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Abstract

Introduction We tested the hypothesis that breathing heliox, to attenuate the mechanical constraints accompanying the 
decline in pulmonary function with aging, improves exercise performance.
Methods Fourteen endurance-trained older men (67.9 ± 5.9 year, V̇O2max: 50.8 ± 5.8 ml/kg/min; 151% predicted) completed 
two cycling 5-km time trials while breathing room air (i.e., 21%  O2–79%  N2) or heliox (i.e., 21%  O2–79% He). Maximal 
flow–volume curves (MFVC) were determined pre-exercise to characterize expiratory flow limitation (EFL, % tidal volume 
intersecting the MFVC). Respiratory muscle force development was indirectly determined as the product of the time integral 
of inspiratory and expiratory mouth pressure (∫Pmouth) and breathing frequency. Maximal inspiratory and expiratory pressure 
maneuvers were performed pre-exercise and post-exercise to estimate respiratory muscle fatigue.
Results Exercise performance time improved (527.6 ± 38 vs. 531.3 ± 36.9 s; P = 0.017), and respiratory muscle force devel-
opment decreased during inspiration (− 22.8 ± 11.6%, P < 0.001) and expiration (− 10.8 ± 11.4%, P = 0.003) with heliox 
compared with room air. EFL tended to be lower with heliox (22 ± 23 vs. 30 ± 23% tidal volume; P = 0.054). Minute venti-
lation normalized to  CO2 production ( V̇E/V̇CO2) increased with heliox (28.6 ± 2.7 vs. 25.1 ± 1.8; P < 0.001). A reduction in 
MIP and MEP was observed post-exercise vs. pre-exercise but was not different between conditions.
Conclusions Breathing heliox has a limited effect on performance during a 5-km time trial in master athletes despite a reduc-
tion in respiratory muscle force development.
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Abbreviations

EFL  Expiratory flow limitation
V̇O2max  Maximal oxygen consumption
ml  Milliliters
L  Liters
kg  Kilogram
sec  Second
min  Minute
h  Hour
W  Watt
rpm  Rotation per minute
PPO  Peak power output
Pmouth  Mouth pressure
MIP  Maximal inspiratory pressure
MEP  Maximal expiratory pressure
km  Kilometer
TT  Time trial
MFVC  Maximal flow–volume curve
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TLC  Total lung capacity
RV  Residual volume
FVC  Forced vital capacity
FEV1  Forced expiratory volume in 1 s
FEF  Forced expiratory flow
IC  Inspiratory capacity
EELV  End-expiratory lung volume
EILV  End-inspiratory lung volume
V̇E  Minute ventilation
FB  Breathing frequency
VT  Tidal volume
IRV  Inspiratory reserve volume
∫Pm  Integrated  Pmouth signal over time
∫Pm ×  FB  Respiratory muscle force development
Hz  Hertz
CO2  Carbon dioxide
PET  End-tidal partial pressure
SpO2  Hemoglobin oxygen saturation
HR  Heart rate
V̇CO2  Carbon dioxide production
V̇E/V̇CO2  Minute ventilation normalized to  CO2 

production
CI  Confidence interval
SD  Standard deviation
WOB  Work of breathing
PAV  Proportional assisted ventilation

Introduction

Aging is associated with numerous structural changes to the 
respiratory system such as a loss of elastic recoil of the lungs 
and a stiffening of the chest wall (Johnson and Dempsey 
1991). These structural changes impair pulmonary function 
with a dynamic narrowing of the airways, a reduction in 
ventilatory reserve, an increase in pulmonary resistance, and 
an increase in respiratory muscle work to a given ventila-
tion especially when the ventilatory demand is high such 
as during physical exercise (Janssens et al. 1999; Johnson 
et al. 1994; Johnson and Dempsey 1991; Molgat-Seon et al. 
2018; Smith et al. 2018). It is, however, generally accepted 
that the healthy respiratory system is “overbuilt” to meet the 
considerable alveolar ventilation and gas transport demands 
imposed by exercise in young healthy individuals (Dempsey 
1986; Dempsey et al. 1990) and possibly in older individu-
als. Indeed, even though pulmonary capacity decreases with 
aging, it appears to remain adequate to meet the decreased 
metabolic requirements of older individuals. These indi-
viduals typically lead a more deconditioned and sedentary 
lifestyle than their younger counterparts, characterized by 
factors such as an age-related decline in muscle function 
and maximal oxygen consumption ( V̇O2max) (Hawkins and 
Wiswell 2003; Taylor and Johnson 2010). However, there 

might be exceptions where the respiratory system limits  O2 
transport to exercising locomotor muscles and may therefore 
limit exercise performance in the elderly.

