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a  b  s  t  r  a  c  t

We  assessed  respiratory  muscles  oxygenation  responses  during  a  ramp  exercise  to exhaustion  and  fur-
ther  explored  their  relationship  with  the non-linear  increase  of  VO2 (VO2 excess)  observed  above  the
gas-exchange  threshold.  Ten  male  cyclists  completed  a  ramp  exercise  to exhaustion  on an  electromag-
netically  braked  cycle-ergometer  with  a rate of  increment  of  30  W  min−1 with  continuous  monitoring
of  expired  gases  (breath-by-breath)  and  oxygenation  status  of intercostal  muscles.  Maximal  inspiratory
and expiratory  pressure  measurements  were  taken  at rest  and  at exhaustion.  The VO2 excess  represents
the  difference  between  VO2max observed  and  VO2max expected  using  linear  equation  between  the  VO2

and  the  intensity  before  gas-exchange  threshold.  The  deoxyhemoglobin  remained  unchanged  until  60%
of  maximal  aerobic  power  (MAP)  and  thereafter  increased  significantly  by  37  ± 18% and  40  ±  22%  at 80%
and  100%  of MAP,  respectively.  Additionally,  the  amplitude  of deoxyhemoglobin  increase  between  60  and
100% of  MAP  positively  correlated  with  the  VO2 excess  (r  =  0.69,  p <  0.05).  Compared  to  exercise  start,  the
oxygen tissue  saturation  index  decreased  from  80%  of MAP  (−4.8  ±  3.2%,  p < 0.05)  onwards.  At exhaus-
tion,  maximal  inspiratory  and  expiratory  pressures  declined  by 7.8 ±  16%  and  12.6  ± 10%  (both  p <  0.05),
respectively.  In summary,  our  results  suggest  a significant  contribution  of  respiratory  muscles  to the VO2

excess  phenomenon.
© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

An incremental exercise test to exhaustion (ramp exercise) is
commonly used by sport scientists to assess physiological variables
such as submaximal metabolic inflection points (lactate threshold,
onset of blood lactate accumulation and/or pulmonary ventila-
tor threshold) and maximal oxygen uptake (VO2max) or maximum
work rate. Because these variables have been shown to correlate
with endurance performance, they are routinely used to pre-
scribe training loads and are useful to monitor training adaptations
(Bassett and Howley, 2000; Coyle, 1995).

A VO2 excess phenomenon observed above the gas-exchange
threshold during ramp exercise is a common occurrence (Aaron
et al., 1992; Korzeniewski and Zoladz, 2003; Zoladz et al., 1998).
In fact, the VO2 excess phenomenon has been widely studied

∗ Corresponding author at: Faculté des sciences du sport—Avenue Paul Claudel,
Université de Picardie Jules Verne, F-80025 Amiens Cedex, France.

E-mail address: oueslati.ferid@hotmail.com (F. Oueslati).

(Majerczak et al., 2014, 2012; Marles et al., 2006; Zoladz et al., 2013)
because of its relationship with the development of ‘exercise intol-
erance’ (Grassi et al., 2015). Additionally, it has been considered as
a marker of reduced muscle efficiency (Jones et al., 2011; Poole and
Jones, 2012; Rossiter, 2011). Hence, higher oxygen cost has often
been related to lower endurance performance (Faria et al., 2005;
Hausswirth and Brisswalter, 2008; Zamparo et al., 2011). Therefore,
understanding the VO2 excess phenomenon underpinning mecha-
nisms is paramount for improved exercise guidance.

While the electromyography (EMG) activity of muscles at the
seventh intercostal space is low at rest (De Troyer et al., 2003;
Guenette et al., 2011), their recruitment progressively augments
with increasing intensities during voluntary hyperventilation exer-
cise (40, 55 and 70% of maximum voluntary ventilation) (Guenette
et al., 2011). Moreover, Segizbaeva et al. (2013) have shown how
the EMG  activity of human inspiratory muscles (with a recruit-
ment of accessory muscles) increases pre- and post- an incremental
cycling test to exhaustion. Overall, these findings highlight the pro-
gressive recruitment of respiratory muscles as minute ventilation

