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Abstract
Airway luminal area (Ai) influences respiratory mechanics during dynamic exercise; 
however, previous studies have investigated the relationship between airway anatomy 
and physiological function in different groups of individuals. The purpose of this 
study was to determine the effect of Ai on respiratory mechanics by making in vivo 
measures of airway dimensions and work of breathing (Wb) in the same individuals. 
Healthy participants (3F/2M; 23–45 years) completed a cycle exercise test to exhaus-
tion. During exercise, Wb was assessed using an esophageal balloon catheter, while 
simultaneously assessing minute ventilation (V̇E). On a separate day, subjects un-
derwent a bronchoscopy procedure to capture optical coherence tomography (OCT) 
measures of three airways in the right lung. Each participant's Wb-V̇E data were fit 
to a non-linear regression equation (Wb = aV̇E

3 + bV̇E
2) that partitions Wb into its 

turbulent resistive (a) and viscoelastic (b) components. Measures of Ai and luminal 
diameter were made for the 4th–6th airway generations. A composite index of airway 
size was calculated as the sum of the Ai for each generation and the total area of the 
4th–6th generation was calculated based on Weibel's model. Constant a was signifi-
cantly correlated to the Weibel model total airway area (r = −0.94, p = 0.017) and 
index of airway size (r = −0.929, p = 0.023), whereas constant b was not associated 
with either measure (both p > 0.05). We found that individuals who had the smallest 
Ai had the highest resistive Wb and our findings provide the basis for further study 
of the relationship between airway size and respiratory mechanics during exercise.
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1 |  INTRODUCTION

Airway resistance is dependent on several factors including gas 
density and viscosity as well as airway length and radius. Of 

the aforementioned factors, airway radius is the most important 
determinant of airway resistance. During conditions where air-
flow is laminar, the Hagen–Poiseuille equation indicates that re-
sistance to laminar flow is inversely proportional to the airway 
radius to the fourth power. When airflow becomes turbulent, 
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airway resistance is proportional to airway diameter, as indi-
cated by the Reynolds number equation. Based on Weibel's 
model, human airways branch in a dichotomous manner with 
each bifurcation representing one airway generation, numbered 
from the trachea (generation 0) to the alveoli (generation 23) 
(Weibel, 2001). This model assumes that each airway genera-
tion divides evenly into two approximately equal daughter air-
ways, and although trifurcations and unevenly sized daughter 
airways can occur, a regular dichotomy has been demonstrated 
in the first six generations (Sauret et al., 2002). The progressive 
branching of the airways increases the total cross-sectional area 
from the segmental to the terminal bronchi meaning that the 
larger airways (i.e., from the trachea to 7th generation) are the 
main sites of airway resistance, with airways <2 mm in diame-
ter contributing <20% of total resistance.

Fiber optic endoscopic optical coherence tomography 
(OCT) is a modern imaging technique that allows three-di-
mensional images of several airway generations beyond the 
segmental bronchi to be captured with a resolution of approx-
imately 15 µm (Hanna et al., 2005; Huang et al., 1991). OCT-
derived measures of airway morphology may provide useful 
information concerning the relationship between structure 
and function as it relates to human airways. For example, 
a study investigating the relationship between structure and 
function in a group of current and former smokers demon-
strated that OCT can detect small airway wall changes asso-
ciated with a reduction in lung function in obstructive airway 
disease (Coxson et al., 2008).

During exercise, the mechanical work of breathing (Wb) 
increases exponentially as minute ventilation (V̇E) rises. 
Utilizing esophageal pressure-derived measures of Wb, the 
total Wb can be partitioned into its constituent turbulent re-
sistive and viscoelastic components. The work done to over-
come resistance to turbulent flow is reflected in the resistive 
component of Wb, whereas the work done to overcome the 
resistance of the lung tissue to deformation and of the air-
ways to laminar flow is reflected in the viscoelastic com-
ponent of Wb (Otis et  al.,  1950). Given the importance of 
airway cross-sectional area in determining airway resistance, 
it can be reasoned that during exercise, when V̇E and flow 
increase, individuals with smaller airways would experience 
greater resistance to flow and therefore have a higher turbu-
lent resistive Wb. Previously, we investigated the relationship 
between dysanapsis ratio, an index of airway size relative 
to lung size, and respiratory mechanics during exercise and 
demonstrated that individuals with smaller dysanapsis ratio 
had a higher resistive Wb (Dominelli et al., 2015). A limita-
tion of our work was the use of an indirect measure of airway 
size. Determination of the effect of airway size on respiratory 
mechanics requires an in vivo evaluation of airway dimen-
sions and quantification of Wb in the same group of subjects.