The long-term practice of endurance exercise training 
over the lifespan counteracts the negative effects of physi-
cal inactivity on the physiological determinants of exer-
cise performance (Coggan et al. 1990; McKendry et al. 
2020; Ogawa et al. 1992). For example, older endurance-
trained individuals, often referred to as master athletes, 
present similar skeletal muscle capillarization to younger 
trained athletes (Coggan et al. 1990) which could prevent 
the decline in arteriovenous difference in oxygen during 
exercise observed in older sedentary individuals (Ogawa 
et al. 1992). As such, older endurance-trained individuals 
represent a model of successful physiological and healthy 
aging (Hawkins and Wiswell 2003; Tanaka and Seals 
2003). (Hawkins and Wiswell 2003; Tanaka and Seals 
2003). Despite the positive effect of chronic exercise on 
the cardiovascular and muscular systems, it is, however, 
unclear whether regular training can slow the decline in 
pulmonary function in older individuals (Degens et al. 
2013; McClaran et al. 1995; O’Donovan and Hamer 2018; 
Pelkonen et al. 2003). It might therefore become challeng-
ing for the aging lung to yield the adequate ventilation 
(110–120 L/min) required to accommodate the locomo-
tor muscle oxygen demand (> 40–45 ml/kg/min) during 
intense exercise in master athletes (Johnson and Dempsey 
1991; Johnson et al. 1991a, b). Specifically, some degree 
of expiratory flow limitation (EFL) was observed in young 
trained adults during maximal exercise (Dominelli et al. 
2017b; Johnson et al. 1992; Wilkie et al. 2015) and in 
older healthy individuals during both moderate (Molgat-
Seon et al. 2018, 2019) and maximal exercise (Johnson 
et al. 1991a, b; Johnson et al. 1991a, b; Molgat-Seon et al. 
2018). EFL is characterized by the inability of the res-
piratory system to increase expiratory flow despite the 
increase in transpulmonary pressure (Johnson and Demp-
sey 1991). EFL is associated with dynamic hyperinflation 
(i.e., increase in end-expiratory lung volume above rest-
ing values), lower inspiratory reserve volume, and greater 
respiratory muscle work and effort (Johnson and Dempsey 
1991; Johnson et al. 1991a, b; Molgat-Seon et al. 2018). 
In older trained individuals, the oxygen cost of breathing 
represents approximately 15–23% of V̇O2max at maximal 
exercise compared with the 5–7% for the same minute 
ventilation in young adults (Johnson and Dempsey 1991). 
Together, the respiratory constraints associated with EFL 
may provoke/exacerbate exercise-induced respiratory 
muscle fatigue (Johnson et al. 1993). This can lead to a 
redistribution of blood flow from locomotor to respira-
tory muscles (Dominelli et al. 2017a; Harms et al. 1997, 
1998) and may exacerbate exercise-induced arterial hypox-
emia (Dempsey et al. 2008a, b; Dominelli et al. 2013), 
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ultimately limiting exercise performance during prolonged 
high-intensity exercise (i.e., ≥ 85% V̇O2max) (Harms et al. 
2000). In contrast, heliox was found to alleviate EFL, 
decrease the work of breathing, and/or increase ventila-
tion in young trained (Dominelli et al. 2013; Mann et al. 
2020; McClaran et al. 1998, 1999; Wilkie et al. 2015) and 
untrained adults (Babb 1997a; Dominelli et al. 2013), as 
well as in older untrained individuals (Babb 1997b; Mol-
gat-Seon et al. 2019). Yet, the consequences of the reduc-
tion of EFL with heliox on exercise performance/tolerance 
during prolonged maximal exercise are currently unknown 
in older population and a fortiori in older trained athletes.

We thus aimed to assess the effects of heliox on 
mechanical ventilatory constraints, respiratory muscle 
force development and fatigue, and exercise performance 
during a 5-km cycling time trial in older trained individu-
als. We hypothesized that, when compared with room air, 
breathing heliox during strenuous exercise can (i) alleviate 
expiratory flow limitation, (ii) decrease respiratory mus-
cle force development, thereby reducing exercise-induced 
respiratory muscle fatigue, and (iii) improve exercise 
performance.

Methodology

Participants

Fourteen endurance-trained older male participants (age: 
67.9 ± 5.9  years, height: 174.2 ± 6.4  cm, body mass: 
69.9 ± 7.2 kg, V̇O2max: 50.8 ± 5.8 ml/kg/min, representing 
151% of predicted values (de Souza et al. 2018)) completed 
this study. Participants had reported completing running, 
cycling, and/or triathlon for an average of at least 8 h per 
week over at least 10 years and were all familiar with cycling 
at high intensity. Subjects were ineligible for the study if 
they were current smokers or had previously smoked for 
more than five years. None of the subjects had current symp-
toms of cardiovascular, metabolic, or respiratory disease, nor 
were they taking medication known to interfere with the ven-
tilatory response to exercise. Prior to all visits, participants 
were requested to refrain from stimulants or depressants 
(including caffeine or alcohol) and strenuous exercise for 
24 h while replicating the same dietary intake. Throughout 
the duration of the study, participants were asked to maintain 
regular training commitments.

Participants were informed about the procedures and risks 
associated with their participation in the study. Prior to data 
collection, written informed consent was obtained from the 
participants. All study procedures were approved by the 
local Human Research Ethics Committee and adhered to 
the Declaration of Helsinki.

Experimental overview

All participants completed four experimental sessions, each 
separated by at least 48 h and no more than 10 days, in a sin-
gle-blind, randomized crossover design. The sessions were 
performed in the LAMHESS lab (Université Côte d’Azur), 
and all participants completed the study within 4 weeks. 
During the first visit, anthropometric measurements and 
pulmonary function were assessed at rest. Then, partici-
pants completed an incremental cycling test starting at 80 W 
with an increment of 40 W every 2.5 min until volitional 
exhaustion or a cadence ≤ 60 rpm could not be maintained. 
Throughout the incremental cycling test, pulmonary venti-
lation and gas exchange were measured using a respiratory 
gas analyzer (Metasys TR-M, Brainware, France). Maximal 
oxygen consumption ( V̇O2max) was defined as the highest V̇
O2 value recorded over a 30 s average and peak power output 
(PPO) was defined as the power output that elicited V̇O2max. 
During the second visit, participants were thoroughly famil-
iarized with the experimental protocol. Pulmonary function 
and maximal static mouth pressure  (Pmouth) during inspira-
tion (MIP) and expiration (MEP) were assessed at rest prior 
to (PRE) and after (POST) a 5-km cycling time trial (TT). 
Participants breathed during exercise from a 200L Douglas 
bag filled with humidified room air. Throughout the time 
trials, distance was the only feedback provided. Participants 
were instructed to complete all time trials (i.e., visits 2, 3, 
and 4) in the fastest time possible. Verbal encouragement 
was given to the participants. Prior to each time trial, a 
standardized 5-min warm-up at 50% of PPO was performed. 
The delay between the warm-up and 5-km TT was 10 min. 
During visits 3 and 4 (experimental visits), participants rep-
licated the exact same protocol as visit 2 and inhaled either 
humidified room air or heliox (21% oxygen, 79% helium) 
during the 5-km TT, in a single-blind, randomized crossover 
design. Cardiopulmonary indices and  Pmouth were continu-
ously measured during exercise. All cycling exercises were 
conducted under supervision on an electromagnetically 
braked cycle ergometer (Velotron, RacerMate, Seattle, WA) 
under standard laboratory conditions (20–21 °C, 40–60% 
relative humidity). All tests were completed at a similar time 
of day (± 1 h) to avoid any possible effect of the circadian 
rhythm.

