral airways, with or without concomitant narrowing of larger central 

airways,35,36 and is associated with AHR.4,31,37,38 However, our data demonstrate that there 

is significant inter-subject variability in the closing index among patients with asthma and 

AHR. This likely reflects that airway closure is but one component of AHR.1,2

Airway closure may also have important implications for asthma treatment. As convective 

flow is the primary determinant of aerosol deposition in the lung,8 inhaled drugs would not 

be able to access poorly ventilated areas of the lung distal to closed or extremely narrowed 

airways and thus be ineffective for treating the entire lung. Such altered flow patterns and 

aerosol deposition have been demonstrated using computational fluid dynamics in lung 

models.39,40 Methods to reduce airway closure, such as application of positive expiratory 

pressure, may thus have benefit for improving inhaled drug deposition.41

Our data reveal a median closing index of 0.67 among a large, diverse group of patients 

with asthma. This value is very similar to the mean value (0.60) found by Chapman et 
al. in a much smaller (n = 62) groups of patients with asthma.6 In addition, we found a 

higher closing index among the asthmatic patients in the current study (0.67) compared 

to the non-asthmatic individuals in the study by Chapman et al.6 (0.54), suggesting that, 

on average, more asthmatic patients respond with airway closure to methacholine than do 

non-asthmatic individuals.

Importantly, we found that a high closing index is more common among older and 

obese individuals. The association with age is consistent with previous studies that 

have documented increased closing volume with age.25,42 Age-related changes in lung 

function are well documented and commonly indicate increased airway closure during 

bronchoconstriction. While usually thought of as due to loss of lung elastic recoil with 

age,43 increased airway closure may also be due, in part, to increased neutrophilic, as 

opposed to eosinophilic, inflammation in older asthmatic patients,44 or differences in 

patterns and regions of ventilation heterogeneity in older persons.45 The association with 

obesity is consistent with the study by Chapman et al., who demonstrated that obese, 

non-asthmatic subjects have increased airway closure in response to methacholine.6 In 

recent work, we have shown that airway closure is elevated in obese asthmatic patients and 

decreases following weight loss surgery.46,47 Airway closure was found to account for 43% 
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of the effect of BMI on AHR in a large population study by Burgess et al.48 Obesity is 

known to result in low lung volumes, particularly functional residual capacity (FRC) and 

expiratory reserve volume (ERV), once BMI > 30 kg/m2.49 Interestingly, increased airway 

closure in obesity is not solely a function of chronic low lung volume.50 In fact, multiple 

other abnormalities have been described that may enhance airway closure in obese asthmatic 

patients, including increased peripheral bronchomotor tone,51 decreased peripheral airway 

compliance,46 impaired response to deep inspiration,52 inflammation in serum and adipose 

tissue,53,54 airway remodelling55 and pulmonary vascular remodelling.56

Our data do not support an association between the closing index and asthma control, as 

defined by either the number of EPAC or the ACT or ASUI. This contradicts findings from 

previous studies,28–30 but these studies used different methods than the closing index to 

assess airway closure and tended to involve patients with more severe or poorly controlled 

asthma.

Our data also do not show an association between the closing index and PC20; thus, while 

airway closure is an important component of AHR, the degree of closure does not appear 

to correspond to the degree of AHR measured by the PC20. This finding is consistent with 

the data of Gibbons et al.21 and Chapman et al.6 The reason for this lack of association 

is likely because the closing index reflects reactivity to methacholine in terms of relative 

change in FVC and FEV1, whereas the PC20 measures both reactivity and sensitivity to 

methacholine.6 In addition, this lack of association further supports the argument that airway 

closure and airway narrowing are likely due to separate mechanisms.2,21

Although data on patients with stable treatment were limited to a subset of a single study 

(MeCIS), we also found that the closing index response was poorly reproducible over time. 

This finding is consistent with imaging studies that demonstrate that not all asthmatic 

patients have stable ventilatory defects, which may reflect both waxing and waning 

inflammation, as well as underlying airway remodelling or airway closure.57,58 Thus, in 

asthmatic patients, the closing index may be more useful to identify airway closure as a 

component of AHR rather than be used longitudinally as a measure of disease activity or 

treatment response. Interestingly, the intraclass correlation for the log PC20 among the same 

participants in this trial was 0.53,14 indicating that methacholine challenge reproducibility 

is only slightly better than that of the closing index over the same period of time, again 

reflecting the dynamic and variable nature of asthma.

