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Purpose: Hypercapnic chemosensitivity traditionally captures the ventilatory response
to elevated pressures of carbon dioxide in the blood. However, hypercapnia also
contributes to subjective breathing perceptions, and previously we demonstrated a
closer matching of perception to changes in ventilation in athletes compared to controls.
Here we investigated any potential underlying hypercapnic chemosensitivity differences
between groups, and explored whether these measures relate to ventilatory and
perceptual responses during exercise as well as trait levels of affect.

Methods: A hypercapnic challenge, incremental maximal exercise test and affective
questionnaires were completed by 20 endurance athletes and 20 age-/sex-matched
sedentary controls. The hypercapnic challenge involved elevating end-tidal PCO2 by
0.8% (6.1 mmHg) and 1.5% (11.2 mmHg) for 3 min each (randomised), with constant
end-tidal oxygen. Ventilatory and perceptual responses to hypercapnia were compared
between groups, and within each group the relationships between hypercapnic
chemosensitivity (slope analyses) and exercising ventilation and perceptions were
calculated using Spearman’s non-parametric correlations.

Results: While absolute ventilation differences during hypercapnia and exercise were
observed, no group differences were found across hypercapnic chemosensitivity (slope)
measures. Correlation analyses revealed the anxiety hypercapnic response was related
to maximal exercise anxiety, but only in sedentary individuals.

Conclusion: Ventilatory and perceptual hypercapnic chemosensitivity do not differ
between athletes and sedentary individuals. However, ventilatory and anxiety
hypercapnic chemosensitivities were related to ventilatory and anxiety responses
during exercise in untrained individuals only. Athletes may employ additional strategies
during exercise to reduce the influence of chemosensitivity on ventilatory and
perceptual responses.
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INTRODUCTION

Hypercapnia occurs when there is elevated pressure of carbon
dioxide in the blood (PCO2). Increases in metabolic rate due to
physical activity or exercise will increase the cellular production
of CO2, and resulting PCO2. To mitigate the acidic nature
of this elevated PCO2, chemoreceptors in the brainstem and
periphery (carotid and aortic bodies) tightly control cerebral
blood flow and drive ventilation (hyperpnea) to exhale excess
CO2 (Feldman et al., 2003; Ainslie and Duffin, 2009; Ogoh
et al., 2009). However, there is a broad range of variability
in the magnitude of an individual’s ventilatory response to
hypercapnia (Griez et al., 1990; Houtveen et al., 2003; Li et al.,
2006; Peebles et al., 2007; Ogoh et al., 2008; Faull et al., 2016,
2019; Sackett et al., 2018). Furthermore, while hypercapnic
chemosensitivity is a large contributing factor to ventilatory
control during exercise, additional drivers such as central
command output, muscle afferent feedback (Turner et al., 1997;
Dempsey and Smith, 2014) and even associative conditioning
(Turner and Sumners, 2002; Turner and Stewart, 2004) can
influence ventilatory patterns.

Alongside hypercapnia-induced changes in ventilation,
elevated PCO2 can also drive perceptions of both breathlessness
(Banzett et al., 1990, 2008; Lane and Adams, 1993; Society,
1999; Lansing et al., 2009) and anxiety (Griez et al., 1990;
Smoller et al., 1996; Houtveen et al., 2003; Johnson et al., 2012;
Goossens et al., 2014). Importantly, increased ventilation due to
hypercapnia does not directly translate to increased perceptions
of breathlessness and anxiety (Banzett et al., 1990; Li et al.,
2006), and previously we demonstrated a stronger relationship
between hypercapnia-induced changes in ventilation and
breathing perceptions (breathlessness and anxiety) in athletes
compared to sedentary controls at rest (Faull et al., 2016).
This raises the question as to whether there is an inherent
difference in hypercapnic chemosensitivity in the ventilatory
and/or perceptual domains in athletes, and how these responses
at rest may translate to differences in ventilation and perceptions
during exercise. Understanding these relationships will help
shed light on the contribution of baseline ventilatory and
perceptual hypercapnic chemosensitivities to our responses
during incremental exercise.