Room air and Heliox breathing

During all experimental sessions participants wore a sili-
con mask (7450 V2 Mask, Hans Rudolph, KS, USA) con-
nected to a heated pneumotachograph (3813 series, Hans 
Rudolph, KS, USA). The heated pneumotachograph was 
connected to a two-way valve (2700 series, Hans Rudolph, 
KS, USA). The inspiratory valve was connected to a 200 L 
Douglas bag (1196 series, VacuMed, Ventura, CA, USA), 
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filled with either normoxic room air (i.e., ~ 21% oxygen; 79% 
nitrogen) or heliox (i.e., 21% oxygen; 79% helium, Linde, 
France). The Douglas bag was connected to compressed gas 
tanks that delivered gas through a humidifier to standardize 
humidity between trials. Because helium alters the human 
voice, talking was not allowed throughout the experimental 
trials to keep the participants blind regarding the gas that 
they inhaled.

Maximal expiratory flow–volume curves

Participants performed a series of maximal flow–volume 
curves (MFVC) using the same exact equipment as per dur-
ing the 5-km TT. MFVC were performed at rest, prior to 
exercise, seated on the bike, to replicate the position adopted 
during exercise and to account for the effect of posture on 
respiratory mechanics (Charlton et al. 2017). Participants 
were asked to perform a maximal and full expiration from 
total lung capacity (TLC) to residual volume (RV), followed 
by a maximal and full inspiration from RV to TLC. Encour-
agement was provided to ensure that participants were mak-
ing maximum efforts and that expiration lasted as long as 
possible (Sylvester et al. 2020). Maneuvers were interspersed 
by at least 1 min of recovery. Measurements were repeated 
at least 6 times, and the values reported for the MFVC cor-
respond to the average of the two greatest measurements for 
each participant. A visual inspection was performed by two 
operators to confirm the quality of the maneuvers (e.g., sharp 
increase in flow when forced expiration started, undisrupted 
and complete expiration) (Sylvester et al. 2020). Pulmo-
nary function was measured from the MFVC and included 
forced vital capacity (FVC), forced expiratory volume in 
1 s  (FEV1),  FEV1/FVC, peak expiratory flow at 25%, 50%, 
and 75% vital capacity (i.e., respectively,  FEF25,  FEF50, and 
 FEF75), and forced expired flow between 25 and 75% of FVC 
 (FEF25-75). The difference between FVC and  FEV1 between 
the two greatest MFVCs was less than 0.10 (Sylvester et al. 
2020). The assessment of MFVC was performed using room 
air or heliox, depending on the gas mixture inhaled by par-
ticipants during the 5-km TT.

Ventilation, operating lung volumes, and expiratory 
flow limitation

At rest and during exercise, inspiratory and expiratory flows 
were continuously collected using a 16-channel analog-
to-digital data acquisition system (PowerLab/16/35, AD 
Instruments, Colorado Springs, CO), sampled at 2000 Hz, 
recorded using LabChart 7.3.7 software, and analyzed using 
MATLAB R2021b 9.11.0 software. Volume was obtained by 
numerical integration of the flow signal. The pneumotacho-
graph was calibrated using a 3-L syringe (Hans Rudolph, 
Kansas, USA) with the same gas mixture (i.e., room air or 

heliox) used during the experimental session. A syringe was 
used to perform a manual calibration pre-exercise using six 
different volumes (0.5, 1, 1.5, 2, 2.5, and 3 L) and three dif-
ferent speeds (slow < 70 L/min, medium around 100-120 L/
min, and fast > 150 L/min). A total of five in and out cycles 
were performed at each volume and each speed, respectively 
(i.e., 90 data points). Inspiratory capacities (IC) were per-
formed at rest and twice during each kilometer throughout 
the time trial to determine operational lung volumes and to 
assess expiratory flow limitation (EFL). The two IC were 
interspersed by at least 30 s and averaged to characterize a 
typical pattern for each kilometer. Participants were asked 
to perform the IC maneuvers by inspiring maximally to TLC 
from end-expiratory lung volume (EELV). Participants were 
asked to maintain spontaneous breathing prior to IC maneu-
vers to ensure that expiration was not forced. A linear cor-
rection was applied to the calibrated volume signal over a 10 
loops window between n-12 and n-2 (n being the IC maneu-
ver) to account for the well-described drift in flow–volume 
signal (Guenette et al. 2013; Johnson et al. 1999). This linear 
correction was applied to the median of each tidal volume 
(i.e., intermediate point between end-inspiration and end-
expiration lung volume) to account for the natural physio-
logical variability of breathing, instead of applying it to each 
EELV based on the assumption that it remained constant 
over time (Johnson et al. 1999). The inspiratory capacity was 
calculated from the averaged values of EELV over the eight 
breathing cycles, therefore minimizing the risk of underesti-
mation or overestimation of IC induced by a sudden change 
in end-expiratory lung volume (Guenette et al. 2013). In 
addition, if any of the EILV among the breaths selected was 
greater than IC, the maneuver was considered submaximal 
and therefore excluded. Following a visual inspection by two 
operators to remove any potential outliers (e.g., swallow-
ing and coughing), the average of eight tidal breaths (from 
n-10 to n-3 with n being the IC maneuver) was calculated 
to characterize a representative tidal breath and assess EFL 
during exercise (described below). The breaths n-2 and n-1 
were not considered to ensure that any potential change in 
breathing pattern (i.e., rate and depth) immediately prior 
to the IC would not affect the measurements, although par-
ticipants were instructed to keep breathing naturally and 
perform the IC maneuver at the end of a normal breath out. 
The averaged tidal breath was placed within MFVC based 
on IC. The percent of the tidal flow–volume loop that met 
or exceeded the expiratory boundary of the MFVC (Johnson 
et al. 1991a, b; Johnson et al. 1999) was calculated for every 
kilometer. The severity of EFL was quantified as the percent 
of the tidal volume that meets or exceeds the boundary of the 
MFVC (Johnson et al. 1999) over the entire 5-km TT, and 
EFL prevalence was classified as 5% or greater (17). Min-
ute ventilation ( V̇E), breathing frequency  (FB), tidal volume 
 (VT), inspiratory reserve volume (IRV), end-expiratory lung 
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volume (EELV), and end-inspiratory lung volume (EILV) 
were determined from the calibrated and corrected signal for 
volume measured immediately prior every IC maneuvers as 
previously described (Guenette et al. 2013).