Based on the above summary, the purpose of this study 
was to determine the relationship between measures of 

airway area and the resistive Wb in healthy individuals under 
conditions of dynamic exercise where V̇E is high. To do so, 
we applied a novel imaging modality to obtain an in vivo 
evaluation of multiple airway generations coupled with a 
detailed assessment of pulmonary mechanics in healthy hu-
mans. We hypothesized that subjects with the smallest airway 
area would have the highest resistive Wb for a given V̇E.

2 |  METHODS

2.1 | Ethical approval

This study was approved by the Clinical Research Ethics 
Board at the University of British Columbia (approval num-
ber: H14-00724) and conformed to the standards set by the 
Declaration of Helsinki, except for registration in a database. 
All participants provided written informed consent.

2.2 | Participants

Healthy females (n = 3) and males (n = 2) between the ages 
of 23–45 years with normal pulmonary function based on pre-
dicted values (Quanjer et al., 2012; Stocks & Quanjer, 1995) 
were included.

2.3 | Experimental protocol

The study took place over 2 days. Day 1 consisted of pulmonary 
function testing followed by a cycle exercise test to exhaustion, 
while instrumented with an esophageal balloon catheter to deter-
mine the components of Wb. On day 2, subjects underwent a bron-
choscopy procedure to capture OCT images of multiple airways. 
Measures of airway luminal area (Ai) and mean luminal diameter 
were made for the 4th–6th airway generations (Kirby et al., 2015).

2.4 | General procedures

Spirometry and plethysmography were performed using a com-
mercially available system (Vmax Encore 229, V62J Autobox; 
CareFusion) according to standard recommendations. The in-
cremental cycle test to exhaustion was performed on an elec-
tromagnetically braked ergometer. Participants began at a work 
rate of 80 W (women) or 120 W (men) and work increased every 
2 min by 20 W for both sexes until volitional exhaustion. Flows, 
volume, and esophageal pressures (balloon-tipped catheter) 
were obtained using previously described methods (Dominelli 
et al., 2015). Following exercise, subjects completed forced vital 
capacity (FVC) maneuvers to ensure forced expired volume in 1 
s (FEV1) was not reduced during exercise. All raw data collected 
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on the first day of testing were recorded at 200 Hz continuously 
using a 16-channel analog-to-digital data acquisition system 
(PowerLab/16SP model ML 795, ADIinstrument, Colorado 
Springs, CO) and stored on a personal computer for analysis.

2.5 | Work of breathing

Wb was determined as previously described (Dominelli & 
Sheel, 2012), whereby the area of esophageal pressure–vol-
ume curves generated by composite averaging pressure and 
volume data over 30 s of rest and each 2 min exercise stage 
was integrated. The Wb–V̇E relationship across a range of 
ventilations was then modeled by fitting each participants’ 
data to the following equation (Otis et al., 1950):

Where aV̇E
3 represents turbulent resistive Wb and bV̇E

2 rep-
resents viscoelastic Wb.

2.6 | OCT imaging and measurements

Bronchoscopy procedures were performed at the British 
Columbia Cancer Agency under local anesthesia and conscious 
sedation. An in-house built 0.9 mm diameter OCT rotary-pull-
back catheter was inserted through the biopsy channel of the 
bronchoscope into segmental airways in the upper and lower 
lobes of the right lung. The catheter was advanced until the 
internal diameter of the airway was equal to the outer diam-
eter of the catheter. A 7 cm pullback distal to the segmental 
bronchi was imaged in the upper lobe (RB2 or RB3) and two 
7 cm pullbacks were imaged in the lower lobe (RB8 and RB9). 
OCT images were acquired using an OCT system driven by a 
50 kHz swept-source laser (SSOCT-1310, Axsun Technologies 
Inc., Billerica, Massachusetts). The pullback speed was set to 
5 mm s−1 and the probe rotated at 49 Hz. The generation of 
bronchi was determined by counting airway branches from the 