Finally, exercise has been associated with reduced levels of
affective traits such as anxiety and depression (Herring et al.,
2011, 2014), while enhanced hypercapnic perceptions have been
reported in individuals with greater trait anxiety (Li et al., 2006),
panic disorder (Griez et al., 1990) and those with increased
somatic symptoms (Houtveen et al., 2003). Therefore, one
mechanism underlying the reduction in negative affect with
regular exercise may be via decreasing subjective perceptual
sensitivity to hypercapnia, possibly due to repeated interoceptive
exposure to elevated PCO2 during exercise (Meuret et al., 2018).
Exploring the relationship between perceptual sensitivity to
hypercapnia, exercise exposure and measures such as anxiety and
depression may help shed light on this effect.

Here, we utilised the athlete and sedentary groups from
Faull et al. (2016) to investigate any differences in hypercapnic
chemosensitivity for both ventilation and subjective perceptions.

Additionally, we explored how chemosensitivity measures relate
to ventilatory and perceptual responses during exercise, as well
as trait measures of anxiety, depression and anxiety sensitivity
(anxiety toward bodily symptoms).

METHODS

The data used for these analyses were collected as part of a
wider study that considered both the physiological and functional
brain response to breathlessness (Faull et al., 2016, 2018). Data
pertaining to the hypercapnic challenge, incremental exercise test
and questionnaires were utilised here.

Participants
Two groups of individuals were recruited into this study, with
20 endurance athletes and 20 age- and sex-matched sedentary
controls (10 males and 10 females in each group; mean age ± SD,
26 ± 7 years). Endurance athletes completed five or more training
sessions per week in either running, cycling or rowing, while
sedentary individuals were not involved in any organised sport
and minimal commuting activity. One athlete did not complete
the maximal exercise test due to injury. The Oxfordshire Clinical
Research Ethics Committee approved the study and volunteers
gave written, informed consent prior to participation. Participant
anthropometrics are reported in Table 1.

TABLE 1 | Participant anthropometrics.

Athletes Sedentary p-value

Females/Males 10/10 10/10 NA

Training volume (hours/week) 11.5 ± 0.2 0.0 ± 0.0 NA

Age (years) 25.8 ± 1.7 25.7 ± 1.7 0.95

Height (m) 1.8 ± 0.2 1.7 ± 0.0 0.01*

Weight (kg) 75.2 ± 2.3 68.7 ± 3.0 0.09

BMI (kg/m2) 23.1 ± 0.6 23.3 ± 0.8 0.87

FVC (L) 5.7 ± 0.2 4.2 ± 0.3 <0.01*

FVC predicted (L) 5.2 ± 0.2 4.7 ± 0.2 0.10

FVC (% predicted) 108.3 ± 2.0 90.9 ± 4.3 <0.01*

FEV1 (L) 4.4 ± 0.2 3.4 ± 0.2 <0.01*

FEV1 predicted (L) 4.4 ± 0.2 4.0 ± 0.2 0.10

FEV1 (% predicted) 100.5 ± 2.1 90.9 ± 4.3 <0.01*

FEV1/FVC (%) 78.2 ± 1.6 81.3 ± 1.0 0.10

MVV (L/min) 150.9 ± 9.6 113.0 ± 8.8 0.01*

MVV predicted (L/min) 182.0 ± 6.3 144.8 ± 8.0 <0.01*

MVV (% predicted) 82.3 ± 3.5 77.7 ± 3.6 0.36

Trait anxiety 29.6 ± 1.3 30.8 ± 1.5 0.54

Anxiety sensitivity index 13.5 ± 1.4 16.1 ± 1.7 0.24

Depression 6.4 ± 0.9 7.6 ± 1.1 0.40

Data adapted from Faull et al. (2016). Mean ± SE reported for each group.
BMI, body mass index; FVC, forced vital capacity; FEV1, forced expiratory
volume in 1s; FEV1/FVC, forced expiratory volume in 1s as a fraction of forced
vital capacity; MVV, maximal voluntary ventilation. Predicted values for FVC and
FEV1 were calculated using Global Lung Index reference values (Global Lung
Function Initiative, 2021; Hall et al., 2021), and predicted values for MVV were
calculated with reference to FEV1 (Neder et al., 1999). *Significantly different
(p < 0.05) between groups.
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Questionnaires
Participants completed questionnaires to measure anxiety
(Spielberger State-Trait Anxiety Inventory; STAI) (Spielberger,
2010; Vitasari et al., 2011; Thomas and Cassady, 2021),
depression (Centre for Epidemiologic Studies Depression Scale;
CES-D) (Radloff, 1977; Weissman et al., 1977) and anxiety
sensitivity, which measures anxiety toward anxiety symptoms
(Anxiety Sensitivity Index; ASI) (Reiss et al., 1986; Maller and
Reiss, 1987). Questionnaires were completed on paper and were
scored according to their respective manuals.