Respiratory muscle fatigue and respiratory muscle 
force development

Respiratory muscle fatigue was estimated indirectly by 
measuring MIP and MEP pre-exercise and post-exercise in 
a standardized sitting position, using a flanged mouthpiece, 
with a 1 mm leak, occluded at the distal end (American 
Thoracic Society/European Respiratory 2002). Participants 
wore a nose clip during the testing procedure. MIP and 
MEP were measured at residual volume (RV) and total lung 
capacity (TLC), respectively. Encouragement was provided 
to ensure that participants produced a maximal effort for at 
least 3 s. Maximal pressure was defined as the highest value 
over a 1 s window. This method and procedure show good 
inter-test reliability (Romer and McConnell 2004). Baseline 
measurements (i.e., prior the 5-km TT, PRE) were repeated 
at least six times in the same order (i.e., MIP before MEP) 
and the reported pressures correspond to the mean of the 
three best measurements for both inspiration and expira-
tion, respectively. MIP and MEP measurements were also 
performed 1 min, 2 min, 4 min, 6 min, 10 min, and 15 min 
after exercise (POST), with participants seated in the same 
position as PRE. During exercise, mouth pressure  (Pmouth) 
was continuously measured through a port in the mouth-
piece (between the mask and the heated pneumotacho-
graph) using a calibrated differential transducer (MLT844, 
AD Instruments, Colorado Springs, CO, USA) and sampled 
before every IC (similar to flow and volume). The integrated 
 Pmouth signal over time (∫Pm) was calculated as the cumu-
lated area under the curve for  Pmouth divided by the number 
of breaths  (cmH20/breath) during each km and averaged 
over the 5-km TT. The product ∫Pm ×  FB  (cmH20/breath/
min) during inspiration and expiration was also calculated 
for every km to estimate inspiratory and expiratory muscle 
force development, respectively (Sheel et al. 2001; Turner 
et al. 2016; Witt et al. 2007). Mouth pressure was sampled 
at a rate of 4000 Hz.

Gas exchange, hemoglobin oxygen saturation, heart 
rate, and blood lactate

Throughout all trials, pulmonary ventilation, gas exchange, 
and  CO2 end-tidal partial pressure  (PETCO2) were recorded 
on a breath-by-breath basis using a pneumotachograph (3813 
series, Hans Rudolph, KS, USA) and respiratory gas ana-
lyzer equipped with a spectrophotometer (Metasys TR-M, 
Brainware, France). The gas analyzer was calibrated using 
a reference gas (15%  O2 and 5%  CO2) prior to each test. 

Oxygen could not be measured when participants inhaled 
heliox due to the inability of the analyzer to determine oxy-
gen concentration in the presence of helium. Hemoglobin 
oxygen saturation  (SpO2) was measured using a forehead 
pulse oximeter (Radical-7; Massimo, Irvine, CA, USA). 
Heart rate (HR) was continuously measured and sampled at 
1 Hz (Polar, RCX5, Polar Electro Oy, Finland). During exer-
cise, similar to ventilation, gas exchange and  SpO2 values 
were averaged over a 1 km window. Blood lactate concen-
tration (LactatePro, Arkray, Kyoto, Japan) was determined 
3 min post-exercise from capillary blood sampled from the 
fingertip.

Perceptual responses

Participants rated the intensity of “breathing discomfort” 
(dyspnea) and “leg discomfort” prior to exercise (already 
equipped with the breathing apparatus) and during the last 
15 s of each kilometer pointing a 0–100 Borg CentiMax 
(CR100) visual analog scale (Borg and Borg 2002). The 
perceptual response for the last kilometer was given imme-
diately at the end of exercise to limit disturbances during the 
final effort. Dyspnea was defined as “the sensation of labored 
or difficult breathing,” and leg discomfort was defined as 
the “sensation of discomfort in the legs.” The end points of 
the scale were anchored such that 0 represented “no breath-
ing/leg discomfort” and 100 represented “the most severe 
breathing/leg discomfort ever experienced or imagined.”

Statistical analysis

The sample size for this study was determined through a 
power analysis (G*Power 3.1; Dusseldorf, Germany) using 
previous results for the effects of heliox in male individuals 
at rest  (FEF50; effect size = 1.978) and during exercise ( V̇

E/V̇CO2; effect size = 0.784) (Mann et al. 2020). The small-
est standardized mean difference was used for the calcula-
tion (effect size = 0.784, α = 0.05 and power = 0.8) giving 
a required sample size of 12 participants. To increase the 
robustness of the analysis and to accommodate a 15% attri-
tion rate, our study included a minimum of 14 participants.

Spirometry data at rest (i.e., PEF,  FEF25,  FEF50,  FEF75, 
and  FEF25-75) were compared under room air vs. heliox 
using two-sided paired samples t-tests. Normality of 
the distribution was tested and confirmed using a Shap-
iro–Wilk test. Performance variables (i.e., time, power, 
cadence,  SpO2, heart rate, lactate), ventilatory indices (i.e., 
%EFL, V̇E, V̇E/V̇CO2, V̇CO2,  PETCO2,  FB,  VT, IRV, EELV, 
EILV), mouth pressure (indicative of pressure developed 
by the respiratory muscles, ∫Pmouth), respiratory muscle 
force development (i.e., ∫Pmouth ×  FB), and perceptual 
response (i.e., breathing discomfort and leg discomfort 
were compared under two conditions (i.e., room air vs. 
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heliox) using a linear mixed model to accommodate for 
missing data and determine the variation attributable to 
participants. Condition was set as a fixed effect and par-
ticipants were set as random effect. Because V̇E, V̇E/V̇CO2, 
 PETCO2, and  FB were different between conditions, we also 
set distance as a fixed effect in the linear mixed model to 
compare the estimated trends (i.e., slope/rate of increase) 
throughout the time trial ( V̇ E, V̇ E/V̇CO2,  PETCO2, or  FB 
were set as dependent variables, and participants were set 
as random effect). Assumptions of residuals normality and 
homoscedasticity were confirmed by inspecting residuals 
plots. Change in maximal inspiratory and expiratory pres-
sures (i.e., MIP, MEP) pre-exercise vs. post-exercise was 
compared between conditions using a two-way analysis 
of variance (ANOVA) with repeated measures. Effect 
size was assessed using Cohen’s d index and considered 
as small (d < 0.35), medium (0.35 < d < 0.65), or large 
(d > 0.65) (Cohen 1988). 95% confidence interval (CI) for 
effect size was presented as [lower limit, upper limit]. Sta-
tistical significance was set at P < 0.05. All data are pre-
sented as means ± SD. Statistical analysis was performed 
using JASP 0.16 software.

