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Abstract

Purpose Previous work suggests that endurance-trained athletes have superior pulmonary vasculature function as compared
to untrained individuals, which may contribute to their greater maximal oxygen uptake (VO,,,,,)- Inhaled nitric oxide (iNO)
reduces pulmonary vascular resistance in healthy individuals, which could translate into greater cardiac output and improved
VO,,...» particularly in untrained individuals. The purpose of the study was to examine whether iNO improved VO, . in
endurance trained and untrained individuals.

Methods Sixteen endurance-trained and sixteen untrained individuals with normal lung function completed this randomized
double-blind cross-over study over four sessions. Experimental cardiopulmonary exercise tests were completed while breath-
ing either normoxia (placebo) or 40 ppm of iNO, on separate days (order randomized). On an additional day, echocardiog-
raphy was used to determine pulmonary artery systolic pressure at rest and during sub-maximal exercise (60 Watts) while
participants breathed normoxia or iNO.

Results Right ventricular systolic pressure was significantly reduced by iNO during exercise (Placebo: 34 +7 vs. iNO:
32+7; p=0.04). VO, Was greater in the endurance trained group (Untrained: 3.1+ 0.7 vs. Endurance: 4.3+0.9 L min™!;
p <0.01), however, there was no effect of condition (p=0.79) and no group by condition interaction (p =0.68). Peak cardiac
output was also unchanged by iNO in either group.

Conclusion Despite a reduction in right ventricular systolic pressure, the lack of change in VO,,,. with iNO suggests that
the pulmonary vasculature does not limit VO,,.,. in young healthy individuals, regardless of fitness level.
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Ve Capillary blood lung volume
VO, Maximal oxygen consumption
Introduction

It is traditionally assumed that maximal oxygen consump-
tion (VO,,,,,) in healthy individuals is determined by the
left ventricle (LV) and its ability to increase cardiac out-
put sufficiently to meet metabolic demand (Wagner 1996).
However, there is a growing body of work that suggests the
right ventricle (RV) may limit cardiac output during heavy
exercise in healthy adults (La Gerche et al. 2011, 2017).
Stroke volume is, in part, dependent upon ventricular wall
stress (i.e. afterload). At rest, pulmonary artery pressure and
RV wall-stress are low; however, with incremental exercise,
there is a disproportional increase in pulmonary artery
pressure and, therefore, RV wall-stress as compared to sys-
temic arterial pressure and LV wall-stress (La Gerche et al.
2011). As compared to the left ventricle, the RV is a thinner,
less muscular ventricle, and therefore the greater relative
increase in afterload may limit RV output and ultimately
exercise performance (La Gerche et al. 2017).

Although it is assumed that lung function does not adapt
to exercise training, there is evidence of training-induced
changes to the pulmonary vasculature. In animal models,
exercise training results in increased pulmonary vasoreactiv-
ity (Chen and Li 1993), and lower resting right ventricular
systolic pressures (RVSP) (Weissmann et al. 2014). Though
previous studies have challenged the role exercise training
has on diffusing capacity (Flaherty et al. 2014; Reuschlein
et al. 1968), a high resting diffusing capacity for carbon mon-
oxide (DL) is correlated with greater VO, suggesting
that either capillary blood volume (V) and/or membrane
diffusing capacity (D)) may be influenced by fitness or exer-
cise training (Coffman et al. 2017; Zavorsky and Smoliga
2017; Lalande et al. 2012; Tedjasaputra et al. 2016). Rest-
ing V. has been shown to be predictive of VO, (Lalande
et al. 2012), and endurance trained athletes have been found
to have greater resting V- as well as greater DL response
to exercise, secondary to enhanced Dy, (Tedjasaputra et al.
2016). Since Dy, cannot be measured in un-perfused alveoli,
the increased D), in endurance trained athletes likely repre-
sents increased pulmonary capillary recruitment (Johnson
and Hsia 1994; Lalande et al. 2012). Importantly, endurance
trained athletes demonstrate similar or even lower pulmo-
nary vascular pressures for a given cardiac output at rest and
during exercise (Stickland et al. 2006; Levine et al. 1991).
The higher resting Vc as well as the greater exercise DL
and D), would suggest that endurance trained athletes have
greater pulmonary vasoreactivity and/or lower resting pul-
monary vascular tone as compared to untrained individuals.
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The greater pulmonary vascular function may reduce RV
afterload/wall-stress during exercise and ultimately facilitate
greater RV output (i.e. stroke volume) and VO, ..

