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BACKGROUND: Persistent bronchodilator response (BDR) following diagnosis of asthma is an
underrecognized treatable trait, associated with worse lung function and asthma control. The
forced oscillation technique (FOT) measures respiratory system impedance, and BDR cutoffs
have been proposed for healthy adults; however, the relevance in asthma is unknown. We
compared BDR cutoffs, using FOT and spirometry, in asthma and the relationship with
asthma control.

METHODS: Data from patients with asthma who withheld bronchodilator medication for at
least 8 h before a tertiary airway clinic visit were reviewed. All subjects performed FOT and
spirometry before and after salbutamol administration, and completed the Asthma Control
Test. FOT parameters examined included respiratory system resistance (R5) and reactance
(X5) at 5 Hz, and area under the reactance curve (AX). BDR was defined by standard rec-
ommendations for spirometry and based on the 95th percentile of BDR in healthy adults for
FOT.

RESULTS: Fifty-two subjects (18 men; mean age, 53 � 18 years) were included. BDR was
identified more frequently by FOT than spirometry (54% vs 27% of subjects). BDR assessed
by X5 and AX, but not R5, was associated with spirometric BDR (c2, P < .01) and correlated
with asthma control (X5: rs ¼ –0.36, P < .01; AX: rs ¼ 0.34, P ¼ .01). BDR measured by
reactance parameters identified more subjects with poor asthma control than did spirometry
(AX, 69% vs spirometry, 41%).

CONCLUSIONS: BDR assessed by FOT can identify poor asthma control. Reactance parameters
were more sensitive in identifying poor asthma control than spirometry, supporting the use
of FOT to complement spirometry in the clinical management of asthma.
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Variable expiratory airflow limitation is the hallmark of
asthma. The presence of a bronchodilator response
(BDR) is useful in establishing the diagnosis of asthma;
however, its role in subsequent asthma management is
less clear. BDR is associated with more impaired
spirometry (lower FEV1 and/or FEV1/FVC) and loss of
asthma control in the absence of antiinflammatory use,
but also predicts greater spirometric and symptomatic
response to antiinflammatory treatment in untreated
asthma.1-3 A persistent BDR despite antiinflammatory
treatment has also been associated with greater inhaled
corticosteroid doses, lower FEV1, worse asthma control,
higher exacerbation rates, and increased mortality.4-7

These findings suggest that ongoing BDR may be an
important but underrecognized therapeutic target in
asthma.

The importance of treatable traits and personalized
medicine is increasingly discussed in asthma
management. This approach has largely focused on
inflammatory biomarkers and cellular targets. In this
regard, the advent of targeted monoclonal antibody
therapy has transformed the treatment for some patients
with severe asthma. Yet, there is an unmet need for
patients with asthma of any severity to accurately predict
the therapeutic intervention that will most likely benefit
those individuals. Identifying particular physiologic
treatable traits that are easily detected and monitored,
such as BDR, could help with the long-term treatment of
patients and facilitate the success of precision medicine.
Although asthma guidelines emphasize the importance
of longitudinal monitoring of lung function and asthma
symptom control,8 lung function is often limited to
spirometry (FEV1) and commonly discordant with
Glebe, NSW, Australia; the Faculty of Medicine and Health (Drs
Cottee, Seccombe, King, Peters, and Farah), University of Sydney,
Sydney, NSW, Australia; the Department of Respiratory Medicine (Dr
King), Royal North Shore Hospital, NSW, Australia; and the Faculty of
Medicine and Health Sciences (Drs Peters and Farah), Macquarie
University, North Ryde, NSW, Australia.
Part of this article has been presented at the Thoracic Society of
Australia and New Zealand Annual Scientific Meeting, March 29-April
2, 2019; Gold Coast, QLD, Australia.
FUNDING/SUPPORT: A. M. C. is supported by a National Health and
Medical Research Council (NHMRC) Postgraduate Research
Scholarship.
CORRESPONDENCE TO: Alice M. Cottee, MBBS, Department of Res-
piratory Medicine, Concord Repatriation General Hospital, Hospital
Road, Concord, NSW, Australia, 2139; e-mail: alice.cottee@sydney.
edu.au
Copyright � 2020 American College of Chest Physicians. Published by
Elsevier Inc. All rights reserved.
DOI: https://doi.org/10.1016/j.chest.2019.12.035

1436 Original Research
reported symptoms.9 Alternative measures of lung
function, such as oscillometry, may provide
supplementary and clinically relevant information about
BDR in asthma.

