European Journal of Applied Physiology (2019) 119:191-200
https://doi.org/10.1007/s00421-018-4015-8

ORIGINAL ARTICLE

@ CrossMark

Effects of inspiratory muscle warm-up on locomotor muscle
oxygenation in elite speed skaters during 3000 m time trials

Philippe Richard'® - Francois Billaut'

Received: 9 May 2018 / Accepted: 10 October 2018 / Published online: 22 October 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Purpose It has been shown that an inspiratory muscle warm-up (IMW) could enhance performance. IMW may also improve
the near-infrared spectroscopy (NIRS)-derived tissue oxygen saturation index (TSI) during cycling. However, there exists
contradictory data about the effect of this conditioning strategy on performance and muscle oxygenation. We examined the
effect of IMW on speed skating performance and studied the underpinning physiological mechanisms related to muscle
oxygenation.

Methods In a crossover, randomized, single-blind study, eight elite speed skaters performed 3000 m on-ice time trials, pre-
ceded by either IMW (2 x 30 breaths, 40% maximal inspiratory pressure) or SHAM (2 X 30 breaths, 15% maximal inspiratory
pressure). Changes in TSI, oxyhemoglobin—oxymyoglobin ([O,HbMb]), deoxyhemoglobin—deoxymyoglobin ((HHbMb]),
total hemoglobin—myoglobin ([THbMb]) and HHbMbdiff ([O,HbMb]-[HHbMDb]) in the right vastus lateralis muscle were
monitored by NIRS. All variables were compared at different time points of the race simulation with repeated-measures
analysis of variance. Differences between IMW and SHAM were also analyzed using Cohen’s effect size (ES) +90% confi-
dence limits, and magnitude-based inferences.

Results Compared with SHAM, IMW had no clear impact on skating time (IMW 262.88+17.62 s vs. SHAM 264.05+21.12 s,
effect size (ES) 0.05; 90% confidence limits, —0.22, 0.32, p =0.7366), TSI, HbMbdiff, [THbMb], [O,HbMb] and perceptual
responses.

Conclusions IMW did not modify skating time during a 3000 m time trial in speed skaters, in the conditions of our study.
The unchanged [THbMb] and TSI demonstrate that the mechanisms by which IMW could possibly exert an effect on per-
formance were unaffected by this intervention.

Keywords Elite athletes - Long-track speed skating - Muscle deoxygenation - Blood volume - Metaboreflex

Abbreviations NIRS Near-infrared spectroscopy

ES Effect size O,HbMb  Oxyhemoglobin + oxymyoglobin
HbMbdiff Difference between O,HbMb and HHbMb RPB Rating of perceived breathlessness
HHbMb  Deoxyhemoglobin + deoxymyoglobin RPE Rating of perceived exertion

M Inspiratory muscle SD Standard deviation

IMT Inspiratory muscle training SHAM Placebo intervention

MW Inspiratory muscle warm-up THbMb Total hemoglobin 4+ total myoglobin
MIP Inspiratory muscle pressure TSI Tissue saturation index

VO,max  Maximal oxygen consumption
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as well as in intermittent exercise tests (Tong and Fu
2006; Lin et al. 2007; Lomax et al. 2011). However, other
research groups did not observe any ergogenic effect of
this procedure on the same type of activities and thus,
its impact on exercise performance remains equivocal
(Cheng et al. 2013; Johnson et al. 2014; Ohya et al. 2015;
Arend et al. 2016; Hartz et al. 2017; Faghy and Brown
2017). Moreover, the impact on performance of the addi-
tion of IMW to the thorough warm-up of elite athletes
also remains uncertain (Volianitis et al. 2001a; Johnson
et al. 2014).

From a physiological perspective, IMW was shown to
improve IM function (maximal inspiratory pressure) (Tong
and Fu 2006; Lin et al. 2007; Lomax et al. 2011), reduce
perception of breathlessness (RPB) (Volianitis et al. 2001a;
Tong and Fu 2006; Lin et al. 2007), and to lower lactate
concentration during exercise (Lin et al. 2007). IMW also
significantly improved the near-infrared spectroscopy
(NIRS)-derived tissue oxygen saturation during high-inten-
sity (maximal effort) intermittent cycling exercises in elite
female athletes (Cheng et al. 2013). However, the impact of
IMW on muscle oxygenation remains equivocal considering
that Ohya et al. (2015) did not observe any changes in mus-
cle oxygenation after IMW during the same type of exercise.
Moreover, the impact of IMW on muscle hemodynamics has
only been investigated in cycling and was never examined
during a continuous time trial effort.

Speed skating and cycling share similar characteristics
such as the primary active muscles, a cyclic movement, and
a specific crouched position (pronounced knee flexion and
trunk almost parallel to the ground) (Stoter et al. 2016) that
may lead to a similar ventilatory demand during maximal-
intensity exercise (Van Ingen Schenau et al. 1983; Foster
et al. 1999). The crouched position of cycling may raise
abdominal impedance and increase diaphragmatic work,
thereby leading to premature recruitment of rib cage mus-
cles and accelerating inspiratory muscle fatigue (Boussana
et al. 2001). High-intensity exercises [>85% of maximal
oxygen consumption (VO,max)] are also expected to lead
to this type of fatigue (Harms et al. 1997; Legrand et al.
2007). Consequently, inspiratory muscle fatigue might
increase sympathetic vasoconstrictor outflow to working
skeletal muscles through a respiratory muscle metabore-
flex, thus reducing limbs’ blood flow and accelerating the
development of exercise-induced locomotor muscle fatigue
(Harms et al. 1997; Legrand et al. 2007; Romer and Polkey
2008). Oueslati et al. (2016) observed that superior respira-
tory muscle endurance was significantly correlated with a
longer delay before an accentuated deoxygenation occurred
in the leg. Hence, it is plausible that IMW could improve
respiratory muscle fatigue tolerance and locomotor muscles
oxygenation during speed skating, thereby potentially affect-
ing performance positively.
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Therefore, the primary purpose of this study was to
assess whether integrating IMW to the standard warm-up
procedures of speed skaters could modify their performance
during a maximal speed skating time trial. To examine the
underpinning physiological mechanisms associated with this
technique and considering the aforementioned discrepancies
in the only two available IMW-NIRS studies, the secondary
purpose of this study was to examine the effect of IMW on
local blood volume and muscle oxygenation.