Our study has some limitations. First, it is a retrospective, cross-sectional analysis of the 

closing index among different cohorts of patients. Therefore, even though the methacholine 

challenge methodology was highly standardized within studies, there may be some 

variability across studies. Second, airway closure was assessed in response to methacholine, 

a direct bronchial challenge agent with certain aerosol characteristics. We cannot be sure 

that the results would be the same had we used a different bronchial challenge agent that 

would act indirectly and have different aerosol properties, such as inhaled mannitol. Third, 

we made the common assumption that the TLC did not change in response to methacholine, 

which has recently been challenged.59 Fourth, we did not perform other measures of gas 

trapping, such as residual volume (RV)/total lung capacity (TLC), in order to directly 
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link the closing index with airway closure. Finally, the closing index might have been 

underestimated by a greater than expected apparent change in FEV1 at maximal challenge 

due to the effects of gas compression,60 which were not measured in this study.

In conclusion, airway closure in response to methacholine is common among asthmatic 

participants in the ALA-ACRC, especially among those who are older and obese. This 

finding supports airway closure as an important feature of AHR, and suggests that therapies 

directed at airway closure may be important in patients with a high closing index.
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ACT Asthma Control Test

AHR airway hyperresponsiveness
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ASUI Asthma Symptom Utility Index; BD, bronchodilator

cACT child ACT

CPAP Effect of Positive Airway Pressure on Reducing Airway Reactivity in 

Patients with Asthma

EPAC episode of poor asthma control

ERV expiratory reserve volume

FEV1 forced expiratory volume in 1 s

FVC forced vital capacity

ICS inhaled corticosteroid

IRB institutional review board
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LABA long-acting beta-agonist

MeCIS Methacholine Bronchoprovocation – Influence of High-Potency 

Inhaled Corticosteroids in Asthma

PC20 provocative concentration of methacholine causing a 20% decrease in 

FEV1

RR rate ratio

RV residual volume

SARA Study of Acid Reflux and Asthma

SARCA Study of Acid Reflux in Childhood Asthma

STAN Study of Asthma and Nasal Steroids

TLC total lung capacity
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SUMMARY AT A GLANCE

Airway closure during methacholine challenge contributes importantly to airway 

hyperresponsiveness in asthma and is associated with older age and obesity.
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Figure 1. 
Distribution of closing index among all participants.
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Table 3

Results of multivariable regression modelling of closing index for all participants

Characteristics Estimate (95% CI) P-value

Age (10-year units) 0.035 (0.023, 0.047) <0.001

Male (vs female) −0.014 (−0.046, 0.019) 0.408

Black (vs white) −0.015 (−0.05, 0.019) 0.382

Hispanic (vs white) 0.002 (−0.047, 0.052) 0.926

Other race (vs white) 0.073 (−0.003, 0.149) 0.061

Obese (vs not) 0.066 (0.033, 0.099) <0.001

Study, ref. = STAN

 CPAP 0.049 (0.003, 0.095) 0.038

 MeCIS 0.009 (−0.048, 0.066) 0.758

 SARA 0.101 (0.053, 0.15) <0.001

 SARCA 0.089 (0.041, 0.136) <0.001

CPAP, Effect of Positive Airway Pressure on Reducing Airway Reactivity in Patients with Asthma; MeCIS, Methacholine Bronchoprovocation 
– Influence of High-Potency Inhaled Corticosteroids in Asthma; SARA, Study of Acid Reflux and Asthma; SARCA, Study of Acid Reflux in 
Childhood Asthma; STAN, Study of Asthma and Nasal Steroids.
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Table 4

Results of multivariable negative binomial regression modelling of EPAC for all participants with diary card 

data (n = 861)

Characteristics Risk ratio (95% CI) P-value

Closing index 1.002 (0.65, 1.54) 0.994

Age (10-year units) 0.92 (0.85, 1.01) 0.067

Male (vs female) 0.76 (0.61, 0.95) 0.015

Black (vs white) 1.41 (1.13, 1.77) 0.002

Hispanic (vs white) 0.82 (0.58, 1.17) 0.277

Other race (vs white) 1.5 (0.92, 2.44) 0.101

Obese (vs not) 0.97 (0.77, 1.21) 0.792

Study, ref. = STAN

 CPAP 0.67 (0.47, 0.94) 0.021

 MeCIS 0.55 (0.31, 0.99) 0.046

 SARA 1.16 (0.86, 1.56) 0.347

 SARCA 1.26 (0.94, 1.7) 0.119

CPAP, Effect of Positive Airway Pressure on Reducing Airway Reactivity in Patients with Asthma; EPAC, episode of poor asthma control; MeCIS, 
Methacholine Bronchoprovocation – Influence of High-Potency Inhaled Corticosteroids in Asthma; SARA, Study of Acid Reflux and Asthma; 
SARCA, Study of Acid Reflux in Childhood Asthma; STAN, Study of Asthma and Nasal Steroids.
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