The forced oscillation technique (FOT) noninvasively
measures respiratory system impedance by the
superimposition of oscillatory pressure/flow waves at the
mouth during normal tidal breathing. The relationship
between pressure and flow is partitioned into respiratory
system resistance (R), which is a measure of airway
caliber; and reactance (X), which represents the elastic
and inertive properties of the respiratory system. FOT
has greater sensitivity to detect BDR than does
spirometry.10-15 Pediatric studies have shown that BDR
assessed by FOT relates to the diagnosis of asthma
independent of spirometry and is associated with lower
FEV1 and increased resistance.11-13,16,17 Furthermore,
FOT may better relate to asthma control than
spirometry,15 although this relationship has not been
evaluated for BDR. Oostveen et al18 published normative
values for FOT in adults and proposed cutoffs for a
significant BDR for FOT, based on the 95th percentile of
BDR in healthy adults. The clinical relevance of these
cutoffs is yet to be evaluated or compared with
spirometry in airway disease.

The use of FOT in clinical practice has increased, partly
facilitated by the advent of commercial devices.
Consequently, there is a need for better understanding
of the relationship between FOT, spirometry, and
symptom control in asthma. We hypothesized that BDR
cutoffs for FOT can be used in asthma and are sensitive
in identifying poor asthma control.

Materials and Methods
Subject Characteristics and Study Design

Data from patients who attended a tertiary adult airway clinic from
2015 to 2017 with a consensus diagnosis of asthma confirmed by
two respiratory physicians were reviewed.8 Subjects were eligible if
all bronchodilator medications were withheld for at least 8 h
before testing and all study assessments were successfully
completed in a single visit. Exclusion criteria included coexisting
respiratory disease, inability to complete the study questionnaire
because of cognitive impairment or language barrier, and lung
function measurements not performed to international
recommendations. Subject demographics and smoking history
were documented. This study was approved by the Sydney Local
Health District Human Ethics Review Board (LNR/14/CRGH/206,
NSW, Australia).

Lung function testing was performed before and at least 10 min after
the administration of bronchodilator (400 mg of salbutamol delivered
by metered dose inhaler and spacer).
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Forced Oscillation Technique

FOT was performed during tidal breathing (tremoFlo C-100; Thorasys
Thoracic Medical Systems) as per European Respiratory Society (ERS)
recommendations.19 FOT was performed immediately before
spirometry, both before and after bronchodilator administration. The
mean of three 30-s measurements before and after bronchodilator
administration (tremoFlo software build 1.0.40.38) was recorded.
Acceptability included at least three breaths free from artifact due to
occlusion, leak or drift, or extreme (> 5 SD of mean) or negative
resistance.19 Reference values and BDR cutoffs were derived from
Oostveen et al.18 BDR was defined as an absolute change in R5
(respiratory system resistance at 5 Hz) $ –1.40 cmH2O$s/L, X5
(respiratory system reactance at 5 Hz) $ cmH2O$s/L, or AX (area
under the reactance curve, between 5 Hz and resonant frequency)
$ –3.98 cmH2O/L after bronchodilator administration.