Materials and methods
Participants

Eight elite long-track speed skaters (5 men: VO,max
61 +6.3 mL/min/kg, 3 women: VO,max 51 +3.8 mL/min/kg,
n=2) with at least one international competition experience
(junior or senior) were included in this study (mean =+ SD
age 21.4 +£3.5 years, body height 177.4 + 8.4 cm, body mass
75.4 +£11.2 kg, experience in speed skating 16 +4 years,
average weekly training volume ~ 14—16 h). The investi-
gation took place during the first on-ice training camp of
the season and the timed performances do not reflect the
best potential results of these athletes. All participants were
informed of the experimental procedures, associated risks,
and potential benefits. Informed consent was obtained from
all the individual participants included in the study. The
study was approved by the local Institutional Ethics Com-
mittee (Comité d’éthique de la Recherche avec des étres
humains de I’Université Laval) and by the local Hospital
Ethics Committee (Comité d’éthique de la Recherche de
I’IUCPQ-Université Laval), and in accordance with the
principles established in the declaration of Helsinki.

Experimental design

All athletes were tested on two occasions in a randomized,
single-blind, placebo-controlled, crossover design. Partici-
pants were blinded to the true purpose of the study by a
misled message that they were participating in a study to
compare the effects of a power-type (IMW: described to
the athletes as IMW,,.,) and an endurance-type (SHAM:
described to the athletes as IMW,, 4, rance) Protocol on perfor-
mance and local oxygenation during speed skating (Cheng
et al. 2013) which was as follows: “the aim of the study
was to determine the best suitable intervention individually
for each of them”. They participated in a maximal inspira-
tory muscle pressure (MIP) testing session and were fully
familiarized with IMW and SHAM procedures before the
first time trial.

MIP was recorded using the integrated mouth pressure
meter of the ENCORE VMax system (Carefusion, Sydney,
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Australia) at the local hospital. The testing session was per-
formed by an experienced operator and in conformity to the
standardized procedures (Gibson et al. 2002). A minimum
of five and a maximum of nine technically satisfactory meas-
urements were conducted, and the highest of three measure-
ments with 5% variability or within 5 cmH,0 difference was
defined as maximum (Volianitis et al. 2001a).

Inspiratory muscle warm-up

The protocol consisted of 2 sets of 30 breaths using a POW-
ERbreath (IMT Technologies Ltd., Birmingham, United
Kingdom) at 40% and 15% MIP in IMW and SHAM, respec-
tively, with a 60 s rest between the sets (Lomax et al. 2011).
During IMW, the subjects were instructed to initiate every
breath from the residual volume and to continue the respira-
tory effort until further excursion of the thorax was not pos-
sible. During SHAM, breathing was gentle and protracted
(Ohya et al. 2015). Both interventions were conducted after
the athlete’s off-ice warm-up (=~ 17 min before trials). This
time frame mimics a realistic competition schedule allowing
athletes sufficient time to prepare according to usual habits.

Warm-up

To promote a realistic context, the whole body warm-up
protocol was not standardized and the athletes were asked to
reproduce their regular individual competition warm-up rou-
tines. However, the athletes’ awareness was raised (a warm-
up checklist was provided and explained) on the fact that
priming exercises can influence performance and peripheral
oxygenation (Jones et al. 2006; Bailey et al. 2009; McIn-
tyre and Kilding 2015) and thereby, possibly interact with
the expected effects of the studied interventions. Precisely,
it was strongly suggested that they perform intensity bouts
in their warm-ups 20—40 min before their race (Burnley

et al. 2006; Bailey et al. 2009; Ingham et al. 2013). Post-
testing, all athletes reported having completed their specific
competition warm-up routine that included intensity bouts
(~30 min before the race) and having reproduced the same
preparation in both conditions (Table 1).

Time trials

The trials involved two on-ice 3000 m time trials on an
indoor long-track (400 m) speed skating oval approved for
international competition. This race was selected because
similar ventilation was reported in speed skating com-
pared to cycling on efforts of similar duration (Van Ingen
Schenau et al. 1983; Foster et al. 1999), because the time to
cover this distance (4-5 min) is enough to speed up aerobic
energy delivery (Van Ingen Schenau et al. 1983) and because
2000-3000 m maximal time trials were previously used as
specific VO,max speed skating tests (Van Ingen Schenau
et al. 1983; Kandou et al. 1987; de Boer et al. 1987).

Trials (7 days apart) took place during a national centre
training camp in which the training prescription was similar
48 h before trials. For ice availability reasons, the first trial
was performed at =~ 12h30 and the other at ~ 17h30. Ath-
letes were asked to replicate the same routine before both
trials. Barometric pressure was similar in both testing days
(88.69 vs. 89.01 kPa). All athletes started in the inner lane
for both conditions (solo time trials) and were asked to com-
plete the 3000 m in the fastest time possible by applying
their individual pacing strategy. During the time trials, all
lap times were recorded using a timing system approved for
international competition and verbal feedback was given by
the coach to ensure competition-like conditions (Born et al.
2014). Immediately after the time trials, rating of perceived
exertion (RPE) and rating of perceived breathlessness (RPB)
were measured using CR-10 Borg’s scale.

Table 1 Individual warm-up routine characterization including priming exercises and recovery time before the race for all speed skaters

Mobility drills and Time between .
. . . i . s .o . . . On-ice warm-up
Athlete | Low intensity exercises | progressive dynamic Off-ice priming exercises priming exercises ..
. (position and pace)
exercises and race

1 1.5 min (5-6/10)

2 2 min (7/10)

3 2 min (7/10)

4 1 min (6/10)

=~ 5-10 min =~ 5-10 min =30 min =5 min

5 2.5 min (7/10) + 45 s (8/10)

6 2 min (7/10) + 1 min (8/10)

7 505 (8.5/10)

8 4 min (7/10)
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NIRS measurements

Oxygenation patterns in the right vastus lateralis muscle
were determined with a portable NIRS device (Portamon
MKII, Artinis Medical System, Zetten, The Netherlands).
Bilateral oxygenation measurements would have provided a
more complete dataset considering the asymmetric oxygena-
tion patterns reported in speed skating (Born et al. 2014;
Hettinga et al. 2016). However, only one Portamon device
was available for this project. The right leg was particularly
investigated as long-track speed skaters display a greater
deoxygenation in the right leg compared to the left leg (Born
et al. 2014; Hettinga et al. 2016).

The NIRS device was installed on the distal part of the
vastus lateralis belly (15 cm above the proximal border of
the patella). Skin fold thickness was measured at the site of
application of the device (8.7 +3.3 mm) using a Harpenden
skinfold caliper and was less than half the distance between
the emitter and the detector (i.e., 20 mm). This thickness
is adequate to let near-infrared light through muscle tissue
(McCully and Hamaoka 2000). The device was solidly fixed
and covered to eliminate background light.

