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Abstract

Bronchial thermoplasty (BT) is a treatment for moderate-to-severe asthma, which generally improves quality-of-life scores but not
conventional measures of lung function. Newer methodologies have begun to demonstrate the underlying physiological changes
and elucidate the mechanism of action. We postulated that systematic, computed tomography (CT)-based assessment of the
response of individual airways to BT is feasible, and our aim was to determine the distribution of these responses and the rela-
tionship with airway size. Twenty patients meeting the European Respiratory Society/American Thoracic Society (ERS/ATS) defini-
tion of severe asthma underwent BT and assessment including CT, Asthma Control Questionnaire (ACQ), and spirometry.
Treatment was structured so that the left and right lungs are treated sequentially with a midtreatment assessment providing an
internal control. Pairs of CT scans were analyzed using a new semiautomatic processing algorithm that matched individual seg-
mented airways for quantitative comparison. Cross-sectional airway lumen area from matched airway pairs in treated lungs
increased on average by 6.4% after BT (P < 0.02) but showed no change in the untreated lung. Matched airway length was also
unchanged. Breakdown by airway size showed amplified response in more distal airways, with the smallest quintile of measured
airways dilating by 13.2% (P < 0.001). ACQ improved from 3.5 ± 0.9 to 1.9 ± 1.2 (P < 0.001). These data show that the response to
BT in individual airways can be assessed by CT and that dilation is heterogeneous and predominant in distal compared with
proximal airways. A CT-based approach may further our understanding of the physiological changes in BT and aid in the devel-
opment of refined and personalized versions of the therapy.

NEW & NOTEWORTHY CT scanning was used to evaluate the response of individual airways in patients undergoing bronchial
thermoplasty. Airways dilated after treatment by 6.4% on average with substantial heterogeneity and a greater response in the
most distal airways measured.
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INTRODUCTION

Bronchial thermoplasty (BT) is a treatment for moderate-
to-severe asthma in which radiofrequency energy is deliv-
ered directly to the targeted airways via bronchoscopy (1, 2).
The goal is thermal ablation of the airway smooth muscle
(ASM) layer, and hence permanently reduced capacity for
bronchoconstriction in the treated airways (3, 4). BT has gen-
erally shown improvements in clinical measures of asthma
control, such as the Asthma Control Questionnaire (ACQ)
and exacerbation frequency, but changes in conventional
measures of lung function have been modest or nonexistent
(2, 5–7). This, along with the substantial placebo component
to the quality-of-life score improvements (5), has led to some
controversy regarding BT’s efficacy and underlying mecha-
nism of action [e.g., (8, 9)].

More recently, new measurements, such as quantitative
computed tomography (CT)-based assessments (10, 11) and
hyperpolarized gas MRI (12, 13), have begun to elucidate the
physiological changes and mechanism of action behind BT.

We have previously shown that CT-derived aggregate airway
volume is increased following BT, and that these changes
correlate significantly with improvements in ACQ and ple-
thysmographically determined airway resistance (10, 14).
Focal dilatation on CT has also been observed following BT
(15), consistent with high-resolution CT measurements of
airway dose-response in dogs (16). Although the changes in
total airway volume provide clear physiological validation of
BT’s mode of action, many questions remain unanswered.
Are these changes driven by airway length, caliber, or the
number of airways measured? Do the airways dilate uni-
formly, and if not, what is the distribution of the response
across proximal and distal airways?

To answer the above questions, we have developed a new
method to systematically assess the response of individual
airways derived from matched pairs of CT scans; together
with a contemporaneously assessed untreated lung as a tem-
poral control, this provides new knowledge on how airway
size and anatomical location within the bronchial tree
impact the response to BT. To the best of our knowledge,
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this is the first systematic measurement of the response of
individual airways to BT in vivo. These findings were com-
pared with previous theoretical predictions of BT’s efficacy
based on changes in ASM force production, helping not only
to advance our understanding of the underlying process
behind BT but also representing a first step toward predict-
ing individual patient response.

METHODS

Participants

Participants were referred for BT from a tertiary hospital
severe asthma clinic. Patients needed to be using inhaled tri-
ple therapy and have poorly controlled symptoms with fre-
quent oral steroid requiring exacerbations to be considered

for BT. All participants were required to meet the European
Respiratory Society/American Thoracic Society (ERS/ATS)
definition of severe asthma, and alternative respiratory con-
ditions such as chronic obstructive pulmonary disease
(COPD) or bronchiectasis had been excluded (17).

Setting and Procedure

All procedures were conducted under general anesthesia
with patients routinely observed in hospital overnight post-
procedure. For the purposes of this study, the scheduling of
the BT procedures was altered in a novel way to achieve one
treated lung (left side) and one untreated lung (right side) at
the midtreatment assessment. A timeline for evaluation and
procedures is shown in Fig. 1A. The left lower lobe was
treated in the first BT session and then the left upper lobe in
the second session. Imaging studies were conducted at

Figure 1. Illustration of methodology. A: treatment and assessment timeline. B: schematic illustration of image analysis method for a single pair of CT
scans, repeated for all 56 scan pairs. C: example of resulting matched airway pairs, gray = unused, black = unmatched. ACQ, Asthma Control
Questionnaire; CT, computed tomography.
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baseline, and then again 4 wk after completion of BT treat-
ment to the left lung, and before treatment of the right lung
(which acted as a control). Following the second set of imag-
ing, the right lower and upper lobes were treated together in
the final BT session. Consistent with current guidelines, the
right middle lobe was not treated. Imaging studies were then
repeated 12mo after completion of all BT procedures.