Spirometry

Spirometry (Masterlab; Jaeger) was performed immediately after FOT,
before and after bronchodilator administration, as per American
Thoracic Society (ATS)/ERS recommendations.20 Reference values
TABLE 1 ] Subject Characteristics

Characteristic Value

Subjects, No. 52

Sex, male/female 18/34

Age, y 53 � 18

BMI, kg/m2 28.6 � 6.8

Smoking, pack-years 5 � 10

Budesonide equivalent, mg/d 786

ICS, % 81

LABA, % 77

LAMA, % 10

ACT score (5-25) 17 � 6

Well/not well/very poorly controlled, No. 20/16/16

Data are presented as mean � SD, unless otherwise specified. ACT ¼
Asthma Control Test; ICS ¼ inhaled corticosteroid; LABA ¼ long-acting
bronchodilator; LAMA ¼ long-acting muscarinic antagonist.
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were derived from the Global Lung Initiative.21 BDR was defined
as $ 200 mL and $ 12% improvement in FEV1 and/or FVC after
bronchodilator administration as per ATS/ERS criteria.22

Asthma Control

Asthma-related symptoms were assessed with the five-item Asthma
Control Test (ACT).23 Asthma control was categorized as either well
controlled (ACT score $ 20), not well controlled (ACT score 16-19),
or very poorly controlled (ACT score # 15).23,24

Statistical Analysis

Statistical analysis was performed with SPSS Statistics version 25 (IBM
Corporation) and graphs were prepared with GraphPad Prism 7
(GraphPad Software Inc). Cohen’s k was used to assess agreement
between BDR measured by FOT and spirometry. Cross-tabulation
using two-by-two tables was done to compare BDR as identified by
FOT vs spirometry, and poor asthma control. Association between
categorical variables was assessed by c2 tests. Univariate correlations
were assessed using Spearman correlations. A P value < .05 was
considered statistically significant.
Results
Fifty-two subjects met eligibility criteria. Subject
demographics and lung function are shown in Tables 1
and 2. There was a spectrum of airflow limitation and
symptom burden. Only 20 of 52 subjects (38%) reported
good symptom control on current treatment. The
majority of subjects were never smokers and there were
no current smokers (ex-smokers, 15 of 52; 29%). Most
subjects were prescribed both inhaled corticosteroid
(ICS) (81%) and a long-acting b-agonist (77%).

FOT and Spirometric BDR

Subjects with spirometric BDR predominantly had a
bronchodilator response in FEV1 (with or without a
bronchodilator response in FVC). Only one subject had
spirometric BDR based on a response in FVC alone.
BDR was identified more frequently by FOT (28 of 52,
54%) than spirometry (14 of 52, 27%) (Tables 2 and 3,
Fig 1). An additional 15 subjects met BDR criteria by
reactance parameters X5 and AX but not spirometry.
Only two subjects met BDR criteria by spirometry but
not FOT. BDR as assessed by X5 (c2 ¼ 11.6, P ¼ .001)
and AX (c2 ¼ 8.8, P ¼ .003) was associated with BDR
on spirometry. There was weak to moderate agreement
between BDR measured by spirometry vs X5 (k ¼ 0.45)
and AX (k ¼ 0.36) (Fig 1). There was no association or
agreement between BDR assessed using R5 and
spirometry (P ¼ .3).
BDR and Asthma Control

The ACT score correlated with BDR measured by X5
(rs ¼ –0.36, P < .01) and AX (rs ¼ 0.34, P ¼ .01) but not
R5 or spirometry (Fig 2). When categorized according to
asthma control, poor symptom control (ACT < 20) was
associated with BDR assessed by spirometry (c2 ¼ 7.94,
P ¼ .005), X5 (c2 ¼ 8.70, P < .003), and AX (c2 ¼ 9.44,
P ¼ .002) but not R5 (P ¼ .271). There was weak to
moderate agreement between poor asthma control and
BDR measured by spirometry (k ¼ 0.31), X5 (k ¼ 0.37),
and AX (k ¼ 0.42) but not R5 (P ¼ .2). BDR measured
by X5 and AX identified an additional 10 subjects with
poor asthma control not identified by spirometry. In
comparison, spirometry identified only one subject with
poor asthma control not detected by FOT. BDR assessed
by AX had the greatest sensitivity to detect poor asthma
control (22 subjects; sensitivity, 69%; specificity, 75%),
followed by X5 (18 subjects; sensitivity, 56%; specificity,
85%) and then spirometry (13 subjects; sensitivity, 41%;
1437
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TABLE 2 ] Lung Function and Bronchodilator Response According to Spirometry and Forced Oscillation Technique

