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Abstract: Hypoxia increases inspiratory muscle work and consequently contributes to a reduction in
exercise performance. We evaluate the effects of inspiratory muscle warm-up (IMW) on a
10 km cycling time trial in normoxia (NOR) and hypoxia (HYP). Eight cyclists performed four time
trial sessions, two in HYP (FiO,: 0.145) and two in NOR (FiO,: 0.209), of which one was with
IMW (set at 40% of maximal inspiratory pressure—MIP) and the other was with the placebo effect
(PLA: set at 15% MIP). Time trials were unchanged by IMW (NORyyw: 893.8 &= 31.5 vs. NORppA:
925.5 £ 51.0 s; HYPpw: 976.8 & 34.2 vs. HYPp 5: 1008.3 & 56.0 s; p > 0.05), while ventilation was
higher in HYPyyqy (107.7 & 18.3) than HYPpp o (100.1 + 18.9 L.min~'; p < 0.05), and SpO, was
lower (HYPpw: 73 £ 6 vs. HYPpp 5: 76 & 6%; p < 0.05). A post-exercise-induced reduction in inspi-
ratory strength was correlated with exercise elapsed time during IMW sessions (HYPpyqy: r=—0.79;
p < 0.05; NORpqw: r = —0.70; p < 0.05). IMW did not improve the 10 km time trial performance

under normoxia and hypoxia.

Keywords: respiratory muscles; ventilation; elevated altitude; exercise performance; cycling; hypoxia

1. Introduction

High-intensity cycling time trial tests increase respiratory demand and generate di-
aphragm fatigue [1], activating the respiratory muscle metaboreflex, leading to peripheral
muscle vasoconstriction, and reducing exercise tolerance [2]. Not surprisingly, compared
to normoxia, a hypoxic condition demands further respiratory work [3], exacerbating res-
piratory fatigue at the same workload of locomotor muscles [4] and even during exercise
at a matched ventilatory level [5]. Several studies investigated strategies to improve res-
piratory muscles performance under hypoxia, enhancing exercise time trial and tolerance
to fatigue through inspiratory muscle training (IMT) [6-8] or respiratory muscle unload-
ing [3]. However, to date, no other simple methods are available to produce acute effects
for respiratory muscles with practical applications for athletes exercising under hypoxia.

In normoxic conditions, the inspiratory muscle warm-up (IMW) as a preparatory
strategy before exercise has been employed to enhance performance, showing favor-
able results [9-13]. However, controversial results showed no IMW improvements in
cycling [14,15], even in exhaustive time trial cycling [16]. These contradictory results
may be due to either a short exercise task [14,15] that may not be enough to generate di-
aphragmatic fatigue or a longer distance cycling in normoxic conditions [16] that only
occasionally generates a robust respiratory demand, making it harder to observe any
detectable effect of IMW. Conversely, cycling under hypoxia can overload inspiratory
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muscles [3], which might be a factor in limiting exercise performance in cycling com-
petitions at high altitudes. Therefore, it is plausible that IMW may offer an effective
ergogenic resource capable of enhancing cycling performance under hypoxia. The po-
tential IMW application for exercise performance improvements in hypoxic conditions
remains unexplored.

IMW promotes acute improvements in inspiratory muscle strength [9,15,17,18] and
may delay the activation of respiratory metaboreflex [14]. Taken together, it is reasonable
that these IMW effects could increase exercise tolerance in hypoxic environments. Thus,
understanding the role of IMW in cycling performance under hypoxia may offer new in-
sights into its isolated usage or in combination with other strategies in cyclists’ practice at
high altitudes.

Therefore, we hypothesize that IMW will enhance exercise performance under hy-
poxia, which should be associated with an attenuated post-exercise drop in inspiratory
muscle strength. The current study aimed to evaluate the effects of IMW on cycling time
trial performance in hypoxia.

2. Materials and Methods
2.1. Participants

Eight male well-trained cyclists (age: 32 & 7 years; height: 1.78 £ 0.1 m; body mass:
73.5 4 7.4 kg; VOomax: 5.0 + 0.6 L-min~!; mean 4 SD) participated in this study. Cyclists
were advised to avoid caffeine, alcohol, and moderate to intense exercise 24 h before the
visits. All the cyclists in this study were in the base phase, meaning they were at the ini-
tial stage of a cyclist’s season, and their cycling experience is approximately 5 years and
a typical training regimen of 240 to 350 km per week. Exclusion criteria were the use of
performance-enhancing drugs or supplements and any concomitant disease. The Insti-
tutional Ethics Committee approved the present study (1.252.971/2015), and each cyclist
signed an informed consent before participating.