Clinical Measurements

The following data were recorded for all patients: age,
gender, weight, height, asthma medication usage, asthma
exacerbation history, lung function parameters, and the
five-item ACQ (18). Written permission to use the ACQ
was provided by its author, Elizabeth Juniper. Key clini-
cal outcome parameters included changes measured at 6
and 12mo in 1) ACQ, 2) prebronchodilator forced expira-
tory volume in 1 s (FEV1), 3) short acting beta-agonist
(SABA) usage (measured in puffs/day), 4) daily mainte-
nance of oral corticosteroid (OCS) dose (measured in mg/
day of prednisolone), and 5) the number of oral steroid
requiring exacerbations of asthma reported in the previ-
ous 6mo. Patient assessments were performed by experi-
enced clinical research nursing and scientific staff and
were conducted independently of the procedural team.
Spirometry was performed using the Jaegar Masterscreen
Body (Carefusion, Hoechberg, Germany), and tests were
conducted in the morning, and having withheld broncho-
dilators since the previous evening. The laboratory equip-
ment was calibrated on the morning of testing, and all
tests were conducted to ERS/ATS standards (19). The sin-
gle breath carbon monoxide diffusing capacity (DLCO)
was also tested, and at least two acceptable maneuvers
within 3 mL/min/mmHg of each other were required. The
predicted value equations used were taken from the
Global Lung Initiative (20).

Imaging

Noncontrast CT scanning was performed on a 128-slice
Siemens Definition ASþ scanner with a helical slice thick-
ness of 0.6mm, rotation time of 0.6 s, detector coverage of
38.4mm, and tube voltage of 100kV. Scans were performed
at full inspiration [total lung capacity (TLC)] and in a stable
state, prebronchodilator, and before periprocedural oral ste-
roid administration. As part of the baseline scanning, an em-
physema score was determined by counting the percentage
of intrapulmonary voxels with a density in the range of
�1024 to �950 Hounsfield Units [divided by the total lung
volume (21)].

Image Analysis

The image analysis process was semiautomatic and per-
formed blind to both patient and treatment condition by the
same operator. A schematic diagram of the analysis method
is given in Fig. 1B. The airway tree was segmented from the
CT source data using the tube segmentation framework (22)
as implemented in CustusX v18.04 (23) (SINTEF Digital,
Trondheim, Norway). Centerlines for the segmented airways
were obtained concurrently. The process was almost fully
automatic except for the determination of a segmentation
“seed point” placed manually in the trachea for scans in

which fully automatic segmentation failed (approx. 35% of
scans). Segmentation of the airways other than the trachea
was not sensitive to seed point placement, and the tracheal
segmentation is not used in the analysis. After segmentation
and centerlining, the analysis process was fully automatic.

Pairs of airway tree segmentations were registered by rigid
transformation using the coherent point drift algorithm (24)
as implemented in Matlab R2020a (Mathworks, Natick, MA).
Airway centerlines were transformed according to the same
rigid transformation, and then airways were matched
according to the transformed centerlines. The deviation
between two transformed centerlines was defined to be the
2-norm of the segment difference normalized by the average
segment length; in essence this measures the relative differ-
ence between two centerlines.

Airway lumen volumes were determined by assigning
points in the segmentation point cloud to the nearest airway
centerline. This point cloud then defines the airway surface,
and the convex hull was computed to find the airway lumen
volume. Unmatched airways and airways withmeasured vol-
umes greater than 2,000 mm3, assumed to be more proximal
than those receiving BT actuations, were not used in the
analysis. Airway lengths were determined from the airway
centerlines, and airway lumen average cross-sectional area is
then determined by the ratio of the volume to the length.

The analysis process was repeated for all scan pairs.
Eighteen patients completed their treatment and hence each
had three scan pairs available for analysis: pre >mid, mid
>post, and pre >post; totaling 54 scan pairs. Including two
additional patients who only reached midtreatment (see
RESULTS), a further two scan pairs were available i.e., 56 pairs
in total. On average, each scan pair yielded 25–30 matched
airway pairs (�50% of segmented airways were matched).
For analysis purposes, airway generation was estimated
from airway size using the data of (25) relating average
lumen airway and airway generation.

Ethics

Prospective approval to undertake this study was provided
by the Peninsula Health Human Research Ethics Committee,
and no patient was enrolled without having given written
informed consent.

Statistical Analysis

SPSS version 25 (IBM corporation, New York, NY) and
Matlab R2020a were used for statistical analyses. Normally
distributed data are reported as mean ± SD, and a t test was
used; nonparametric data are reported as median [interquar-
tile range (IQR)], and the sign test was used. Statistical signif-
icance was taken at P < 0.05. For comparison between
model predictions and the data, a nonparametric regression
smoother [Friedman’s super smoother (26)] was used to visu-
alize the trends.