Spirometry
Participants additionally completed baseline spirometry
measures as part of the wider study protocol. Participants
breathed through a mouth-piece (Hans Rudolf, Kansas City,
MO, United States) and turbine connected to gas and flow
analyser (Cortex Metalyser 3B, Cranlea Human Performance
Ltd., Birmingham, United Kingdom) while wearing a nose
clip. Metasoft studio software (Cortex, Versions 3.9.9 and
4.9.0, Cranlea Human Performance Ltd., Birmingham, United
Kingdom) was used to calculate all spirometry measurements.
Forced vital capacity (FVC) and Fraction of Expired Volume in
1 s (FEV1) were measured using a full inspiration and expiration,
repeated three times in accordance to established guidelines
(Levy et al., 2009). Spirometry protocols matched those defined
in the American Thoracic Society and European Respiratory
Society 2019 update for usable tests (Graham et al., 2019),
although FVC measures were not followed by a full inspiration.
The best of two repeats of maximal voluntary ventilation (MVV)
were recorded, where participants were asked to maximally
ventilate through the mouthpiece for 10 s.

Hypercapnic Challenge
Participants were positioned supine and asked to breathe through
a custom-built gas mixing circuit via a mouthpiece (Scubapro
United Kingdom Ltd., Mitcham, United Kingdom) connected to
a bacterial and viral filter (GVS, Lancashire, United Kingdom)
whilst wearing a nose clip. Participants were given prism glasses
such that they could see and respond to questions presented on
a computer screen via a button box throughout the task. The
breathing circuit allowed for measures of end-tidal pressure of
oxygen (PETO2) and carbon dioxide (PETCO2) via polyethylene
extension tubing (Vygon SA, Ecouen, France) connected to a
gas analyser (ADInstruments Ltd., Oxford, United Kingdom).
A spirometer (ADInstruments Ltd., Oxford, United Kingdom)
simultaneously measured ventilatory flow and volume, and all
devices were connected to a data acquisition device (Powerlab;
ADInstruments Ltd., Oxford, United Kingdom) with measures
recorded using physiological monitoring software (Labchart 7;
ADInstruments Ltd., Oxford, United Kingdom).

Following 8 min of rest where participants breathed
humidified medical air, two three-minute hypercapnic periods of
elevated PETCO2, either 0.8% (6.1 mm Hg) or 1.5% (11.2 mm Hg)
above baseline were administered (randomised order), separated
and followed by 4 min of rest breathing medical air. PETCO2
values were chosen to induce two distinguishable levels of

hypercapnia within a tolerable range for all participants, and
hypercapnia was achieved by titrating a CO2 mixture (25%
CO2; 21% O2; balance N2; supplied by BOC Gas, Oxford,
United Kingdom) into a custom-built mixing chamber and
breathing circuit (see Faull et al., 2016 for details). PETO2
was maintained at resting levels throughout the task by
simultaneously titrating a hypoxic gas (7% O2; balance nitrogen;
supplied by BOC Gas, Oxford, United Kingdom) into the
inspiratory mixture. Every 4 min participants were asked to rate
their breathlessness by answering the question “How breathless
are you” via the button box between “Not at all breathless” (0%)
and “Most intense breathlessness imaginable” (100%) using a
visual analogue scale (VAS). Participants additionally answered
the question “How anxious are you about your breathing?” using
a VAS between “Not at all anxious” (0%) and “Extremely anxious”
(100%) following the breathlessness rating.