2.2. Procedures

The experiments in this randomized and placebo-controlled study were completed in
five visits separated by 72-96 h. In the first visit, body mass, height, maximal inspiratory
pressure (MIP: 155 £ 37 cm H;O), and pulmonary function tests were measured (forced
vital capacity: 5.2 & 0.6 L; forced expiratory volume in 1s: 4.0 £ 0.6 L). Then, the cyclists
performed a 10 km cycling time trial for individual adaptation to the test protocol. Visual
feedback provided by the cycle ergometer monitor was allowed only during this familiar-
ization session. During the following four visits, a 10 km time trial was conducted with a
prior effective IMW or placebo (PLA), both in normoxia (FiO; = 0.209; ~162 m) or hypoxia
(FiO, = 0.145; ~3085 m —equivalent altitude) in random order (Figure 1).
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Figure 1. As shown in the experimental design, the cyclists performed a familiarization with a
10 km time trial on the first visit. On other days, the four experimental visits were randomized,
but the cyclists were unaware of the gas condition in the mask and the inspiratory warm-up load.

2.3. Materials

The pulmonary tests were evaluated via spirometry (MRS/DATALINK, Montpellier,
France), and MIP was assessed by an inspiratory device (POWERBreathe KH2, HaB Inter-
national Ltd., Southam, UK). During all visits, a two-way respiratory valve (Y2730, Hans
Rudolph, Inc., Shawnee, OK, USA) was linked to the air outlet of the pneumotachograph
through a customized adapter to allow the ventilatory data recordings (VO2000, Med-
Graphics, Saint Louis, MO, USA) together with the hypoxic machine (Everest Summit II,
Hypoxico, NY, USA). For recording cardiac variables, non-invasive electrical impedance
cardiography was used (Physioflow® LABITM, Hemodynamics Redefined, Manatec
Biomedical, Folschviller, France). The arterial oxygen saturation (SpO,) values were as-
sessed through a finger pulse oximeter (Oxy-Go QuickCheckTM PRO, Oxymeter Plus, Inc.,
Roslyn Heights, NY, USA). Cycling time trial tests were performed on a magnetic and air
resistance cycle ergometer (Wattbike PRO, Wattbike Ltd., Nottingham, UK).

2.4. Familiarization with Time Trial and IMW

In the first visit, a 10 km time trial test was conducted for familiarization with the
protocol. This procedure avoids the possibility of self-paced cycling performance learning
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on subsequent visits [16,19]. After the time trial, the cyclists were introduced to the IMW
technique and received instructions about the correct use of diaphragmatic breathing and
the respiratory rate established by the metronome.

2.5. Time Trial Tests

In the four succeeding experimental visits, MIP was determined one hour before the
tests, and the cyclists were instrumented with electrodes. Then, cyclists executed IMW
or PLA, and immediately after, a face mask was positioned for ventilatory measurements.
The cyclists were unaware of the gas mixture and the load from the inspiratory device
during the experiment. The elapsed time and power output were inaccessible to cyclists,
but they could observe the cadence and the remaining distance during time trials. The air
resistance of the cycle ergometer and cadence during the time trial tests were self-selected
by each cyclist, but they were not allowed to lift from the seat. During all time trial tests,
cyclists were encouraged to complete 10 km as fast as possible. To test the isolated effect
of IMW on performance, whole-body warm-ups were not allowed. At 2.5 km intervals,
the dyspnea and peripheral muscles’ perceptual effort were registered using Borg’s scales
CR10 and RPE 6-20 [20], respectively, and the SpO, was also recorded.

2.6. Inspiratory Muscle Pressure

Maximal inspiratory pressure was determined as the highest value of the three re-
producible measurements, which had a variation of less than 5% among them [21]. This
procedure was repeated every visit 1 h before the time trial tests, and the inspiratory load
prescription used for IMW and PLA was calculated based on the MIP value recorded at
the first visit. Furthermore, another MIP maneuver was done immediately after exercise
to quantify the acute post-exercise-induced reduction in inspiratory strength.

