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1   |   INTRODUCTION

Testing the response to inhaled methacholine is use-
ful in clinical settings for guiding asthma diagnostics 
(Cockcroft, 2010; Nair et al., 2017; O'Byrne, 2010). The test 
is conventionally measured by spirometry and, therefore, 
requires the patient to perform forceful breathing ma-
neuvers throughout the methacholine challenge to track 

the changes in forced expiratory volume in 1 s (FEV1). 
Alternatively, the methacholine response can be measured 
by oscillometry (King et al., 2020), a technique currently 
spreading in clinical settings (Donohue & Kaminsky, 2024; 
Lundblad et  al.,  2021). Since oscillometry is effortless, 
it is often promoted for people unable to perform the 
forceful spirometric breathing maneuvers. These include 
children, the elderly, and patients for whom the forced 
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Abstract
Oscillometry is proposed as a complementary technique to spirometry for metha-
choline testing. Yet, before being prescribed in conjunction with spirometry, the 
extent by which the oscillometric readouts are influenced by spirometric maneu-
vers, especially the deep inspirations, will need to be determined. Herein, 16 very 
mild-to-mild asthmatics underwent two methacholine challenges on separate 
visits. On visit 1, the response was tracked by both oscillometry and spirometry, 
and the challenge was stopped at the provocative concentration causing a decline 
in forced expiratory volume in 1 s of at least 20%. The same concentration regi-
men was used on visit 2, but the response was tracked by oscillometry only. The 
results demonstrated that, except for resistance at 19 Hz, the changes in all oscil-
lometric readouts were greater in the challenge without spirometry (p ≤ 0.02). The 
maximal change in reactance at 5 Hz (Xrs5), for example, was on average 75.8% 
greater in the challenge without than with spirometry (p = 0.025). The number of 
doubling concentrations of methacholine that was needed to reach an equivalent 
change in Xrs5 was also lower without concomitant spirometry (p = 0.0078). It is 
concluded that the deep inspirations that are required in spirometry to monitor 
the response to methacholine decrease the oscillometric response.
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maneuvers are contraindicated (Jordon et al., 2022). Yet, 
readouts collected by oscillometry are also very different 
from spirometry (Bossé, 2022). They also better disaggre-
gate the contribution of large versus small airways (Chiu 
et  al.,  2020; Cottini et  al.,  2023). Spirometry and oscil-
lometry are therefore complementary, and it would be 
worthwhile to use them together in all people during the 
methacholine challenge.

One inconvenience is that the measurement of FEV1 
in spirometry requires forceful expiratory maneuvers 
starting from a full deep inspiration. While the dynamic 
compression of the forceful expiration does not seem to 
influence the methacholine response (West et al., 2012), 
the deep inspiration is known to attenuate it by causing a 
significant bronchodilation (Allen et al., 2008; Chapman 
et al., 2011; Duggan et al., 1990; Hida et al., 1984; Kapsali 
et  al.,  2000; King et  al.,  2001; Malmberg et  al.,  1993; 
Nadel & Tierney,  1961; Salerno et  al.,  2005; Scichilone 
et  al.,  2001; Skloot & Togias,  2003). Therefore, whether 
oscillometry should be used in conjunction with spirom-
etry for methacholine testing in clinical settings remains 
uncertain. The crux lies in the extent to which the oscil-
lometric readouts are influenced by the deep inspirations 
that are required in spirometry to monitor the response 
to methacholine, which is specifically addressed herein in 
asthmatic patients.

2   |   MATERIALS AND METHODS

All procedures were approved by the ethics committee of 
the IUCPQ (protocol 21,001) and all volunteers gave writ-
ten informed consent. Patients were recruited from the 
staff and students of Université Laval. Only patients with 
an asthma severity classified at steps 1–3 of GINA guide-
lines (Global Initiative for Asthma,  n.d.) were included. 
The other inclusion and exclusion criteria are described 
in a supplementary file.