RESULTS

Baseline Characteristics

Twenty consecutive patients with very severe asthma par-
ticipated in this study, seven males, 13 females, age 56.0±
14.3yr, body mass index (BMI) 32.9 ± 7.6kg/m2. The mean
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ACQ score was 3.5±0.9. Seventeen of the 20 patients were
being treated with maintenance oral prednisolone—group
mean dose 15.3 ± 15.3mg/day. All patients were using triple
inhaler therapy with beclomethasone-equivalent inhaled
steroid dose 1,750± 786 mg/day. The average daily require-
ment for SABA therapy was 13.4±9.4 puffs/day. The fre-
quency of OCS requiring exacerbations in the 6mo before BT
was 2.8 ±2.1.

The mean prebronchodilator FEV1 was 44.5 ± 14.0% pre-
dicted, with an average improvement of 15.4± 16.1% after
400 mg salbutamol. The vital capacity was 70.9± 14.9% pre-
dicted, and the forced expiratory ratio was 52.2± 12.2%.
Within the group, there were no active smokers, 12 never
smokers, and six patients with a pack year history in excess
of 10. The mean DLCO per unit lung volume was 94.2± 29.7%
predicted, and the median CT emphysema score was 0.2%
(IQR 0.01, 2.0). The median IgE was 18.5 (IQR 5, 250)

International Units, and the median peripheral blood eosin-
ophil count was 0.1 (IQR 0, 0.15) cells/mL.

Clinical Response to BT

Eighteen patients completed 12-month follow-up, and
their clinical responses to BT are summarized in Table 1.
Two patients had their treatment interrupted by the Covid-
19 pandemic, and in those two patients, we have CT data
before and after the left lung was treated, but the right lung
treatment had not been completed at the time of writing.
Significant, substantive and sustained improvements were
observed in ACQ, exacerbation frequency, and the require-
ment for oral steroids and SABA. A trend toward improve-
ment in FEV1% predicted was observed but did not reach
statistical significance (P = 0.065).

Paired-Airway Image Analysis Results

The overall changes in matched airway measurements
from 56 scan pairs (yielding 1,407 matched airway pairs) are
shown in Fig. 2. Figure 2A shows the change in airway area.
In the first panel (pre >mid), the mean airway area is seen to
increase significantly after treatment of the left lung by 6.0%
(SE 2.5%), whereas no significant change is observed in the
untreated right lung. In the second or middle panel (mid
>post), the effect of treating the right lung is observed, with
no change to the left side. In the final panel (pre >post), the
overall effect of treatment compared with baseline is
observed. Correspondingmeasurements of airway length are
shown in Fig 2B; no significant changes are present.

Table 1. Clinical response to BT (n = 18)

Parameter Baseline 6 Mo Post 12 Mo Post P

ACQ score 3.5 ± 0.9 2.1 ± 1.3 1.9 ± 1.2 0.001
FEV1 (%predicted) 45.7 ± 14.0 50.4 ± 14.8 51.4 ± 15.6 0.065
SABA (puffs/day) 13.4 ± 9.9 5.9 ± 6.6 5.6 ± 6.6 0.001
OCS (mg/day) 14.3 ± 15.8 6.2 ± 7.9 5.5 ± 6.6 0.030
Exacerbations (per 6mo) 2.6 ± 2.0 1.2 ± 1.8 1.2 ± 1.7 0.020

ACQ, Asthma Control Questionnaire; BT, bronchial thermo-
plasty; FEV1, 1-s forced expiratory volume; OCS, oral corticosteroid
(prednisolone); P, analysis of variance repeated measures; SABA,
short-acting beta agonist.

Figure 2. Results of matched airway analysis. A: change in
airway cross-sectional lumen area. B: change in airway
length. Mean ± SE, �P < 0.05. Between pretreatment and
midtreatment assessments, the left lung is treated and the
right remains untreated; between midtreatment and post-
treatment, the right lung is treated. The pre >post pair
assessment captures treatment of both sides.
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The overall mean increase in airway area is 6.4% (SE 2.5%)
for all airways once both lungs are treated (P < 0.02).
However, it is possible that a mean increase of 6.4% is made
up of a larger dilation in some airways with no dilation in
others, or a stratified effect in airways of different sizes. To
examine the regional distribution of response to BT, we
examined the change in airway area (y-axis) by size of the
airway (x-axis) for individual airways. In Fig. 3, the data-
points are additionally grouped into quintiles by baseline
cross-sectional area, and the effect of BT on cross sectional
area is examined at the three time points. Once again, no
changes are demonstrated on the untreated control side.
Following treatment, the greatest changes are observed in
the most distal measured airways, and the least changes in
the more proximal airways. In the final panel, with data
from both lungs amalgamated, the mean increase in cross
sectional area in the most distal airway quintile was 13.2%
(SD 34.4%, P< 0.001).