2.7. Inspiratory Muscle Warm-Up and Placebo

All cyclists remained seated on the cycle ergometer during the inspiratory warm-up
maneuvers. The IMW and PLA sessions were recorded using a digital inspiratory device
(POWERBreathe KH2, HaB International Ltd., Southam, UK). The cyclists performed in-
spiratory maneuvers in ambient air before wearing the gas condition mask. The protocol
consisted of two sets of 30 inspiratory maneuvers set at 40% MIP for IMW and 15% for PLA,
with a 60-s recovery between sets [9,15,18]. A metronome marked the respiratory rate at
15 cycles/min during the IMW or PLA in all the visits, while the variables were recorded
by ad hoc software (Breathe-Link KH2 Medic 1.0c, Southam, UK).

2.8. Statistical Analysis

Data normality was analyzed using the Shapiro-Wilk test (see Supplementary Ma-
terials, Table S1). Herein, the same individuals performed all visits and there were two
factors to be analyzed as follows: (1) both oxygen conditions (normoxia and hypoxia) and
(2) both warm-up conditions IMW and PLA). Thus, we chose a two-way analysis of vari-
ance (ANOVA) with repeated measures in both factors (FiO, and warm-up) to compare
time trial performance, perceptual, and physiological variables. Regarding inspiratory
warm-up variables among visits (i.e., pressure, power, volume, and flow during IMW or
PLA) we decided on a one-way ANOVA since the inspiratory warm-ups were always per-
formed in ambient air. After, the Bonferroni post-hoc test was carried out to determine
where the differences were. Additionally, the paired t-test was used to compare MIP pre-
vs. post-exercise and total average VE in HYPpy o vs. VE in HYPp\w. Statistical differ-
ence was considered when « < 0.05. Results are described as mean and standard devi-
ation. To calculate the effect size (es), we used Cohen’s d and f indexes when appropri-
ate (G*power v3.1.9.2; Heinrich-Heine-Universitat, Diisseldorf, Germany) and the values
were classified as trivial (0-0.2), small (0.2-0.6), moderate (0.6-1.2), large (1.2-2.0), and very
large (2.0-4.0) [22]. Pearson’s correlation was used to evaluate the relationship between ex-
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ercise time and MIP variation post-exercise and the regression line was plotted. Statistical
analysis was done using specific software (GraphPad Prism v6.0, La Jolla, CA, USA).

3. Results
3.1. Time Trial Performance

Inspiratory muscle warm-up did not change exercise elapsed time compared to PLA in
both, normoxia (NORpyyy: 893.8 &= 31.5 s vs. NORpp o: 925.5 £ 51.0 s), and hypoxia (HYPy
976.8 £ 34.2 s vs. HYPpy 5: 1008.3 £ 56.0 s); (p=0.151; es = 0.61). Likewise, IMW was unable to
statistically change the power output in both normoxia (NORpw: 255 £ 23 W vs. NORppa:
236 £ 35 W) and hypoxia (HYPpw: 200 £ 19 W vs. HYPppa: 186 & 26 W); (POpgan:
p = 0.147; es = 0.62). On the other hand, compared to normoxia, under hypoxia, the time
trial test was slower, increasing the elapsed time to complete the test (p <0.001; es = 2.18), and
POypaN decreased (p =0.001; es =2.04). There was no interaction between IMW and hypoxia
for exercise time (p = 0.973; es = 0.03) nor for POypan (p = 0.696; es = 0.15) (Figure 2).
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Figure 2. Comparison of power output (PO) (A), oxygen saturation (S5pO,) (B), and ventilation (VE)
(C) between conditions during time trial. NORpy 5; open circle (O); NORpw; closed circle (o),
HYPpy 4; open triangle (A) and HYPpyw; closed inverted triangle (V). Statistical difference: Dif-
ferences between NORpy o vs. NORpw. (b) Differences between HYPpy o vs. HYPpw. (c) Differ-
ences between NORpy o vs. HYPpy 4. (d) Differences between NORyyw vs. HYPpw. Bonferroni’s
post-hoc test. Mean + SE.