Patients were enrolled from January to July 2024. All 
subjects attended three visits (visits 0, 1 and 2). Each 
visit was separated by at least 48 h, with an average of 
9.3 ± 4.3 days. For medicated asthmatic patients, short- 
and long-acting β2-agonists were prohibited for at least 8 
and 24 h, respectively, before each visit. Inhaled cortico-
steroids and leukotriene receptor antagonists were also 
prohibited before testing on each visit day. Baseline lung 
function measured by spirometry and respiratory me-
chanics measured by oscillometry were assessed at each 
visit. Owing to the waxing and waning nature of asthma, 
these baseline measurements were important to ascer-
tain that the patients' basal states were on average similar 
and, therefore, unlikely to influence the differences in the 
methacholine response between visits. For these baseline 

measurements, spirometry was performed before oscil-
lometry, but at least 10 min separated both techniques in 
order to avoid the bronchoprotective effect of deep inspi-
rations (Allen et al., 2008; Chapman et al., 2011; Duggan 
et  al.,  1990; Hida et  al.,  1984; Kapsali et  al.,  2000; King 
et al., 2001; Malmberg et al., 1993; Nadel & Tierney, 1961; 
Salerno et  al.,  2005; Scichilone et  al.,  2001; Skloot & 
Togias, 2003). As an indirect index of eosinophilic inflam-
mation, the fraction of exhaled nitric oxide (FeNO) was 
also measured on each visit.

Lung volumes, including total lung capacity (TLC), 
residual volume (RV) and functional residual capacity 
(FRC), were also measured at visit 0 by body plethysmog-
raphy (Platinum Elite™ body plethysmograph with RTD, 
MGC Diagnostics Corporation, Saint Paul, MN). Predicted 
values for spirometric lung function and plethysmo-
graphic lung volumes were from Quanjer et al. (Quanjer 
et al., 2012) and Hall et al. (Hall et al., 2021), respectively.

Methacholine challenges were performed on vis-
its 1 and 2 using the tidal breathing method (Coates 
et  al.,  2017). The procedures are detailed in Figure  1. 
Most procedures on visit 1 are consistent with current 
guidelines (Coates et  al.,  2017). The major difference is 
that oscillometry was also used to monitor the methacho-
line response (Figure 1). Oscillometry was performed as 
recommended by current guidelines (King et  al.,  2020). 
These oscillometric measurements also compelled us to 
extend the time interval between concentrations to 6 min, 
instead of the 5 min recommended in guidelines (Coates 
et  al.,  2017). Another difference with guidelines is that 
we are using concentrations instead of doses to report the 
methacholine response. Since this is an interventional 
study where the same subjects are tested twice, the use of 
concentrations instead of doses should not have affected 
the comparison between visits. Yet, it is acknowledged 
that different doses may have been delivered depending 
on the output of the nebulizer and the breathing pattern 
of the participants on each testing day. The methacholine 
test was stopped when: (1) the concentration of metha-
choline causing a 20% decline in FEV1 (PC20) was reached, 
which was determined in visit 1 but was also used as the 
final dose in visit 2; (2) the maximal concentration of 
16 mg/mL was attained; or (3) the perception of dyspnea 
rose to 7/10 or above on the Borg scale.

The effect of spirometry on the oscillometric response 
to methacholine was assessed by comparing the maximal 
response between visits. Several oscillometric readouts 
were used to quantify this difference. They include: (1) re-
sistance of the respiratory system at 5 Hz (Rrs5), an increase 
reflecting narrowing throughout the entire airway tree; 
(2) resistance of the respiratory system at 19 Hz (Rrs19), 
an increase reflecting large airway narrowing; (3) Rrs5 
minus Rrs19 (Rrs5-19), an increase reflecting small airway 
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narrowing and narrowing heterogeneity; and (4) three dif-
ferent indices of lung stiffness, namely reactance of the 
respiratory system at 5 Hz (Xrs5), resonant frequency (Fres), 
and reactance area (Ax), which respectively decrease, in-
crease, and increase when the lung becomes stiffer due to 
tissue stiffening and/or airway closure.

The end-tidal expiratory lung volume (EELV) was also 
measured at the end of each methacholine challenge. This 
was done to assess the lung volume at which the subject 
was breathing at the end of the methacholine challenge 
and to detect the presence, and quantify the extent, of hy-
perinflation. More precisely, it was done at the very last 

oscillometric measurement (at the 5 min time-point in 
Figure  2b). After breathing at tidal volume for approx-
imately 30 s, as per all the preceding oscillometric mea-
surement time-points, the subjects were instructed to take 
a deep inspiration to TLC before leaving the oscillometric 
device. The volume trace, which was continuously re-
corded during the oscillometric measurement, thus con-
tained a maximal point representing TLC. By referring 
this maximal point to TLC measured at visit 0 by plethys-
mography, it was possible to calculate the volume at which 
the subjects were breathing at any time during this last 
oscillometric measurement. This is valid assuming that 