Incremental Maximal Exercise Test
Participants completed an incremental exercise test to exhaustion
on a stationary bicycle ergometer (Ergoline 500, Lindenstrasse,
Germany). Participants were fitted with a facemask (Hans
Rudolph Inc., Kansas, United States) and turbine connected to
a gas and flow analyser (Cortex Metalyser 3B, Cranlea Human
Performance Ltd., Birmingham, United Kingdom) for breath-by-
breath measures of expired gases and ventilatory flow. Heart rate
was measured by a Polar heart rate monitor (Polar, Kempele,
Finland) connected via Bluetooth. Exercise was initiated between
50 and 150 W according to predicted maximal effort, and
cadence was self-selected cadence with an aim of 90 rpm. Three-
minute stages at 50 W increments were completed until volitional
exhaustion. Breathlessness and breathing-related anxiety were
additionally rated on a 0–100% VAS scale verbally in the last
30 s of each stage and at exhaustion. Physiological measures
were averaged across the final 30 s at each stage, and the
anaerobic threshold for each participant was determined by visual
inspection using the V-slope method (Wasserman et al., 1973;
Beaver et al., 1986).

Statistical Analyses
To measure both the ventilatory and perceptual responses
to hypercapnia, chemosensitivity metrics for ventilation, tidal
volume, breathing rate, breathlessness and anxiety of breathing
were calculated. A separate linear model was fit for each of these
measures against PETCO2 during the hypercapnic challenge, and
the slope coefficient (representing the rate of change in each
of the metrics according to the mm Hg increase in PETCO2)
was used as the subsequent hypercapnic chemosensitivity metric.
Following tests for data normality (Anderson-Darling test, with
an alpha value of p < 0.05 rejecting the null hypothesis of
normally distributed data), the slope parameter for each of
the measures was compared between athlete and sedentary
groups using two-tailed independent t-tests. If the data were not
normally distributed, significant group differences were tested
using non-parametric Wilcoxon rank sum tests. To account for
the multiple group comparison tests, we utilised False Discovery
Rate (FDR)-corrected significance values at p < 0.05, with values
surviving p < 0.05 uncorrected reported as exploratory results.
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FIGURE 1 | Hypercapnic chemosensitivity measures for athletes and sedentary controls. Hypercapnic chemosensitivity for ventilation, tidal volume, breathing rate,
perception of breathlessness and perception of breathing-related anxiety are the rate of change in each value for each mm Hg increase in PETCO2, calculated using
the slope parameter from a fitted linear model. Ventilation, tidal volume and breathing rate were normalised to height. No significant differences were observed
between groups for any chemosensitivity measures.

Tidal volume and breathing rate during both the hypercapnic
challenge and exercise were also compared between the groups,
in addition to the comparisons previously reported by Faull et al.
(2016).

To compare each of the hypercapnic chemosensitivity
measures with both exercising variables (ventilation,
breathlessness and anxiety scores at anaerobic threshold
and maximal exercise) and questionnaire scores relating to affect
(anxiety, depression, anxiety sensitivity), we constructed a full
correlation matrix of these variables for each of the athlete and
sedentary groups. To reduce the impact of outliers with only
20 participants in each group, we employed non-parametric
Spearman correlations, with significance taken as correlation
coefficients having a p < 0.05 with FDR correction for multiple
comparisons across the correlation matrix. Values surviving
p < 0.05 uncorrected are reported as exploratory results.

RESULTS

Hypercapnic Chemosensitivity
Hypercapnic chemosensitivity values (slope parameter for the
change in each metric in response to increases in PETCO2)
for ventilation, tidal volume, breathing rate, breathlessness and
anxiety of breathing are provided in Figure 1. Ventilation,
tidal volume and breathing rate were normalised to height.
No significant differences were observed between athletes and
sedentary groups.

A summary of the ventilatory and perceptual responses to
the hypercapnic challenge for athletes and sedentary groups can
be seen in Table 2. As reported previously (Faull et al., 2016),
athletes and sedentary individuals were found to differ at rest
for ventilation. Additionally, here we have found differences
in tidal volume at rest (mean ± SE: athletes 1.37 ± 0.14 L
vs. sedentary 0.83 ± 0.07 L; z = 3.19; p < 0.01; Wilcoxon
rank sum) and both mild hypercapnia (mean ± SE: athletes

1.99 ± 0.18 L vs. sedentary 1.26 ± 0.10 L; z = 3.02; p < 0.01;
Wilcoxon rank sum) and moderate hypercapnia (mean ± SE:
athletes 2.39 ± 0.18 L vs. sedentary 1.74 ± 0.17 L; t = 2.62;
p = 0.01; t-test), as well as differences in breathing rate at
rest (mean ± SE: athletes 10.47 ± 0.70 bpm vs. sedentary
13.79 ± 0.90 bpm; t = −2.91; p = 0.01; t-test) and both mild
hypercapnia (mean ± SE: athletes 12.30 ± 0.95 bpm vs. sedentary
17.71 ± 1.29 bpm; z = −3.15; p < 0.01; Wilcoxon rank sum) and
moderate hypercapnia (mean ± SE: athletes 14.42 ± 0.96 bpm vs.
sedentary 19.20 ± 1.30 bpm; t = −2.94; p = 0.01; t-test).