3.2. Physiological Responses

Higher values of ventilation (VE) were found at 2.5 km during hypoxic sessions com-
pared to normoxic sessions (p = 0.001; es = 2.13), while IMW did not change VE (p = 0.75;
es = 0.13), and there was no interaction between factors (p = 0.23; es = 0.50). Moreover,
toward the last segment of the exercise (10 km), higher values of VE were found during
NORpp o compared to HYPpp o (p = 0.05; es = 0.86), but there was no difference between
NORpyw and HYPpw (p =0.45; es = 0.28) (Figure 2). In addition, the total average VE was
higher during HYPpyw (107.7 + 18.3 L-min ') compared to HYPpy 5 (100.1 & 18.9 L-min~};
p =0.03; es =1.00). Furthermore, as expected, SpO, values were reduced by hypoxia com-
pared to normoxia (p < 0.0001; es = 4.90). Nevertheless, in hypoxia, lower values of SpO,
were found at 10 km of the HYPpw session compared to HYPpp s (p = 0.04; es = 1.08)
(Figure 2).

Concerning heart rate (HR), stroke volume (SV), and CO during the exercises, lower
values of HR and CO were found during 7.5 km (HR; p = 0.01; es = 2.27) (CO; p = 0.04;
es =1.56) and 10 km (HR; p = 0.008; es = 2.44) (CO; p = 0.004; es = 3.00) in hypoxic sessions,
but no change was found when using IMW (p > 0.05) (Figure 3). No differences were found
in the average SV between conditions during time trial tests (SV; NORpp 5: 151 + 14 mL;
NORpyw: 146 & 24 mL; HYPpp o: 136 & 26 mL; HYPpw: 138 &= 31 mL; p =0.25; es = 0.68).
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Figure 3. Comparison of heart rate (HR), cardiac output (CO), and rating of perceived effort for
dyspnea (CR10) and for peripheral muscles (RPE). NORpy o; open circle, NORy\yy; closed circle,
HYPpp 4; open triangle and HYPpw; closed inverted triangle. (A) Differences between NORpy o
vs. NORpw; (B) Differences between HYPpp o vs. HYPp . (C) Differences between NORpp o Vs.
HYPpp 4; (D) Differences between NORpyw vs. HYPp\w. Bonferroni’s post-hoc test. Mean + SE.
Values of five cyclists for HR and CO, the others were excluded due to technical problems during
acquisition data. Statistical difference: (a) Differences between NORpy o vs. NORpyw . (c) Differences
between NORpy o vs. HYPpy 5. (d) Differences between NORpw vs. HYPp\w. Bonferroni’s post-
hoc test. Mean =+ SE.

The rating of perceived effort for dyspnea (CR10) was higher during hypoxic condi-
tions at 2.5 km (p = 0.003; es = 1.73), 5 km (p = 0.002; es = 1.74), 7.5 km (p = 0.012; es = 1.26)
and 10 km (p =0.029; es =1.03). During NORpyw, the dyspnea score was lower than during
NORpp at 2.5 km (p = 0.048; es = 1.00). However, there was no interaction between hy-
poxia and IMW for dyspnea. There were no statistical differences in RPE during the time
trial between conditions (p > 0.05) (Figure 3).

3.3. Inspiratory Strength and Exercise Time Relationships

As expected, during the inspiratory warm-up sessions, the IMW generated greater
inspiratory power and mouth pressure than the PLA conditions (see Table 1). However,
the flow and volume were not different. Also, the post-exercise fall in inspiratory strength
occurred in all sessions, and IMW did not attenuate it (see Table 2). However, it is in-
teresting that in IMW, in both normoxia and hypoxia, the changes in inspiratory strength
after exercise were negatively correlated with exercise elapsed time to complete 10 km (see
Figure 4; HYPpw: r=—0.79; 2 =0.63; p =0.02; and NORyyy: r=—0.70; r?=0.49; p=0.05).
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However, it did not happen in PLA conditions (HYPpp o: r=0.24; 2 = 0.06; p = 0.56; and
NORpy A: T =—0.30; r*> = 0.09; p = 0.47).

Table 1. Inspiratory variables during inspiratory muscle warm-up sessions.