A modified form of the Beer—Lambert law, using two
continuous wavelengths (760 and 850 nm) and a differential
optical path length factor of 4.95 allowed the detection of
micromolar changes in tissue oxyhemoglobin + oxymyoglo-
bin [O,HbMb] and deoxyhemoglobin + deoxymyoglobin
[HHbMb]. The sum of both signals [THbMb] was used as
an indicator of the blood volume (Van Beekvelt et al. 2001).
The equilibrium between oxygen supply and consumption
was calculated using the tissue saturation index (TSI [%])
(Jones et al. 2016). The difference between [O,HbMb] and
[HHbMb] (HbMbdift =[O,HbMb] — [HHbMb]) was also
interpreted as a muscle oxygenation index (Van Beekvelt
et al. 2001; Cunniffe et al. 2017).

Data were acquired continuously at 10 Hz. A 10th order
zero-lag low-pass Butterworth filter was applied to smooth
NIRS signal (Faiss et al. 2013). Data were analyzed over the
first, third and last minute of the time trials as previously
described (Born et al. 2014) and normalized to express the
magnitude of changes from baseline. The last 30 s and the
last 15 s of the time trials were also analyzed because the
effort is at the maximum at this moment and thus, the likeli-
ness of respiratory muscle fatigue is increased.

Statistical analyses

All variables were compared at the different time points of
the race simulation with repeated-measures analysis of vari-
ance. If global changes over time were identified, Bonferroni
post hoc analysis was employed to detect where the differ-
ences occurred. Ratings of perceived exertion were com-
pared with a Student’s paired ¢ test. Statistical significance
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was set at an alpha value of p <0.05. IMW-SHAM dif-
ferences were also analyzed using Cohen’s effect size
(ES) £90% confidence limits, and magnitude-based infer-
ences (Hopkins et al. 2009). Variables were log-transformed
before analysis, but raw data are reported as means or
peaks + SD for clarity. Magnitudes of difference between
conditions were determined with an effect size of 0.2 set
to evaluate the smallest worthwhile change. Standardized
effects were classified as small (>0.2-0.5) or moderate
(>0.5-0.8). Quantitative chances of greater or smaller val-
ues were assessed qualitatively as follows: 50-75%, possi-
bly; 75-95%, likely; 95-99%, very likely; >99%, almost cer-
tainly. The effect was deemed “unclear” if chances of having
better/greater and poorer/lower change in performance and
physiological variables were both > 5%.

Given that trained individuals present an attenuated
inspiratory muscle metaboreflex (Callegaro et al. 2011) and
that respiratory muscle work is inversely correlated with
the blood flow in the working leg during maximal exercise
(Harms et al. 1997), in a post-analysis, we further hypoth-
esized that the impact of IMW on peripheral blood volume
could be accentuated in athletes with lower MIP values.
Therefore, Pearson’s correlations were used to determine
the relationship between the athletes’ baseline MIP and the
percent change in [THbMb] after IMW. The following cri-
teria were adopted to interpret the magnitude of the correla-
tion (r): <0.1 trivial, >0.1-0.3 small, > 0.3-0.5 moderate,
>0.5-0.7 large, > 0.7-0.9 very large, and >0.9—1.0 almost
perfect (Hopkins et al. 2009) and statistical significance was
also identified by an alpha value of p <0.05.

Results

Total racing time (IMW 262.88 +17.62 s vs. SHAM
264.05+21.12 s, difference between IMW and SHAM,
0.04%, effect size (ES) 0.05; 90% confidence limits —0.22,
0.32, p=0.7366), RPE (9.56 +0.62 vs. 9.44 + 1.05: — 1.7%,
ES —0.23; —1.13, 0.67, p=0.6383) and RPB (7.69+1.03
vs. 7.63+2.13: —4.9%, ES —0.33; —1.98, 1.32, p=0.7173)
were unaffected by the intervention.

Tissue oxygenation indexes (TSI and HbMbdiff) were not
significantly modified by IMW throughout the race. Simi-
larly, [THbMDb], a surrogate of blood volume, and [O,HbMb]
were also not significantly altered by IMW for all studied
sections of the race.

[HHbMb] was possibly higher in the third (3%, ES
0.31; —0.18, 0.81) and the last (2.9%, ES 0.3; —0.19, 0.80)
minutes of the time trial in IMW compared with SHAM,
but these changes did not reach statistical significance
(»=0.2682 and p=0.2862, respectively).

The detailed results are presented in Table 2. Figure 1
illustrates the pacing (lap times) in both conditions. Figure 2
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Table 2 Physiological variables and performance during time trials
Variable Time point  Intervention d Likelihood of chances p value
SHAM SD IMW SD CL +ive/trivial/—ive
Tissue Saturation Index (TSI1%)/baseline (%  First minute 73.1 10 73.1 7 0.02 -0.39;0.43 22/62/17 0.9268
baseline) Third minute 723 9.8 731 7 0.08 —0.28;0.45 28/63/9 0.6740
Last minute 71.3 9.4 72.5 8.9 0.11 —0.28;0.49 33/59/9 0.6094
Last30 s 71.2 9.5 72.3 9 0.10 —0.30;0.51 33/58/10 0.6421
Last15s 71.1 9.5 72.3 8.8 0.11 —0.29;0.52 34/56/9 0.6054
Oxyhemoglobin (O,HbMb)/baseline (% First minute 77.1 9.7 77.1 7.5 0.01 —-0.32;0.34 16/71/13 0.9398
baseline) Third minute 793 7.9 794 66  0.02 —032;0.36 17/70/13 0.9151
Last minute 78.9 8 78.8 6.9 0.01 —-0.33;0.34 16/70/14 0.9777
Last 30 s 78.8 8.1 78.7 7.1 0.00 —0.35;0.35 16/68/16 0.9927
Last15s 78.7 8.1 78.6 7.1 0.00 —0.36;0.35 16/68/16 0.9935
Deoxyhemoglobin (HHbMb)/baseline (% First minute  125.5 10 1299 14.8 0.33 —0.24;0.91 66/27/6 0.3065
baseline) Third minute 132 152 1362 186  0.31 —0.18;0.81 66/29/4 0.2682
Last minute 134 15.8 138.2 18.7 0.3 -0.19;0.80 65/31/5 0.2862
Last30s 1345 159 138.5 18.9 0.29 -0.20;0.79 65/32/5 0.3020
Last15s 1347 16.1 138.7 19.1 0.29 -0.20;0.78 65/32/5 0.3023
HbMbdiff (HHbMb — O,HbMb) (change First minute —21.97 13.03 -23.30 12.85 0.10 —0.05;0.26 14/86/0 0.2549
from baseline uM) Third minute —23.37 13.94 —24.45 1372 0.09 —0.07;0.26 13/87/1 0.3062
Last minute —24.18 13.93 -2527 13.95 0.09 -0.06;0.23 9/90/0 0.3013
Last 30 s —24.37 13.98 —-2545 14.09 0.08 —0.06;0.23 9/91/0 0.3194
Last15s —2445 1399 -255 14.1 0.08 —0.06;0.23 9/91/0 0.3212
Total hemoglobin (THbMb)/baseline (% First minute 97.9 5.6 99.1 7 0.19 —-0.35;0.73 48/41/11 0.5336
baseline) Third minute 1019 7 1032 89  0.18 —0.25;0.61 46/47/7 0.4628
Last minute 102.5 8.2 103.6 9.4 0.15 —=0.30;0.61 43/48/9 0.5431
Last30s 102.7 8.3 103.7 9.5 0.14 —-0.32;0.61 41/49/10 0.5575
Last15s 102.8 8.5 103.7 9.7 0.14 —-0.33;0.61 40/49/11 0.5965
3000 m time trial time (s) Total 262.88 17.62 264.05 21.12 0.05 -0.22;0.32 16/78/6 0.7366
Rate of perceived exertion (RPE) (Borg Post 9.56 0.62 944 1.05 -0.23 —1.13;0.67 20/28/53 0.6383
CR-10)
Rate of perceived breathlessness (RPB) Post 7.69 1.03 7.63 2.13 —-0.33 —1.98;1.32 28/16/56 0.7173