Prebronchodilator Postbronchodilator Subjects With Significant BDRa

Spirometry

FEV1, L 2.04 � 0.80 2.20 � 0.83 13 (25%)b

FEV1, % predicted 70 � 19 75 � 19

FVC, L 3.01 � 0.96 3.18 � 0.98 6 (12%)b

FVC, % predicted 86 � 17 89 � 18

FEV1/FVC, % 66 � 13 69 � 13

FOT

R5, cmH2O$s/L 5.50 � 1.80 4.89 � 1.87 10 (19%)

R5, % predicted 164 � 66 143 � 62

X5, cmH2O$s/L –3.59 � 2.79 –2.76 � 2.15 21 (40%)

X5, % predicted 270 � 182 203 � 133

AX, cmH2O/L 35.67 � 33.10 24.75 � 26.24 27 (52%)

AX, % predicted 971 � 978 665 � 820

Data are presented as mean � SD, unless otherwise specified. AX ¼ area under the reactance curve between 5 Hz and the resonant frequency; BDR ¼
bronchodilator response; FOT ¼ forced oscillation technique; R5 ¼ resistance at 5 Hz; X5 ¼ reactance at 5 Hz.
aOf 52 subjects who met eligibility criteria.
bSpirometric BDR defined as $ 200 mL and $ 12% improvement in FEV1 and/or FVC.
specificity, 95%). All subjects with BDR in FVC had
poor asthma control.

Discussion
The results from this study show that the bronchodilator
response measured by spirometry and FOT is clinically
relevant and identifies poor asthma control. The BDR
cutoffs previously published for FOT, using normative
data, can be used in patients with asthma. Importantly,
TABLE 3 ] Bronchodilator Response Assessed by Forced O
Spirometry

BDR assessed by R5: Present

Absent

BDR assessed by X5: Present

Absent

BDR assessed by AX: Present

Absent

Data presented indicate the number of subjects by cross-tabulation. See Tab
aSpirometric BDR defined as $ 200 mL and $ 12% improvement in FEV1 an
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we demonstrate that BDR is associated with worse
asthma control. The presence of BDR as determined by
FOT can identify more patients with poorly controlled
asthma when compared with spirometry.

The finding in the present study that BDR assessed by
FOT is related to poor symptom control is consistent
with similar associations with spirometry; in addition, a
correlation between the magnitude of BDR and worse
asthma symptoms was observed. The importance of
scillation Technique Parameters as Compared With

BDR Assessed by Spirometrya

Present Absent

4 6

10 32

BDR Assessed by Spirometrya

Present Absent

11 10

3 28

BDR Assessed by Spirometrya

Present Absent

12 15

2 23

le 2 legend for expansion of abbreviations.
d/or FVC.
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Figure 1 – Comparison between bronchodilator response (BDR) identified by spirometry and forced oscillation technique (FOT). Shown are the
following: cutoff for identifying BDR by spirometry (blue line) and FOT (orange line); subjects with (blue circles) or without (red circles) BDR in FEV1

and/or FVC as assessed by spirometry; region of BDR concordance between spirometry and FOT (orange-shaded areas); Cohen’s k; change in
parameter after bronchodilator administration (postbronchodilator minus prebronchodilator) (D). Spirometric BDR is defined as $ 200 mL and
$ 12% improvement in FEV1 and/or FVC.
identifying and monitoring BDR in the long-term
follow-up of patients with asthma has not been
extensively studied. Although the presence of BDR at the
initial assessment is recognized as a known feature of
asthma, it has been assumed that persisting BDR despite
treatment implies more severe or suboptimal treatment
of the disease. One study found that FEV1 reversibility
was associated with worse asthma control in a large
group of patients attending for outpatient assessment.25

The patients in that study were younger, with more
preserved spirometry, when compared with the current
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chestjournal.org
cohort. Our findings again confirm the association
between BDR assessed by spirometry and poor symptom
control in a group of patients with more severe asthma.
The ongoing presence of BDR may be another treatable
trait in asthma and may be a possible indication for
escalation of antiinflammatory or long-acting
bronchodilator treatments.