http://dx.doi.org/10.1016/j.resp.2016.03.010
1569-9048/© 2016 Elsevier B.V. All rights reserved.
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(VE) or exercise intensity increase. Reportedly, the cost of ventila-
tion increases from 1.5–2 ml  VO2 l−1 min−1 to 3 ml  VO2 l−1 min−1,
respectively, for VE < 110 l min−1 and VE > 110 l min−1 (Aaron et al.,
1992). Arguably, monitoring the intercostal muscles oxygenation
status is relevant as its recruitment (EMG activity) is related to
the work of breathing (Viljanen, 1967a, 1967b). It seems there-
fore plausible (but still unknown) that the increased solicitation
of respiratory muscles and the corresponding increase in the cost
of ventilation could explain the VO2 excess phenomenon.

The non-invasive technique of near-infrared spectroscopy
(NIRS) offers real-time measurement of oxygenation and hemo-
dynamics in tissues (Van Beekvelt et al., 2001). Using this tool,
breakpoints in cerebral and vastus lateralis muscle oxygenation
during a maximal ramp exercise have been located in reference
to the first and second ventilatory thresholds (Racinais et al.,
2014). Due to complex anatomical arrangement and the large
variation in muscular recruitment with alterations in ventila-
tory constraints (Vogiatzis et al., 2009), to date, only a restricted
number of studies has characterized respiratory muscles oxy-
genation responses during a ramp test (Legrand et al., 2007b;
Nielsen et al., 2001). In one of such study, NIRS recordings were
obtained from the left seventh intercostal space, and changes
in respiratory muscles oxygenation and the blood flow distribu-
tion patterns have been associated with VO2 trends (Guenette
et al., 2008; Henderson et al., 2012; Vogiatzis et al., 2008).
To our knowledge, however, no study has specifically inves-
tigated the potential relationship between respiratory muscles
oxygenation and the VO2 excess during a ramp exercise to exhaus-
tion.

The purpose of this study was therefore to use NIRS record-
ings to explore changes in respiratory muscles oxygenation
responses during a ramp exercise to exhaustion and to further
examine its relationship with the VO2 excess. We hypothe-
sized that the increase of respiratory muscles oxygenation above
the gas-exchange threshold is positively correlated to the VO2
excess.

2. Material and methods

2.1. Subjects

Ten male cyclists (age 17.0 ± 0.5 years, body mass 65 ± 6 kg,
height 1.82 ± 0.04 m,  mean ± SD) completed the study. The play-
ers and their parents were provided with the procedures and risks
associated with participation in the study. Written informed con-
sent was obtained from the players and their parents (for minors).
Experimental protocol was  conducted according to the Declaration
of Helsinki and approved by the Ethics Committee of UHC Farhat
Hached. The participants have declared cycling on average 300 km
per week for the past 4 years. They were non-smokers, free of heart
and lung diseases, and had normal resting pulmonary function.
They were instructed to avoid all vigorous activity and refrained
from caffeine for the 24 h preceding the trial.

2.2. Testing procedures

2.2.1. Ramp exercise to exhaustion
All participants performed an incremental cycling test on an

electromagnetically braked cycle ergometer (Excalibur Sport, Lode,
The Netherlands), which was adjusted to each individual’s spec-
ifications and the feet securely strapped on the pedal. After a
2-min resting period (while seating on the bike) followed by
5-min warm-up at 60 W (pedaling rate 60–70 rpm), a ramp exer-
cise (+30 W min−1 with fixed pedaling rate at 90 ± 5 rpm) was
completed until exhaustion (see Poole et al., 2008). Testing was
performed under standard environmental conditions (temperature
∼22 ◦C and relative humidity ∼40%). Systemic [heart rate (HR) and

expired gases] and intercostal muscles oxygenation responses were
continuously recorded.