subsegmental entrance in movie exports of the airway pullbacks 
(Video S1). Branches are indicated in the mean intensity en face 
projection shown in Figure 1. Airway measures included the 
average lumen diameter and Ai from the 4th–6th generation of 
bronchi (Kirby et al., 2015). Airway measures were made using 
customized software. Measures of Ai of the 4th–6th generation 
from the three pullbacks were averaged. An index of airway size 
was calculated as the sum of the 4th–6th generation Ai for each 
participant. A total cross-sectional area for the 4th–6th genera-
tions was calculated based on the branching pattern modeled by 
Weibel (2001). The number of airways in each generation was 
approximated by the number 2 raised to the power of generation 
number such that there are 16, 32, and 64 airways in the fourth, 
fifth, and sixth generations, respectively.

2.7 | Statistics

The Wb–V̇ E relationship for each participant was fit to 
Equation 1. Pearson product-moment correlations were 
used to determine linear relationships between selected de-
pendent variables. Statistical analysis was performed using 
SigmaPlot software. The level of statistical significance was 
set at p < 0.05. All data are presented as means ± standard 
deviation.

3 |  RESULTS

3.1 | Participants

Participant characteristics, pulmonary function, and maximal 
exercise data are presented in Table 1.

3.2 | OCT airway measures

Three measures of 4th–6th generation airways were made in 
subjects 2 and 3. In subjects 1, 4, and 5, the fourth-generation 

(1)Wb = a V̇
3

E
+ b V̇

2

E

F I G U R E  1  Panel (a) Mean intensity 
en face projection optical coherence 
tomography image of RB9 from Female 1. 
From left to right, the pullback is shown 
from distal to proximal. Branch points are 
marked with a b. (b) From left to right, 
cross-sectional images of the sixth, fifth, 
and fourth-generation bronchi

(a)

(b)
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airway was not visible in one of the three pullbacks. As such, 
two measures of the fourth-generation airway and three meas-
ures of the fifth and sixth generation airways were made in 
these subjects. Individual luminal diameter, Ai, and Weibel 
model area measures for each subject are shown in Figure 2. 
The average luminal diameter of the fourth, fifth, and sixth-
generation airways was 3.3 ± 0.4 mm, 2.6 ± 0.3 mm, and 
2.0 ± 0.3 mm, respectively. The average Ai of the 4th–6th 
generation airways was 8.6 ± 2.2 mm2, 5.2 ± 1.0 mm2, and 
3.3 ± 0.8 mm2, respectively. Airway area calculated based on 
the Weibel's model increased from the fourth through sixth 
generation (137 ± 35 mm2 to 213 ± 54 mm2).

3.3 | Relationship between physiological 
variables and airway measures

At a moderate V̇E (70 ± 1 L min−1) there was no relation-
ship between the resistive Wb and the Weibel model total 
airway area (r  =  0.151, p  =  0.81), whereas at a high V̇

E (100  ±  4  L  min−1) there was a significant relationship 
(r  =  −0.883, p  =  0.047) (Figure  3). Each participant's 

Wb–V̇E curve was fit to Equation 1 and the mean r2 was 
0.99 ± 0.01 (Figure 4). Mean values for constants a and b 
were 1.33  ±  1.05.10–4 and 1.51.10–2  ±  6.99.10–3, respec-
tively. Constant a was significantly correlated to the Weibel 
model total airway area (r  =  −0.94, p  =  0.017), index of 
airway size (r = −0.929, p = 0.023), and PEF (r = −0.897, 
p = 0.039). Constant b was not significantly associated with 
any variables in this study.

