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High throughput screening 
of airway constriction in mouse 
lung slices
Magali Boucher 1, Cyndi Henry 1, Louis Gélinas 1, Rosalie Packwood 1, Andrés Rojas‑Ruiz 1, 
Liah Fereydoonzad 2, Percival Graham 2 & Ynuk Bossé  1*

The level of airway constriction in thin slices of lung tissue is highly variable. Owing to the labor-
intensive nature of these experiments, determining the number of airways to be analyzed in order 
to allocate a reliable value of constriction in one mouse is challenging. Herein, a new automated 
device for physiology and image analysis was used to facilitate high throughput screening of 
airway constriction in lung slices. Airway constriction was first quantified in slices of lungs from 
male BALB/c mice with and without experimental asthma that were inflated with agarose through 
the trachea or trans-parenchymal injections. Random sampling simulations were then conducted 
to determine the number of airways required per mouse to quantify maximal constriction. The 
constriction of 45 ± 12 airways per mouse in 32 mice were analyzed. Mean maximal constriction was 
37.4 ± 32.0%. The agarose inflating technique did not affect the methacholine response. However, the 
methacholine constriction was affected by experimental asthma (p = 0.003), shifting the methacholine 
concentration–response curve to the right, indicating a decreased sensitivity. Simulations then 
predicted that approximately 35, 16 and 29 airways per mouse are needed to quantify the maximal 
constriction mean, standard deviation and coefficient of variation, respectively; these numbers 
varying between mice and with experimental asthma.
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Lung slices have been used for decades to study airway constriction1. Yet, the quantification of airway constric-
tion in lung slices remains time-consuming and labor-intensive. This is not only due to technical challenges of 
mounting a tiny and frail piece of fresh lung tissue under living conditions where luminal airway narrowing 
can be visualized during the stimulation of smooth muscle, but also because of the inherently large variability 
in the level of constriction between airways. This variability is cumbersome as it implies that large sample sizes 
are required to achieve adequate statistical power.

In the present study, a new automated device for physiology and image analysis, called the physioLens, was 
used to facilitate high throughput screening of airway constriction in lung slices from male BALB/c mice. Airway 
constriction was measured and compared between mice with and without experimental asthma. Experimental 
asthma was induced by repeated exposures to intranasal house-dust mite (an allergen). For both groups, two 
filling techniques were used to inflate the lung with agarose. The first inflating technique, hereinafter called the 
traditional technique, consists of infusing agarose into the trachea. The second technique, hereinafter called 
the needle technique, consists of injecting several boluses of agarose directly through the parenchyma with a 
needle. Random sampling simulations were then conducted to determine the number of airways to be analyzed 
in order to allocate reliable values of maximal constriction in one mouse in terms of mean, standard deviation 
(SD), coefficient of variation (CoV) and median, as well as to determine the extent by which these numbers vary 
from mouse to mouse and between experimental groups.

Results
Data
Baseline airway dimensions were not different between subgroups of mice (experimental asthma, p = 0.68; 
inflating technique, p = 0.30; and interaction, p = 0.68). More precisely, when lungs were inflated with the tradi-
tional technique, airway diameter was on average 252 ± 57 and 265 ± 53 µm in saline- and HDM-exposed mice, 

OPEN

1Institut Universitaire de Cardiologie et de Pneumologie de Québec (IUCPQ)—Université Laval, Pavillon M, room 
2687, 2725, chemin Sainte‑Foy, Quebec, Qc  G1V 4G5, Canada. 2SCIREQ Inc., Montreal, QC, Canada. *email: 
ynuk.bosse@criucpq.ulaval.ca

http://orcid.org/0000-0002-2023-3130
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-71170-3&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20133  | https://doi.org/10.1038/s41598-024-71170-3

www.nature.com/scientificreports/

respectively. When lungs were inflated with the needle technique, airway diameter was on average 242 ± 29 and 
242 ± 26 µm in saline- and HDM-exposed mice, respectively.

An example of an airway constricting in response to incremental concentration of methacholine is depicted 
in Fig. 1. A total of 1457 airways were analyzed from 534 lung slices, averaging 2.7 airways per slice. The number 
of airways analyzed per mouse in each subgroup is shown in Table 1. 