2.2.2. Respiratory muscle strength
Maximal inspiratory pressure (MIP) and maximal expiratory

pressure (MEP) were measured before and after the ramp exercise
(∼2 min) in order to evaluate exercise-induced changes in the res-
piratory muscles performance. MIP  and MEP  were assessed with
portable manometer (MicroRPM, MicroMedical Ltd, Kent, UK), as
described by Evans and Whitelaw (2009). Briefly, each participant
was instructed to exhale to residual volume and to inhale to total
lung capacity (pressure maintained for at least 1.5 s) when assess-
ing MIP  and MEP, respectively. The maneuver was repeated five
times (coefficient of variation less than 5%) and maximum values
were retained for final analysis.

2.3. Measurements

2.3.1. Cardiopulmonary responses
Expired gases were collected by a mask enclosing both the

mouth and nose and recorded by a breath by breath portable
analyzer (Cosmed K4b2, Rome, Italy) for calculation of VO2, VE,
carbon dioxide production (VCO2), tidal volume (VT) and respira-
tory rate (fR). The gas analyzer and the pneumotachograph were
calibrated prior each test following manufacturer’s recommenda-
tions using a reference gas mixture (16% O2 and 5% CO2) and a 3-l
syringe (Cosmed, Rome, Italy), respectively. HR was  continuously
measured with a chest strap polar device (RS300, Polar Electro,
Kempele, Finland). All assessments of the gas-exchange threshold
(GET) were made by visual inspection of graphs (averaged on 30 s)
using the VCO2/VO2 slop method (Beaver et al., 1986). Each anony-
mous VCO2/VO2 relationship was printed separately and given to
three experienced exercise physiologists who  analyzed the slops
independently in a random-order and in a double-blinded manner.
Values were retained when at least two of them agreed on GET
assessment.

2.3.2. Near-infrared spectroscopy
Uninterrupted measurements of intercostal muscles tissue

oxygenation trends were obtained via NIRS (Portamon, Artinis,
Medical System, Zetten, Netherlands). The NIRS emitter-detector
was placed in the left seventh intercostal space at the midaxil-
lary line, which includes the external intercostal muscles. To avoid
potential blood flow coming from the liver located on the right
side of body, the NIRS probe was  positioned by an experienced res-
piratory physician on the left body-side, also in line with recent
studies (Guenette et al., 2011, 2008; Henderson et al., 2012; Legrand
et al., 2007a). Spacing between electrodes was fixed at 30 mm
using a black, plastic spacer held in place via double-sided adhe-
sive tape. Skinfold thickness at the site of application of the NIRS
probe was  0.5 ± 0.2 cm,  as measured with Harpenden calipers (Baty
International, West Sussex, United Kingdom). A modified form
of the Beer-Lambert Law was used to calculate micromolecular
changes in deoxyhemoglobin (HHb), oxyhemoglobin (O2Hb) and
total hemoglobin (tHb) across time using received optical den-
sities from two  continuous wavelengths of NIRS light (760 and
850 nm). The oxygen tissue saturation index (TSI, expressed in %),
which reflects the dynamic balance between O2 supply and O2 con-
sumption, was  calculated as O2Hb/HHb + tHb × 100. NIRS data were
acquired at 1 Hz.

2.4. Data analysis

2.4.1. Cardiopulmonary responses
Expired gases data were initially examined to exclude

errant breaths caused by coughing, swallowing, sighing, and
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Fig. 1. Typical example of the oxygen uptake (VO2) during the ramp cycling exercise (one subject). Each dot designates mean values during the last 30 s of each 1-min step.

so forth. Afterwards, attainment of maximum oxygen uptake
(VO2max = VO2obs), defined as the highest averaged value of VO2
over 30 s, was determined and used to assess the correspond-
ing power output defined as the maximal aerobic power (MAP).
Then, linear regressions were performed to calculate the slope
and the intercept of the VO2/Power output (PO) relationship for
each subject from the data assessed during the last 30 s of each
step increment recorded before the GET to calculate expected VO2
(VO2exp). The following relationship was obtained: VO2 = a × PO + b,
with (a) being the slope and (b) being the intercept. We  calculated
VO2exp by replacing the PO by MAP  (Majerczak et al., 2014; Zoladz
et al., 1998) (Fig. 1). The VO2 excess was calculated as follows:
!VO2 = VO2obs − VO2exp.

2.4.2. Near-infrared spectroscopy
NIRS data were averaged every 30 s and normalized to express

the magnitude of changes from the resting period (arbitrarily
defined as 0 !M)  (Keramidas et al., 2011).