Inhaled nitric oxide (iNO) is a selective pulmonary vaso-
dilator that has been shown to reduce pulmonary vascular
resistance and pulmonary artery pressure at rest and dur-
ing exercise (Koizumi et al. 1994; Pepke-Zaba et al. 1991;
Frostell et al. 1993). In pathological conditions of elevated
pulmonary vascular resistance (i.e. pulmonary hypertension
or chronic heart failure), iNO has been shown to increase \Y
Oppear Matsumoto et al. 1997). Previous work using silde-
nafil to induce pulmonary vasodilation under hypoxic condi-
tions has been shown to increase VO,,.. in healthy (mostly
male) subjects (Ghofrani et al. 2004; Hsu et al. 2006; Faoro
et al. 2007). While the RV and pulmonary circulation appear
to limit exercise capacity in some clinical populations, no
study to date has examined the impact of acutely reducing
pulmonary artery pressure on VO, . in healthy individuals.
Further, studies have only examined systemic vasodilators
(i.e. Sildenafil) in mostly active males and therefore it is
unclear the impact of reducing pulmonary artery pressure
alone on exercise capacity. Therefore, the purpose of the
current study was to determine the effect of iNO on VO,
in untrained and endurance trained individuals. As data sug-
gest that exercise training may improve pulmonary vascular
function (i.e. greater DL, V- and Dyy), it was hypothesized
that the improvement in VO,,,,, with iNO would be greater
in untrained participants as compared to trained participants.
Should VO, increase with iNO in either group, this would
demonstrate that the RV and pulmonary circulation could,
in part, be a limiting factor of exercise capacity in young
healthy individuals. Further, should the endurance-trained
group respond to iNO to a lesser extent than the untrained
group, this would support a difference in pulmonary vascular
reactivity with chronic exercise training.

Methods
Participants

Sixteen untrained individuals (8 females) and sixteen endur-
ance trained individuals (8 females) were recruited. All par-
ticipants were under 40 years of age, were non-smokers,
and had no known history of pulmonary, metabolic, or car-
diovascular disease. Untrained individuals reported partici-
pating in structured physical activity <2 times a week and
had a VO, between 30 and 45 ml kg~ min~", which is
considered average for healthy inactive males and females
(Kaminsky et al. 2015). Endurance trained individuals
reported training > 5 times a week for at least 4 years and
had a VO, greater than 55 ml kg™ min~' for females and
60 ml kg~! min~! for males.
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Study design

This study was part of a large series of projects examin-
ing the pulmonary circulation in health and disease, and
work examining iNO in chronic obstructive pulmonary
disease patients has already been published (Phillips et al.
2021). The study was a randomized, double-blind, placebo-
controlled, crossover design (ClinicalTrials.gov Identifier:
NCT03679312) and received ethical approval from Health
Canada and the University of Alberta Health Research Eth-
ics Board (Biomedical Panel: Pro00078715). After provid-
ing written informed consent, all participants completed four
visits. Day 1 included medical history screening, pulmonary
function testing, and an incremental cardiopulmonary cycle
exercise test (CPET) to volitional exhaustion to determine V
0,4 On days 2 and 3, participants completed experimental
CPETs while breathing either normoxia (placebo, day 2) or
40 parts per million (ppm) iNO (day 3). The order of days 2
and 3 were randomized. On Day 4, echocardiograms were
conducted at rest and during sub-maximal exercise to evalu-
ate cardiac function and right ventricular systolic pressure
(RVSP) while breathing placebo and iNO. Both days 2 and 3
were separated by >24 h and <72 h. Participants were asked
to abstain from caffeine for at least 6 h prior to testing and
abstain from alcohol and any exercise 12 h prior to testing.
It was requested that females performed both experimental
days within the same phase of their respective menstrual
cycle; however, a specific menstrual cycle phase was not
targeted between female participants.

Intervention

A 40-ppm dose of iNO was given using a customized NO
delivery system (SoKINOX, Vitalaire, Ontario, Canada).
Briefly, the device consisted of a non-rebreather circuit con-
nected to a flow sensor and NO was delivered with medi-
cal grade normoxic air (~21% O, and balance N,), with O,
titrated in to maintain 21% inspired oxygen throughout the
test. The placebo condition consisted of participants breath-
ing medical grade normoxic gas which was delivered by
the same non-rebreathing system (SoKINOX) as the iNO
condition. All identifying information was covered and both
cylinder tanks appeared identical. The lead researcher and
participant were blinded to the condition of the trial. Only
the research assistant and supervising physician were aware
of the condition (placebo or iNO). A 5-min wash-in was
completed prior to all experimental exercise trials, regard-
less of condition. Concentrations of inspired O,, NO, and
nitrogen dioxide (NO,) were continuously monitored from
a sample line on the mouthpiece. NO, was monitored using
the same SoKINOX system and did not rise above 2-ppm
during any trial.

Cardiopulmonary testing

Consistent with previous work (Tedjasaputra et al. 2016;
Bouwsema et al. 2017; Michaelchuk et al. 2019), the screen-
ing CPET consisted of a 2-min steady state resting period
for baseline measurements. Initial power output was set to
50 W and power output was increased by 25 W every 2 min
until ventilatory threshold, at which point power output
increased 25 W every minute until test termination. Peak
work rate was defined as the highest work rate that the par-
ticipant was able to maintain for greater than 30 s. The high-
est 30-s average for oxygen consumption was accepted as V
0,,,.x (Lewthwaite et al. 2020). Attainment of VO,, . was
based on meeting three of the four following criteria: (1)
volitional exhaustion, (2) respiratory exchange ratio greater
than 1.1, (3) attainment of age predicted maximum heart
rate (208 — (0.7 X age)) (Tanaka et al. 2001), and (4) increase
in oxygen consumption < 100 ml min~" with an increase in
power output (Stickland et al. 2012).