The concentration–response curves are depicted in Fig. 2. Neither experimental asthma nor the inflating 
technique significantly affected the concentration–response curve. However, there was a significant interaction 
between methacholine and experimental asthma (p = 0.003), suggesting that experimental asthma altered the 
methacholine response. On visual inspection, the curves in subgroups with experimental asthma were shifted 
to the right, and also upwards at the highest concentrations of methacholine. Post-hoc analyses to compare 
between subgroups at each methacholine concentration indicated that none of these pairwise comparisons 
were significant.

The mean maximal constriction in all airways was 37.4 ± 32.0%. This level of variability is similar to that 
reported by others2–6. The mean, SD, CoV and median for each mouse and each subgroup are depicted in Table 1. 
The results for the mean in each mouse and the average ± SD of the mean in each subgroup are also depicted in 
Fig. 3. Neither experimental asthma nor the inflating technique significantly influenced the maximal constriction.

The concentration of methacholine causing 50% of the maximal response (EC50) is depicted in Fig. 4. While 
the inflating technique did not influence the EC50, experimental asthma significantly increased the EC50, indi-
cating a decreased sensitivity to methacholine.

Fig. 1.   An example of an airway constricting in response to incremental concentrations of methacholine. Each 
picture represents the peak constriction captured by the physioLens at each concentration. The methacholine 
concentration is indicated above each picture. The percentage of constriction is also indicated underneath each 
picture. In this example, maximal constriction, measured in response to 10−4 M of methacholine, was 63.5%.

Table 1.   Summary of data from mice exposed to either saline (left) or HDM (right) with their lung inflated 
with either the traditional technique (A) or the needle technique (B). Averages of the eight mice per subgroup 
are in bold. CoV, coefficient of variation; HDM, house-dust mite; SD, standard deviation.

Mouse

Saline HDM

Sample size Mean SD CoV Median Sample size Mean SD CoV Median

A. Airway constriction in lungs inflated by the traditional technique

 1 32 33.7 31.0 0.92 20.3 35 38.6 29.8 0.77 29.7

 2 37 23.9 27.5 1.15 11.1 41 34.5 24.4 0.71 28.3

 3 47 37.2 29.3 0.79 28.4 42 31.1 29.0 0.93 19.5

 4 51 40.2 31.5 0.78 30.4 42 29.9 25.8 0.86 15.3

 5 46 21.8 19.0 0.87 18.9 42 32.9 25.1 0.76 31.3

 6 46 30.8 30.5 0.99 19.3 46 40.9 32.0 0.78 42.0

 7 53 54.1 34.3 0.63 64.9 89 53.8 30.7 0.57 63.5

 8 66 30.3 32.5 1.07 13.9 61 34.6 29.6 0.86 24.7

 Average 47.3 34.0 29.4 0.90 25.9 49.8 37.0 28.3 0.78 31.8

B. Airway constriction in a lung lobe inflated by the needle technique

 1 41 38.0 38.5 1.01 23.5 35 38.0 33.6 0.88 22.6

 2 36 24.2 30.2 1.25 9.3 40 53.1 36.5 0.69 52.6

 3 39 32.3 34.1 1.06 10.4 39 35.6 31.7 0.89 27.7

 4 37 24.8 25.4 1.03 15.0 41 32.3 28.7 0.89 29.0

 5 31 37.1 34.2 0.92 33.0 42 55.9 28.1 0.50 64.3

 6 41 28.8 31.6 1.10 12.3 38 37.3 30.2 0.81 40.6

 7 46 50.2 33.9 0.67 57.8 57 38.1 33.6 0.88 25.0

 8 63 47.2 34.0 0.72 48.2 55 29.8 31.9 1.07 18.0

 Average 41.8 35.3 32.7 0.97 26.2 43.4 40.0 31.8 0.83 35.0
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Simulations
The minimum sample size to achieve reliable estimators (i.e., mean, SD, CoV and median) of maximal constric-
tion in each mouse is depicted in Table 2. As illustrated in Fig. 5, this value represents the minimum sample size 
where the running estimator would stabilize within a tolerance interval of ± 20% of the final running estimator 
(n = 150) with 80% conformity. Further explanations are provided in Methods.