The breakpoint of respiratory muscles HHb was defined as a cut-
off point where the deoxyhemoglobin curve fell abruptly (Legrand
et al., 2007a, 2007b). The three exercise physiologists indepen-
dently analyzed the responses of HHb as for expired gases data
(see above) to determine the presence of non-linear changes in
NIRS (HHb) signals. The breakpoint point was determined graphi-
cally by the inflection point of the HHb/Power output relationship
(the intersection between the two lines (Fig. 2)), and the PO
corresponding to this point was expressed as a percentage of
MAP  for each individual. Reliability between reviewers was  tested
(r = 0.92).

To facilitate the comparison of the systemic [HR and expired
gases] and intercostal muscles oxygenation responses between
individuals (different exercise times) all physiological variables
were calculated at rest and at 20%, 40%, 60%, 80% and 100% (average
values over 30 s) of MAP  during the ramp test for each partici-
pant.

2.5. Statistical analysis

Data are reported as mean ± standard deviation. Statistical anal-
yses were performed using SigmaPlot (version 11, Systat software,
Germany). Assumptions of normality were first analyzed using the
Kolmogorov-Smirnov test, and non-parametric tests were used
because of the non-Gaussian distribution of the data. The dif-
ferences between (1) observed and expected VO2 (2) maximal
respiratory pressure before and after the exercise were tested with
Wilcoxon signed-ranks tests. A non-parametric ANOVA of Fried-
man  was used to compare physiological data at rest and at 20%,
40%, 60%, 80% and 100% of MAP  during exercise. The relationships
between selected parameters were investigated by Spearman cor-
relation coefficients. The level of significance was set at p < 0.05.

3. Results

3.1. Cardiopulmonary responses

The mean VO2max and MAP  were 53 ± 5 ml  kg−1 min−1 and
321 ± 36 W,  respectively. At exhaustion, the respiratory ratio
was 1.2 ± 0.1. The GET was  observed at 195 ± 26 W (61 ± 8%
MAP) and corresponded to a VO2 of 2.50 ± 0.17 l min−1 (75 ± 9%
VO2max). A significant difference occurred between observed
(3.40 ± 0.56 l min−1) and expected (3.31 ± 0.52 l min−1) VO2max
(p < 0.05). Furthermore, 9 out of 10 participants have attained a
plateau in VO2max at exhaustion. The kinetics of cardiorespiratory
responses are given in Table 1.

3.2. Near-infrared spectroscopy

Intercostal muscles O2Hb plateaued from exercise start until
80% of MAP, and decreased (−47 ± 46%, p < 0.05) thereafter between
80 and 100% of MAP  (Fig. 3C). Compared to rest, HHb values
remained unchanged until 60% of MAP  and then successively
increased significantly between 60 and 80% (+37 ± 18%, p < 0.05)
and 80–100% of MAP  (+40 ± 22%, p < 0.05) (Fig. 3A). Moreover, a
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Fig. 2. Typical example of the intercostal muscles deoxyhemoglobin (HHb) responses during the ramp cycling exercise (one representative subject). Each dot designates
mean  values over 30 s. The breakpoint corresponds to the intersection of the two  lines (see methods).

Fig. 3. (A) Deoxyhemoglobin (HHb), (B) total hemoglobin (tHb), (C) oxyhemoglobin (O2Hb) and (D) oxygen tissue saturation index (TSI) responses during the ramp cycling
exercise. Values are means ± SD. *, p < 0.05 different between two successive time points.
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Fig. 4. VO2 excess is positively correlated to the amplitude of intercostal muscles deoxyhemoglobin (HHb) between 60 and 100% of maximal aerobic power. Each dot
represents a data point for each one of the ten tested individuals.

breakpoint in HHb responses was observed in all participants at
an averaged intensity corresponding to 73 ± 7% of MAP  (Fig. 2). In
addition, the amplitude of HHb between GET and MAP  positively
correlated with the VO2 excess (r = 0.69, p < 0.05) (Fig. 4) and VE
between 60 and 100% MAP  (r = 0.90, p < 0.01). tHb did not change
during the ramp exercise, yet showed a decreasing trend (p = 0.10)
between 80 and 100% of MAP  (Fig. 3B). TSI decreased (−4.8 ± 3.2%,
p < 0.05) significantly between 80 and 100% of MAP  (Fig. 3D).