Experimental CPET’s consisted of 5-min of steady-state
baseline, followed by 2-min of exercise at 60 W. Exercise
intensity was then increased to 60% of peak work rate
obtained during the screening CPET and increased 10-25 W
every minute until volitional exhaustion. The modified
experimental CPET protocol was designed such that CPET
duration would be similar between endurance and untrained
participants (i.e. target 10 min) (Guenette et al. 2007). The
identical protocol for each participant was used for both the
iNO and placebo trials (Day 2 and 3). Participants rated
their perceived breathing and leg discomfort followed by an
inspiratory capacity maneuver every 2-min and at the end of
the exercise, using the modified Borg categorical ratio scale
(Borg 1982). All standard ventilatory and cardiovascular
measurements were continuously recorded and averaged in
30-s intervals. Measurements were expressed as absolute
values and percent predicted normal values when applicable
(Neder et al. 1999).

All exercise tests were performed on an electronically
braked cycle ergometer (Ergoselect II 1200 Ergoline, Blitz,
Germany) using a cardiorespiratory metabolic measurement
system (Encore229 Vmax, SensorMedics, Yorba Linda, CA,
USA). Arterial oxygen saturation (SpO,) and methemo-
globin (MET-Hb) were estimated using finger pulse oxi-
metry (N-595; Nellcor Oximax, Boulder, CO, USA). Heart
rate was measured using single-lead electrocardiography
(CardioSoft, GE Medical Systems, Milwaukee, WI, USA),
and blood pressure was taken by manual auscultation of the
brachial artery. Cardiac output was continuously monitored
beat-by-beat and recorded in 30-s averages with impedance
cardiography (PhysioFlow, Manatec, Paris, France). Imped-
ance cardiography has been validated against the gold stand-
ard Fick method at rest (Charloux et al. 2000) and during
exercise (Richard et al. 2001).
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Pulmonary function

Spirometry, plethysmography, and DL, measurements
were completed as per current guidelines (Graham et al.
2017) (Encore229 Vmax, SensorMedics, Yorda Linga, CA,
USA). Measurements were expressed as absolute values and
percentage of predicted normal values (Quanjer et al. 2012;
Stanojevic et al. 2017).

Echocardiography

Transthoracic echocardiographic images were collected to
assess cardiac structure and function in accordance with
current guidelines (Lang et al. 2015). Images were col-
lected using a commercially available ultrasound (Vivid
Q, GE Healthcare, Fairfield, CT, USA). Participants were
fitted to a supine cycle ergometer (Ergoselect 1200 Stress
Echo Supine Ergometer, Blitz, Germany) for the entirety of
imaging. During testing, the participant started in an optimal
tilted position at rest and then proceeded to perform exercise
at 60 W. A single-lead electrocardiograph was used to deter-
mine heart rate. Before baseline measurements, participants
rested quietly for a minimum of 10 min. Echocardiography
data were first collected while participants breathed nor-
moxia. Echocardiographic measurements were then repeated
while breathing iNO at rest, and while the participant exer-
cised at a standardized 60 W work rate breathing normoxia
and iNO. All echocardiograms were performed by a single
experienced sonographer and were acquired within a range
of 70-90 frames per second. Five consecutive cardiac cycles
were recorded, and measurements were made in triplicate
for each condition. Data analysis was completed by the
same sonographer, blinded to the experimental condition
(EchoPAC, GE Healthcare, Fairfield, CT, USA).

The apical 4-chamber view (Simpson’s monoplane) was
used to determine LV end-diastolic volume (EDV) and
end-systolic volume (ESV), as well as right-ventricular
end-diastolic area (EDA) an end-systolic area (ESA) (Lang
et al. 2015; Rudski et al. 2010). LV ejection fraction was
calculated using the following formula:

EF = (EDV — ESV)/EDV.

Right ventricle fractional area change (RV FAC) was cal-
culated using the following formula:

RV FAC = (EDA — ESA)/EDA

RVSP was calculated using tricuspid regurgitant peak
velocity measured using continuous-wave Doppler, and
estimated right atrial pressure (RAP), in the following for-
mula (Lang et al. 2015; Rudski et al. 2010):
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RVSP = 4(VTRmax)*> + RAP.

RAP was estimated through imaging of the inferior vena
cava (IVC) from a subcostal view at rest and during an
inspiratory sniff. A value of 3 mmHg was given for RAP if
the diameter of the IVC was <2.1 cm and collapsed > 50%
with a sniff test. If IVC diameter was > 2.1 cm and col-
lapsed < 50% with a sniff test, RAP was estimated as
15 mmHg. If either IVC diameter was > 2.1 or the col-
lapsibility was less than 50%, RAP was estimated to be
8 mmHg (Lang et al. 2015). Tricuspid annular plane
systolic excursion (TAPSE) was acquired by placing an
M-mode cursor through the tricuspid annulus and measure
the amount of longitudinal motion of the annulus at peak
systole (Rudski et al. 2010).

Statistical analysis

The sample size was calculated from previous work in
patients with chronic heart failure which demonstrated
a 2.5 ml kg”! min~! (pooled standard deviation of 1.7)
improvement in VO,,,,, with iNO, (Matsumoto et al.
1997). We assumed an effect size of approximately half
of that observed in heart failure and an a priori sample
size calculation determined 16 untrained individuals
would be sufficient in detecting an effect of iNO on V
Oymax (@=0.05, p=0.80) while accounting for a potential
20% drop-out. Sixteen endurance trained individuals were
used for comparison (total sample =32).