To conceptualize exactly which locations of the bronchial
tree were responding to BT, the data were regrouped by esti-
mated airway generation [based on (25)], and this is shown
in Fig. 4. The final panel summarizing the effects for

treatment of both lungs shows no change in airway size for
airway generations 4 and 5, a small increase in airway size
for generations 6–9, and the greatest impact of BT is demon-
strated in airway generations beyond 9—i.e., the most proxi-
mal airways measured in this study.

Comparison with Model Predictions

We have previously developed a theoretical model of BT
that predicted that functional effects of BT will extend
beyond the directly treated airways by means of airway
interdependence driven by increased flow to downstream
segments and parenchymal tethering (27). Figure 5 reprodu-
ces these predictions in comparison with the present meas-
urements. As in Fig. 3, the axes are % change in airway cross-
sectional area versus airway size, but here we show only a
nonparametric regression [Friedman’s super smoother (26)]
rather than the individual airway data. Importantly, model
predictions are dependent on the degree of ASM tone that
may be present in a patient because ASM tone alters appa-
rent luminal volume. Therefore, for any given reduction in
muscle mass, BT will be more effective at increasing appa-
rent luminal volume in individuals where bronchoconstriction

Figure 3. Individual airway measurements
from matched CT pairs (blue dots), further
broken down into airway size quintiles
(black). The top row gives results for pre-
treatment and midtreatment matched
scans; the middle row for midtreatment
and posttreatment; and the bottom row
for pretreatment and posttreatment. The
left column gives results for the left lung
(treated between pre- and midtreatment),
the center column for the right lung
(treated between mid and post), and the
right column for both lungs combined.
Note that the most proximal airways
measured are likely to be treated in a rela-
tively high proportion, while progressively
more distal airways are potentially treated,
but with a decreasing fraction of those
measured airways having actually under-
gone direct treatment. Airway cross-sec-
tional area given on the x-axis is the
maximum area measured in the scan pair.
�P < 0.01, diamond: P < 0.05. CT, com-
puted tomography.
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due to activated and therefore shortened ASM is present. The
model predictions therefore simulate a response to BT in the
scenario where patients lack ASM tone altogether (red) or ex-
hibit persisting ASM tone (yellow), whichmay be expected in a
group of severe asthmatics. The predictions are compared with
empirical CT-derived measurements (blue). The comparison
indicates that CT-assessed response to BT is in good accord-
ance with the predictions and that subjects are likely to exhibit
at least some level of ASM tone since the empirical data lay
within simulations that include or exclude residual ASM tone.
The implications of these findings will be considered in the
discussion.

DISCUSSION

CT-derived measurements of individual airway response
to BT show that on average the cross-sectional area of the
measured airways increases by 6.4% in response to BT (P <
0.02), but that there is no significant change in airway
length. Moreover, the averages conceal substantial heteroge-
neity, and indeed some airways appear constricted in their
posttreatment assessment, whereas others dilate much more
than the average, as previously predicted (27). Perhaps most
importantly, the response is not uniform across airway size:
among those airways large enough to be assessed by CT, the

more distal airways dilate more prominently, with the most
distal quintile increasing in cross-sectional area by 13.2%.
These findings help to demonstrate BT’s underlying mecha-
nism of action and also have implications for the design of
improved therapies.

The implied level of prebronchodilator ASM tone in this
cohort provide a useful datapoint in interpreting the overall
results of BT trials: namely that quality-of-life improvements
are shown consistently but not more traditional measures of
lung function. We have previously predicted, by way of a
theoretical model, that this apparent discrepancy can be
explained by ASM tone. Specifically, BT-induced functional
improvements in conventional measures of lung function
are apparent only at relatively high levels of ASM tone (27),
consistent with high-resolution CT observations in dogs (16).
This offers a possible explanation of the observed results:
high tone situations rarely occur in the clinical test environ-
ment due to safety concerns but do occur in uncontrolled sit-
uations outside of the clinic. Thus, it may be expected that
improvements manifest only in measures that capture these
uncontrolled situations, such as exacerbation frequency and
quality-of-life scores, which are indeed the most consistent
clinical observations.

Comparison of the observed airway response with those
predicted in the absence and presence of tone (Fig. 5) helps

Figure 4. Individual airway measurements
from matched CT pairs, now arranged by
estimated airway generation. Layout as in
Fig. 3, additionally with the number of
measured airways in each estimated gen-
eration noted. CT, computed tomography.

AIRWAY-SPECIFIC DILATION AFTER BT

1210 J Appl Physiol � doi:10.1152/japplphysiol.00959.2020 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at (121.074.022.178) on April 29, 2021.

http://www.jap.org


to clarify this situation. In this simulation, the magnitude of
tone included was relatively modest, equating to that which
just exceeds the threshold of ASM contraction during a con-
ventional bronchial challenge. Themeasurements lie cleanly
between the tone and no-tone predictions, suggesting that
this patient cohort, at the time of CT (prebronchodilator),
had an intermediate level of tone. At this level of tone, func-
tional improvements in conventional measures are pre-
dicted to be sufficiently small as to be difficult to detect
reliably (27), and hence it is perhaps not surprising that the
changes in FEV1 did not reach statistical significance.
However, at increased levels of tone (i.e., perhaps accompa-
nying an acute exacerbation), we predict that BT treatment
will produce more pronounced airway dilation, concomitant
with greater increases in function.