Before the ramp exercise resting MIP  and MEP  values were
120 ± 25 and 147 ± 32 cm H2O, respectively. At exhaustion, MIP  and
MEP  values were reduced by 7.8 ± 16% and 12.6 ± 10% (p < 0.05),
respectively (Fig. 5).

4. Discussion

The primary aim of this study was to assess respiratory muscles
oxygenation responses during a ramp exercise and further explore
their relationship with the VO2 excess. Our data showed that, at
high percentage of MAP, HHb increased and TSI decreased. A novel
finding was that the HHb amplitude from the gas-exchange thresh-
old to exhaustion is positively correlated to the VO2 excess. Finally,
decreased pressures generated by inspiratory and expiratory mus-
cles occurred at exhaustion. These data provide new information

that would suggest a significant contribution of respiratory muscles
to the phenomenon of VO2 excess.

4.1. Respiratory muscles oxygenation responses

Recently, the non-invasive NIRS tool device measuring TSI
responses, has enabled examination of the oxygenation status in
leg muscles (Boone et al., 2009; Racinais et al., 2014) and brain
(Racinais et al., 2014; Rupp and Perrey, 2008) during a ramp exer-
cise to be conducted, in addition to clinical evaluation of circulatory
and metabolic disorders (Hanada et al., 2000). In the present study,
intercostal muscles oxygenation was recorded by means of NIRS to
investigate the oxygenation responses during a ramp cycling exer-
cise to exhaustion, as it allows the indirect assessment of intercostal
muscles solicitation in proportion to the increase in exercising ven-
tilation. Our results show that intercostal muscles HHb increased
between 60% and 100% of MAP. This ‘breakpoint’ exercise intensity
actually corresponded to the GET (61 ± 8% MAP) and may  coincide
with the increase in respiratory muscles EMG  activity reported pre-
viously (Segizbaeva et al., 2013). In another study (Guenette et al.,
2011), increases in EMG  activity in the 7th intercostal space in
response to hyperventilation intensity exercise (40, 55 and 70% of
maximal voluntary ventilation) has also been observed. It is likely
that such increase in the EMG  activity and HHb of respiratory mus-
cles can be traced to ventilation rise.

Table 1
Cardiorespiratory variables during the ramp exercise to exhaustion.

Rest 20% of MAP 40% of MAP  60% of MAP  80% of MAP  100% of MAP

VO2 (l min−1) 0.51 ± 0.05 1.31 ± 0.20* 1.94 ± 0.22* 2.58 ± 0.37* 3.02 ± 0.43* 3.40 ± 0.56*

VE (l min−1) 16 ± 1 38 ± 4* 55 ± 4* 73 ± 4* 102 ± 6* 141 ± 18*

fR (breaths min−1) 22 ± 3 29 ± 4* 34 ± 6* 40 ± 4* 48 ± 4* 57 ± 4*

VT (l) 0.7 ± 0.1 1.3 ± 0.2* 1.5 ± 0.3* 1.8 ± 0.2* 2.2 ± 0.3* 2.4 ± 0.3*

HR (beats min−1) 85 ± 17 115 ± 9* 138 ± 14* 156 ± 12* 170 ± 10* 179 ± 7*

VO2; oxygen uptake, VE; minute ventilation, fR; respiratory rate, VT; tidal volume, HR; heart rate.
Values are means ± SD.

* p < 0.05 different from previous time point.
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Fig. 5. Maximal inspiratory (MIP) and expiratory (MEP) pressures at rest (pre) and at exhaustion (post). *, p < 0.05 different from pre-tests.