(Borg CR-10)

Bold values indicate the combination of a small or greater effect size and a clear effect size as defined in the statistical section of the manuscript

illustrates the NIRS-derived oxygenation patterns during the
races.

MIP baseline values of the skaters were 144 +45 cmH,0.
No significant correlation was found between the percent
change in [THbMb] and MIP values for the first (r=0.37,
p=0.37), third (r=0.47, p=0.24), and last minutes
(r=0.49, p=0.21) as well as for the complete 3000 m time
trial (r=0.45, p=0.26).

Discussion

This study examined, for the first time, the effect of IMW on
performance and muscle oxygenation in speed skating. This
technique did not modify skating time during a 3000 m time
trial in elite speed skaters, in the conditions of our study.

This field-specific speed skating investigation that took place
during the first on-ice training camp of the season revealed
no acute ergogenic effect of IMW on perceptions of effort
and breathlessness, and very limited changes were observed
in muscle oxygenation.

The unchanged performance in elite athletes observed in
the present investigation contrasts with the results of several
IMW exercise studies (Volianitis et al. 2001a; Tong and Fu
2006; Cruickshank et al. 2007; Lin et al. 2007; Lomax et al.
2011; Wilson et al. 2014; Ozdal et al. 2016). Interestingly,
among these studies, Volianitis et al. (2001a) was the only
research group to examine the effect of IMW on a continu-
ous effort of similar duration to that of our study (6 min)
and to investigate elite athletes who completed a thorough
warm-up. They reported decrease in dyspnea and in inspira-
tory muscle fatigue as the probable responsible mechanisms
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for the performance improvement after IMW in a population
of elite rowers. Respiratory sensations represent one subcat-
egory of the overall perceived exertion that is responsible
for exercise intolerance (Weiser et al. 1973; Volianitis et al.
2001a) and at maximal exercise capacity, dyspnea can be at
least as important as leg fatigue in limiting exercise (Kil-
lian et al. 1992; Volianitis et al. 2001a). While we did not
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measure inspiratory muscle fatigue, we observed no changes
in perceived breathlessness and perceived exertion in our
study. These unaffected perceptual sensations may contrib-
ute to explaining the absence of changes in skating time.
Similarly, both dyspnea and performance were unaffected by
the addition of IMW to a thorough warm-up in competitive
road cyclists performing a 10 km cycling time trial (Johnson
et al. 2014). In that perspective, not only our results are in
accordance with the previously observed absence of ergo-
genic impact of IMW on exercise performance (Cheng et al.
2013; Johnson et al. 2014; Ohya et al. 2015; Arend et al.
2016; Hartz et al. 2017; Faghy and Brown 2017), but also
reinforce the argument against the relevance to add IMW
to a complete warm-up protocol in elite athletes (Johnson
et al. 2014).

Respiratory muscle fatigue results from increased respira-
tory muscle work combined with a competition for blood
flow with locomotor muscles (Romer and Polkey 2008).
When respiratory muscle work is increased (above respira-
tory compensation point) during high-intensity exercise
(>85-100% VO,max), leg blood volume and oxygena-
tion are reported to decrease (Harms et al. 1997; Legrand
et al. 2007). In this context, if any, one could expect an
impact of IMW on locomotor muscles perfusion and tissue
saturation indexes (that are influenced by blood flow) in a
3000 m speed skating time trial that seems to cloister several
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Fig.2 Oxygenation patterns: TSI (a), [THbMb] (b), [HHbMb] (c) and [O,HbMb] (d) for the 3000 m time trials in SHAM (blue) and IMW (red)

conditions. (Color figure online)
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characteristics that could lead to inspiratory muscle fatigue
(high ventilation rates, high intensity, exercise of a sufficient
duration) (Van Ingen Schenau et al. 1983; Foster et al. 1999;
Stoter et al. 2016). However, the NIRS-derived data rather
suggest that the mechanisms by which IMW could possibly
exert an effect on performance were not affected in the pre-
sent study.

First, ventilation may not explain this absence of
ergogenic impact of IMW considering that our results
(unchanged [THbMb] and TSI) contrast with the improved
tissue saturation index (TSI) observed after IMW during
a submaximal cycling exercise (150 W) in which ventila-
tion was notably lower (=% 61 L/min) (Cheng et al. 2013)
than the ventilation reported elsewhere in a 3000 m time
trial in elite skaters (137.6 +5.8 L/min) (Van Ingen Schenau
et al. 1983). Second, greater exercise intensities (>85%
VO,max) increase the likelihood for diaphragmatic fatigue
to develop (Johnson et al. 1993; Illi et al. 2012). Given that
2000-3000 m maximal time trials were previously used as
specific VO,max (100%) speed skating tests (Van Ingen
Schenau et al. 1983; Kandou et al. 1987; de Boer et al.
1987), it is likely that the intensity of the 3000 m skating
time trial was sufficient to induce respiratory muscle fatigue.
Third, the duration of the effort may also impact inspiratory
muscle fatigue. In fact, in trained male cyclists (VO,max:
4.6 L/min), maximal incremental exercise performance
(~355-380 W max) remained unchanged in both an inspira-
tory muscle training (IMT) group and a placebo group, while
the former group completed a 20 km (= 83-85% W max,
~29 min) and a 40 km (~77-78% W max, ~ 57 min) time
trial faster than the latter after the intervention (~ 3.8 and
4.6%, respectively) (Romer et al. 2002).