F I G U R E  1   The two methacholine challenges used in this study. The dosing regimens are illustrated in (a), and the sequence of 
interventions undertaken at each methacholine concentration are presented in (b). At each visit, patients were challenged with incremental 
concentrations of methacholine (upper right table) at 6 min interval using the 2-min tidal breathing method. While the parameters of 
respiratory mechanics were measured by oscillometry at 2.5 and 5 min after the beginning of nebulization of each concentration in both 
visits, the forced expiratory volume in 1 s (FEV1) was additionally measured by spirometry at 3.25 and 4.25 min in visit 1. Triangles indicate 
where both spirometry and oscillometry were performed, while circles indicate where only oscillometry was performed. The challenge in 
visit 1 was stopped when the PC20 (the concentration causing a decline in FEV1 of at least 20%) was reached. The PC20 was also used as 
the final concentration in visit 2. Each oscillometric measurement lasted approximately 30 s (black symbols), over which time the patients 
were asked to breath normally at tidal volume. The only exception is at the very last oscillometric measurement (at 5 min) after the final 
concentration (gray symbols), where they were instructed to take a deep inspiration (DI) to total lung capacity after the ~30-s measurement 
before leaving the mouthpiece.
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TLC is relatively stable over time and not influenced by 
methacholine. The EELV was calculated by taking the 
volumes at the end of each tidal expiration and averaging 
them over the entire period of oscillometric measurement 
(i.e., ~30 s). Hyperinflation was subsequently calculated 
by subtracting FRC (measured on visit 0) from EELV, and 
is expressed in percentage of TLC.

2.1  |  Statistics

Paired t-tests were used to compare between the two vis-
its. The methacholine response for all oscillometric and 
spirometric readouts was fitted to a second order poly-
nomial. The curves were then used for interpolating the 
PC20. A Wilcoxon test was used to compare the number 
of doubling concentrations between visits. Statistical 
analyses were performed using Prism (version 10.4.0, 
GraphPad, San Diego, CA) and p < 0.05 was considered 
significant.

3   |   RESULTS

A total of 16 asthmatic patients were recruited, and all 
completed the study. Demographics and baseline charac-
teristics are shown in Table 1. No significant differences 
were observed at baseline between visits 1 and 2 in terms 
of lung function (spirometry), respiratory mechanics (os-
cillometry), and inflammation (FeNO). The same final 
methacholine concentration was reached on both visits 
for all patients, except one. In the latter, the challenge was 
stopped prematurely in visit 2 (at 2 instead of 8 mg/mL of 
methacholine) because the dyspnea Borg score rose above 
7/10.

The oscillometric results of a representative patient 
are depicted in Figure 2. The maximal response for each 
patient, the one after the final methacholine concentra-
tion, is depicted in Figure  3. The entire concentration-
response, as in Figure  2, cannot be shown in groups 
because the patients were exposed to a different final 
concentration, as well as to a different number of concen-
trations. At 2.5 min after the beginning of nebulization of 
the final concentration, there were no differences in the 
oscillometric results between visits. However, at 5 min, 
the maximal response of all oscillometric readouts, 

except for Rrs19, was greater in visit 2 (without spirome-
try) than in visit 1 (with spirometry). The magnitude of 
the changes in oscillometric readouts caused by the final 
concentration of methacholine compared to baseline, as 
well as the percentage differences between visits are also 
shown in Table 2.

The concentration of methacholine that was required 
to result in an equivalent change in Xrs5 between visits was 
then compared. For this comparison, the PC20 was used, 
except for three patients who did not reach the PC20. In the 
latter, the final concentration was used. This comparative 
concentration was on average 2.8 ± 4.2 mg/mL in visit 1 
and did change Xrs5 by an average of 79.1 ± 54.2%. In order 
to reach the same average change in Xrs5 in visit 2, a con-
centration of 1.3 ± 2.0 mg/mL was required (p = 0.116). In 
terms of doubling concentrations, this change in Xrs5 was 
attained by 3.7 ± 1.8 doubling concentrations in visit 1 ver-
sus 2.8 ± 1.6 doubling concentrations in visit 2 (p = 0.0078). 
This means that an equivalent percentage increase in Xrs5 
was attained with a lower number of doubling concen-
trations in visit 2 compared to visit 1. On an individual 
basis, the number of doubling concentrations to achieve 
the same change in Xrs5 would have changed by −3 in two 
patients, by −2 in two patients, by −1 in six patients, by 0 
in five patients, and by +1 in one patient in visit 2 com-
pared to visit 1.