Ventilation and Perception During
Exercise
A summary of the ventilatory and perceptual responses at
both anaerobic threshold and maximal exercise for athletes and
sedentary groups can be seen in Table 2. As reported previously
(Faull et al., 2016), athletes and sedentary individuals were found
to differ at both anaerobic threshold and maximal exercise for
ventilation, and anxiety of breathing was greater in athletes
at maximal exercise. Additionally, here we found differences
in tidal volume at anaerobic threshold (mean ± SE: athletes
2.56 ± 0.14 L vs. sedentary 1.47 ± 0.13 L; t = 5.76; p < 0.01;
t-test) and maximal exercise (mean ± SE: athletes 2.82 ± 0.10 L
vs. sedentary 1.92 ± 0.15 L; z = 3.82; p < 0.01; Wilcoxon rank
sum), and also for breathing rate at maximal exercise (mean ± SE:
athletes 52.46 ± 2.57 bpm vs. sedentary 41.38 ± 1.38 bpm;
z = 2.74; p = 0.01; Wilcoxon rank sum) but not anaerobic
threshold (mean ± SE: athletes 30.45 ± 1.13 bpm vs. sedentary
28.63 ± 1.79 bpm; t = 0.85; p = 0.40; t-test).

Correlations Between Hypercapnic
Chemosensitivity, Exercise and Affect
A full correlation matrix was calculated between hypercapnic
chemosensitivity measures, exercise and affect values for each of
the athlete and sedentary groups (Figure 2). As seen in Figure 2,
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TABLE 2 | Ventilatory and perceptual responses to a hypercapnic challenge for athletes and sedentary controls.