The current results also indicate that reactance
measured by FOT is a clinically important parameter
when assessing BDR in asthma. Normative data for FOT
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have been previously published along with suggested
cutoffs for BDR.18 However, these cutoffs have not been
studied in patients with airway disease. Specifically, the
most clinically relevant FOT parameter (or combination
thereof) is uncertain in the BDR assessment of patients.
The subjective nature of patient-reported outcomes,
despite the use of validated questionnaires, would
suggest that it is highly unlikely that a single physiologic
parameter can account for a significant proportion of
patient symptoms. The results from this study indicate
that resistance alone relates poorly to symptom control.
In comparison, the results of BDR assessment by
reactance parameters were more sensitive than those
derived by spirometry, identifying 17% more subjects
with poor asthma control and supporting previous
findings.26 As often observed, the improved sensitivity of
BDR assessed by reactance parameters was associated
with reduced specificity compared with spirometry.
Since the identification of patients with poor asthma
control is a clinical priority in the management of
asthma, the tradeoff of improved sensitivity with a
higher false positive rate is reasonable and may be offset
by the combined use of FOT, spirometry, and clinical
assessment.

Improvement in lung function after the administration
of an inhaled bronchodilator may potentially be due to
several mechanisms including a reduction in
bronchomotor tone and greater airway caliber, less
small-airway closure, enhanced clearance of mucus, and
an improvement in the extent of ventilation
distribution.27 Although BDR assessed by spirometry or
FOT (reactance) were similarly associated with poor
asthma control, only BDR assessed by reactance related
to the degree of asthma control and identified additional
patients with poor control. Reactance measured by FOT
is affected by a number of complex interactions in the
lungs, including the properties of the airways as well as
communicating lung volume and ventilation
heterogeneity28,29; the latter are a reflection of the
distribution of parallel lung units available to the
oscillatory signal.29 The BDR in reactance may therefore
reflect the opening up of small airways and their
associated lung units to the oscillatory signal, and it is
these changes to the small airways that may be
specifically related to the degree of asthma control.
Clearly, the spirometric BDR also reflects these
mechanistic changes to the extent that they affect flow
in the more central larger airways, and as such has
traditionally been the “gold standard” in routine
1440 Original Research
clinical practice. The peripheral airways, on the other
hand, contribute very little to bulk flow measured at the
mouth, partly due to the significantly larger cumulative
cross-sectional area when compared with the central
airways. As a consequence, spirometry is less sensitive
in detecting more peripheral airway changes that may
be reflected only by parameters such as reactance,30

and this potentially accounts for the stronger
association seen with reactance parameters and asthma
control.

The current study has some limitations. Subjects were
attending a tertiary airway clinic, and thus may
represent an asthma cohort with more impaired lung
function, greater symptom burden, and more difficult-
to-control asthma than those treated in the community
setting. Nevertheless, the proportion of subjects with
BDR was similar to that described in the published
literature. Further studies are required to elucidate if
these findings translate to patients with milder disease,
those not receiving ICS, or patients with asthma who
currently smoke. The limited exclusion criteria may
also broaden clinical applicability. In particular,
subjects with asthma and a smoking history were not
excluded, nor did they present as data outliers. The
relationship between BDR and symptoms, even though
most subjects were already receiving ICS, is of clinical
relevance and highlights the importance of this
phenomenon when reviewing patients with asthma in
the clinic. This study presents a relatively small sample
size; however, the cohort was well characterized and
encompassed a range of asthma severity and symptom
burden. To the authors’ knowledge this study presents
the largest adult cohort to report on BDR assessed by
FOT in combination with symptom scores in a real-
world population. As such, these results are clinically
relevant and may improve outcomes especially in a
difficult-to-treat patient cohort with significant
symptom burden.
Conclusions
We have established that the published BDR cutoffs for
FOT, using normative data, are useful in the assessment
of asthma and relate to asthma symptom control. More
importantly, the results of BDR assessment based on FOT
reactance parameters were more sensitive than those of
spirometry in detecting poor asthma control. Our results
support the use of BDR assessed by FOT to complement
spirometry in the clinical management of asthma.
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