Interestingly, TSI was modified by IMW (compared to
control and placebo) in the last two tests of a sequence of
three tests (total effort duration= 18 min) that were all inter-
spersed by 5 min of passive rest: two 6 min submaximal tests
(100 and 150 W) and an intermittent sprint tests (6 X 10 s
interspersed by 60 s of active recovery at S0 W for a total of
~ 6 min) (Cheng et al. 2013). Given that the TSI modifica-
tion was only observed in the last two tests of this sequence
(after at least 6 min of effort), one can argue that the total
duration of the protocol could have played a role in inducing
respiratory muscle fatigue (Romer et al. 2002). In that per-
spective, we cannot rule out that the ~4.4 min speed skat-
ing effort was not long enough to induce respiratory muscle
fatigue in our study. However, this seems extremely unlikely
considering that the thorough individual warm-up that was
performed before the speed skating time trials (Table 1) was
longer (and probably more intense) than the combination
of the first test (100 W, 6 min) and the warm-up that was
performed prior to testing in the study of Cheng et al. (2013)
(4 min of submaximal cycling at 50 W, 35 s unloaded
sprints and 5 min of stretching exercises). Moreover, the

current time trial lasting 4-5 min may have been sufficient
to induce respiratory muscle fatigue, considering that per-
formance was improved after IMT during a 6 min exercise
in trained rowers (Volianitis et al. 2001b) and given that
IMW also led to performance improvement in shorter dura-
tion performance tests (=57 s and 30 s) (Wilson et al. 2014;
Ozdal et al. 2016). Another possibility is that the attenua-
tion of the inspiratory muscle fatigue may not be the only
mechanism responsible for the ergogenic impact of IMW
(Johnson et al. 2014).

Alternatively, the peculiar nature of speed skating may
contribute to explaining our results. In fact, [THbMb] and
TSI were unaffected by leg compression garments during a
3000 m time trial in speed skaters (Born et al. 2014), and the
authors highlighted that the effects of compression clothing
on the muscle pump’s function might not overcome the high
static muscle contractions evident in elite speed skating.
Similarly, in our study, it can be hypothesized that, if any,
the potentially beneficial effects of vasodilation (or avoided
vasoconstriction) on blood flow secondary to IMW might
have been impeded by the sport specific occlusions result-
ing from high intramuscular pressure (Sjogaard et al. 1988).

Finally, the MIP baseline values of the skaters in our
study are characterized by a strong heterogeneity and are
comparable to those observed in competitive road cyclists
(148 +32 cmH,0) (Johnson et al. 2014) in some cases, and
to those of sedentary individuals (111 +8 cmH,0) (Calle-
garo et al. 2011) in other cases. Therefore, we reasoned that
the impact of IMW on peripheral blood volume could be
accentuated in athletes with lower MIP values. However,
no significant correlation was found for the first, third and
last minutes as well as for the complete 3000 m time trial,
thereby invalidating our assumption. In that perspective, it
would be relevant to investigate muscle oxygenation dur-
ing speed skating and to conduct this type of analysis, after
a more impactful respiratory conditioning strategy such as
IMT (Lomax et al. 2011), to delineate if the amplitude of
the IMW effect was too limited to modify perfusion in the
present study. Similarly, the intensity of the IMW (Kivas-
tik et al. 2015) may also have influenced performance and
physiological outcomes and future investigation will need to
address these questions.

Limitations

Considering the limited number of subjects, we have to
consider the possibility of a type II statistical error in the
present study. Although elite athletes are scarcely investi-
gated and effect sizes were calculated to assess the practical
application and meaningfulness of the findings, the sample
size is very limited to test the hypothesis and find results, if
any. The current investigation took place during a training
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camp. While very similar training conditions preceded both
testing days, this context may also implicate varied fatigue
levels among athletes (19 training sessions in 14 days with
5 intense training sessions including the trials). The two tri-
als did not take place at the same time of the day because of
limited availability of the 400 m iced oval and this may have
impacted the physiological outcomes (Drust et al. 2005),
although athletes replicated a very similar pre-trial routine
in both conditions. Moreover, although athletes are used to
skating 3000 m as a practice racing distance at this time
of the year, since our investigation took place during the
first long-track speed skating training camp of the season,
changes in pacing related to technical and tactical adjust-
ments may have confounded the impact of IMW, espe-
cially in sprint-specialized athletes (competing in distances
<1000 m) (Ahmetov et al. 2011). In fact, the pacing strategy
adopted by the sprinters (as the difference between the aver-
age time of the first and the last lap of each race) varied in
a particularly important manner (11.3% difference) and this
could have altered the performance and oxygenation data
sets. Although we used a crossover design and pacing strat-
egy was similar in both conditions for the whole group of
athletes (Fig. 1), the sprinters’ inconsistent pacing behavior
could contribute to explaining the IMW-induced possible
increase in [HHbMDb] in the third and last minutes of the
race. However, these changes were also noticeable through-
out the trial (Fig. 2c) and may not be attributable to IMW.
In fact, NIRS may implicate a large inter- and intra-subject
variability and it can be hazardous to assess what proportion
of the muscle oxygenation variations obtained at a single site
of a single muscle is derived from the NIRS measurement
itself (methodological limitation) or from physiological ori-
gins (Thiel et al. 2011). Financial and logistic concerns were
the main reasons behind the choice to focus mainly on the
NIRS data in this study. A more elaborate set of measure-
ments including oxygen consumption and ventilation, vari-
ables that may have been impacted by the IMW intervention,
would have added value to the present study. For the same
reasons, MIP could not be tested after the two conditions.
This measurement would have validated the effect of IMW
on inspiratory muscle strength in speed skaters.

Perspective and conclusions

The comparison of accessory respiratory and leg muscles
oxygenation during speed skating (with and without IMW)
would be of great interest, but technical restraints, such as
the movement of the arms of the skaters during a simu-
lated race (especially during corners), may prevail. The
study of this relationship during in-line speed skating, on
an oversized treadmill may be an interesting investigation
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avenue. It is plausible that the stress of an acute IMW
may be limited to lead to significant locomotor muscle
oxygenation changes, in performance-specific tasks per-
formed by elite athletes. A certain level of permeability
was previously observed in elite speed skaters in regard to
techniques that have the potential to modify performance
and muscle oxygenation [remote ischemic precondition-
ing (Richard and Billaut 2018), beetroot juice (Richard
et al. 2018), compression garments (Born et al. 2014)].
Considering these results, and, since elite athletes present
a narrower window of adaptation compared to less-trained
individuals (Marocolo et al. 2016) and tend to combine
different methods to enhance their performances (Kilduff
etal. 2013; McGowan et al. 2015), the aggregation of such
techniques could be necessary to trigger an ergogenic
response and to enhance performance in this population.
This hypothesis remains to be tested. Moreover, further
investigations will need to examine specifically the indi-
vidual effect of IMT and the combined effect of IMT and
IMW (Lomax et al. 2011) on peripheral oxygenation in
elite speed skaters.