In our study, the increase in ventilation between 60 and 100%
of MAP  (from 55 ± 4 to 73 ± 4 l min−1) was positively correlated
to the increase in HHb during the same interval (r = 0.90, p < 0.01).
Precisely, the inflection point in intercostal muscles HHb responses
was observed at 73 ± 7% of MAP  in a cohort of young trained cyclists
(VO2max = 53 ± 5 ml  kg−1 min−1). Differently, Legrand et al. (2007b)
observed this breakpoint in serratus anterior to occur during an
incremental test at higher exercise intensity (86% of VO2max) in
young healthy individuals (VO2max = 41 ± 3.7 ml  kg−1 min−1). This
discrepant finding may  primarily relates to specific intrinsic char-
acteristics (physical activity levels, age) of tested individuals.
Furthermore, differences in exercise protocols (incremental vs.
ramp exercise) and methods used for detecting breakpoints in NIRS
curves should not be overlooked. It is known that young individuals
display a higher metabolic demand compared to their middle-aged
counterparts (Tolep and Kelsen, 1993), which has been associ-
ated with higher respiratory muscle work (maximum VE = 141 ± 18
vs.  118 ± 14 l min−1 in our subjects vs.  those tested by Legrand
et al. (2007b)). We  may  suggest that the elevated respiratory work
observed here in a cohort of young trained cyclists could at least
in part explain the early appearance of the breakpoints in HHb
responses. Additionally, the accessory respiratory muscles such as
the serratus anterior muscle, as studied by Legrand et al. (2007b),
would be recruited after the major muscles such as external inter-
costal muscles assessed here.

Furthermore, our TSI responses concords with recent literature
showing a significant decrease in this index between 80 and 100%
of VO2max during an incremental exercise (Katayama et al., 2015,
2012). This result supports the “blood flow redistribution” (respi-
ratory muscles metaboreflex) hypothesis based on the competition
between respiratory and locomotor muscles. In support, Henderson
et al. (2012) observed a significant decrease of blood flow index in
vastus lateralis during an incremental exercise. These authors also
reported a drop in blood flow index in intercostal muscles without
reaching the level of significance (p = 0.09). This observation is in
line with our report of a decrement, yet non-significant (p = 0.10), in
tHb values. It appears that the increase in ventilation during heavy
exercise could stimulate the blood flow redistribution.”

4.2. The VO2 excess

A second aspect of this work was to further analyze the rela-
tionship between the VO2 excess and the intercostal muscles’
oxygenation trends. In our study 9 out of 10 participants have
attained a plateau in VO2max at exhaustion. Reaching or not a
plateau in VO2 did not affect the determination of VO2 excess.
Hence, we have used the maximal aerobic power (and not the
time) to predict the VO2 “expected” that was defined as the work
rate reached at VO2max (if plateau occurred, the power at the
start of the plateau). One new finding was the significant corre-
lation (r = 0.69; p < 0.05) that we observed between HHb amplitude
(60–100% of MAP) and the VO2 excess. In the literature, respira-
tory and/or peripheral hypothesis have been proposed to explain
the VO2 excess phenomenon. The VO2 excess has been attributed to
an increase in locomotor muscles work with fatigue manifestations
including an increase of muscles temperature, lactate and hydrogen
accumulation, a decrease of ATP-synthase, a recruitment of fibers
IIa and/or a decrease of mechanical efficiency (Jones et al., 2011;
Poole and Jones, 2012; Zoladz et al., 2014). That said, as respiratory
muscles are skeletal muscles, all these aforementioned ‘peripheral’
factors could also play a role in the respiratory hypothesis. Above
GET, the increase of HHb values could relate to the recruitment
of accessory respiratory muscles (Legrand et al., 2007a, 2007b;
Nielsen et al., 2001) so that our results may  corroborate the respira-
tory hypothesis (Korzeniewski and Zoladz, 2003; Poole and Jones,
2012; Vella et al., 2006; Zoladz et al., 1998). However, a periph-
eral origin of fatigue is also likely to play a role as a limiting factor
for incremental exercise evidenced by the ∼24% reduction in peak
twitch (an index of peripheral contractility) of knee extensors 6-
min  after an exhaustive exercise of similar nature (Rupp and Perrey,
2008).