IMW Indexes NORPLA NORIMW HYPPLA HYPIMW es NORIMW es HYPIMW
Pressure (cmH20) 15.16 + 3.18 39.84 £7.96 * 15.76 + 4.16 40.09 + 8.65 * (5.04) (4.54)
Power (w) 3.86 +£1.91 11.09 £ 5.62* 447 +£3.78 1227 £542 % (1.83) (2.97)
Volume (1 2.92 4+ 0.56 3.27 £0.78 2.90 +0.79 2.94 +0.80 (0.44) (0.05)
Flow () 2.32 £+ 0.66 2.48 £0.76 2.50 + 1.34 2.80 £ 0.68 (0.27) (0.31)
The values of inspiratory muscle warm-up indexes presented as mean + SD of each session. Cohen’s d was used
as effect size (es) for IMW vs. PLA. %, p < 0.05 compared to NORpy »; ¥, p < 0.05 compared to HYPpy 5.
Table 2. Maximal inspiratory pressures in every visit pre- and post-exercise.
NORpa NORmw HYPpp o HYPpyw
MIP values
MIPpRE (cmH20) 135 + 34 149 4+ 34 146 + 37 149 + 36
MIPpOST-EXER (cmH20) 120 £30* (1.06) 138 + 35 * (1.00) 134 £ 34 (0.56) 132 36 * (0.89)
MIP changes
AMIPpOST-PRE (%) -11+11 -7+6 —-8+12 -11+£11
The values are presented as mean + SD. Maximal inspiratory pressure before (MIPprg) vs. after exercise
(MIPposr-gxgr)- The variation (A) of MIP (post-exercise-pre) expressed as a percentage (%). The symbol * is
equal to p < 0.05 compared to MIPpgg. Cohen’s (d) was used as effect size.
A B
1100 1200
R2=0.09; P=0.47 }O- NORp A R2=0.06; P=0.56 [/A- HYPp p
R?=0.49; P=0.05 - NORjyy R*=0.63; P=0.02 ¥ HYPmw
1000+ © 1100+ A
) L
(] (]
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800 T T T 900 T T T T
-30 -20 -10 0 10 -40 -30 -20 -10 0 10
A (%) MIP A (%) MIP

Figure 4. (A,B) Pearson’s correlation of exercise time and variation of maximal inspiratory pressure
post-exercise. NORpy a; open circle, NORpw; closed circle, HYPpy 4; open triangle and HYPpyqy;
closed inverted triangle. Linear regression lines equations: NORpy 5: Y = —1.426X + 909; NORpw:
Y = —3.425X + 869; HYPpp o: Y = 1.115X + 1017; HYPpw: Y = —2.439X +949.8.

4. Discussion

Our main findings were as follows: (1) IMW did not improve 10 km cycling time
trial performance during normoxia and hypoxia; (2) during HYPp\, the average VE was
increased compared to the HYPpy o session, while SpO, was lower in the last segment, and
these differences were not observed during normoxic sessions, and (3) correlation analysis
showed an inverse relation between exercise elapsed time during the time trial and the fall
in inspiratory strength, which curiously only occurred in IMW sessions both in normoxia
and hypoxia. In IMW sessions, the cyclists who had less of a fall in inspiratory muscle
strength after exercise tended to be the same ones who had faster time trial performances
(Figure 4).
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4.1. Effects of IMW in Normoxic Exercise

Similarly to the current investigation, a previous study that used IMW before a 10 km
cycling time trial in normoxia did not find performance improvements [16]. In the study
by Johnson and co-authors [16], the period between the end of IMW and the time trial test
was about 22 min, and a cycling warm-up (~15 min) was included in this transition phase
before the time trial test. Differently, in our investigation, the transition phase duration
between IMW and the time trial was about nine minutes, and cycling warm-up was not
allowed. According to Hawkes and co-authors [17], IMW generates a transient increase
in inspiratory strength that decreases to baseline values after 15 min. Therefore, a shorter
transition phase was done between IMW and the time trial to avoid a possible loss of or
reduction in IMW’s effect. However, such methodological differences in the present inves-
tigation did not warrant performance gain during the normoxic 10 km time trial test. In
contrast, various intense short-term exercises (i.e., <6 min task) are enhanced with IMW,
such as the 6-min all-out rowing task [9], the 30-s anaerobic Wingate’s test [12], and exhaus-
tive intermittent run tolerance [10]. However, no improvement was found in intermittent
cycling activities [14,15]. Therefore, in normoxic conditions, IMW seems to be useful for
several high-intensity and short-time exercise activities.