Data are presented as mean + standard deviation (SD)
unless otherwise stated. Statistical significance was set a
priori at p <0.05. Unpaired student T-tests were used to
evaluate participant characteristics, pulmonary function,
and baseline peak CPET data between groups. A two-
way repeated-measures analysis of the variance (ANOVA)
was used to analyze the effect of placebo versus iNO on
VO,,.x (primary outcome) and secondary outcomes in
endurance trained and untrained individuals. Addition-
ally, submaximal (2, 4, 6 min) parameters were com-
pared using a multifactorial repeated-measures ANOVA.
An exploratory analysis examining the effect of placebo
versus iNO on VO, . between males and females was
conducted using a two-way repeated-measures ANOVA.
Shapiro—Wilk tests were used to test normality in all out-
comes prior to ANOVA. If a main effect or interaction
was found, multiple comparison Bonferroni T-tests were
completed to locate the differences. All statistical analysis
was performed using IBM SPSS Statistics 24 (IBM Cor-
poration, Armonk, NY).
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Results
Participants

Descriptive characteristics for the untrained and endur-
ance trained groups are displayed in Table 1. There were
no between-group differences in age, height, and pulmo-
nary function. The endurance trained group had a sig-
nificantly lower BMI than the untrained. Baseline VO,
(Untrained: 40 +4 vs. Endurance: 63 +7 ml kg~! min™";
p <0.01) and maximal power output (Untrained: 231 +49
vs. Endurance: 328 + 64 W; p <0.01) were greater in
endurance-trained as compared to the untrained group.

Primary outcome

VO,,.., in placebo and iNO conditions are reported
in Fig. 1. VO,,,,, was greater in the high endurance
trained group (Untrained: 3.1 +0.7 vs. Endurance:
43+09L min!; p <0.01), however, there was no effect
of condition (p =0.79) and no group by condition interac-
tion (p =0.68).

Hemodynamic responses

All peak hemodynamic data are displayed in Table 2, while
incremental VO,, cardiac output, and SpO, data are reported
in Fig. 2. Peak cardiac output was significantly higher in
endurance trained group (Untrained: 17 +4 vs. Endurance:
20+6 L min~!; p=0.02), however, no difference across
treatment condition (p=0.11) or group by condition inter-
action (p =0.67) was observed. No significant difference in
peak heart rate was observed between groups (p=0.08), con-
dition (p=0.95) or group by condition interaction (p =0.62).

Cardiac output at submaximal intensities was significantly
different between groups (Untrained: 12 +4 vs. Endurance:
15+5L min~!; p=0.03) and condition (Placebo: 13 +4 vs.
iNO: 14+5 L min~!; p=0.03), but no group by condition
interaction was observed (p =0.48). Of note, submaximal
intensities between endurance trained and untrained indi-
viduals were not matched for workload, which would explain
the higher cardiac output in endurance trained individuals as
compared to untrained individuals. No significant difference
was determined during submaximal exercise in heart rate
between groups (p =0.49), condition (p =0.35), or group by
condition interaction (p =0.41). Importantly, no differences
were observed during submaximal exercise in mean arterial

Table 1 Participant

4 . Untrained Endurance trained
characteristics and screening
data in endurance trained and Mean %Predicted Mean %Predicted p value
untrained participants
N (male, female) 8.8 8.8
Age (years) 25.6+4.0 27.0+6.2 0.45
Height (m) 1.71+0.1 1.72+0.1 0.65
Weight (kg) 70.4+12.2 64.4+9.5 0.13
BMI (kg/m?) 24.0+2.3 21.6+1.4 <0.01
FVC (L) 4.94+1.2 103+11 499+1.1 104+ 11 0.93
FEV, (L) 3.98+0.8 99+10 4.00+0.9 100+ 11 0.97
FEV,/FVC 0.81+0.07 96+7 0.80+0.08 96+9 0.70
DLCO (ml min~! mmHg™) 28.7+7.3 86+12 32.6+10.1 96+16 0.23
VO, (L min™") 2.81+0.62 102+12 4.06+0.98 148+19 <0.01
VO,,1x (Ml kg™! min~!) 39.8+3.7 95+7 632+7.3 153+15 <0.01
ACSM Fitness Categorization
Superior 0 12
Excellent 0 4
Good 0 0
Fair 8 0
Poor 8 0
Power output (Watts) 231+49 118+17 328+64 174+ 36 <0.01
RER 1.24+0.1 1.17+0.1 <0.01

Values are expressed as the mean +SD

BMI body mass index, FVC forced vital capacity, FEV, forced expiratory volume in 1 s, DLCO diffusing
capacity of the lung for carbon monoxide, VO, oxygen uptake, ACSM American College of Sport Medi-

cine, RER respiratory exchange ratio

Statistically significant values are in bold (p < 0.05)
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Fig. 1 Individual and mean VO, response to iNO in endur-
ance trained (A) and untrained individuals (B). Mean response
expressed + SE

pressure between group (Untrained: 96 +9 vs. Endurance:
94 +9 mmHg; p =0.66), condition (Placebo: 95+9 vs. iNO:
95+ 10 mmHg; p=0.97) or group by condition (p=0.63),
indicating iNO had no systemic effects on participants dur-
ing the exercise trials.