4 |  DISCUSSION

4.1 | Major findings

The major finding of this study is that OCT measured air-
way size across multiple generations is significantly asso-
ciated with Wb during exercise in healthy individuals. Our 
results, which are not confounded by smoking history or 
indirect measures of airway anatomy, demonstrate that in-
dividuals with the smallest 4th–6th generation airways have 
the highest Wb and that the increased Wb can be attributed to 
a higher turbulent resistive component. Our findings extend 

T A B L E  1  Participant characteristics, pulmonary function, and maximal exercise data

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

Subject characteristics

Sex Female Female Female Male Male

Age, y 24 25 23 27 45

Height, cm 171 170 163 172 175

Mass, kg 58.8 67.5 57.6 73.0 71.8

Resting pulmonary function

FVC, l (%predicted) 4.62 (104%) 4.41 (101%) 4.03 (100%) 6.33 (123%) 5.11 (104%)

FEV1, l (%predicted) 3.49 (94%) 3.71 (101%) 3.26 (94%) 4.6 (107%) 3.63 (90%)

TLC, l (%predicted) 6.28 (105%) 5.70 (96%) 5.03 (92%) 7.97 (116%) 7.74 (115%)

VC, l (%predicted) 4.84 (109%) 4.41 (101%) 4.21 (104%) 6.48 (122%) 5.34 (108%)

PEF, l·s−1 (%predicted) 7.96 (107%) 6.67 (90%) 7.54 (109%) 11.04 (113%) 10.38 
(116%)

FEF25−75, l·s
−1 2.81 (74%) 4.11 (109%) 3.02 (82%) 3.52 (81%) 2.45 (88%)

FEF25, l·s
−1 7.13 (115%) 6.61 (108%) 6.84 (116%) 7.49 (95%) 7.58 (92%)

FEF50, l·s
−1 3.64 (79%) 4.92 (107%) 3.64 (78%) 4.23 (75%) 3.51 (72%)

FEF75, l·s
−1 1.32 (65%) 2.21 (109%) 1.56 (74%) 1.79 (77%) 0.88 (45%)

Maximal exercise data

VT, l 1.8 2.2 1.4 3.2 2.4

Fb, b·min−1 55 48 70 44 52

V̇ E, l·min−1 102 106 100 143 126

V̇ O2, l·min−1 3.1 2.9 2.5 3.6 4.2

Wb, J·min−1 283 425 343 511 419

Workload, W 240 200 220 260 340

Abbreviations: V̇E, minute ventilation; Fb, breathing frequency; FEF25, forced expired flow after 25% volume expired; FEF50, forced expired flow after 50% volume 
expired; FEF75, forced expired flow after 75% volume expired; FEV1, forced expired volume in 1 s; FVC, forced vital capacity; V̇O2, oxygen consumption; PEF, peak 
expiratory flow; TLC, total lung capacity; VC, vital capacity; VT, tidal volume; Wb, work of breathing.
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our understanding of how airway size is an important deter-
minant of respiratory mechanics during exercise.

4.2 | Relationship between airway 
size and Wb

Fiber optic OCT is a contemporary imaging modality used 
in pulmonary medicine. Previous work suggests a signifi-
cant correlation between OCT measures of airway morphol-
ogy compared with computed tomography (CT) (Coxson 
et  al.,  2008) and histopathological assessments (Lee 
et  al.,  2014). What makes OCT particularly appealing for 
studying healthy individuals is the lack of ionizing radiation 
exposure compared to CT (Brenner & Hall,  2007) and the 
ability not to alter or remove tissue compared to biopsy stud-
ies. Recently, OCT measures of human airways were vali-
dated by comparison with chest CT and pathology up to the 

F I G U R E  2  Luminal diameter (Panel a) and luminal area (Panel 
b) of the fourth, fifth, and sixth generation bronchi for each subject for 
all three airways imaged and the Weibel model area (Panel c) of the 
fourth, fifth, and sixth generation

F I G U R E  3  (a) The relationship between resistive work of 
breathing (Wb) and minute ventilation (V̇E) during exercise. Individual 
data for each stage of incremental exercise is presented for all 
subjects. (b) Shows the relationship between the Weibel model area 
for each individual and their resistive Wb at the highest equivalent V̇E 
(100 ± 4 L·min−1, r = −0.897, p = 0.039)



6 of 8 |   PETERS ET al.

9th generation bronchi (Chen et al., 2015). Promisingly, the 
luminal diameter of the 4th–6th generation airways in our 
study is very similar to a recently published study investigat-
ing normal airway morphology with OCT in a large cohort 
(Su et al., 2019).