Comparison between measurements and predictions also
suggests that the largest measured airways may not dilate as
much as predicted. One potential explanation is that thermal
ablation of the ASM is less effective in larger airways. We have
assumed that BT is equally effective in all treated airways, and
there is little information about how this efficacy might vary
with airway size; indeed simply the average figure for ASM
reduction is somewhat controversial (28, 29). However, a recent
theoretical analysis suggests ASM ablation is highly sensitive to
lumen size due to attenuated distribution of heat throughout
the airway wall (30). Developments in polarization-sensitive
optical coherence tomography (OCT) may soon allow much
more detailed in vivo assessment of ASM reduction after BT
and its dependence on airway size (31–33). OCT would also
facilitate the measurement of total wall area, which we are
unable to assess fromCT for themore peripheral airways.

Throughout this manuscript we use the terms “proximal”
and “distal” to refer to airways by their location within the
airway tree; we do this both for the intuitive value in inter-
preting the data and also to avoid overuse of the relative

terms “smaller” and “larger” in referring to airway size,
change in airway size, and airway location. However, it
should be noted that we have directly measured airway size
and not anatomical location.

There seems little doubt that changes in airway volume af-
ter BT are due to radial expansion of the lumen without a
shift in airway length. An additional consideration is the
number of segmented airways. Changes in aggregate airway
volume potentially include not just individual airway
changes but also new or “recruited” airways, which appear
in the airway tree segmentation after BT. In essence, these
are airways that dilate from below the detection threshold to
above it (see Fig 1C) and as such are not included in the
matched airway analysis. Aggregate volume is thus in some
sense a combination of the average matched airway change
combined with the total airway count (34). We propose that
airway recruitment contributes substantially to increased ag-
gregate volume after BT, since the magnitude of airway dila-
tion observed here accounts for only about one third of the
increase reported previously where aggregate volume was
also dependent on airway recruitment (14). Separate contri-
butions of dilation and recruitment will in turn impact the
relationship between airway changes and clinical outcomes.
We have previously shown that aggregate airway volume
changes correlate significantly with changes in ACQ (14); in
contrast, the change in matched airway area in this study
does not reach statistical significance in its relationship with
the change in ACQ. It is likely that aggregate airway volume
provides a stronger signal in this regard because it effectively
combines both changes in individual airways as well as the
additional “recruited” airways.

The CT-derived individual airway response exhibits sub-
stantial heterogeneity (see Fig. 3). Heterogeneity in the BT
response is consistent with our earlier predictions, with
some airways dilating substantially, whereas others exhibit
little change or even contraction (27). The modeling predic-
tions (and therefore patient data) are likely explained by air-
way-airway and airway-parenchyma interdependence where
mechanical changes in one region impact another. However,
there are other sources that contribute to heterogeneity after
BT, especially on the untreated side. One factor is time: the
scan pairs are separated by between 12 and 66wk, depending
on the assessment pairing. During this time, it is possible
that there is natural variation in the airway state (even with-
out treatment), especially in a group with severe asthma
where asthma control may vary. Another source of heteroge-
neity is segmentation and matching error in the image anal-
ysis. That the airway area does not change on the untreated
control side, and also that the airway length does not change,
is reassuring that there is no significant systematic error;
however, to the extent that some airways may be mis-
matched by the automatic process, these will contribute to
the observed heterogeneity. The relative contributions of
these factors could be disentangled in a follow-up study
through the use of scan pairs with adequate control and vari-
ation of both the time separation of the scans and the disease
state of the subject.

Finally, our findings have important clinical implications.
The differential response between proximal and distal air-
ways observed here suggests that a treatment emphasis
in the more distal airways might be advantageous. In

Figure 5. Comparison of airway response measurements with previous
model predictions (27). CT measurements shown in blue, along with two
model conditions: without ASM tone (red) and with ASM tone (yellow).
Nonparametric regression by Friedman’s super smoother (26). ASM, air-
way smooth muscle; CT, computed tomography.
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combination with recent results trialing personalized BT
using hyperpolarized MRI to target constricted airways and
ventilation defects (12), this further suggests that refined,
patient-specific versions of BT can deliver greater efficacy.

Conclusions

Analysis of individual airway response in BT is feasible
and demonstrates that there is significant dilation of indi-
vidual airways, and that this response is greater in the
more distal measured airways. This further demonstrates
that BT induces physiological changes that are not easily
captured by traditional measurements of lung function.
Comparison with previous predictions suggests that
greater airway dilation and improvements in traditional
measures of lung function will be apparent at higher levels
of ASM tone.

DATA AVAILABILITY

The data sets used during the current study are available from
the corresponding author on reasonable request.

ACKNOWLEDGMENTS

The authors acknowledge the support-in-kind from Peninsula
Health.