Results

Pulmonary function at rest

All subjects had normal pulmonary function (Table  1, 
n = 13) based on predicted values (Enright et  al. 1995; 
Quanjer et al. 2012). PEF,  FEF25,  FEF50, and  FEF25-75 were 
significantly increased when breathing heliox compared to 
room air (Table 2, n = 13).  FEF75 was not significantly differ-
ent between conditions. MFVC data were excluded for one 
participant because of measurement artifacts.

Performance and physiological and perceptual 
responses during exercise

Performance time and power output were slightly improved 
when breathing heliox compared to room air, while no 
between conditions difference was found for cadence 
(Fig. 1, Table 3, n = 14). V̇E, V̇E/V̇CO2,  FB, and  SpO2 were 
significantly greater, while  PETCO2 was significantly lower 
in heliox compared with room air (Tables 3, 4, Figs. 2, 
3, n = 13). A significant interaction was found for condi-
tion x distance for V̇E, V̇E/V̇CO2,  FB, and  PETCO2 (Fig. 2, 
n = 13). For each kilometer, V̇E increased by an average of 
7.38 L/min when inhaling heliox (95% CI = [4.21, 10.55]) 
(P = 0.011) and 4.62 L/min when inhaling room air (95% 
CI = [1.43, 7.81]). In contrast, no significant difference was 
found between conditions for heart rate, lactate, breathing 
discomfort, and leg discomfort.

Expiratory flow limitation and operational lung volume 
data could not be assessed in three participants because 
of artifact contamination. EFL was found in nine and ten 
participants when breathing heliox and room air, respec-
tively. EFL severity (i.e., % of tidal volume that meets or 
exceeds the boundary of the MFVC) tended to be reduced 
(~ Δ 8% tidal volume, P = 0.054, Cohen’s d = 0.67) with 
heliox compared to room air during the 5-km TT (Table 4, 

Table 1  Baseline pulmonary function indices (n = 13)

FVC—forced vital capacity; FEV1—forced expiratory volume in 1 s; 
FEF25-75—forced expired flow between 25 and 75% of FVC; MIP—
maximum inspiratory pressure; and MEP—maximum expiratory 
pressure. Values are presented as mean ± SD

Measured Predicted (%)

FVC (L) 4.25 ± 0.59 106 ± 17

FEV1 (L) 3.09 ± 0.51 106 ± 21

FEV1/FVC 73 ± 7 99 ± 9

FEF25-75 (L/sec) 2.76 ± 1.03 106 ± 39

MIP  (cmH2O) 101 ± 23 116 ± 26

MEP  (cmH2O) 145 ± 32 102 ± 22

Table 2  Baseline pulmonary 
function indices with inhalation 
of room air or Heliox (n = 13)

FVC—forced vital capacity; PEF—peak expiratory flow; FEF25—peak expiratory flow at 25% vital capac-
ity; FEF50—peak expiratory flow at 50% vital capacity; FEF75—peak expiratory flow at 75% vital capac-
ity; and FEF25-75—peak expiratory flow between 25 and 75% of forced vital capacity measured in each 
condition. Values are presented as mean ± SD

*P < 0.05 main effect of condition

Room air Heliox P value Cohen’s d

FVC (L) 4.25 ± 0.59 4.37 ± 0.52 0.339 − 0.29 [− 0.86, 0.30]

PEF (L/sec) 10.2 ± 1.2 14.3 ± 2.6  < 0.001* − 2.23 [− 3.29, − 1.14]

FEF25 (L/sec) 7.3 ± 1.9 11.9 ± 2.3  < 0.001* − 3.82 [− 5.48, − 2.14]

FEF50 (L/sec) 3.4 ± 1.3 5.1 ± 1.5  < 0.001* − 1.79 [− 2.71, − 0.85]

FEF75 (L/sec) 1.2 ± 0.8 1.1 ± 0.4 0.488 − 0.12 [− 0.69, 0.45]

FEF25-75 (L/sec) 2.6 ± 1.2 3.5 ± 1.2 0.002* -1.07 [-1.78, -0.34]

FEF25-75 (% predicted) 99 ± 44 133 ± 42  < 0.001* − 1.14 [− 1.86, − 0.39]
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Fig. 4, n = 11). During exercise, ∫Pm was reduced during 
both inspiration (− 28.4 ± 12.9%, P < 0.001) and expiration 
(− 18.5 ± 17.8%, P = 0.005) with Heliox (Fig. 5A, n = 13). 
Similarly, inspiratory (−  22.8 ± 11.6%, P < 0.001) and 
expiratory (− 10.8 ± 11.4%, P = 0.003) muscle force devel-
opment was reduced with heliox (Fig. 5B, n = 13). Maximal 

inspiratory and expiratory pressures were reduced at the end 
of exercise compared to pre-exercise, after inhaling both 
heliox (MIP − 29.1 ± 21%, MEP − 22.9 ± 13.5%, P < 0.001) 
and room air (MIP − 23.9 ± 18.1%, MEP − 20.9 ± 10.6%, 
P < 0.001), indicative of respiratory muscle fatigue. MIP 
remained lower from 1 to 2 min, and MEP remained lower 

Fig. 1  Individual (A, B) and group (C) power output (W) during the 
5-km TT with inhalation of room air or heliox (n = 14). Values are 
presented as mean ± SD. *P < 0.05 main effect of condition. Mean 

power output was 213 ± 37 W when inhaling room air and 217 ± 38 
W when inhaling heliox

Table 3  Performance and 
perceptual response during the 
5-km TT with inhalation of 
room air and heliox (n = 14)

SpO2—hemoglobin oxygen saturation (an = 13). Values are presented as mean ± SD

*P < 0.05 main effect of condition

Room air Heliox P value Cohen’s d

Time (sec) 531.3 ± 36.9 527.6 ± 38 0.017* 0.73 [0.13, 1.32]

Power (W) 213 ± 37 217 ± 38 0.011* − 0.79 [− 1.39, − 0.18]

Cadence (rpm) 92 ± 7 93 ± 6 0.547 − 0.17 [− 0.69, 0.37]

SpO2 (%)a 97 ± 1 98 ± 1 0.007* − 0.96 [− 1.64, − 0.26]

Heart rate (bpm) 148 ± 9 148 ± 8 0.375 − 0.31 [− 0.97, 0.37]

Lactate (mmol/L) 11.2 ± 2.2 12.0 ± 2.6 0.136 − 0.43 [− 0.97, 0.13]

Breathing discomfort (a.u.) 48 ± 12 46 ± 10 0.573 0.16 [− 0.38, 0.68]

Leg discomfort (a.u.) 47 ± 13 46 ± 10 0.663 0.12 [− 0.41, 0.64]
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from 1 to 15 min following the end of exercise compared to 
pre-exercise, in both heliox and room air conditions. Exer-
cise-induced reduction in MIP and MEP was not different 
between conditions (Fig. 6, n = 13). Due to technical issues, 
 SpO2, MIP, and MEP were not recorded in one participant.