As airway size is related to lung size and height, taller 
individuals are likely to have larger airways; however, there 
is considerable variability between individuals (Dominelli 
et al., 2018). Variability in airway size and its impact on pul-
monary mechanics has important physiological implications. 
From rest to maximal exercise, the mechanical Wb increases 
exponentially as a function of V̇E (Otis et al., 1950). Our find-
ings suggest that smaller 4th–6th generation airways contrib-
ute to a disproportionate rise in the resistive Wb when V̇E is 
high (Figure  3). We are confident that the increased resis-
tive Wb in subjects with smaller airways is not due to exer-
cise-induced bronchoconstriction as none of the subjects had 
been previously diagnosed with asthma and FEV1 measured 

immediately after exercise did not differ from baseline val-
ues. An increased Wb for a given V̇E may predispose individ-
uals with smaller airways to pulmonary system limitations to 
exercise, such as expiratory flow limitation and respiratory 
and locomotor muscle fatigue (Dempsey et al., 2008).

The purpose of this study was not to investigate sex-
based differences in airway size on Wb, but our observa-
tions in male and female participants merit brief discussion. 
We have previously shown that women have a higher resis-
tive Wb during exercise compared to men and have sug-
gested that smaller airways are a causative factor (Dominelli 
et al., 2015; Molgat-Seon et al., 2019). Females 2 and 3 had 
smaller airways than both male subjects; however, female 
1’s airways were similarly sized to both males (Figure 2). 
Females 1 and 2 are of similar age (24 vs. 25 years old) and 
height (171 vs. 170  cm), yet female 1 had a much larger 
calculated total airway area (543 vs. 348 mm2). Variability 
within and between sexes with respect to airway size is con-
sistent with previously published CT airway measures in 
healthy subjects and smokers (Dominelli et al., 2018; Sheel 
et al., 2009). Future studies with a larger sample size of men 
and women are required to further our understanding of how 
innate sex-differences in anatomy may affect respiratory 
mechanics during exercise.

4.3 | Limitations

Several limitations associated with our study should be ac-
knowledged. First, we recognize that the small sample size 
limits the generalizability of our findings. We have been 
careful not to overstate our findings and we acknowledge 
the limitations of our sample size and the limits of correla-
tive evidence. However, the novelty of our findings—ap-
plication of highly invasive procedures to ascertain airway 
dimensions—sets the stage for future investigations aimed 
at understanding the relationships between human airway 
anatomy and pulmonary mechanics. Second, because of the 
imaging system used, we were unable to measure the larger 
conducting airways that also contribute to differences in re-
sistance. However, the 4th–6th generation airway size differ-
ences are likely representative of individual size differences 
in the larger conducting airways. Third, the airway luminal 
area can vary depending on lung volume owing to radial trac-
tion on the airways. In our study, subjects were asked to hold 
their breath at the end of a full inspiration (i.e., total lung 
capacity) during the pullback OCT procedure, which lasted 
for approximately 14 s. In some instances, participants had a 
difficult time holding their breath at TLC with conscious se-
dation and began tidally breathing prior to the pullback being 
complete. This may have influenced our findings; however, 
we have no data which speak directly to this possibility nor 
the magnitude of any potential effect.

F I G U R E  4  The relationship between total work of breathing (Wb) 
and minute ventilation (V̇E) during exercise. Panel (a) shows individual 
data for each stage of incremental exercise. Panel (b) shows individual 
curves based on values of constants a and b from Equation 1. Note that 
subjects have been listed in order of increasing the Weibel model area 
and that Wb curves closely follow this order with the female with the 
smallest Weibel area having the highest Wb for a given V̇E
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5 |  CONCLUSIONS

Utilizing a contemporary imaging method, OCT, we have 
provided new insight into our understanding of pulmonary 
mechanics in exercising humans. We found that individu-
als with the smallest airways had the highest Wb at levels of 
high V̇E and that the increased Wb could be explained by a 
larger resistive Wb. Our findings provide the basis for further 
study of the interrelationship between healthy human airway 
dimensions and respiratory mechanics during high-intensity 
exercise.
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