Rest Athletes Sedentary t/z statistic p-value Test

PETCO2 (mm Hg) 38.9 ± 1.1 40.1 ± 0.8 −0.45 0.66 Wxn

PETO2 (mm Hg) 116.3 ± 1.7 115.7 ± 1.5 0.27 0.79 Ttest

Ventilation (L/min) 13.0 ± 0.8 10.5 ± 0.6 2.34 0.02* Wxn

Ventilation/height (L/min/m) 7.2 ± 0.4 6.1 ± 0.3 1.99 0.05 Ttest

Tidal volume (L) 1.4 ± 0.1 0.8 ± 0.1 3.19 <0.01* Wxn

Tidal volume/height (L/m) 0.8 ± 0.1 0.5 ± 0.0 3.02 <0.01* Wxn

Breathing rate (bpm) 10.5 ± 0.7 13.8 ± 0.9 −2.91 0.01* Ttest

Breathing rate/height (bpm/m) 5.8 ± 0.4 8.2 ± 0.6 −3.16 <0.01* Ttest

Breathlessness rating (%) 3.1 ± 1.0 4.6 ± 0.9 −1.66 0.10 Wxn

Breathing anxiety rating (%) 3.1 ± 0.9 5.1 ± 1.1 −1.56 0.12 Wxn

Hypercapnia: Mild Athletes Sedentary t/z statistic p-value Test

PETCO2 (mm Hg) 46.0 ± 1.0 46.5 ± 0.7 0.15 0.88 Wxn

PETO2 (mm Hg) 114.7 ± 1.2 115.8 ± 1.0 −0.70 0.49 Ttest

Ventilation (L/min) 23.3 ± 2.3 20.6 ± 1.1 0.45 0.66 Ttest

Ventilation/height (L/min/m) 12.9 ± 1.3 12.0 ± 0.6 −0.07 0.95 Wxn

Tidal volume (L) 2.0 ± 0.2 1.3 ± 0.1 3.02 <0.01* Wxn

Tidal volume/height (L/m) 1.1 ± 0.1 0.7 ± 0.1 2.77 0.01* Wxn

Breathing rate (bpm) 12.3 ± 0.9 17.7 ± 1.3 −3.15 <0.01* Wxn

Breathing rate/height (bpm/m) 6.9 ± 0.6 10.5 ± 0.9 −3.12 <0.01* Wxn

Breathlessness rating (%) 26.0 ± 4.5 21.9 ± 3.5 0.72 0.48 Ttest

Breathing anxiety rating (%) 18.9 ± 4.0 17.2 ± 3.1 −0.23 0.82 Wxn

Hypercapnia: moderate Athletes Sedentary t/z statistic p-value Test

PETCO2 (mm Hg) 50.6 ± 1.1 51.2 ± 0.7 −0.49 0.63 Ttest

PETO2 (mm Hg) 115.9 ± 1.0 117.6 ± 1.3 −1.00 0.32 Ttest

Ventilation (L/min) 34.0 ± 3.3 31.1 ± 2.6 0.70 0.49 Ttest

Ventilation/height (L/min/m) 18.8 ± 7.9 18.1 ± 1.4 0.33 0.74 Ttest

Tidal volume (L) 2.4 ± 0.2 1.7 ± 0.2 2.62 0.01* Ttest

Tidal volume/height (L/m) 1.3 ± 0.1 1.0 ± 0.1 2.47 0.02* Ttest

Breathing rate (bpm) 14.4 ± 1.0 19.2 ± 1.3 −2.94 0.01* Ttest

Breathing rate/height (bpm/m) 8.0 ± 0.6 11.4 ± 0.9 −2.77 0.01* Wxn

Breathlessness rating (%) 41.9 ± 5.4 47.8 ± 2.8 −0.69 0.49 Wxn

Breathing anxiety rating (%) 36.5 ± 5.8 32.3 ± 3.6 0.62 0.54 Ttest

Exercise: Anaerobic threshold Athletes Sedentary t/z statistic p-value Test

Work rate (W) 219.7 ± 10.5 101.3 ± 5.6 5.26 <0.01* Wxn

VO2 (mL/min/kg) 36.5 ± 2.5 20.3 ± 1.0 5.91 <0.01* Ttest

PETCO2 (mm Hg) 41.6 ± 0.8 40.7 ± 0.8 0.77 0.45 Ttest

PETO2 (mm Hg) 108.4 ± 1.0 109.2 ± 0.9 −0.59 0.56 Ttest

Ventilation (L/min) 79.7 ± 3.8 38.6 ± 2.2 4.96 <0.01* Wxn

Ventilation/height (L/min/m) 42.1 ± 1.9 22.4 ± 1.2 4.99 <0.01* Wxn

Tidal volume (L) 2.6 ± 0.1 1.5 ± 0.1 5.76 <0.01* Ttest

Tidal volume/height (L/m) 1.4 ± 0.1 0.8 ± 0.1 6.11 <0.01* Ttest

Breathing rate (bpm) 30.5 ± 1.1 28.6 ± 1.8 0.85 0.40 Ttest

Breathing rate/height (bpm/m) 16.8 ± 0.6 17.0 ± 1.2 −0.09 0.93 Ttest

Heart rate (bpm) 152.7 ± 3.2 135.2 ± 3.8 3.47 <0.01* Ttest

Breathlessness rating (%) 22.9 ± 3.8 16.1 ± 3.0 1.30 0.19 Wxn

Breathing anxiety rating (%) 5.9 ± 1.8 5.1 ± 2.1 0.69 0.49 Wxn

Exercise: Maximum Athletes Sedentary t/z statistic p-value Test

Work rate (W) 325.0 ± 13.3 173.8 ± 10.2 8.94 <0.01* Ttest

VO2 (mL/min/kg) 50.8 ± 1.6 31.6 ± 1.6 8.22 <0.01* Ttest

(Continued)
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TABLE 2 | (Continued)