GRANTS

D. Langton was the recipient of a postgraduate research schol-
arship from Monash University, and P. B. Noble was supported by
a Western Australian Department of Health—Merit Award and a
Medical and Health Research Infrastructure Fund. Studies exam-
ining physiological mechanisms of bronchial thermoplasty are
supported by NHMRC of Australia (APP1180854). No industry
funding was received.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

D.L., P.B.N., and G.M.D. conceived and designed research; D.L.
performed experiments; D.L. and G.M.D. analyzed data; D.L.,
P.B.N., and G.M.D. interpreted results of experiments; G.M.D.
prepared figures; D.L., P.B.N., and G.M.D. drafted manuscript;
D.L., P.B.N., and G.M.D. edited and revised manuscript; D.L.,
P.B.N., and G.M.D. approved final version of manuscript.

REFERENCES

1. Cox G, Miller JD, McWilliams A, FitzGerald JM, Lam S. Bronchial
thermoplasty for asthma. Am J Respir Crit Care Med 173: 965–969,
2006. doi:10.1164/rccm.200507-1162OC.

2. Cox G, Thomson NC, Rubin AS, Niven RM, Corris PA, Siersted HC,
Olivenstein R, Pavord ID, McCormack D, Chaudhuri R, Miller JD,
Laviolette M; AIR Trial Study Group. Asthma control during the year
after bronchial thermoplasty. N Engl J Med 356: 1327–1337, 2007.
doi:10.1056/NEJMoa064707.

3. Pretolani M, Bergqvist A, Thabut G, Dombret M-C, Knapp D,
Hamidi F, Alavoine L, Taille C, Chanez P, Erjefalt JS, Aubier M.
Effectiveness of bronchial thermoplasty in patients with severe re-
fractory asthma: clinical and histopathologic correlations. J Allergy
Clin Immunol 139: 1176–1185, 2017. doi:10.1016/j.jaci.2016.08.009.

4. Pretolani M, Dombret M-C, Thabut G, Knap D, Hamidi F, Debray
M-P, Taille C, Chanez P, Aubier M. Reduction of airway smooth
muscle mass by bronchial thermoplasty in patients with severe
asthma. Am J Respir Crit Care Med 190: 1452–1454, 2014. doi:10.
1164/rccm.201407-1374LE.

5. Castro M, Rubin AS, Laviolette M, Fiterman J, De Andrade Lima M,
Shah PL, Fiss E, Olivenstein R, Thomson NC, Niven RM, Pavord ID,
Simoff M, Duhamel DR, McEvoy C, Barbers R, Ten Hacken NHT,
Wechsler ME, Holmes M, Phillips MJ, Erzurum S, Lunn W, Israel E,
Jarjour N, Kraft M, Shargill NS, Quiring J, Berry SM, Cox G; AIR2
Trial Study Group. Effectiveness and safety of bronchial thermo-
plasty in the treatment of severe asthma: a multicenter, randomized,
double-blind, sham-controlled clinical trial. Am J Respir Crit Care
Med 181: 116–124, 2010. doi:10.1164/rccm.200903-0354OC.

6. Chupp G, Laviolette M, Cohn L, McEvoy C, Bansal S, Shifren A,
Khatri S, Grubb GM, McMullen E, Strauven R, Kline JN; Other
members of the PAS2 Study Group. Long-term outcomes of bron-
chial thermoplasty in subjects with severe asthma: a comparison of
3-year follow-up results from two prospective multicentre studies.
Eur Respir J 50: 1700017, 2017. doi:10.1183/13993003.00017-2017.

7. Langton D, Wang W, Sha J, Ing A, Fielding D, Hersch N, Plummer
V, Thien F. Predicting the response to bronchial thermoplasty. J
Allergy Clin Immunol Pract 8: 1253–1260.e2, 2020. doi:10.1016/j.
jaip.2019.10.034.

8. Iyer VN, Lim KG. Bronchial thermoplasty: reappraising the evidence
(or lack thereof). Chest 146: 17–21, 2014. doi:10.1378/chest.14-0536.

9. Thomson NC. Bronchial thermoplasty as a treatment for severe
asthma: controversies, progress and uncertainties. Expert Rev
Respir Med 12: 269–282, 2018. doi:10.1080/17476348.2018.1444991.

10. Langton D, Bennetts K, Noble P, Plummer V, Thien F. Bronchial
thermoplasty reduces airway resistance. Respir Res 21: 76, 2020.
doi:10.1186/s12931-020-1330-5.

11. Langton D, Noble PB, Thien F, Donovan GM. Understanding the
mechanism of bronchial thermoplasty using airway volume
assessed by computed tomography. ERJ Open Res 5: 00272-2019,
2019. doi:10.1183/23120541.00272-2019.

12. Hall CS, Quirk JD, Goss CW, Lew D, Kozlowski J, Thomen RP,
Woods JC, Tustison NJ, Mugler JP 3rd, Gallagher L, Koch T,
Schechtman KB, Ruset IC, Hersman FW, Castro M. Single-session
bronchial thermoplasty guided by 129Xe magnetic resonance imag-
ing: a pilot randomized clinical trial. Am J Respir Crit Care Med 202:
524–534, 2020. doi:10.1164/rccm.201905-1021OC.

13. Thomen RP, Sheshadri A, Quirk JD, Kozlowski J, Ellison HD,
Szczesniak RD, Castro M, Woods JC. Regional ventilation changes
in severe asthma after bronchial thermoplasty with 3He MR imaging
and CT. Radiology 274: 250–259, 2015. doi:10.1148/radiol.14140080.