The minimum sample size varied between mice. For the 32 mice combined, the average minimum sample 
size is: 35 ± 10 for the mean, with a spread of 13–56; 16 ± 7 for the SD, with a spread of 9–41; and 29 ± 5 for the 
CoV, with a spread of 18–41. It can thus be seen that the minimum sample size also varied markedly between 
estimators (i.e., mean, SD, CoV and median). In each subgroup, the SD exhibited the lowest minimum sample 
size, followed in order by the CoV, the mean and the median. In fact, the median never achieved stability within 
the set ± 20% interval of tolerance for many mice over the sample sizes investigated (Table 2).

The minimum sample size also varies between subgroups. Experimental asthma significantly decreased the 
minimum sample size for the mean (p = 0.021), but not for the SD (p = 0.43) and the CoV (p = 0.46). In contra-
distinction, the inflating technique did not influence the minimum sample size for the mean (p = 0.34), the SD 
(p = 0.46) and the CoV (p = 0.15).

Table 2 also depicts this minimum sample size using intervals of tolerance of ± 10 or 5%. It can be seen that 
a greater accuracy quickly translates into substantially higher minimum sample sizes for all estimators. The 
change in the percentage of conformity with an increasing sample size is also depicted in Fig. 6. It is shown for 
each estimator and for every tested interval of tolerance in each subgroup of mice.

Finally, running the simulations again by analyzing only airways with baseline diameter between 150 and 
350 µm did not significantly affect the minimum sample sizes. For the 32 mice combined and using an interval 
of tolerance of ± 20% with 80% conformity, the average minimum sample size was then 34 ± 13 for the mean, 
17 ± 11 for the SD, and 29 ± 5 for the CoV.

Fig. 2.   Concentration–response curves, displaying airway constriction over increasing concentration of 
methacholine in mice exposed to either saline (blue) or house-dust mite (red) with their lungs inflated with 
either the traditional technique (darker colors) or with the needle technique (lighter colors). Results of the three-
way ANOVA are shown below the graph. n = 8.
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Fig. 3.   Maximal airway constriction, showing the constriction in response to the highest concentration of 
methacholine tested (i.e., 10−4 M) in mice exposed to either saline (blue) or house-dust mite (red) with their 
lungs inflated with either the traditional technique or with the needle technique. Results of the two-way ANOVA 
are shown below the graph. n = 8.

Fig. 4.   The EC50, showing the concentration of methacholine causing 50% of the maximal response in mice 
exposed to either saline (blue) or house-dust mite (red) with their lungs inflated with either the traditional 
technique or with the needle technique. Results of the two-way ANOVA are shown below the graph. n = 8.
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Table 2.   Summary of simulated data for mice of each subgroup (A through D). Averages of the eight mice per 
subgroup are in bold. The value in each cell represents the sample size required to achieve the indicated level of 
tolerance with 80% conformity in terms of maximal constriction (i.e., induced by 10−4 M of methacholine). This 
value is provided for the mean, the standard deviation (SD), the coefficient of variation (CoV) and the median 
in each mouse. The average of the eight mice is also provided on the last row if a value ≤ 125 was obtained for all 
mice.
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Discussion
Overall
In this study, the physioLens was used to measure airway constriction in response to six incremental concen-
trations of methacholine. It was done on an average of 45 ± 12 airways per mouse in 32 mice divided in four 
subgroups depending on their previous exposure to either saline or HDM and on whether their lungs had been 
inflated with the traditional or the needle technique. It is shown that experimental asthma, but not the inflat-
ing technique, significantly interacts with the response to methacholine. This interactive effect of experimental 
asthma was especially characterized by a decreased sensitivity to methacholine. Random sampling simulations 
then suggested that approximately 35, 16 and 29 airways would be the minimum sample sizes to assign a reliable 
mean, SD and CoV, respectively, of maximal constriction in one mouse.