Hyperinflation, the difference between EELV at the 
end of the methacholine challenge in visit 1 or 2 and FRC 
in visit 0 expressed in percentage of TLC, is depicted in 
Figure 4. One patient did not take the deep inspiration to 
TLC before leaving the device during the last oscillome-
tric measurement in visit 2 (the operator forgot to repeat 
this instruction). As this deep inspiration was required to 
calculate the degree of hyperinflation, this patient was ex-
cluded from this analysis. Another patient was excluded 
because the last methacholine concentrations used in visit 
1 were not tolerated in visit 2. This patient was excluded 
because the comparison of hyperinflation between visits 
is only valid if done at the same final concentration. The 
final sample size for this analysis was thus restricted to 14. 
The results demonstrate that hyperinflation was observed 
on both visits, but it was substantially greater in visit 2 
than visit 1 (p < 0.0001). Note that two patients in visit 1 
had a negative value of hyperinflation, meaning that they 
deflated (i.e., their EELV decreased) during the methacho-
line challenge.

F I G U R E  2   Representative oscillometric responses to methacholine of one patient on visit 1 (open circles), where spirometry 
was performed, and on visit 2 (solid squares), where spirometry was not performed. The results at 2.5 and 5 min after the beginning 
of nebulization of each concentration are displayed on the left and right, respectively. As seen on graphs, this patient inhaled four 
concentrations of methacholine. Respiratory system resistance at 5 Hz (Rrs5), respiratory system resistance at 19 Hz (Rrs19), Rrs5 minus Rrs19 
(Rrs5-19), respiratory system reactance at 5 Hz (Xrs5), resonant frequency (Fres) and reactance area (Ax) are shown from top to bottom.
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4   |   DISCUSSION

No previous studies have directly compared the oscillo-
metric response to methacholine with and without con-
comitant spirometry. This comparison has previously 
been called for (Donohue & Kaminsky,  2024), includ-
ing in current guidelines (King et al., 2020). The present 
study demonstrated that the deep inspirations required in 
spirometry to track lung function during a methacholine 
challenge attenuate the oscillometric response.

Many investigators have evaluated the methacholine 
response by using both spirometry and oscillometry during 
the same challenge (Bailly et al., 2011; Broeders et al., 2005; 

Corral-Blanco et al., 2024; Jara-Gutierrez et al., 2019; Kim 
et al., 2009; Mansur et al., 2008; Naji et al., 2013; Nazemiyah 
et  al.,  2021; Petak et  al.,  2012; Schulze et  al.,  2012; 
Short et  al.,  2015; Urbankowski & Przybylowski,  2021; 
Vink et al., 2003; Yoon et al., 2014). Others have used os-
cillometry alone; i.e., without comparing it with the com-
bined use of oscillometry and spirometry (Jee et al., 2010; 
Kalliola et  al.,  2014; Klug & Bisgaard,  1997). The results 
indicated that oscillometry is either equivalent or supe-
rior to monitoring the methacholine response or detecting 
hyperresponsiveness (i.e., a decline in FEV1 of more than 
20% with a concentration of methacholine inferior to 4 mg/
mL). Since oscillometry is less demanding for both the 