Exercise: Maximum Athletes Sedentary t/z statistic p-value Test

PETCO2 (mm Hg) 33.2 ± 1.0 35.3 ± 0.8 −1.69 0.10 Ttest

PETO2 (mm Hg) 120.1 ± 1.2 117.9 ± 0.8 1.52 0.14 Ttest

Ventilation (L/min) 146.4 ± 8.2 77.8 ± 6.0 6.63 <0.01* Ttest

Ventilation/height (L/min/m) 80.5 ± 4.2 44.7 ± 3.0 6.86 <0.01* Ttest

Tidal volume (L) 2.8 ± 0.1 1.9 ± 0.2 3.82 <0.01* Wxn

Tidal volume/height (L/m) 1.6 ± 0.1 1.1 ± 0.1 3.78 <0.01* Wxn

Breathing rate (bpm) 52.5 ± 2.6 41.4 ± 1.4 2.74 0.01* Wxn

Breathing rate/height (bpm/m) 28.9 ± 1.4 24.3 ± 0.9 2.77 0.01* Ttest

Heart rate (bpm) 180.2 ± 1.7 172.9 ± 2.9 2.04 0.05* Ttest

Breathlessness rating (%) 80.7 ± 5.1 72.5 ± 3.8 1.91 0.06 Wxn

Breathing anxiety rating (%) 45.3 ± 8.1 22.3 ± 4.5 1.89 0.06 Wxn

Values were taken at rest and two levels of hypercapnia (0.8% and 1.5% increases in PET CO2) while PET O2 was held constant (iso-oxia). Mean ± SE reported for each
group. *Significant differences between groups, compared using either an unpaired T-test (Ttest) if data were normally distributed or a Wilcoxon rank sum test (Wxn) if
data were not normally distributed. Data adapted from (Faull et al., 2016).

FIGURE 2 | Correlations between ventilatory and perceptual hypercapnic chemosensitivity measures, exercising ventilation, heart rate and perceptions, and affective
measures of anxiety, depression and anxiety sensitivity. Correlations were performed separately for athletes and sedentary groups. Yellow dots denote correlations
that have p < 0.05 and are FDR-corrected for multiple comparisons. HCS = Hypercapnic chemosensitivity; AT = Anaerobic threshold, determined using the V-slope
method (Wasserman et al., 1973; Beaver et al., 1986).

athletes demonstrated stronger and more consistent correlations
between hypercapnic chemosensitivity metrics than sedentary
individuals. Both athletes and sedentary groups showed strong
correlations between anaerobic threshold and maximal exercising
ventilations and tidal volumes, with breathlessness and anxiety
ratings correlated at anaerobic threshold for both groups.

A significant relationship was also seen between hypercapnic
chemosensitivity of breathing anxiety ratings and maximal
exercise breathing anxiety in sedentary participants. Additionally,
breathlessness ratings at anaerobic threshold were inversely
correlated with maximal exercise ventilation in the sedentary
group. For the athletes, a significant inverse relationship was
found between hypercapnic reactivity for tidal volume and heart
rate at anaerobic threshold.

For both groups, anxiety and depression scores were closely
correlated. Additionally, a relationship was observed between
depression and ASI affective scores in the athlete group, which
was not apparent in the sedentary group. The affective scores
did not correlate strongly with any other exercise or hypercapnic
measures, although several weaker relationships were observed
with these measures (see Figure 2).

DISCUSSION

Main Findings
Hypercapnic chemosensitivity has typically been measured
as the change in ventilation in response to a hypercapnic
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challenge (Peebles et al., 2007; Ogoh et al., 2008; Faull et al., 2016;
Sackett et al., 2018). Here, we extended this to include the
perceptual responsivity to hypercapnia using ratings of
breathlessness and anxiety toward breathing. As only weak
relationships were observed between ventilatory and perceptual
responsivity parameters, these measures appeared to be largely
independent. There were no differences in any of the measured
hypercapnic chemosensitivity responses (ventilation, tidal
volume, breathing rate, breathlessness and anxiety of breathing)
between athletes and sedentary controls. However, different
ventilatory strategies were found during the hypercapnic
challenge, with athletes utilising larger tidal volumes and
lower breathing rates during hypercapnia (adjusted for height
differences between groups), despite no differences in overall
ventilation. Athletes also recorded greater work rate and volume
of oxygen consumption (VO2) as expected, and correspondingly
greater ventilation during sub-maximal and maximal exercise.

Additionally, the relationship between hypercapnic
chemosensitivity and exercising ventilation and perceptions
differed between groups. Sedentary individuals demonstrated
a strong relationship between hypercapnic chemosensitivity of
anxiety at rest and breathing anxiety during maximal exercise,
while athletes demonstrated a strong inverse relationship where
greater hypercapnic chemosensitivity of breathing rate was
related to lower heart rate during exercise at anaerobic threshold.
Finally, no hypercapnic nor exercising ventilatory parameters or
perceptions were related to affective traits of anxiety, depression
and anxiety sensitivity.