Discussion

The purpose of this study was to determine the influence of 
breathing a low-density gas (i.e., heliox) on mechanical ven-
tilatory constraints, respiratory muscle force development, 
and exercise performance during a cycling time trial in mas-
ter athletes. The rationale for our study was based on find-
ings showing that heliox could partially alleviate the age-
related decline in pulmonary function such as the dynamic 
narrowing of airways during expiration, the associated 
increased pulmonary resistance, the reduction in the reserve 
for increasing ventilation, and the increase in respiratory 
muscle work during physical exercise (Janssens et al. 1999; 
Johnson et al. 1994; Johnson and Dempsey 1991; Molgat-
Seon et al. 2018; Smith et al. 2018). The major findings were 
that heliox had a significant but modest effect on exercise 
performance in master athletes during a 5-km time trial and 
tended to decrease the severity of expiratory flow limitation. 
Moreover, heliox reduced respiratory muscle force develop-
ment during exercise but did not attenuate exercise-induced 
respiratory muscle fatigue.

Our older trained individuals increased their power out-
put by 1.8 ± 2.4% and improved their performance time 
by 0.7 ± 0.9% when breathing heliox compared with room 
air (Fig. 1, Table 3). Our results extend previous findings 
obtained in young trained athletes showing an improvement 
in performance when breathing heliox during a constant 

workload exercise performed at 85–110% maximum oxy-
gen consumption (Aaron et al. 1985; Powers et al. 1986; 
Wilson and Welch 1980) and an intermittent high-intensity 
exercise performed at 160% maximum aerobic power output 
(Tong et al. 2004).

Our findings also indicate that the performance improve-
ment observed with heliox during a 5-km time trial in master 
athletes is not greater than the 0.7% improvement in per-
formance time (equivalent to 3.2 s) previously observed 
in younger trained male athletes (Wilkie et al. 2015). This 
suggests that age-related increase in pulmonary mechanical 
constraints does not impose additional limitations (if any) on 
exercise performance compared to younger adults. However, 
even a small improvement in performance, such as the one 
observed in the present study, can be relevant and significant 
for competitive master athletes (Hopkins et al. 2001). For 
example, the margin between winning gold and silver world 
championship medals in males between 60 and 65 years was 
0.48 s in the 2000 m track cycling pursuit (2022) and 0.25 s 
in the 1500 m indoor track and field race (2023).

The slight performance improvement observed with 
heliox may be attributed to reduced internal (e.g., airways) 
and external (e.g., breathing apparatus) resistance to breath-
ing, as indicated by the decreased inspiratory (~ 31%) and 
expiratory (~ 19%) mouth pressures, along with indices of 
reduced inspiratory (~ 24%) and expiratory (~ 12%) muscle 
force development during heliox breathing (Fig. 5). These 
reductions in mouth pressure and respiratory muscle force 
development during exercise were likely associated with a 
decrease in the overall work of breathing (WOB), thereby 
allowing blood flow to redistribute from the respiratory 
muscles to the locomotor muscles via a reduction in the 
respiratory muscle metaboreflex (Dempsey et al. 2008a, b; 
Harms et al. 1997, 1998, 2000; Sheel et al. 2018). Indeed, 

Table 4  Ventilatory response 
during the 5-km TT with 
inhalation of room air and 
heliox (n = 13)

EFL—expiratory flow limitation (an = 11); V̇E—minute ventilation; V̇CO2—carbon dioxide production; V̇
E/V̇CO2—ventilatory equivalent for  CO2;  PETCO2—end-tidal partial pressure for  CO2; FB—breathing fre-
quency; VT—tidal volume; IRV—inspiratory reserve volume; EELV—end-expiratory lung volume; EILV—

end-inspiratory lung volume; and FVC—forced vital capacity. Values are presented as mean ± SD over the 
5-km time trial

*P < 0.05 main effect of condition

Room air Heliox P value Cohen’s d

EFL (%  VT)a 30 ± 23 22 ± 23 0.056 0.67 [− 0.03, 1.35]

V̇E (L/min), STPD 94 ± 13 112 ± 22 0.011* − 1.02 [− 1.78, − 0.23]

V̇CO2 (L/min), STPD 3.73 ± 0.66 3.92 ± 0.72 0.594 − 0.18 [− 0.77, 0.42]

V̇E/V̇CO2 25.1 ± 1.8 28.6 ± 2.7  < 0.001* − 1.51 [− 2.37, − 0.61]

PETCO2 (mmHg) 38.8 ± 4.6 34.2 ± 3.5  < 0.001* 0.84 [0.13, 1.52]

FB (breaths/min) 47 ± 7 52 ± 11 0.030* − 0.88 [− 1.6, − 0.12]

VT (L), STPD 2.1 ± 0.4 2.2 ± 0.3 0.123 − 0.52 [− 1.17, 0.16]

IRV (L) 0.40 ± 0.14 0.45 ± 0.13 0.152 − 0.51 [− 1.16, 0.17]

EILV (% FVC) 90 ± 3 90 ± 3 0.167 0.46 [− 0.2, 1.11]

EELV (% FVC) 36 ± 8 33 ± 8 0.175 0.46 [− 0.2, 1.11]
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decreasing the WOB may have increased blood flow and 
improved oxygen availability to the locomotor muscles 
(Dominelli et al. 2017a), therefore delaying the development 
of locomotor muscle fatigue (Dominelli et al. 2017b; Romer 
et al. 2006) and improving exercise performance (Harms 
et al. 2000). It is important to note that our experiment did 
not enable us to directly measure the WOB, and the meth-
odology used in this study did not allow us to distinguish 
between the effects of a reduction in airway resistance and a 
reduction in resistance related to the breathing apparatus on 
indices associated with mouth pressure measurement (Hunt 
et al. 2010).