Airway constriction in lung slices
Dandurand and coworkers were the first to study airway constriction in lung slices1. Following technical refine-
ments for cutting the lungs into slices from other pioneering work of Martin and coworkers7, the technique 
became commonly referred to as the precision-cut lung slice (PCLS). Although full of promise, studying airway 
constriction in lung slices entails dealing with an inconveniently large degree of variability1,3,4,6–38. Indeed, in 
any given mouse, while an airway may constrict by 100%, another one may not budge in response to the same 
concentration of methacholine. One way of dealing with this variability is to increase the sample size. This is the 
strategy that was utilized in the present study. Using the physioLens, constriction was first quantified in 1457 air-
ways in slices of lungs inflated by two different techniques from mice with or without experimental asthma. This 
collection of data was then used in simulation studies to determine the minimum sample size that would have 
been needed in each mouse in order to obtain a reliable value of airway constriction, as well as to determine the 
extent by which this minimum sample size varies between mice and between different experimental conditions.
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Fig. 5.   A representative trace of one iteration (black dots), showing the evolution of the running mean for 
the maximal airway constriction over 150 samples selected randomly from the dataset of one mouse (mouse 
2, exposed to house-dust mite and with its lungs inflated with the traditional technique). The vertical light 
gray bars are the standard deviation for this specific iteration. Nine other traces are also shown in gray in the 
background. The blue horizontal dotted line is a landmark showing the final running mean (i.e., the running 
mean at n = 150). The blue lines in parallel represent the interval of tolerance, which was set in this example to be 
20% above and below the final running mean. The red vertical dotted line is the point of stability, representing 
the minimum sample size (n = 26) for this specific iteration (in black) where all the subsequent running means 
never deviated from the final running mean by more than 20%. The orange and purple vertical dotted lines are 
landmarks showing the number of airways that were actually analyzed in this specific mouse (n = 41) and the 
average number of airways analyzed per mouse in this study (n = 45), respectively.
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Minimum number of airways to analyze per mouse
These simulation studies were an attempt to guide future experimenters regarding the minimum sample size that 
is required to obtain a reliable value per mouse for each estimator of airway constriction. The chosen interval of 
tolerance (i.e., ± 20%) and the accepted percentage of conformity (i.e., 80%) were arbitrary and can be tailored to 
any desired level of accuracy depending on the purpose. It was still concluded that owing to the inherently large 
variability of airway constriction in lung slices, varying from nil to 100%, the median will never be a practical 
estimator of central dispersion. Inversely, the variability within each mouse (SD and CoV) stabilized at relatively 
low sample sizes, meaning that in instances where the objective is to capture heterogeneity, lower sample sizes 
(16 ± 7 for the SD and 29 ± 5 for the CoV) should normally be enough. Finally, the minimum sample size to 
obtain a reliable mean stabilized at intermediate numbers of 35 ± 10 airways.

The minimum sample size for each estimator varied substantially between mice. Although some of this 
inter-subject variability may be biological, we think a lot of it can also be related to other technical issues, such 
as barotrauma or insufficient inflation in part of the lungs, variable degree of damage during slicing, changing 
agarose temperature across the lung during filling, etc. Other solutions will need to be advanced to address these 
potential sources of variability.
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Fig. 6.   Conformity over the sample size, showing how the percentage of conformity increases with increasing 
sample size at three different intervals of tolerance for each estimator (mean, SD, Coefficient of variation (CoV), 
and median) in each subgroup of mice. Every data point represents the mean ± SD of 8 mice. For clarity, only 
results of every fifth sample size are shown. The red horizontal dotted line in every graph is the set level of 
conformity used in the present study. The gray vertical dotted line in some graphs is aligned with the sample size 
where 80% conformity was achieved when the interval of tolerance was set at ± 20%. These latter sample sizes are 
also shown as the average of every subgroup of mice for each estimator in Table 2.
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Experimental asthma on airway constriction
The minimum sample sizes were on average smaller in mice exposed to HDM versus saline (Table 2). The rea-
son for this is unfortunately unclear. Experimental asthma also significantly interacts with airway constriction 
induced by incremental concentrations of methacholine (Fig. 2). The concentration–response curves in experi-
mental asthma were indeed shifted. Further analyses suggested that while maximal constriction was not affected 
significantly by experimental asthma (Fig. 3), the sensitivity to methacholine was significantly decreased (Fig. 4). 
It is thus concluded that the main effect of experimental asthma is to decrease the sensitivity to methacholine, at 
least in the mouse model of asthma used herein. This could have not been predicted based on a previous study, 
showing no differences in tracheal contractility between mice with and without experimental asthma using the 
same model and the same strain of mice39. Nonetheless, the decreased sensitivity of the airway smooth muscle 
to methacholine in asthma was reported previously by many others40–46.