In conclusion, this investigation was the first to assess
the effect of IMW on muscle hemodynamics during a con-
tinuous time trial. This acute strategy had a very limited
impact on timed performance and muscle oxygenation
during 3000 m in elite speed skaters, in the context of
our study. The unchanged [THbMb] and tissue saturation
indexes demonstrate that the mechanisms by which IMW
could possibly exert an effect on performance were unaf-
fected by this intervention.

Acknowledgements The authors thank the athletes and coaches
involved in this study.

Author contributions PR and FB conceived and designed the research.
PR conducted the experiments, collected and analyzed the data. PR and
FB interpreted the results. PR drafted the manuscript, and both PR and
FB edited and revised the manuscript for approval of the final version.

Funding This study was not funded by any grant.

Compliance with ethical standards

Conflict of interest The student researcher was employed (strength and
conditioning coach) by the group involved in this study. The authors
declare that the research was conducted in the absence of any com-
mercial relationships that could be construed as a potential conflict of
interest. On behalf of all the authors, the corresponding author states
that there is no financial or non-financial conflict of interest associated
with the current research.

Ethical approval All procedures performed involving human partici-
pants were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki declara-
tion and its later amendments or comparable ethical standards.



European Journal of Applied Physiology (2019) 119:191-200

199

References

Ahmetov II, Druzhevskaya AM, Lyubaeva EV, Popov DV, Vino-
gradova OL, Williams AG (2011) The dependence of pre-
ferred competitive racing distance on muscle fibre type
composition and ACTN3 genotype in speed skaters. Exp
Physiol 96(12):1302-1310. https://doi.org/10.1113/expphysiol
.2011.060293

Arend M, Kivastik J, Méestu J (2016) Maximal inspiratory pressure is
influenced by intensity of the warm-up protocol. Respir Physiol
Neurobiol 230:11-15. https://doi.org/10.1016/j.resp.2016.05.002

Bailey SJ, Vanhatalo A, Wilkerson DP, Dimenna FJ, Jones AM (2009)
Optimizing the “priming” effect: influence of prior exercise inten-
sity and recovery duration on O, uptake kinetics and severe-inten-
sity exercise tolerance. J Appl Physiol 107(10):1743-1756. https
://doi.org/10.1152/japplphysiol.00810.2009

Born DP, Zinner C, Herlitz B, Richter K, Holmberg HC, Sperlich
B (2014) Muscle oxygenation asymmetry in ice speed skaters:
not compensated by compression. Int J Sports Physiol Perform
9(1):58-67. https://doi.org/10.1123/1JSPP.2012-0210

Boussana A, Matecki S, Galy O, Hue O, Ramonatxo M, Le Gallais
D (2001) The effect of exercise modality on respiratory muscle
performance in triathletes. Med Sci Sports Exerc 33(12):2036—
2043. https://doi.org/10.1097/00005768-200112000-00010

Burnley M, Doust JH, Jones AM, Time AMJ (2006) Time required
for the restoration of normal heavy exercise V following prior
heavy exercise. J] Appl Physiol 101:1320-1327. https://doi.
org/10.1152/japplphysiol.00475.2006

Callegaro CC, Ribeiro JP, Tan CO, Taylor JA (2011) Attenuated
inspiratory muscle metaboreflex in endurance-trained indi-
viduals. Respir Physiol Neurobiol 177(1):24-29. https://doi.
org/10.1016/j.resp.2011.03.001

Cheng CF, Tong TK, Kuo YC, Chen PH, Huang HW, Lee CL (2013)
Inspiratory muscle warm-up attenuates muscle deoxygenation
during cycling exercise in women athletes. Respir Physiol Neu-
robiol 186(3):296-302. https://doi.org/10.1016/j.resp.2013.02.029

Cruickshank AJ, Peyrebrune MC, Caine MP, Patients D (2007)
Inspiratory muscle warm-up improves performance in elite
swimmers. Med Sci Sport Exerc 39(5):211

Cunniffe B, Sharma V, Cardinale M, Yellon D (2017) Characteri-
zation of muscle oxygenation response to vascular occlusion:
implications for remote ischaemic preconditioning and physical
performance. Clin Physiol Funct Imaging 37(6):785-793. https
://doi.org/10.1111/cpf.12353

de Boer RW, Ettema GJ, Faessen BG, Krekels H, Hollander AP, de
Groot G, van Ingen Schenau GJ (1987) Specific characteristics
of speed skating: implications for summer training. Med Sci
Sports Exerc 19(5):504-510

Drust B, Waterhouse J, Atkinson G, Edwards B, Reilly T (2005)
Circadian rhythms in sports performance—an update. Chrono-
biol Int 22(1):21-44. https://doi.org/10.1081/CBI-200041039

Faghy MA, Brown PI (2017) Whole-body active warm-up and inspir-
atory muscle warm-up do not improve running performance
when carrying thoracic loads. Appl Physiol Nutr Metab Phys-
iol Appl Nutr Metab 42(8):810-815. https://doi.org/10.1139/
apnm-2016-0711

Faiss R, Léger B, Vesin JM, Fournier PE, Eggel Y, Dériaz O, Millet
GP (2013) Significant molecular and systemic adaptations after
repeated sprint training in hypoxia. PLoS One 8(2):1-13. https
://doi.org/10.1371/journal.pone.0056522

Foster C, Rundell K, Snyder AC, Stray-Gundersen J, Kemkers G,
Thometz N, Broker J, Knapp E (1999) Evidence for restricted
muscle blood flow during speed skating. Med Sci Sports Exerc
31(10):1433-1440. https://doi.org/10.1097/00005768-19991
0000-00012

Gibson GJ, Whitelaw W, Siafakas N, Supinski GS, Fitting JW, Bel-
lemare F, Loring SH, Troyer A, De, Grassino AE (2002) ATS/
ERS statement on respiratory muscle testing. Am J Respir
Crit Care Med 166(4):518-624. https://doi.org/10.1164/
rccm.166.4.518

Harms C, Babcock MA, McClaran SR, Pegelow DF, Nickele G,
Nelson WB, Dempsey Ja (1997) Respiratory muscle work
compromises leg blood flow during maximal exercise. J Appl
Physiol 82(5):1573-1583. http://jap.physiology.org/content/
jap/82/5/1573 full.pdf

Hartz CS, Ferreira CR, Moreno MA (2017) Effects of the application
of an inspiratory muscular warm-up protocol in the physical per-
formance of handball athletes. J Exerc Physiol 20(5):12-22. https
://doi.org/10.1519/JSC.0b013e3181874564

Hettinga FJ, Konings MJ, Cooper CE (2016) Differences in muscle
oxygenation, perceived fatigue and recovery between long-track
and short-track speed skating. Front Physiol 7(December):1-14.
https://doi.org/10.3389/fphys.2016.00619