Sample size 16

Sex (% female) 75

Age (years) 29.0 ± 14.5

Ethnicity 16 Caucasians

Number of ever smoker 0

BMI (kg/m2) 26.6 ± 5.1

Medication, number of patients SABA 11

LABA 6

ICSa 12

LTRA 0

TLC (L) 6.2 ± 0.8

TLC (% of predicted value) 107.9 ± 10.9

FRC (L) 3.1 ± 0.5

FRC (% of predicted value) 103.9 ± 11.3

RV (L) 1.9 ± 0.5

RV (% of predicted value) 118.0 ± 25.1

Visit 1 Visit 2 p value

FEV1 (L) 3.4 ± 0.6 3.5 ± 0.5 0.37

FEV1 (% of predicted value) 94.1 ± 13.5 96.2 ± 13.3 0.30

Rrs5 (cmH2O·s/L) 3.9 ± 1.3 3.9 ± 1.3 0.75

Rrs19 (cmH2O·s/L) 3.2 ± 0.6 3.2 ± 0.7 0.95

Rrs5-19 (cmH2O·s/L) 0.7 ± 1.1 0.7 ± 0.9 0.59

Xrs5 (cmH2O·s/L) −1.9 ± 1.3 −1.7 ± 1.0 0.34

Fres (Hz) 18.3 ± 8.9 18.8 ± 9.3 0.73

Ax (cmH2O/L) 13.6 ± 18.8 12.8 ± 15.1 0.72

FeNO (ppb) 22.2 ± 11.5 26.1 ± 15.6 0.15

Final methacholine concentration (mg/mL) 3.2 ± 4.2 2.8 ± 4.0 0.33

Note: Numbers are means ± SD.
Abbreviations: Ax, reactance area between 5 Hz and Fres; BMI, body mass index; FeNO, fraction of 
exhaled nitric oxide; FEV1, forced expiratory volume in 1 s; FRC, functional residual capacity; Fres, 
resonant frequency; ICS, inhaled corticosteroids; LABA, long-acting β2-agonists; LTRA, leukotriene 
receptor antagonists; ppb, parts per billion; Rrs19, respiratory system resistance at 19 Hz; Rrs5, respiratory 
system resistance at 5 Hz; Rrs5-19, Rrs5 minus Rrs19; RV, residual volume; SABA, short-acting β2-agonists; 
TLC, total lung capacity; Xrs5, respiratory system reactance at 5 Hz.
aThe mean dose of ICS for nine patients was 250.0 ± 108.3 μg of fluticasone propionate equivalent. The 
other three patients were prescribed ICS as needed.

T A B L E  1   Demographics, as well as 
baseline lung function.
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patient and the operator, these studies already suggested 
that oscillometry should be the technique of predilection 
for methacholine testing.

Some advantages of oscillometry may also be po-
tentiated without concomitant spirometry. Indeed, ex-
cluding forceful breathing maneuvers should decrease 
the risk of exposure to airborne pathogens (and respira-
tory infections) for the operator and other health practi-
tioners working at or near lung physiology labs (Gupta 
et al., 2021; Kouri et al., 2020; Lundblad & Chow, 2020). 
Oscillometry alone is also likely to decrease the concentra-
tion of methacholine needed to report a positive response, 
since deep inspirations, such as the ones required for mea-
suring FEV1, attenuate the methacholine response (Allen 
et  al.,  2008; Chapman et  al.,  2011; Duggan et  al.,  1990; 
Hida et  al.,  1984; Kapsali et  al.,  2000; King et  al.,  2001; 
Malmberg et  al.,  1993; Nadel & Tierney,  1961; Salerno 
et al., 2005; Scichilone et al., 2001; Skloot & Togias, 2003). 
Although long suspected (Petak et  al.,  2012), this latter 
benefit had never been directly quantified before. Using 
oscillometry alone may also improve the diagnosis of 
asthma by increasing the number of positive test results, 
depending on the cut-offs chosen for the oscillometric 
readouts.

The present study was specifically designed to compare 
the oscillometric response to methacholine with or with-
out concomitant spirometry in a group of very mild to mild 
asthmatics. The results demonstrated that omitting the spi-
rometric measurements enhances, at least on average, the 
oscillometric response to methacholine, which confirms 
long-held suspicions (Petak et al., 2012). This was shown 
for all oscillometric readouts, except for Rrs19. It is worth 
mentioning that Rrs19 changed relatively less compared to 
the other oscillometric readouts (Table 2), probably due, 
at least in part in this study, to the low methacholine con-
centrations used with asthmatics. We have also previously 
demonstrated, in both healthy and asthmatic individuals, 
that the effect of methacholine during a serial challenge 
with incremental concentrations is cumulative for oscil-
lometric readouts appraising the lung and small airways 
(Rrs5, Rrs5-19, Xrs5, Fres, Ax) but not for readouts apprais-
ing exclusively large airways (Rrs19) (Henry et al., 2023), 
which may also account for the lack of difference in Rrs19 
between visits in the present study. Previous studies have 
also documented that large airways are less responsive to 
the bronchodilator effect of deep inspirations than small 
airways (Brown et al., 2001; Marchal et al., 2002), which 
may be another reason why the changes in Rrs19 were not 
different between visits.