Hypercapnic Chemosensitivity and
Exercise
Here we have shown that hypercapnic chemosensitivity appears
to be related to exercising perceptions of anxiety in sedentary
individuals. This means that those who have a greater anxiety
response to hypercapnia also report greater perceptions of
breathing anxiety when exercising at maximal intensity. As
this relationship was not observed in athletes, it is possible
that training may allow factors such as increased motor
drive and conditioned responses (Turner et al., 1997; Turner
and Sumners, 2002; Turner and Stewart, 2004; Dempsey and
Smith, 2014) to override some of the effects of perceptual
hypercapnic chemosensitivity during exercise. Conversely, in
athletes, greater hypercapnic chemosensitivity of breathing rate
was strongly related to lower heart rate during sub-maximal
exercise. This possibly reflects a compensatory mechanism
whereby smaller hypercapnia-stimulated changes in breathing
rate can be accounted for by larger increases in heart rate during
exercise, both of which can act to maintain arterial blood gas
homeostasis (Meersman et al., 1995; Convertino, 2019).

Despite no differences in hypercapnic chemosensitivity
measures between the groups, we did observe marked
discrepancies in the ventilatory strategies employed during
the hypercapnic challenge. During the ventilatory response
to hypercapnia, tidal volume was greater and breathing rate
lower in athletes, although ventilatory responses overall were
similar between groups. These differences in ventilatory patterns
remained after standardisation against height, and percentage

of predicted values for FVC and FEV1 were also lower in
sedentary individuals. While exercise training typically results in
limited changes in lung capacity measures but improvements in
measures of lung function (Dunham and Harms, 2012; Khosravi
et al., 2013), these differences may be due to a combination
of training and a self-selection bias, where individuals with
better ventilatory capacity choose to participate in endurance
sports (which improves lung function), resulting in greater tidal
volumes and lower breathing rates during ventilation.

Finally, there were no relationships between hypercapnic
chemosensitivity nor exercising parameters with trait measures
of anxiety, depression or anxiety sensitivity. Notably, athletes
demonstrated a strong relationship between depression and
anxiety sensitivity (fear of anxiety symptoms) that was not
present in sedentary individuals, while overall scores for both
measures were similar between groups. This may be related
to a greater awareness and anticipation of body symptoms in
athletes (Faull et al., 2018), although further research is required
to understand the effects of exercise training on perception of
anxiety symptoms in the body.

Limitations
This study is a supplementary analysis of previously published
work and is exploratory in nature. A number of limitations
must be addressed in further work in this area, beginning
with testing participants in consistent postures across exercise
and hypercapnic chemosensitivity measures. Here, participants
underwent the hypercapnic challenge while supine (for ease of
for ease of use of the custom-built breathing system designed
to deliver hypercapnic stimuli), while exercise was undertaken
seated on a bicycle ergometer. Postural differences are known to
affect lung function measures (Allen et al., 1985), and thus these
differences may have confounded the results in the current study.

Secondly, limited physiological data were available in this
study. Future work may look to incorporate measures of blood
lactate, blood pressure and/or oxygen saturation measures to
better understand the physiological and perceptual responses
to hypercapnic stimuli in athletes and sedentary controls.
Additionally, female participants were not tested in the same
part of their menstrual phase, likely adding variability to the
physiological and perceptual responses recorded in this dataset.

Finally, the correlations reported here cannot be assumed
to infer causation. The results of this study can only provide
us with an overview as to the possible relationships between
hypercapnic chemosensitivity and exercising physiology and
perceptions. Further research is required using perturbations
(such as hypercapnic and hypoxic stimuli during exercise), such
that the influence of hypercapnic chemosensitivity directly on
exercising parameters can be inferred.

CONCLUSION

Hypercapnic chemosensitivity does not appear to be altered
in athletes compared to sedentary individuals, either in
the ventilatory or perceptual domains. Multiple relationships
exist between hypercapnic chemosensitivity and exercising
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ventilation/perceptions in sedentary individuals but not athletes,
which may be due to exercise training or self-selection
biases. Sedentary individuals may use both ventilatory and
perceptual responses to hypercapnia to constrain their exercising
performance, while athletes may override these signals using
factors such as goal-directed increases in motor output.
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