Respiratory responses

Respiratory variables are reported in Table 2. Peak ventila-
tion was significantly higher in the endurance trained group
(Untrained: 107 +24 vs. Endurance: 137+32 L min™;
p<0.01), however, no effect for condition (Placebo: 123 +33
vs. iNO: 121 +32 L min™'; p=0.78) or group by condition
interaction (p =0.87) was observed. Breathing frequency
was greater in the endurance trained group at peak exer-
cise as compared to the untrained group (Untrained: 44 +7
vs. Endurance: 52 +7 breaths min™!: p=<0.01) while no
significant effect for condition (Placebo: 48 + 8 vs. iNO:
48 + 8 breaths min~!; p=0.23) or group by condition inter-
action (p =0.86) was observed. In contrast, tidal volume was
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not significantly different at peak exercise between groups
(p=0.14), condition (p =0.84), or group by condition inter-
action (p =0.69). Ventilatory equivalent for carbon dioxide
production (Vi/VCO,) was significantly different between
the two groups at peak exercise (Untrained: 29 +4 vs. Endur-
ance: 27 +2; p=0.03), but no condition (Placebo: 28 + 3 vs.
iNO: 28 + 3; p=0.54) or group by condition (p =0.84) effect
was observed. Peak end-tidal pressure of carbon dioxide was
not different between groups (p=0.06), condition (p=0.49),
or group by condition interaction (p =0.93). Lastly, peak
SpO, was not different between groups (Untrained: 95 + 3
vs. Endurance: 94 +3%; p=0.49), condition (Placebo:
95+3 vs. iNO: 94 +4%; p=0.14) or group by condition
interaction (p=0.97).

Examining potential sex differences

When comparing all males to all females, an exploratory
sex difference analysis demonstrated a significantly higher
VO,,,., in males as compared to females (Male: 4.3 +0.9 vs.
Female: 3.0+0.7 L min~; p<0.01). However, there was no
sex by condition interaction (p =0.55), indicating that the
iNO response was not different between males and females.

Echocardiography

Echocardiography data were successfully acquired on a sub-
set of participants (n=13 and n=10 at rest and exercise,
respectively) in which a clear tricuspid regurgitation signal
could be obtained, and data are presented in Table 3. Due to
the small sample size, no comparisons between endurance
trained vs. untrained participants were conducted. Pooled
data of all participants demonstrated that iNO reduced RVSP
at rest (Placebo: 25+ 2 vs. iNO: 22+3 mmHg; p<0.01)
and during exercise (Placebo: 34 +7 vs. iNO: 32 +7 mmHg;
p=0.04). There was no rest by exercise interaction
(p=0.41), indicating that iNO reduced RVSP similarly at
rest and submaximal exercise.

Discussion

The current study aimed to evaluate the effects of iNO on V
O,max 10 healthy endurance trained and untrained individu-
als. It was hypothesized that iNO would increase VO,, .. in
both the endurance trained and untrained groups, with the
untrained group demonstrating a greater increase in VO,,,.
with iNO. Despite a reduction in RVSP, iNO had no effect on
VO,,..x in either the untrained or endurance trained groups.
These results suggest that, regardless of fitness level, the
pulmonary vasculature is not a limiting factor to maximal
exercise in healthy individuals.
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Table 2 Peak physiological and performance responses with placebo and iNO in endurance trained and untrained participants

Variable Untrained Endurance trained p value
Placebo iNO Placebo iNO Group Condition Interaction

Power output (W) 220+ 57 222 +59 329+73 328 +74 <0.01 0.99 0.92
VO, (L min™") 3.1+0.7 3.1+£0.7 43+09 43+09 <0.01 0.89 0.89
VO, (mL kg™ min~!) 432+4.8 43.4+5.6 66.6+6.8 65.6+59 <0.01 0.79 0.68
VCO, (L min~!) 3.76+£0.98 3.77+0.94 5.09+1.12 5.06+1.01 <0.01 0.98 0.94
RER 1.23+0.05 1.25+0.08 1.19+0.05 1.20+0.06 <0.01 0.48 0.75
Vg (L min~?) 107.0+25.5 106.2+23.1 140.0+32.9 135.8+324 <0.01 0.78 0.87
V, (L) 2.59+0.71 2.69+0.75 2.91+0.67 2.88+0.64 0.14 0.84 0.69
f;, (breaths min™") 44.5+6.8 43.8+8.1 524472 51.4+6.8 <0.01 0.23 0.86
V/VCO, 28.8+3.7 28.5+3.6 273+22 26.6+2.2 0.03 0.54 0.84
VE/VCOonaair 25.0+3.0 249+28 241+1.6 239+19 0.12 0.84 1.00
Pg;CO, (mmHg) 36.2+4.6 36.8+4.4 37.9+3.1 38.7+2.8 0.06 0.49 0.93
SpO, (%) 95.3+2.1 94.3+3.4 945+29 93.1+3.8 0.49 0.14 0.97
Q (L min~1) 15.7+3.9 17.4+4.6 18.5+4.0 21.3+6.7 0.02 0.11 0.67
HR (beats min~!) 183+8 184+10 180+10 17910 0.08 0.95 0.62
MAP (mmHg) 105+6 102+10 103+8 102+9 0.57 0.47 0.80
Met-Hb (%) 1.3+£04 1.7£0.5 1.1+0.3 1.5+£0.3 0.02 <0.01 0.54
Dyspnea 73+138 6.6+2.0 8.6+1.5 8.6+1.6 <0.01 0.47 0.39
Leg discomfort 9.1+0.8 9.1+13 89+1.2 9.0+1.5 0.69 1.00 0.84