Importantly, although an equivalent change in Xrs5 
was attained with a lower number of doubling con-
centrations in visit 2 than visit 1 (p = 0.0078), this dif-
ference did not represent one doubling concentration. 
This means that the final concentration used, as well as 
the duration of the methacholine test, would only be re-
duced in a fraction of patients. The effect size reported 

FIGURE 3  Maximal methacholine responses of all patients on visit 
1, where spirometry was performed, and on visit 2, where spirometry 
was not performed. The results at 2.5 and 5 min after the beginning 
of nebulization of the final concentration are displayed on the left 
and right, respectively. Respiratory system resistance at 5 Hz (Rrs5), 
respiratory system resistance at 19 Hz (Rrs19), Rrs5 minus Rrs19 (Rrs5-19), 
respiratory system reactance at 5 Hz (Xrs5), resonant frequency (Fres) 
and reactance area (Ax) are shown from top to bottom. Statistics are 
based on paired t-tests. Individual results are shown (solid circles), 
together with the mean ± SD (gray) of each visit. For each patient, a 
line is connecting the results of both visits. n = 16.
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in the present study is therefore not as pronounced as 
anticipated. In fact, there were no significant differences 
between visits at 2.5 min (Figure  3), corresponding to 
the time point after the final concentration before spiro-
metric maneuvers. This means that all deep inspirations 
during the preceding concentrations did not influence 
the oscillometric response to the final concentration. 
Yet, it is also understood that at concentrations lower 
than the PC20, the response is oftentimes weak or non-
existent, which likely foreclosed the bronchodilator ef-
fect of deep inspirations and perhaps explains the lack 
of difference between visits up to that point. Another 
possibility contributing to both the difference at 5 min 
and the lack of difference at 2.5 min is that the deep in-
spirations used to monitor the response to the preceding 
doses may have enhanced the bronchodilator effect of 
the deep inspirations used to monitor the response to 
the final dose. Indeed, Crimi and coworkers have previ-
ously demonstrated that the bronchoprotective effect of 
a series of deep inspirations was related to the fact that 
it potentiates the bronchodilator effect of a subsequent 
deep inspiration (Crimi et al., 2002).

A striking, and more surprising, difference between 
visits was the level of hyperinflation achieved at the end 
of the methacholine challenge. Although hyperinflation 
during a methacholine challenge is a phenomenon un-
derstudied, it is consistently reported when investigated 
(Eddy et al.,  2020; Geier et al.,  2019; Henry et al.,  2023; 
Smith et  al.,  2020). Herein, hyperinflation was observed 
on both visits but was greater in visit 2 (19.9 ± 9.2% of 
TLC) compared to visit 1 (11.5 ± 8.1% of TLC). This dif-
ference is substantial. For a patient with a TLC of 8 L who 

is normally breathing at an EELV (or FRC) of 4 L, for ex-
ample, this would mean breathing at 5.6 L in visit 2 in-
stead of 4.9 L in visit 1. It confirmed, once again, that the 
methacholine response was greater without spirometric 
measurements.

Hyperinflation is obviously an important confound-
ing factor because respiratory mechanics, as well as 
the methacholine-induced changes in respiratory me-
chanics, are strongly related to lung volume (Briscoe & 
Dubois, 1958; Ding et al., 1987; Gobbi et al., 2024). In fact, 
increasing EELV in healthy volunteers exerts a greater 
attenuating effect on the methacholine response than 
increasing the dynamic swings in tidal volume (Gobbi 
et al., 2024). Breathing at a higher lung volume decreases 
resistance because it stretches the airways open, and it 
also typically decreases elastance (and therefore increases 
reactance) because it recruits small airways and volume. 
The greater hyperinflation in visit 2 may thus explain why 
the size of the reported effect was not as large as antic-
ipated, or why there were still no differences between 
visits at 2.5 min after inhaling the final methacholine 
concentration.

Together, these suggest that the greater oscillometric 
response in visit 2 versus visit 1 may have been amplified 
if one had been controlling for lung volume. Since hyper-
inflation is unconscious, its blunting effect on the metha-
choline response will remain a limitation, probably 
carrying more weight in oscillometry than spirometry. 
Although not recommended in current guidelines (King 
et al.,  2020), we suggest that a deep inspiration to TLC 
at the last oscillometric measurement (before leaving the 
mouthpiece) should be incorporated in routine testing, 

T A B L E  2   Changes induced by methacholine between visits.