14. Langton D, Banks C, Noble PB, Plummer V, Thien F, Donovan GM.
The effect of bronchial thermoplasty on airway volume measured 12
months post-procedure. ERJ Open Res 6: 00300-2020, 2020.
doi:10.1183/23120541.00300-2020.

15. de M�enonville CT, Debray M-P, Alavoine L, Dombret M-C, Khalil A,
Brillet P-Y, Aubier M, Taill�e C. Focal bronchial dilatations after ther-
moplasty for severe asthma. ERJ Open Res 6: 00117-2020, 2020.
doi:10.1183/23120541.00117-2020.

16. Brown RH,WizemanW, Danek C,Mitzner W. In vivo evaluation of the
effectiveness of bronchial thermoplasty with computed tomography. J
Appl Physiol (1985) 98: 1603–1606, 2005. doi:10.1152/japplphysiol.
01210.2004.

17. Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ,
Adcock IM, Bateman ED, Bel EH, Bleecker ER, Boulet L-P,
Brightling C, Chanez P, Dahlen S-E, Djukanovic R, Frey U, Gaga M,
Gibson P, Hamid Q, Jajour NN, Mauad T, Sorkness RL, Teague
WG. International ERS/ATS guidelines on definition, evaluation and
treatment of severe asthma. Eur Respir J 43: 343–373, 2014
[Erratum in Eur Respir J 43: 1216, 2014]. doi:10.1183/09031936.
00202013.

18. Juniper EF, Svensson K, M€ork A-C, Ståhl E. Measurement proper-
ties and interpretation of three shortened versions of the asthma
control questionnaire. Respir Med 99: 553–558, 2005. doi:10.1016/j.
rmed.2004.10.008.

19. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates
A, Crapo R, Enright P, van der Grinten CPM, Gustafsson P, Jensen
R, Johnson DC, MacIntyre N, McKay R, Navajas D, Pedersen OF,
Pellegrino R, Viegi G, Wanger J; ATS/ERS task force.

AIRWAY-SPECIFIC DILATION AFTER BT

1212 J Appl Physiol � doi:10.1152/japplphysiol.00959.2020 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at (121.074.022.178) on April 29, 2021.

https://doi.org/10.1164/rccm.200507-1162OC
https://doi.org/10.1056/NEJMoa064707
https://doi.org/10.1016/j.jaci.2016.08.009
https://doi.org/10.1164/rccm.201407-1374LE
https://doi.org/10.1164/rccm.201407-1374LE
https://doi.org/10.1164/rccm.200903-0354OC
https://doi.org/10.1183/13993003.00017-2017
https://doi.org/10.1016/j.jaip.2019.10.034
https://doi.org/10.1016/j.jaip.2019.10.034
https://doi.org/10.1378/chest.14-0536
https://doi.org/10.1080/17476348.2018.1444991
https://doi.org/10.1186/s12931-020-1330-5
https://doi.org/10.1183/23120541.00272-2019
https://doi.org/10.1164/rccm.201905-1021OC
https://doi.org/10.1148/radiol.14140080
https://doi.org/10.1183/23120541.00300-2020
https://doi.org/10.1183/23120541.00117-2020
https://doi.org/10.1152/japplphysiol.01210.2004
https://doi.org/10.1152/japplphysiol.01210.2004
https://doi.org/10.1183/09031936.00202013
https://doi.org/10.1183/09031936.00202013
https://doi.org/10.1016/j.rmed.2004.10.008
https://doi.org/10.1016/j.rmed.2004.10.008
http://www.jap.org


Standardisation of spirometry. Eur Respir J 26: 319–338, 2005.
doi:10.1183/09031936.05.00034805.

20. Cooper BG, Stocks J, Hall GL, Culver B, Steenbruggen I, Carter
KW, Thompson BR, Graham BL,Miller MR, Ruppel G, Henderson J,
Vaz Fragoso CA, Stanojevic S. The Global Lung Function Initiative
(GLI) network: bringing the world’s respiratory reference values to-
gether. Breathe (Sheff) 13: e56–e64, 2017. doi:10.1183/20734735.
012717.

21. Lynch DA, Al-Qaisi MA. Quantitative computed tomography in
chronic obstructive pulmonary disease. J Thorac Imaging 28: 284–
290, 2013. doi:10.1097/RTI.0b013e318298733c.

22. Reynisson PJ, Scali M, Smistad E, Hofstad EF, Leira HO, Lindseth
F, Nagelhus Hernes TA, Amundsen T, Sorger H, Langø T. Airway
segmentation and centerline extraction from thoracic CT–compari-
son of a new method to state of the art commercialized methods.
PloS One 10: e0144282, 2015. doi:10.1371/journal.pone.0144282.

23. Askeland C, Solberg OV, Bakeng JBL, Reinertsen I, Tangen GA,
Hofstad EF, Iversen DH, Våpenstad C, Selbekk T, Langø T, Hernes
TAN, Olav Leira H, Unsgård G, Lindseth F. CustusX: an open-
source research platform for image-guided therapy. Int J Comput
Assist Radiol Surg 11: 505–519, 2016. doi:10.1007/s11548-015-1292-0.