More studies will obviously be needed to test the sensitivity of airways in lung slices from other animal mod-
els of asthma, as well as in asthmatic individuals. In other studies on lung slices in mouse models of asthma, a 
decrease22, no changes23,47, or an increase24 in airway constriction to methacholine was reported. Importantly, 
no enlargement of the airway smooth muscle is observed in the asthma model used in the present study39,48. 
Other studies using different models have shown varying degrees of airway smooth muscle remodeling, as well 
as other structural changes in the airway wall and the parenchyma, such as collagen deposition, which may 
perhaps explain some discrepancies22–24. Notably, mouse strains and sex also greatly influence the response 
to methacholine49,50. Future studies will be needed to isolate the effect of each of these confounders on airway 
constriction in lung slices.

In combination with previous findings, the present study also provides important insights about the root 
cause of hyperresponsiveness. Using the same model of asthma and the same mouse strain, it was clearly shown 
that mice with experimental asthma exhibits hyperresponsiveness to nebulized methacholine in vivo39,48. As 
aforementioned, the contractility of the excised trachea between mice with and without experimental asthma 
was also measured in one of the latter studies in order to compare isometric force, a widely used readout to 
assess the contractile capacity of the airway smooth muscle. Isometric force was shown to be virtually identical 
between mice with and without experimental asthma39. It was concluded that defects in smooth muscle con-
tractility are unlikely to contribute to in vivo hyperresponsiveness in this specific mouse model. Yet, isometric 
force does not occur in vivo and may not be the best contractile readout to assess the muscle’s contribution to 
the in vivo response to methacholine51. Ex vivo isometric force actually correlates very poorly with the level of 
in vivo response to methacholine in both mice52 and humans45,53–59. Inasmuch as the lung slice technique is a 
proper ex vivo model for quantifying airway constriction, the present study suggests that excessive airway nar-
rowing due to exaggerated airway smooth muscle shortening is also not a feature contributing to methacholine 
hyperresponsiveness in vivo in this specific mouse model of asthma. These findings are thus more consistent 
with a mounting literature, suggesting that the root cause of hyperresponsiveness in asthma or experimental 
asthma is not due to a defect in airway smooth muscle contraction but to airway narrowing heterogeneity60–66 
and closure60,67–69.

Inflating technique on airway constriction
The inflating technique had no significant effect on the minimum sample size for any of the estimators. Addition-
ally, the choice of inflating technique neither affected airway constriction nor the effect of experimental asthma 
on the methacholine response. This is convenient. It means that the lungs can either be inflated by infusing aga-
rose into the trachea when the whole lungs are available or by injecting several boluses of agarose with a needle 
in an excised lobe without significantly changing the outcomes. Since the former technique is most commonly 
employed with animal tissues and the latter with human tissues, the lack of differences between the two tech-
niques in the same tissue reinforces the translatability of animal work. Obviously, this finding does not obviate 
the need to compare with a piece of lung with wide perforations of its visceral pleura (vs. the several needle-wide 
perforations used in the present study), which is most often the case with human tissues. The inflation with the 
needle in an excised lobe may also be advantageous because it implies that the other lobes would be available for 
other purposes. In line with the 3Rs, this would limit the number of animals in research.

Conclusion
The large variability of airway constriction in lung slices implies studying large sample sizes, which come with 
practical difficulties. Herein, the physioLens was used to unbiasedly quantify airway constriction in a great 
number of airways in a fully automated manner. The approach was successful to measure airway constrictions 
in lungs from mice with and without experimental asthma that were inflated by two different techniques. It 
is predicted that analyzing approximately 35, 16 and 29 airways would provide a reliable mean, SD and CoV, 
respectively, of maximal constriction in one mouse. Although these numbers vary from mouse to mouse and 
between mice with and without experimental asthma, we hope it will provide guidance for future experimenters 
regarding the minimum sample size that is required per mouse to obtain estimators of contraction that suited 
any desired level of accuracy.