2.5 min 5 min

Visit 1 Visit 2 Delta (%)a p value Visit 1 Visit 2 Delta (%)a p value

ΔRrs5
(cmH2O·s/L)

2.6 ± 2.1 3.1 ± 2.0 18.9 0.29 2.0 ± 1.7 3.2 ± 2.1 55.9 0.012

ΔRrs19
(cmH2O·s/L)

0.5 ± 0.6 0.5 ± 0.6 0.9 0.97 0.4 ± 0.4 0.6 ± 0.6 49.0 0.19

ΔRrs5-19
(cmH2O·s/L)

2.1 ± 1.9 2.6 ± 1.7 23.2 0.24 1.6 ± 1.6 2.6 ± 1.7 57.5 0.018

ΔXrs5
(cmH2O·s/L)

−2.9 ± 3.0 −4.1 ± 3.2 41.9 0.14 −2.1 ± 2.3 −3.7 ± 2.7 75.8 0.025

ΔFres
(Hz)

14.6 ± 9.6 17.2 ± 9.2 17.6 0.31 12.3 ± 7.6 15.7 ± 9.3 28.1 0.16

ΔAx
(cmH2O/L)

44.3 ± 36.5 61.3 ± 45.2 38.5 0.10 33.9 ± 31.4 55.9 ± 42.8 65.0 0.018

Note: Numbers are means ± SD. Bold p values signify that they are statistically significant.
Abbreviations: Ax, reactance area between 5 Hz and Fres; Fres, resonant frequency; Rrs19, respiratory system resistance at 19 Hz; Rrs5, respiratory system 
resistance at 5 Hz; Rrs5-19, Rrs5 minus Rrs19; Xrs5, respiratory system reactance at 5 Hz.
aDelta in percentage was calculated as: (value of visit 2 − value of visit 1) ÷ value of visit 1 × 100.
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especially during a methacholine challenge, so that the 
volume at which the patient is breathing could at least 
be reported. Notably, experimental data on isolated bron-
chi also demonstrated that hyperinflation blunted the 
bronchodilator response to deep inspirations (Cairncross 
et al., 2018). Since hyperinflation was observed in visit 1, 
it may have diminished the differences between visits 1 
and 2 and contributed to the small effect size reported in 
the present study.

Another reason why the effect size was small may be re-
lated to the studied population. Indeed, asthmatic patients 
are known to exhibit a weaker bronchodilator response to 
deep inspirations (Allen et  al.,  2008; Black et  al.,  2004; 
Burns et al., 1985; Fish et al., 1981; Jensen et al., 2001; Lim 
et  al.,  1987; Salome et  al.,  2003; Scichilone et  al.,  2001; 
Skloot et al., 1995; Slats et al., 2007; Wheatley et al., 1989), 
thereby explaining the small effect of spirometry on the 
oscillometric response in the present study. The differ-
ences between visits may have also been mitigated in asth-
matic patients because of their faster rate of re-narrowing 
following the bronchodilation caused by the deep inspi-
ration (Brown et  al.,  2001; Jackson et  al.,  2004; Jensen 
et al., 2001; Salome et al., 2003). It is also worth mention-
ing that the bronchodilator response to deep inspirations 
in asthma is related to disease severity (Allen et al., 2008). 
In fact, the response can even be inversed in more se-
vere asthma cases, where a deep inspiration may cause a 
bronchoconstriction (Fish et  al.,  1977; Lim et  al.,  1989). 
The reported effect size in the present study may thus 
vary according to the population studied, being possibly 
greater in non-asthmatic individuals and possibly smaller, 

perhaps nonexistent, in more severe asthmatic patients. 
Other studies will be needed.

4.1  |  Conclusion

The oscillometric response to methacholine is significantly 
attenuated by concomitant spirometry. Using oscillom-
etry alone also reduces the number of doubling concen-
trations needed to reach an equivalent response. Yet, 
because hyperinflation during the challenge is furthered 
in the absence of periodic forceful spirometric maneuvers 
starting from a full deep inspiration, the size of this ef-
fect is small. By no means would the results of the present 
study discourage the use of oscillometry and spirometry 
in the same challenge. However, if the two techniques are 
to be used individually in clinical settings, it is argued that 
oscillometry supplants spirometry for methacholine test-
ing, not only for people unable to perform spirometry but 
for everyone. This is partially based on the results of the 
present study, showing that the impact on clinical out-
come would be minimal and it would hasten the test for a 
significant proportion of patients by reducing the number 
of methacholine doses, but also because oscillometry is 
easier (requiring no forceful expiratory maneuver starting 
from a full deep inspiration) than spirometry.
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