Values are expressed as mean +SD

VO,,... maximal oxygen consumption, V ventilation, RER respiratory exchange ratio, VCO, carbon dioxide production, P;CO, pressure of
end-tidal carbon dioxide, f;, breathing frequency, V, tidal volume, HR heart rate, Q cardiac output, SpO, percent arterial oxygen saturation, MAP

mean arterial pressure, Met-Hb methemoglobin
Statistically significant values are in bold (p < 0.05)

Effect of iNO on hemodynamic function
during exercise- endurance trained response

The cardiovascular adaptations in endurance athletes from
chronic exercise training have been well documented (Gle-
dhill et al. 1994; Levine et al. 1991; Stickland et al. 2006),
however, potential pulmonary vascular adaptations are
relatively under studied. In response to maximal exercise,
the RV wall stress (i.e. afterload) is significantly higher
in endurance trained athletes as compared to untrained
individuals (D'Andrea et al. 2015; La Gerche et al. 2011,
2017). D’Andrea et al. found that pulmonary artery systolic
pressure in endurance trained athletes may reach upwards
of 40 mmHg at maximal exercise (D'Andrea et al. 2011),
while La Gerche et al. have previously reported that RV
wall stress/afterload is ~25% greater in endurance athletes as
compared to non-athletes at peak exercise (La Gerche et al.
2011). It is speculated that this greater afterload is due to the
greater overall workload that endurance athletes can achieve
(La Gerche et al. 2011; Burger et al. 2001). Though evidence
that prolonged elevations in wall stress, such as that experi-
enced during competitive endurance competitions, can lead
to short-term impairment in RV function (La Gerche et al.

2012), an acute increase in RV wall stress would increase
RV end-systolic volume, resulting in lower RV stroke vol-
ume (Burger et al. 2001). A fundamental principle of cardiac
function is that cardiac output is dependent on the stroke
volume of both ventricles (La Gerche et al. 2017), thus the
high RV wall stress observed in endurance athletes could
limit global cardiac output and importantly, VO, ... Fur-
ther, recent work examining RV/LV responses to exercise
has demonstrated that the mechanism of SV augmentation
is different between the two ventricles (Ruijsink et al. 2020).
In the RV, the increase in SV is accomplished by contracting
to a lower ESV, whereas the LV increased EDV in order to
augment SV. In discussing RV/LYV interaction, Ruijsink et al.
suggested that the greater RV systolic ejection (i.e. drop in
RV-ESV) may be the dominant factor improving LV filling,
and therefore SV, during exercise (Ruijsink et al. 2020).

As shown in Fig. 3B, iNO resulted in a modest reduction
in RVSP of approximately 3-mmHg during 60 watts of exer-
cise. Assuming the reduction in RVSP during submaximal
exercise with iNO translated to a similar reduction in RVSP
up to peak exercise, this should have resulted in a lower RV
end systolic volume and correspondingly greater RV stroke
volume, cardiac output and VO,,.,.. While cardiac output

@ Springer



710 European Journal of Applied Physiology (2022) 122:703-715

Untrained Endurance Trained
5 - 5~
—0— Ihakod NO ~@— hhaled NO
—@— Poeto —@— Paceto *
4 - 4
§ 34 P}C g 3 4 2
& =
2 A =)
51 oﬂ
> 2 > 29
14 1 -
0 v v - 3 0 . - - - >
0 “ 100 1% 200 2% 0 100 200 0 00
Power Output (watts) Power Output (watts)
24 ~ 24 -
2 22
20 = 20 4
Z 4 T 18
_é » FI—*I g .
= S
~ 164 + = 164
3
'§ 14 - S A
& T £
'g 12 g 124
S S
E - S 4
g 10 S 10
8 - $
6 - 6
4 v v - - v y 4 - v - - y
0 % 100 150 200 2% 0 100 20 30 400
Power Qutput (walts) Pomer Output (watts)
9 - 5
9 - = 8 <
97 97 4 i

o8~

Oxygen Saturation (%6)
2 3
}
Oxygen Saturation (%)
2 B
A A
D—}—H—§—1

90 oy -
n 92 -
9 - ' . . r ) o v v v r \
0 50 100 150 200 2% 0 100 200 200 400
Power Output (watts) Power Output (waits)