4.3. Respiratory muscles fatigue

Muscle fatigue can be defined as a loss in the capacity for
developing force and/or velocity resulting from muscle activ-
ity under load which reverses by rest (ATS/ERS, 2002). In this
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study, maximal inspiratory and expiratory pressures were assessed
non-invasively to determine exercise-induced alterations in res-
piratory muscles strength at exhaustion. The work of respiratory
muscles increases exponentially during intense exercise (Aaron
et al., 1992). As such, similar to other skeletal muscles (knee exten-
sors; (Rupp and Perrey, 2008)), the respiratory muscles experience
fatigue during ramp exercise, evidenced here by decreased pres-
sures generated by the inspiratory and expiratory muscles from
pre- to post-exercise. Contrastingly, Sugiura et al. (2013) failed to
report significant changes in respiratory muscles strength. Such
discrepant findings might be in part explained by differences in
the age of subjects (17.0 ± 0.5 vs.  21 ± 0.5 years in our study vs.
in the study by Sugiura et al. (2013), respectively). More impor-
tantly, this may  relate to different data analysis methods employed
in our study (the maneuver was repeated 5 times, with a coeffi-
cient of variation less than 5%, and maximum values were retained;
Özdal, 2016; Segizbaeva et al., 2013; Segizbaeva and Aleksandrova,
2009; American Thoracic Society/European Respiratory Society,
2002) and in the one by Sugiura et al. (2013) (the maneuver was
repeated 10 times, with a coefficient of variation less than 5%, and
the mean of the three maximum values were retained (Verges
et al., 2007)). Interestingly, Segizbaeva et al. (2013), using a similar
approach than here, observed a significant reduction in centroid
frequency of EMG  power spectrum in respiratory muscle post-
incremental exercise (diaphragm, parasternal, sternocleidomas-
toid, and scalene), yet without a significant reduction in MIP  values
(124 ± 8 and 114 ± 8 cm H2O, pre- and post- test, respectively) in
untrained subjects (19.1 ± 0.3 years). Also, the higher maximum
VE in our subjects (141 ± 18 l min−1) compared to Sugiura et al.
(2013) data (92 ± 20 l min−1) may  indicate a greater respiratory
work at exhaustion in young individuals (Tolep and Kelsen, 1993).
All together, these observations reinforce the task-dependency of
fatigue effects. A direct comparison among studies must be made
with caution, since different methods and devices to assess MIP  and
MEP  were used.

Furthermore, it must be recalled that MIP and MEP  indi-
cate strength of inspiratory and expiratory muscles, but more of
diaphragmatic and abdominal muscles so that it is difficult to dif-
ferentiate whether these measurements are for external or internal
intercostal muscles. This implies that the decline of respiratory
muscles strength should not be correlated with the responses of
intercostal HHb.

5. Conclusion

In summary, by studying the responses of intercostal mus-
cles oxygenation during a ramp exercise, a significant increase in
deoxyhemoglobin was observed above the gas-exchange thresh-
old. Unique to this study was also the fact that the increase of
intercostal deoxyhemoglobin was positively correlated to the VO2
excess. Our results provide supportive evidence for the contribu-
tion of respiratory muscles in the VO2 excess.
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Abstract 26 

 27 

We investigated the impact of ramp and constant-load exercises on respiratory muscles 28 

fatigue and locomotor muscles oxygenation. Therefore, their relationship with the excess 29 

VO2 and VO2 slow component (SC). 14 male cyclists performed to exhaustion an 30 

incremental ramp and a constant-load heavy exercises with continuous monitoring of expired 31 

gases and oxygenation of vastus lateralis muscle on two separate days. Maximal inspiratory 32 

(MIP) and expiratory (MEP) pressure measurements were taken at rest and post- both 33 

exercises. During the ramp exercise, the deoxyhemoglobin (HHb) increased significantly 34 

from rest to 80% of MAP and did not develop an excess HHb. Moreover, MIP and MEP 35 

declined by 13 ± 8 and 19 ± 10% (both p<0.05), respectively. MIP and MEP was not 36 

correlated to the excess VO2 (0.08 ± 0.05 l.min
-1

). During the constant-load exercise, the 37 

VO2 SC (0.70 ± 0.22 l.min
-1

) was correlated (r=0.68, p<0.01) to HHb SC (2.94 ± 1.25 A.U) 38 

but not to the excess of VO2 (r=0.30, p=0.2). Additionally, the significant decrease in MIP 39 