Our findings showed a decrease in maximal inspira-
tory (MIP) and expiratory (MEP) pressures post-exercise 

compared to pre-exercise which indirectly suggests inspira-
tory and expiratory muscle fatigue. Such findings are con-
sistent with previous results showing significant diaphrag-
matic fatigue, as assessed using bilateral supramaximal 
electrical stimulation of the phrenic nerve, following a 
cycling exercise of similar duration (i.e., 9.6 min) (Babcock 
et al. 2002). It also extends previous results showing a 13 to 
17% reduction in MIP and MEP following a maximal and 
graded cycling exercise test in young moderately trained ath-
letes (Coast et al. 1999; Oueslati et al. 2018; Ozkaplan et al. 
2005; Volianitis et al. 2001). However, exercise-induced 
reductions in MIP and MEP were not different between 
conditions in the present study (Fig. 6), suggesting that the 
“unloading effect” of heliox on WOB, previously reported 

Fig. 2  Minute ventilation ( V̇E, 
A), ventilatory equivalent for 
 CO2 ( V̇E/V̇CO2, B), breath-
ing frequency  (FB, C), tidal 
volume  (VT, D), carbon dioxide 
production ( V̇CO2, E), and end-
tidal partial pressure of  CO2 
 (PETCO2, F) during the 5-km 
TT with inhalation of room 
air or heliox (n = 13). Values 
are presented as mean ± SD. 
*P < 0.05 main effect of condi-
tion. #P < 0.05 interaction 
between condition and distance
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to be ~ 12–28% (Mann et al. 2020; Molgat-Seon et al. 2019; 
Wilkie et al. 2015), was insufficient to attenuate the exercise-
induced failure of the respiratory muscles to develop pres-
sure. Indeed, previous findings showed that exercise-induced 
diaphragmatic fatigue can be effectively prevented (Babcock 
et al. 2002) and exercise performance improved to a greater 
extent (i.e., ~ 14%) (Harms et al. 2000) when a substantially 
larger reduction in the work of breathing (i.e., 40–80%) is 
obtained using PAV. Furthermore, while aging is associated 

with an increase in both the resistive (e.g., increase in airway 
resistance) and viscoelastic (e.g., decrease in elastic recoil of 
the lung) components of the work of breathing (Smith et al. 
2018), heliox only alleviates the resistive work of breathing 
(Mann et al. 2020) in contrast to PAV. This might explain, 
at least in part, why heliox had no influence on exercise-
induced reductions in MIP and MEP. Alternatively, because 
the effect of heliox is flow-dependent (Dominelli et al. 2016; 
Mann et al. 2020), another possible explanation could be 
that, at a ventilation of ~ 94 L/min, the airflow in our mas-
ter athletes may not have reached a sufficiently high level, 
and turbulence may not have been significant enough, for 
heliox to significantly attenuate airway resistance and the 
work of breathing. Indeed, heliox was found to significantly 
lower the work of breathing only when ventilation exceeded 
~ 90 L/min in young healthy males (Mann et al. 2020). How-
ever, previous results showed that the work of breathing can 
be reduced by ~ 16% at minute ventilation averaging ~ 60 L/
min in recreationally active older individuals during exercise 
(Molgat-Seon et al. 2018). Finally, the ~ 19% heliox-induced 
increase in ventilation might have counteracted the benefi-
cial “unloading effect” of heliox on the work of breathing.

Ten out of eleven older trained athletes showed expiratory 
flow limitation (EFL) when inhaling room air in the present 
study. This is consistent with previous findings showing that 
older individuals exhibit greater expiratory flow limitation 
than younger individuals (Johnson et al. 1991a, b; Molgat-
Seon et al. 2018; Smith et al. 2018), as substantiated by 
the greater frequency of EFL observed in older compared 
with younger individuals during maximal exercise (e.g., 
82–90% vs. 55–60%, Molgat-Seon et al. 2018). Older indi-
viduals are indeed more predisposed to EFL during exer-
cise as a consequence of their increased ventilatory response 
(e.g., greater minute ventilation for a same workload) and 

Fig. 3  Hemoglobin oxygen saturation  (SpO2) during the 5-km TT 
with inhalation of room air or heliox (n = 13). Values are presented as 
mean ± SD. *P < 0.05 main effect of condition

Fig. 4  Maximal flow–volume 
loops (solid lines) and exercise 
tidal flow–volume loops 
(dashed lines) during 5-km time 
trial when inhaling room air or 
heliox in a representative sub-
ject. Tidal flow–volume loops 
were obtained during the last 30 
s of the time trial. The severity 
of expiratory flow limitation is 
presented in %VT
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reduced ventilatory capacity (e.g., greater EELV and EILV) 
compared with younger individuals (DeLorey and Babb 
1999; Molgat-Seon et  al. 2018). Breathing heliox can, 
however, increase the envelope of the maximal expira-
tory flow–volume curve through an improvement in the 

capacity to generate flow (Table 2, Fig. 4), thereby increas-
ing the available pulmonary reserve (i.e., distance between 
the boundaries of the tidal volume and the MFVC (Babb 
1997b)). This increase in the pulmonary reserve is supported 
in the present study by the ~ 19% increase in ventilation in 

Fig. 5  Pressure developed by 
the respiratory muscles (“∫Pm 
per breath,” A) and respira-
tory muscle force development 
(“∫Pmouth ×  FB,” B) in inspi-
ration (INS) and expiration 
(EXP) during the 5-km TT with 
inhalation of room air or heliox 
(n = 13). Values are presented 
as mean ± SD. *P < 0.05 main 
effect of condition