24. Myronenko A, Song X. Point set registration: coherent point drift.
IEEE Trans Pattern Anal Mach Intell 32: 2262–2275, 2010. doi:10.
1109/tpami.2010.46.

25. Montaudon M, Desbarats P, Berger P, de Dietrich G, Marthan R,
Laurent F. Assessment of bronchial wall thickness and lumen diam-
eter in human adults using multi-detector computed tomography:
comparison with theoretical models. J Anat 211: 579–588, 2007.
doi:10.1111/j.1469-7580.2007.00811.x.

26. Friedman JH. A Variable Span Smoother. Stanford Univ CA Lab for
Computational Statistics, 1984.

27. Donovan GM, Elliot JG, Green FHY, James AL, Noble PB.
Unraveling a clinical paradox: why does bronchial thermoplasty
work in asthma? Am J Respir Cell Mol Biol 59: 355–362, 2018.
doi:10.1165/rcmb.2018-0011OC.

28. Brook BS, Chernyavsky IL, Russell RJ, Saunders RM, Brightling
CE. Comment on “Unraveling a clinical paradox: why does bronchial
thermoplasty work in asthma? Am J Respir Cell Mol Biol 61: 660–
661, 2019. doi:10.1165/rcmb.2019-0095LE.

29. Donovan GM, Elliot JG, Green FH, James AL, Noble PB. Reply to:
comment on “Unraveling a clinical paradox: why does bronchial
thermoplasty work in asthma?” Am J Respir Cell Mol Biol 61: 661–
663, 2019. doi:10.1165/rcmb.2019-0137LE.

30. Chernyavsky IL, Russell RJ, Saunders RM, Morris GE, Berair R,
Singapuri A, Chachi L, Mansur AH, Howarth PH, Dennison P,
Chaudhuri R, Bicknell S, Rose FRAJ, Siddiqui S, Brook BS,
Brightling CE. In vitro, in silico and in vivo study challenges the
impact of bronchial thermoplasty on acute airway smooth muscle
mass loss. Eur Respir J 51: 1701680, 2018. doi:10.1183/
13993003.01680-2017.

31. Adams DC, Hariri LP, Miller AJ, Wang Y, Cho JL, Villiger M, Holz
JA, Szabari MV, Hamilos DL, Scott Harris R, Griffith JW, Bouma
BE, Luster AD,Medoff BD, Suter MJ. Birefringencemicroscopy plat-
form for assessing airway smooth muscle structure and function in
vivo. Sci Transl Med 8: 359ra131, 2016. doi:10.1126/scitranslmed.
aag1424.

32. Goorsenberg AWM, d’Hooghe JNS, de Bruin DM, van den Berk
IAH, Annema JT, Bonta PI. Bronchial thermoplasty-induced acute
airway effects assessed with optical coherence tomography in
severe asthma. Respiration 96: 564–570, 2018. doi:10.1159/
000491676.

33. Li Q, Karnowski K, Noble PB, Cairncross A, James A, Villiger M,
Sampson DD. Robust reconstruction of local optic axis orientation
with fiber-based polarization-sensitive optical coherence tomogra-
phy. Biomed Opt Express 9: 5437–5455, 2018. doi:10.1364/
BOE.9.005437.

34. Eddy RL, Svenningsen S, Kirby M, Knipping D, McCormack DG,
Licskai C, Nair P, Parraga G. Is computed tomography airway count
related to asthma severity and airway structure and function? Am J
Respir Crit Care Med 201: 923–933, 2020. doi:10.1164/rccm.201908-
1552OC.

AIRWAY-SPECIFIC DILATION AFTER BT

J Appl Physiol � doi:10.1152/japplphysiol.00959.2020 � www.jap.org 1213
Downloaded from journals.physiology.org/journal/jappl at (121.074.022.178) on April 29, 2021.

https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1183/20734735.012717
https://doi.org/10.1183/20734735.012717
https://doi.org/10.1097/RTI.0b013e318298733c
https://doi.org/10.1371/journal.pone.0144282
https://doi.org/10.1007/s11548-015-1292-0
https://doi.org/10.1109/tpami.2010.46
https://doi.org/10.1109/tpami.2010.46
https://doi.org/10.1111/j.1469-7580.2007.00811.x
https://doi.org/10.1165/rcmb.2018-0011OC
https://doi.org/10.1165/rcmb.2019-0095LE
https://doi.org/10.1165/rcmb.2019-0137LE
https://doi.org/10.1183/13993003.01680-2017
https://doi.org/10.1183/13993003.01680-2017
https://doi.org/10.1126/scitranslmed.aag1424
https://doi.org/10.1126/scitranslmed.aag1424
https://doi.org/10.1159/000491676
https://doi.org/10.1159/000491676
https://doi.org/10.1364/BOE.9.005437
https://doi.org/10.1364/BOE.9.005437
https://doi.org/10.1164/rccm.201908-1552OC
https://doi.org/10.1164/rccm.201908-1552OC
http://www.jap.org