@ Springer



European Journal of Applied Physiology (2022) 122:703-715

71

«Fig.2 VO, response to placebo and iNO at baseline and during
exercise at 60 watts, 4-min iso-time, 6-min iso-time, and VO,,,,. in
untrained (A) and endurance trained individuals (B). Cardiac out-
put response to placebo and iNO at baseline and during exercise at
60 watts, 4-min iso-time, 6-min iso-time, and VO,,,,. in untrained
(C) and endurance trained individuals (D). Arterial oxygen satura-
tion response to placebo and iNO at baseline and during exercise at
60 watts, 4-min iso-time, 6-min iso-time, and VO,,,. in untrained
(E) and endurance trained individuals (F). Values are expressed as
mean+SE

was increased in trained participants during submaximal
exercise with iNO, this did not translate to an increase in
peak cardiac output or VO,,,... With respect to the elevation
in cardiac output with no change in VO, during submaxi-
mal exercise, previous work has suggested that a shunting
of blood within the musculature could result in the uncou-
pling of the VO, ~cardiac output relationship which would
explain the elevated submaximal cardiac output, without a
change in VO,, .. in the current study (Lewis et al. 2011).
It has been suggested that vasodilators such as sildenafil
may disrupt peripheral autoregulation which could lead to a
reduction in oxygen extraction (Claessen et al. 2015). How-
ever, iNO should act only on the pulmonary vasculature, and
did not affect systemic blood pressure in the current study,
suggesting that it is unlikely that iNO affected peripheral
autoregulation. The lack of change in VO,,,,. or peak cardiac
output would be consistent with previous research which
demonstrated a reduction in pulmonary vascular resistance
with sildenafil in endurance trained males, but no changes
observed in normoxic exercise capacity (Hsu et al. 2006;
Faoro et al. 2007). The lack of effect of iNO on peak cardiac
output and VO, ., despite the reduction in RVSP, suggests
that the typical RV afterload experienced during maximal
exercise does not limit cardiac output/VO,,, in highly
endurance trained individuals.

Effect of iNO on hemodynamic function
during exercise-untrained response

Previous work suggests that untrained individuals have
reduced pulmonary capillary recruitment, demonstrated by
a lower Dy (Tedjasaputra et al. 2016), at a given perfusion
pressure as compared to endurance trained athletes (Stick-
land et al. 2006; Levine et al. 1991). Pulmonary vascular
recruitment and distention are critical in minimizing RV
afterload/wall stress (La Gerche et al. 2010), and neces-
sary for the attainment of maximum cardiac output during
exercise. La Gerche et al. observed that individuals with
greater pulmonary vascular reserve (i.e. pulmonary capil-
lary recruitment/distention) demonstrated lower RVSP and
achieved greater VO,, .. (La Gerche et al. 2010). Untrained
individuals therefore may be unable to achieve maximal pul-
monary artery dilation/capillary recruitment during exercise.

Exogenous iNO has shown to reduce pulmonary vascular
resistance and pulmonary artery systolic pressure in healthy
individuals at rest (Frostell et al. 1993), and increased pul-
monary vascular reserve during maximal exercise would
potentially facilitate greater peak cardiac output, and ulti-
mately increased VO,,. . Interestingly, unlike the endurance
trained athletes, iNO did not appear to have any effect on
submaximal cardiac output, and while speculative, suggests
that untrained individuals are less sensitive to reductions in
RV afterload; however, this requires further investigation.
Despite a reduction in exercise RVSP, there was no increase
in cardiac output or VO,,,. in untrained individuals, sug-
gesting that the pulmonary vasculature does not limit V
O, max- regardless of fitness level.

Effect of iNO on pulmonary gas exchange
during exercise

Previous work using iNO in endurance-trained populations
have focused on pulmonary gas exchange responses during
exercise (Durand et al. 1999; Sheel et al. 2001). Though
not the primary outcome of the current study, ventilatory
outcomes were not impacted by iNO in either the untrained
or endurance trained groups. In the current study, SpO, was
unaffected by iNO; however, pulse oximetry is insensitive
to small changes in the arterial partial pressure of oxygen
(Mardirossian and Schneider 1992). The lack of change in
SpO, with iNO would support the previous invasive work
by Durand et al. and Sheel et al. that iNO does not affect gas
exchange during normoxic exercise in healthy participants.

Limitations

Within the untrained group, the difference in VO,
between placebo and iNO was only 0.00+0.05 L min~!
(» =0.990) which would have no physiological signifi-
cance. A post-hoc sample size calculation determined that
more than 200 participants would have to be recruited to
find a significant difference (power=0.80) between iNO
and placebo in the untrained group. Thus, we can conclude
that the lack of change in VO, demonstrated with iNO
in untrained individuals is due to the small observed effect
size and not an inadequate sample size.

Impedance cardiography was used as a non-invasive
technique to estimate cardiac output during the CPETs.
Using a non-invasive method for estimating cardiac output
avoided unnecessary discomfort from invasive cardiac out-
put measurement and did not compromise the validity of
the primary outcome (i.e. VO,,,..). Though not as robust
as the direct Fick method, which is considered the gold
standard, cardiac output derived from impedance cardiog-
raphy has been shown to be highly reliable (Richard et al.
2001) and strongly correlated with the direct Fick method at