Methods
Mice
Thirty-two male BALB/c mice (Charles River, Saint-Constant, Canada) were studied at 9–11 weeks of age. 
They were provided food and water ad libitum at all times. All methods were approved by the Committee of 
Animal Care of Université Laval following the guidelines from the Canadian Council on Animal Care (protocol 
2023–1303-1) and complied with the ARRIVE guidelines.
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Experimental asthma
Half of mice were exposed to 25 μL of saline and the other half to 25 μL of 2 mg/mL of house-dust mite (HDM) 
extract (D. pteronyssinus, lot number 360923; Greer, Lenoir, NC) diluted in saline to induce pulmonary allergic 
inflammation39,70,71. The endotoxin concentration was 47.3 EU per mg of HDM extract. They were exposed 
through an intranasal instillation once daily under isoflurane anesthesia for 10 consecutive days. All outcomes 
were measured 24 h after the last exposure.

Lung slices
Mice were euthanized with an overdose of ketamine (300 mg/kg) and xylazine (30 mg/kg) injected intraperito-
neally. Thoracotomy was performed and the chest was opened. Two common techniques were used to fill and 
inflate the lungs with agarose (Bio-Rad Laboratories, cat #1613112, Redmond, WA, USA). Each group (saline- 
and HDM-exposed mice) was thus divided into two subgroups, ending with eight mice in each of the four 
subgroups. The first inflation technique was the single intratracheal infusion, called the traditional technique. 
The second inflation technique was several injections through the parenchyma with a needle, called the needle 
technique. For the traditional technique, while the lungs were still resting inside the thorax, a tracheotomy was 
performed and 1.1–1.2 mL of agarose pre-warmed at 40 °C was infused into the lungs through the trachea using 
an 18-gauge syringe. For the needle technique, the left lung, which is a lung with a single lobe in mice, was first 
excised and then inflated with the same agarose but by injecting several boluses within the parenchyma (across 
the visceral pleura) at various locations using a 27-gauge syringe until the entire lung was clearly bulged. After 
inflation for both techniques, the lungs were plunged into ice-cold Hank’s balanced salt solution (HBSS) for 
30 min to polymerize the agarose. The left lobe was subsequently cut into 200-µm slices in the sagittal orienta-
tion using the Compresstome VF-310 (Precisionary Instruments, Ashland, MA, USA). Slices were more pre-
cisely selected in the middle part of the lobe, avoiding the first and last 20% edges. Finally, the lung slices were 
immerged in Dulbelcco’s Modified Eagle’s Medium (DMEM) supplemented with 1% penicillin, streptomycin 
and amphotericin B into a 6-well plate and kept at 37 °C for 24 h. Two to three slices were inserted in each well.

Airway constriction
The first step consisted of removing the DMEM and washing the slices twice with warm HBSS. The slices were 
then fixed in the middle of the well with SCIREQ slice holders (physioMesh) in 6 mL of warm HBSS, and 
subsequently transferred to the physioLens (SCIREQ, Montreal, Canada; https://​www.​scireq.​com/​physi​olens/). 
The experimenter selected on the computer screen all clearly visible airways with a perpendicular orientation in 
relation to the field of view (i.e., circular airways), with no apparent damages, and with clear cilia beating. The 
algorithm to determine the contour is done in the following steps.

a.	 Pre-processing by morphological operation to remove small items or noise.
b.	 Converting the images to binary.
c.	 Running an edge detection algorithm.
d.	 Using a contour detection algorithm on the edges.
e.	 With this contour, the area of the airway is found.

The x, y and z positions of airways are also recorded by the software, which are subsequently used to track 
luminal narrowing over time during the constriction assay. The physioLens is also equipped with a robotized 
eight-fluid handling system, allowing the pre-programming of hours-long, fully automated protocols.