Fig. 6  Maximal inspiratory pressures (MIP, A) and maximal expira-
tory pressure (MEP, B) assessed PRE vs. POST 5-km TT (n = 13). 
Values are presented as mean ± SD. *P < 0.05 for time vs PRE. No 

condition x time interaction was observed for MIP (P = 0.282) 
or MEP (P = 0.509). No condition effect was observed for MIP 
(P = 0.539) or MEP (P = 0.953)
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heliox compared with room air (Fig. 2, Table 4) and the 
trend toward a reduction in the severity of EFL (P = 0.054, 
Cohen’s d = 0.67). Yet, mechanical ventilatory constraints 
persisted despite the inhalation of heliox in the present study 
(i.e., EFL remained present in 9 participants), and opera-
tional lung volumes were not significantly different between 
room air and heliox breathing, which is in agreement with 
previous findings in young individuals (Mann et al. 2020; 
McClaran et al. 1998). For example, EILV corresponded 
to ~ 90% of FVC when inhaling both room air and Heliox 
(Table 4), suggesting that the inspiratory muscle work was 
likely very high in both conditions (Johnson et al. 1991a, 
b). Likewise, EELV was not different between room air and 
heliox (Table 4), which may explain the absence of further 
significant increase in tidal volume with heliox since an 
increase in EILV beyond ~ 90% FVC does not appear to be 
a viable option (Babb 2013; McClaran et al. 1999). This 
result contrasts with previous findings showing a lower 
EELV and a higher tidal volume with heliox (Babb 1997a, 
1997b; McClaran et al. 1999). However, despite similar tidal 
volume between conditions in the present study (Table 4, 
Fig. 2), we observed a ~ 19% increase in minute ventilation 
when inhaling heliox, which was mainly attributable to an 
increase in breathing frequency. Considering the lack of 
arterial hypoxemia during room air exercise, as suggested 
by a hemoglobin oxygen saturation of 97% (Table 3, Fig. 3), 
alveolar ventilation was unlikely compromised in our master 
athletes. Therefore, the increase in minute ventilation with 
heliox likely did not significantly contribute to the perfor-
mance improvement during the 5-km time trial. Conversely, 
the hyperventilation-induced hypocapnia with heliox (Fig. 3) 
might have resulted in a leftward shift in the oxygen–hemo-
globin dissociation curve, potentially compromising muscle 
 O2 delivery and thus limiting the enhancement in perfor-
mance (Hayashi et al. 1999).

Study limitations

While we used validated methods to characterize pulmonary 
mechanical function, EFL, and respiratory muscle fatigue, 
one of the primary limitations of our study is the absence of 
invasive esophageal pressure measurements. For example, 
we were unable to ascertain peak esophageal pressure and 
verify whether participants achieved maximal inspiration to 
total lung capacity during the volitional inspiratory capac-
ity maneuvers performed throughout exercise. This limita-
tion may affect the accuracy and reliability of our estimates 
of operating lung volumes and expiratory flow limitation 
(EFL). Nevertheless, participants received comprehensive 
training in conducting maximal effort during IC maneuver, 
and such maneuvers are considered to be reliable and repro-
ducible once participants are properly familiarized (Guenette 
et al. 2013).

In the absence of transpulmonary pressure measurement 
or a negative expiratory pressure device, we estimated EFL 
by evaluating the percentage of the tidal volume loop that 
overlapped with the maximal expiratory flow–volume 
(MEFV) curve (Johnson et al. 1999). To minimize the risk 
of false detection of EFL, we assessed EFL repeatedly 
during the 5-km time trial, and we considered expiratory 
flow as limited only when the tidal volume loop over-
lapped with the MEFV curve by at least 5% (Chapman 
et al. 1998). Although our methodology did not account 
for the effect of thoracic gas compression (Guenette et al. 
2010) or potential heliox effect on the external breath-
ing apparatus (Hunt et al. 2010), potentially leading to 
EFL overestimation, it is a common approach to evaluate 
expiratory flow limitation (Chapman et al. 1998; Cox et al. 
2020; Derchak et al. 2000; Johnson et al. 1999; Verges 
et al. 2005). Furthermore, our EFL results are consist-
ent with previous findings from studies using esophageal 
pressure measurements and accounting for thoracic gas 
compression in older individuals (Johnson et al. 1991a, 
b; Johnson et al. 1991a, b; Molgat-Seon et al. 2018). This 
suggests that our chosen methodology was appropriate to 
assess EFL.

The lack of invasive esophageal pressure measurement 
also prevented a direct assessment of respiratory muscle 
pressure-generating capacity. Instead, we used maximal 
inspiratory and expiratory pressures to indirectly assess res-
piratory muscle fatigue. Our findings must be interpreted 
with caution because this method has notable limitations 
when compared to twitch transdiaphragmatic pressure meas-
urment in response to supramaximal phrenic nerve stimula-
tion. These limitations include its reliance on participant 
motivation and volitional effort, susceptibility to be influ-
enced by accessory muscles, and inability to differentiate 
between central and peripheral components of neuromuscu-
lar fatigue. However, the assessment of maximal inspiratory 
and expiratory pressures (MIP and MEP) is considered a 
valid noninvasive method for assessing respiratory muscle 
fatigue, as acknowledged by the American Thoracic Soci-
ety/European Respiratory guidelines Respiratory (American 
Thoracic Society/European Respiratory 2002) (Brown and 
Kilding 2011; Coast et al. 1999; Oueslati et al. 2018; Ozka-
plan et al. 2005; Ross et al. 2008; Volianitis et al. 2001). and 
its frequent use in the literature to evaluate exercise-induced 
respiratory muscle fatigue. Finally, this study specifically 
involved male master athletes, and our findings may not be 
directly applicable to master female athletes. Existing evi-
dence suggests that, compared with males, smaller conduct-
ing airways might increase the prevalence of EFL and the 
work of breathing for a given level of ventilation in young 
and old females (Dominelli et al. 2015; Mann et al. 2020; 
Molgat-Seon et al. 2018). Future studies are thus neces-
sary to determine the effect of reducing the resistive work 
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of breathing with heliox on exercise performance in female 
master athletes.

Conclusion

Breathing a low-density gas (i.e., heliox), which reduces 
mechanical ventilatory resistance and increases the pulmo-
nary reserve of master athletes, enhanced exercise perfor-
mance during a 5-km time trial although this improvement 
was somewhat limited. The decrease in respiratory muscle 
force development, the greater minute ventilation, and the 
tendency toward a reduction in EFL with heliox indeed yield 
to < 2% improvement in power output and performance 
time. This limited impact on exercise performance might be 
explained by the absence of beneficial effects of breathing 
heliox on exercise-induced respiratory muscle fatigue and 
operational lung volumes. Our findings suggest that while 
the effect of pulmonary mechanical resistance on endurance 
exercise performance is somewhat limited in master athletes, 
it remains significant and meaningful for highly trained com-
petitive individuals in this age group.
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