In normoxia, IMW did not change the ventilatory levels during time trial exercise
(Figure 2B), corroborating previous studies [16,23]. However, perceived dyspnea was
lower in NORpw than in NORpy 4, but only during the first segment of the time trial
(0-2.5 km) and without changes in the rating of perceived effort for locomotor muscles.
Some studies have found that IMW reduced the perceived dyspnea [9,11], while others
did not find differences [14,23]. These controversial results can be in part explained by
the differences in experimental design and exercise modalities, which can be cycling [14],
rowing [9], running [10], and others [11,23]. Despite the limitations, IMW is a potential
strategy for reducing perceived dyspnea in some exercise conditions, but the mechanisms
remain unclear.

4.2. Effects of IMW in Hypoxic Exercise

In contrast to our hypothesis, our preliminary data suggest that IMW did not improve
time trial performance under hypoxia. Before raising the possibility that IMW is ineffective
under hypoxia, we attribute the absence of performance effect to two main reasons: (1) itis
known that athletes have an attenuated diaphragmatic metaboreflex response [24], thereby
reducing the possibility of the acute effects of IMW, making it harder to identify this mech-
anism compared to sedentary individuals who present higher diaphragmatic metaboreflex
activation; and (2) in time trial tests, the cyclists regulate their workload pace, avoiding fa-
tigue to enable them to complete the test. For this reason, it is plausible that in a 10 km
time trial under hypoxia, the cyclists did not sustain a strenuous heavy-intensity exercise,
generating an accentuated respiratory fatigue and its consequences. This reasoning can be
reinforced by observing the data in Table 2, where the MIP variations post-exercise decline
similarly in normoxia and hypoxia, probably because the cyclists regulated their workload
at a level significantly lower under hypoxia.

In the last segment of the time trial test (i.e., 7.5-10 km) in HYPpy, the SpO;, was
lower, while the average of VE was ~10 L-min~! higher than HYPpy 5. Since the present
study is the first to evaluate IMW as a strategy to improve exercise under hypoxia, the
following discussion will consider studies that used IMT. Therefore, no direct compar-
isons are possible since different approaches were employed. Thus, with the use of IMT,
Hursh and colleagues [8] observed an increase in VE, oxygen uptake, and a faster time
trial performance (i.e., 1.4%, ~33 s) during 20 km in hypoxia (FiO, = 0.16) [8]. Applying
IMT, Salazar-Martinz and co-authors [7] have also found improvements in exercise perfor-
mance under hypoxia, but such results are not always observed in other studies [6]. On
the other hand, IMT seems to reduce the physiological demand in submaximal exercise
under hypoxia [25]. Differences in exercise tasks may have influenced the different results.
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In our results, IMW conditions had a discreet average time trial advantage but not enough
to improve exercise performance consistently.

The higher ventilatory response in time trial under hypoxia with the use of IMW ob-
served here was also found by Hursh and colleagues [8] investigation using IMT. Despite
the similar results for ventilation, the mechanisms involved in muscle training are different
from the muscle warm-up. Whereas a training process (i.e., IMT) involves structural and
neural adaptations in inspiratory muscles, the IMW involves acute responses that, accord-
ing to Hawkes and colleagues [17], increase transiently inspiratory force output, which
might be related to an altered central drive, allowing a better inspiratory muscle synergy.
Thus, IMW with a higher stimulus from peripheral chemoreceptors, taken together, could
sustain higher ventilation under hypoxic conditions. These pathways can reasonably ex-
plain the discreet additional sustained ventilatory response. On the other hand, the ex-
act mechanisms that led to a lower SpO; response during HYPpw compared to HYPpy o
are unknown.

Regarding cardiovascular data, heart rate (HR) and cardiac output (CO) were un-
changed by IMW, but lower values were found during hypoxic time trial sessions than
those in normoxia (Figure 3A,B). At first glance, these results contrast with previous stud-
ies interestingly reviewed by Siebenmann and Lundby [26], which reported higher HR
and CO during acute hypoxic submaximal exercise. However, as observed here, the self-
selected exercise loads were significantly lower in hypoxic sessions (Figure 2A), which
may partially explain the lower values of HR and CO in hypoxic exercise. Naturally, the
different workloads on the cycle ergometer between normoxia and hypoxia may mask the
expected difference when the workload is the same for both conditions, where hypoxia
would require higher CO. Moreover, it was only in normoxic conditions that the cyclists
felt capable of increasing their workloads, especially in the last segment (7.5-10 km) of the
time trial test, which consequently demanded higher CO from the middle to the end of the
exercise test.