Hopkins WG, Marshall SW, Batterham AM, Hanin J (2009) Progres-
sive statistics for studies in sports medicine and exercise sci-
ence. Med Sci Sports Exerc 41(1):3—12. https://doi.org/10.1249/
MSS.0b013e31818cb278

Illi SK, Held U, Frank I, Spengler CM (2012) Effect of respiratory
muscle training on exercise performance in healthy individuals.
Sport Med 42(8):707-724. https://doi.org/10.2165/11631670-
000000000-00000

Ingham SA, Fudge BW, Pringle JS, Jones AM (2013) Improvement of
800-m running performance with prior high-intensity exercise. Int
J Sports Physiol Perform 8(1):77-83

Johnson BYBD, Babcock MA, Suman OE, Dempsey JA (1993) Exer-
cise-induced diaphragmatic fatigue in healthy humans. J Physiol
460:385-405. https://doi.org/10.1113/jphysiol.1993.sp019477

Johnson MA, Gregson IR, Mills DE, Gonzalez JT, Sharpe GR (2014)
Inspiratory muscle warm-up does not improve cycling time-trial
performance. Eur J Appl Physiol 114(9):1821-1830. https://doi.
org/10.1007/s00421-014-2914-x

Jones AM, Berger NJ, Wilkerson DP, Roberts CL (2006) Effects of
“priming” exercise on pulmonary O, uptake and muscle deox-
ygenation kinetics during heavy-intensity cycle exercise in the
supine and upright positions. J Appl Physiol 101(5):1432-1441.
https://doi.org/10.1152/japplphysiol.00436.2006

Jones S, Chiesa ST, Chaturvedi N, Hughes AD (2016) Recent develop-
ments in near-infrared spectroscopy (NIRS) for the assessment
of local skeletal muscle microvascular function and capacity to
utilise oxygen. Artery Res 16:25-33. https://doi.org/10.1016/j.
artres.2016.09.001

Kandou TW, Houtman IL, vd Bol E, de Boer RW, de Groot G, van
Ingen Schenau GJ (1987) Comparison of physiology and biome-
chanics of speed skating with cycling and with skateboard exer-
cise. Can J Sport Sci 12(1):31-36

Kilduff LP, Finn CV, Baker JS, Cook CJ, West DJ (2013) Precon-
ditioning strategies to enhance physical performance on the
day of competition. Int J Sports Physiol Perform 8(6):677-681
(pii:2013-0173)

Killian KJ, Leblanc P, Martin DH, Summers E, Jones NL, Campbell
EJM (1992) Exercise capacity and ventilatory, circulatory, and
symptom limitation in patients with chronic airflow limitation.
Am Rev Respir Dis 146(4):935-940. https://doi.org/10.1164/ajrcc
m/146.4.935

Kivastik J, Arend M, Méestu J (2015) Comparison of different inspira-
tory muscle warm-up protocols. Eur Respir J 46(suppl 59). https
://doi.org/10.1183/13993003.congress-2015.PA950

Legrand R, Marles A, Prieur F, Lazzari S, Blondel N, Mucci P (2007)
Related trends in locomotor and respiratory muscle oxygenation
during exercise. Med Sci Sports Exerc 39(1):91-100. https://doi.
org/10.1249/01.mss.0000241638.90348.67

@ Springer


https://doi.org/10.1113/expphysiol.2011.060293
https://doi.org/10.1113/expphysiol.2011.060293
https://doi.org/10.1016/j.resp.2016.05.002
https://doi.org/10.1152/japplphysiol.00810.2009
https://doi.org/10.1152/japplphysiol.00810.2009
https://doi.org/10.1123/IJSPP.2012-0210
https://doi.org/10.1097/00005768-200112000-00010
https://doi.org/10.1152/japplphysiol.00475.2006
https://doi.org/10.1152/japplphysiol.00475.2006
https://doi.org/10.1016/j.resp.2011.03.001
https://doi.org/10.1016/j.resp.2011.03.001
https://doi.org/10.1016/j.resp.2013.02.029
https://doi.org/10.1111/cpf.12353
https://doi.org/10.1111/cpf.12353
https://doi.org/10.1081/CBI-200041039
https://doi.org/10.1139/apnm-2016-0711
https://doi.org/10.1139/apnm-2016-0711
https://doi.org/10.1371/journal.pone.0056522
https://doi.org/10.1371/journal.pone.0056522
https://doi.org/10.1097/00005768-199910000-00012
https://doi.org/10.1097/00005768-199910000-00012
https://doi.org/10.1164/rccm.166.4.518
https://doi.org/10.1164/rccm.166.4.518
http://jap.physiology.org/content/jap/82/5/1573.full.pdf
http://jap.physiology.org/content/jap/82/5/1573.full.pdf
https://doi.org/10.1519/JSC.0b013e3181874564
https://doi.org/10.1519/JSC.0b013e3181874564
https://doi.org/10.3389/fphys.2016.00619
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.2165/11631670-000000000-00000
https://doi.org/10.2165/11631670-000000000-00000
https://doi.org/10.1113/jphysiol.1993.sp019477
https://doi.org/10.1007/s00421-014-2914-x
https://doi.org/10.1007/s00421-014-2914-x
https://doi.org/10.1152/japplphysiol.00436.2006
https://doi.org/10.1016/j.artres.2016.09.001
https://doi.org/10.1016/j.artres.2016.09.001
https://doi.org/10.1164/ajrccm/146.4.935
https://doi.org/10.1164/ajrccm/146.4.935
https://doi.org/10.1183/13993003.congress-2015.PA950
https://doi.org/10.1183/13993003.congress-2015.PA950
https://doi.org/10.1249/01.mss.0000241638.90348.67
https://doi.org/10.1249/01.mss.0000241638.90348.67

200

European Journal of Applied Physiology (2019) 119:191-200

Lin H, Tong TK, Huang C, Nie J, Lu K, Quach B (2007) Specific
inspiratory muscle warm-up enhances badminton footwork per-
formance. Appl Physiol Nutr Metab 32(6):1082-1088. https://doi.
org/10.1139/H07-077

Lomax M, Grant I, Corbett J (2011) Inspiratory muscle warm-up and
inspiratory muscle training: separate and combined effects on
intermittent running to exhaustion. J Sports Sci 29(6):563-569.
https://doi.org/10.1080/02640414.2010.543911

Marocolo M, Da Mota GR, Simim MA, Appell Coriolano HJ (2016)
Myths and facts about the effects of ischemic precondition-
ing on performance. Int J Sport Med 37(2):87-96. https://doi.
org/10.1055/s-0035-1564253

McCully KK, Hamaoka T (2000) Near-infrared spectroscopy: what
can it tell us about oxygen saturation in skeletal muscle? Exerc
Sport Sci Rev 28(3):123-127. https://doi.org/10.1117/1.2805437