@ Springer



712 European Journal of Applied Physiology (2022) 122:703-715
Table 3 EchocardiograPhy at Rest (n=13) Exercise at 60 W (n=10)
rest and during submaximal
exercise with placebo and iNO Placebo iNO p value Placebo iNO p value
Right Ventricle
RVSP (mmHg) 247+24 22.1+2.5 <0.01 34.1+6.6 31.7+7.3 0.04
ESA (cm?) 12.5+4.3 12.6 +4.6 0.79 11.6+4.1 11.0+4.9 0.73
EDA (cm?) 229+7.1 22.1+£7.0 0.13 22.1+64 21.0+7.1 0.70
FAC (%) 45+6 45+9 0.22 50+8 49+8 0.28
TAPSE (mm) 26.2+4.5 247+4.38 0.19 28.1+5.1 28.1+£3.7 0.67
Left Ventricle
ESV (mL) 49.3+223 55.0+22.2 0.07 45.6+20.5 472+235 0.29
EDV (mL) 118.8+40.0 127.2+41.0 0.02 124.6+35.0 1245+40.1 0.14
QM) 4.89+1.40 5.10+1.16 0.41 9.06+1.63 9.11+1.83  0.87
SV (mL) 69.4+19.5 722+23.1 0.42 79.3+18.0 80.8+18.8  0.31
EF (%) 60+6 57+7 0.29 64+7 64+8 0.99

Values are expressed as the mean +SD

RVSP right ventricular systolic pressure, ESA end-systolic area, EDA end-diastolic area, FAC fractional
area change, TAPSE tricuspid annular plane systolic excursion, ESV end-systolic volume, EDV end-dias-
tolic volume, Q cardiac output, SV stroke volume, EF ejection fraction

Statistically significant values are in bold (p < 0.05)

—A— Endurance Trained
—&— Untrained
—O— Mean

30 1
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26

24 4
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Resting RVSP (mmHg)
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w
(4]

20 T T
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Fig.3 Effect of iNO and placebo on right ventricular systolic pres-
sure at rest (A) and during exercise at 60 watts (B). *p <0.05 versus
placebo condition. Due to the lack of right ventricular systolic pres-
sure data, the two groups were combined and evaluated as one group.
Values are expressed as mean +SE
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rest (r=0.89) (Charloux et al. 2000) and during exercise in
health (r=0.94) (Richard et al. 2001). Further, Physioflow
has also been shown to be a reliable method of estimating
cardiac output with interventions that examine pulmonary
vasodilators (Hsu et al. 2006). When prediction equations
are used to estimate cardiac output based on measured V
O,max (Agostoni et al. 2017), PhysioFlow underestimated
cardiac output in the current study by 20% and 12% in the
endurance trained and untrained groups, respectively, which
falls within the 95% confidence interval reported by Richard
et al. (—27 to 21%). Importantly, impedance cardiography
was used to describe cardiac output (i.e. a secondary study
outcome), and any inaccuracy with the technique would not
impact the primary outcome (i.e. VO,,,,,) which was deter-
mined by directly measured metabolic data.

Nitric oxide binds to hemoglobin, and therefore iNO
interferes with carbon monoxide techniques to evaluated dif-
fusing capacity. As a result, it was not possible to conduct
Roughton and Forster’s (Roughton and Forster 1957) multi-
ple-F,0, technique to examine changes in V. while breath-
ing iNO. As such, we were unable to determine whether iNO
modulated V. or Dy, at rest or during exercise.

During exercise left atrial pressure increases (Stickland
et al. 2006) which would also increase RV afterload inde-
pendent of the pulmonary vasculature, and this increase in
RV afterload would be unaffected by iNO. Consistent with
previous iNO work (Durand et al. 1999; Matsumoto et al.
1997; Pepke-Zaba et al. 1991; Sheel et al. 2001; Tolle et al.
2008; Phillips et al. 2021), 40 ppm of iNO was used, which
was successful at reducing RVSP by ~3.0 mmHg during
exercise. It is possible that a higher dose of iNO may have



European Journal of Applied Physiology (2022) 122:703-715

713

resulted in greater reductions in RVSP and translated into
measurable effects on VO, . . However, with increased iNO
concentration there is a greater risk of MET-Hb accumula-
tion which could lead to reduced arterial content and exer-
cise intolerance. Importantly, mean arterial pressure did not
differ between placebo and iNO trials (see Table 2), demon-
strating iNO had no systemic effects during exercise.

Due to the low prevalence and challenges in obtaining
echocardiographic images of tricuspid regurgitation in
young healthy participants, data were successfully obtained
in only thirteen individuals. As a result, no between-group
comparisons (i.e. trained vs. untrained) of the cardiac/RVSP
response to iNO were conducted. While echocardiography
has been shown to underestimate cardiac RV area (Kovacs
et al. 2010), it is very reproducible (Rowland 2008), and
therefore represents the best technique available to evaluate
cardiac function/RVSP during whole-body exercise.

Summary

This study examined the effects of iNO on VO, in
untrained and endurance trained individuals. Though previ-
ous literature has shown that healthy individuals, particularly
endurance trained athletes, have disproportionately elevated
RV afterload at maximal exercise as compared to the left
ventricle (La Gerche et al. 2011), a moderate reduction in
RVSP with iNO did not translate into increased VO,,,.. Fur-
ther, despite evidence to suggest that untrained individuals
may have reduced pulmonary vascular function compared
to endurance trained individuals (Tedjasaputra et al. 2016;
Lalande et al. 2012), a modest reduction in RVSP with iNO
did not improve VO,,,,.. In conclusion, despite a reduction
in RVSP, no changes in maximal cardiac output or VO,, ..
were observed suggesting that the pulmonary vasculature
does not limit VO, in healthy individuals regardless of
aerobic fitness level.
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