4.3. Time Trial Performance and the Post-Exercise Inspiratory Muscle Strength Decline

An important finding in our study is the inverse relationship between exercise elapsed
time and post-exercise inspiratory strength decline. Thus, the lower decline in inspira-
tory muscle strength after exercise correlates with faster time trials. Such an effect is only
observed in IMW sessions, independently of the inspired oxygen condition, suggesting
an exclusive effect of IMW. Although the decline of MIP post-exercise is frequently re-
ported [9,15,27], to our knowledge, no studies showed such IMW effect individually re-
lated to exercise performance. These relationships suggest that in IMW sessions, the MIP
variations may be useful for coaches to identify the cyclists’ inspiratory training necessity
(e.g., when a cyclist has more decline in MIP and is slower within the team), however, no
direct benefit in performance was identified with IMW. The mechanisms underlying this
relationship are unknown; however, it is possible to speculate some possible pathways
as follows: (1) IMW provides a better synergy among respiratory muscles [17] and prob-
ably induces the post-activation potentiation mechanism, increasing inspiratory muscle
strength. Thus, the inspiratory muscle work was probably optimized by IMW, subjec-
tively leading to more self-confidence regarding incrementing the workload during the
time trial. (2) Perhaps, with more inspiratory strength by IMW, the phrenic afferent inputs
to the central nervous system during exercise may not early trigger the diaphragmatic
metaboreflex, thus making linear the fine-tuning relationship between respiratory and lo-
comotor muscles during the time trial test. Further investigations are needed to evaluate
the possible mechanisms involved in IMW on inspiratory muscles’ strength and locomotor
muscles’ performance.

4.4, Future Directions

Our preliminary data suggest that IMW does not affect exercise performance under
hypoxia. Future studies should consider testing the IMW effect on other exercise modali-
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ties, as well as on different hypoxic levels and other IMW protocols. We encourage future
studies to investigate inter-individual responsiveness to IMW and identify potential re-
sponders and non-responders, which is valuable to practical applicability for cycling com-
petitions. Moreover, considering that IMW promotes fine-tuning in the relationship be-
tween exercise time and post-exercise inspiratory strength fall (Figure 4), we encourage
future studies to investigate how the feedback relation between inspiratory muscles and
self-paced works. Not less importantly, future directions should focus on the mechanisms
underlying the IMW to answer why the strategy may or may not work. Thus, additional
measurements for inspiratory and locomotor muscle oxygenation, arterial gasometry, in-
spiratory fatigue tests, and metabolic analysis should be considered.

4.5. Limitations

This study has several limitations that may be considered for a better interpretation of
the results. First, we did not evaluate respiratory and locomotor muscle oxygenation and,
for technical reasons, neither did metabolic gas exchanges during time trial tests. We recog-
nize that the absence of these data limits our interpretation of the effect of IMW on oxygen
consumption pathways. However, the present investigation focused on the effect of IMW
on exercise performance under hypoxic conditions. Second, our results cannot be extrapo-
lated to all athletes and modalities. Therefore, this issue needs further investigation. Third,
the hypoxic environment was simulated in normobaric conditions, which is different from
a hypobaric altitude environment. Thus, future research with a similar approach should
focus on a natural high-altitude environment or the use of a hypobaric chamber. Finally,
despite the limitations, time trial tests are largely used in cycling training and are similar
to real competitions. Therefore, a potential application of the IMW is optional and can be
considered for cycling training and competing at sea level and moderate altitude.

5. Conclusions

Our preliminary findings show that the traditional IMW protocol does not enhance 10
km time trial performance in normoxia and hypoxia but does reveal a relationship between
exercise performance and the post-exercise decline in inspiratory muscle strength. Under
hypoxia, IMW increased average ventilation during the cycling time trial, which did not
occur in normoxia but reduced dyspnea sensation at the beginning of the normoxic exer-
cise. Thus, further investigations are necessary to elucidate the mechanisms and potential
applications of IMW for exercise tasks in sea-level and high-altitude environments.
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