The following steps are thus performed automatically by the physioLens, one well at the time. The lung slice is 
first washed again with HBSS and left untouched for 4 min. The washing step is done with a two-nozzle system. 
The two nozzles are positioned on opposite poles along the perimeter of the well. One infuses the fluid and the 
other aspirates it, causing a swirling movement of the fluid in the well without displacing the slice. The flow 
(2.3 mL/s) in the infusing nozzle was selected so that at least 95% replacement of the fluid is completed in less 
than 20 s. This first washing step also allows many airways to fully dilate. The constricting assay is then started 
automatically. The smooth muscle was stimulated to contract with methacholine dissolved in 37 °C-warmed 
HBSS at six incremental concentrations, namely 5 × 10−8, 10−7, 5 × 10−7, 10−6, 10−5 and 10−4 M. Each concentration 
was substituted at 4 min intervals, as explained above for the washing step. Images of luminal area were collected 
in all pre-selected airways within the well every min. Constriction, expressed in percentage of decrease in relation 
to the initial luminal area (the one at the end of the washing step with HBSS), is also calculated automatically 
with the physioLens. The maximal constriction obtained during the 4 min of recording at every methacholine 
concentration was used to generate the concentration–response curve. An example of a constricting airway is 
shown in Fig. 1.

Statistics
Unless otherwise indicated, data are presented as means ± SD. The constriction of all airways in each mouse 
at every methacholine concentration was first averaged to obtain one value of constriction per concentration 
per mouse. Since data of constriction are in percentage, they were first log-transformed prior to statistical 
analysis. A three-way 2 × 2 × 6 ANOVAs was then used to measure the effect of experimental asthma (saline- vs. 
HDM-exposed mice), the inflating technique (traditional vs. needle) and the concentrations of methacholine 
(6 concentrations) on airway constriction, as well as their interactions. It was followed by Tukey’s multiple com-
parisons test to compare, in a pairwise fashion, between subgroups at every methacholine concentration. The 
EC50 (i.e., the concentration causing 50% of the maximal response) was also calculated in each mouse by fitting 

https://www.scireq.com/physiolens/


10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20133  | https://doi.org/10.1038/s41598-024-71170-3

www.nature.com/scientificreports/

a concentration–response curve with four parameters (top, bottom, EC50, and Hill slope). Two-way ANOVAs 
were also used to investigate the effect of experimental asthma, the inflating technique, and their interaction on 
baseline airway caliber, the EC50 and the maximal response (i.e., the constriction at the highest methacholine 
concentration tested). All statistical analyses were performed using Prism 10 (version 10.2.1, GraphPad, San 
Diego, CA). P < 0.05 was considered statistically significant.

Random sampling simulations
The number of airways that need to be sampled to obtain a reliable estimate of the mean, SD, CoV, and median 
in each mouse is unknown. Using our dataset, simulation studies were conducted to predict a minimum sample 
size for reliably estimating maximal constriction (i.e., the one induced by 10−4 M of methacholine). The method 
was inspired by others72,73.

From the dataset of each mouse (n = 31–89), 150 samples were sequentially drawn randomly with replace-
ment. Each of the running estimators (mean, SD, CoV and median) was calculated after each draw and the 
sample size at which the running estimator settled within a tolerance interval between ± 20% of the final running 
estimator (i.e., the running estimator at the 150th sample) was identified. This sample size represents the point 
of stability, where all the subsequent running estimators never go below or above the set interval of tolerance 
(meaning that from this point and onwards, the experimenter would be analyzing more airways without sub-
stantially affecting the average of its estimators). An example for the mean is depicted in Fig. 5. This process was 
iterated 1000 times and, at each running sample size, the number of iterations in which all the subsequent run-
ning estimators were within the set interval of tolerance was counted to calculate the percentage of conformity. 
An 80% conformity, for example, means that for 800 of the 1000 iterations, all the subsequent running estimators 
beyond the sample size investigated were within the set interval of tolerance. In the present study, the sample 
size where 80% conformity was attained was considered the minimum sample size to provide a reliable value 
of an estimator. For future experimenters who would require a greater level of accuracy, minimum sample sizes 
for each estimator were also recalculated at two narrower intervals of tolerance, namely ± 10 and 5%, using the 
same level of conformity (80%). Finally, the simulations were run again using only airways with a baseline airway 
diameter between 150 and 350 µm. The goal was to assess whether removing the very small and very large airways 
would change the minimum sample sizes. The number of airways analyzed per mouse was then on average 34.3 
with a SD of ± 10.2 and a spread of 22–66.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request.
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