McGowan CJ, Pyne DB, Thompson KG, Rattray B (2015) Warm-up
strategies for sport and exercise: mechanisms and applications.
Sports Med 45(11):1523-1546. https://doi.org/10.1007/s4027
9-015-0376-x

Mclntyre JPR, Kilding AE (2015) Effects of high-intensity intermit-
tent priming on physiology and cycling performance. J Sports Sci
33(6):561-567. https://doi.org/10.1080/02640414.2014.960882

Ohya T, Hagiwara M, Suzuki Y (2015) Inspiratory muscle warm-up
has no impact on performance or locomotor muscle oxygenation
during high-intensity intermittent sprint cycling exercise. Spring-
erPlus 4(1):556. https://doi.org/10.1186/s40064-015-1355-2

Oueslati F, Boone J, Ahmaidi S (2016) Respiratory muscle endurance,
oxygen saturation index in vastus lateralis and performance during
heavy exercise. Respir Physiol Neurobiol 227:41-47. https://doi.
org/10.1016/j.resp.2016.02.008

Ozdal M, Bostanci O, Daglioglu O, Agaoglu A, Kabadayi M (2016)
Effect of respiratory warm-up on anaerobic power. J Phys Ther Sci
28(7):2097-2298. https://doi.org/10.1589/jpts.28.2097

Richard P, Billaut F (2018) Time-trial performance in elite speed
skaters after remote ischemic preconditioning. Int J Sports
Physiol Perform. https://doi.org/10.1123/ijspp.2018-0111
(Ahead-of-Print)

Richard P, Lymperis PK, Charbonneau M, Catherine N, Tremblay J,
Billaut F (2018) Time-trial performance in world-class speed skat-
ers after chronic nitrate ingestion. Int J Sports Physiol Perform.
https://doi.org/10.1123/ijspp.2017-0724 (Ahead-of-Print)

Romer LM, Polkey MI (2008) Exercise-induced respiratory muscle
fatigue: implications for performance. J Appl Physiol 104(3):879—
888. https://doi.org/10.1152/japplphysiol.01157.2007

@ Springer

Romer LM, McConnell AK, Jones Da (2002) Effects of inspiratory
muscle training on time-trial performance in trained cyclists. J
Sports Sci 20(7):547-562. https://doi.org/10.1080/0264041027
60000053

Sjogaard G, Savard G, Juel C (1988) Muscle blood flow during isomet-
ric activity and its relation to muscle fatigue. Eur J Appl Physiol
Occup Physiol 57(3):327-335. https://doi.org/10.1007/BF006
35992

Stoter IK, Macintosh BR, Fletcher JR, Pootz S, Zijdewind I, Het-
tinga FJ (2016) Pacing strategy, muscle fatigue, and technique in
1500-m speed-skating and cycling time trials. Int J Sports Physiol
Perform 11(3):337-343. https://doi.org/10.1123/ijspp.2014-0603

Thiel C, Vogt L, Himmelreich H, Hiibscher M, Banzer W (2011)
Reproducibility of muscle oxygen saturation. Int J Sports Med
32(4):277-280. https://doi.org/10.1055/s-0030-1269922

Tong TK, Fu FH (2006) Effect of specific inspiratory muscle warm-
up on intense intermittent run to exhaustion. Eur J Appl Physiol
97(6):673-680. https://doi.org/10.1007/s00421-006-0233-6

Van Ingen Schenau G, Groot G, de, Hollander A (1983) Some techni-
cal, physiological and anthropometrical aspects of speed skating.
Eur J Appl Physiol Occup Physiol 50(3):343-354. https://doi.
org/10.1007/BF00423240

Van Beekvelt MCP, Colier WNJM, Wevers RA, Van Engelen BGM
(2001) Performance of near-infrared spectroscopy in measuring
local O, consumption and blood flow in skeletal muscle. J Appl
Physiol 90(2):511-519. http://jap.physiology.org/content/90/2/511

Volianitis S, McConnell AK, Koutedakis Y, Jones DA (2001a) Specific
respiratory warm-up improves rowing performance and exertional
dyspnea. Med Sci Sports Exerc 33(7):1189-1193. https://doi.
org/10.1097/00005768-200107000-00017

Volianitis S, Mcconnell AK, Koutedakis Y, Mcnaughton L, Backx K,
Jones DA (2001b) Inspiratory muscle training improves rowing
performance. Phys Fit Perform 33:803-809

Weiser PC, Kinsman RA, Stamper DA (1973) Task-specific symp-
tomatology changes resulting from prolonged submaximal bicycle
riding. Med Sci Sports 5(2):79-85

Wilson EE, McKeever TM, Lobb C, Sherriff T, Gupta L, Hearson G,
Martin N, Lindley MR, Shaw DE (2014) Respiratory muscle spe-
cific warm-up and elite swimming performance. Br J Sports Med
48(9):789-791. https://doi.org/10.1136/bjsports-2013-092523


https://doi.org/10.1139/H07-077
https://doi.org/10.1139/H07-077
https://doi.org/10.1080/02640414.2010.543911
https://doi.org/10.1055/s-0035-1564253
https://doi.org/10.1055/s-0035-1564253
https://doi.org/10.1117/1.2805437
https://doi.org/10.1007/s40279-015-0376-x
https://doi.org/10.1007/s40279-015-0376-x
https://doi.org/10.1080/02640414.2014.960882
https://doi.org/10.1186/s40064-015-1355-2
https://doi.org/10.1016/j.resp.2016.02.008
https://doi.org/10.1016/j.resp.2016.02.008
https://doi.org/10.1589/jpts.28.2097
https://doi.org/10.1123/ijspp.2018-0111
https://doi.org/10.1123/ijspp.2017-0724
https://doi.org/10.1152/japplphysiol.01157.2007
https://doi.org/10.1080/026404102760000053
https://doi.org/10.1080/026404102760000053
https://doi.org/10.1007/BF00635992
https://doi.org/10.1007/BF00635992
https://doi.org/10.1123/ijspp.2014-0603
https://doi.org/10.1055/s-0030-1269922
https://doi.org/10.1007/s00421-006-0233-6
https://doi.org/10.1007/BF00423240
https://doi.org/10.1007/BF00423240
http://jap.physiology.org/content/90/2/511
https://doi.org/10.1097/00005768-200107000-00017
https://doi.org/10.1097/00005768-200107000-00017
https://doi.org/10.1136/bjsports-2013-092523

	Effects of inspiratory muscle warm-up on locomotor muscle oxygenation in elite speed skaters during 3000 m time trials
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Participants
	Experimental design
	Inspiratory muscle warm-up
	Warm-up
	Time trials
	NIRS measurements
	Statistical analyses

	Results
	Discussion
	Limitations
	Perspective and conclusions
	Acknowledgements 
	References