(20 ± 9%) and MEP (23 ± 11%) was correlated (r= 0.55, p<0.05 and r= 0.75, p<0.05, 40 

respectively) to the VO2 SC. Our results suggest that even mechanistic of the VO2 SC and 41 

VO2 excess are the same, their involvement can be different.  42 

Keywords: NIRS, Oxygen uptake, Respiratory muscles strength, Exercise  43 

 44 

 45 

 46 

 47 

 48 
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Introduction 51 

Exercise above the gas-exchange threshold (GET, i.e., in the heavy and severe intensity 52 

domain (Jones et al. 2011)) has shown to result in a decrease in mechanical efficiency as 53 

emerges from the delayed steady state in pulmonary oxygen uptake (VO2) during constant-54 

load exercise, i.e., slow component (SC) (Jones et al. 2011, Poole and Jones 2012), and from 55 

an upward deflection in the VO2/work rate relationship during incremental ramp exercise, 56 

i.e. excess VO2 (Zoladz et al. 1998, Pedersen et al. 2002). In general, this non-proportional 57 

increase in VO2 relative to work rate is generated principally within the exercising muscles 58 

(>80%) and to a lesser extent to the rest of the body (<20%) (e.g., cardiac and ventilatory 59 

work, etc.) (Poole et al. 1991, Poole and Jones 2012). Although this etiology of the VO2 SC 60 

concerning the location of origin, is generally well accepted, recent studies in which the 61 

respiratory muscles were unloaded during heavy exercise have shown to reduce the VO2 SC 62 

up to ~ 50% (Cross et al. 2010b, 2010a). Also, Cross et al. (2014) showed that the VO2 SC is 63 

strongly related to respiratory muscles work. These studies show that the metabolic cost of 64 

the respiration might significantly impact the VO2 response to constant-load exercise. In this 65 

context, it has been argued that it is not the decrease in respiratory muscle VO2 per se that 66 

causes the decrease in VO2 SC. Rather, at high intensities, there appears to occur a so-called 67 

respiratory steal phenomenon where the increase in respiratory muscles work impacts the 68 

blood flow to the locomotor muscles (Harms et al. 1997, Legrand et al. 2007). Supporting 69 

the respiratory muscles can reduce this competition for the cardiac output and might be 70 

responsible for the decrease in VO2 SC by a more pronounced maintenance of the blood 71 

flow to the locomotor muscles. In this way, the effect of reducing respiratory muscles work 72 

would be similar to the effects of priming (Burnley et al. 2002, Sahlin et al. 2005) and/or 73 
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hyperoxic conditions (Wilkerson et al. 2006), which have both shown to decrease the VO2 74 

SC by increasing blood flow to the locomotor muscles. 75 

Recently, Oueslati et al. (2016) showed a breakpoint in intercostal deoxyhemoglobin 76 

responses during ramp exercise above GET positively correlated with the excess VO2. In this 77 

context, (Segizbaeva et al. 2013) have shown how the electromyography activity of human 78 

inspiratory muscles (with a recruitment of accessory muscles) increases pre- and post- an 79 

incremental cycling test to exhaustion. Overall, these findings highlight the progressive 80 

recruitment of respiratory muscles during incremental ramp exercise. 81 

As described above, the VO2 SC and the excess VO2 have both been considered as a loss of 82 

mechanical efficiency and it has been suggested that the same mechanisms underpin both 83 

phenomena (Grassi et al. 2015). However, it should be noted that constant-load exercise in 84 

the severe intensity domain to exhaustion might have a different physiological impact 85 

compared to incremental ramp exercise to exhaustion, in such a way that the contribution of 86 

the underpinning mechanisms to VO2 SC and the excess VO2 might differ. 87 

The purpose of the present study was to obtain insight into the underpinning mechanisms of 88 

the VO2 SC during the transition to severe intensity exercise and the excess VO2 during 89 

incremental ramp exercise. More specifically the impact of both exercises on respiratory 90 

muscles fatigue (assessed from maximal inspiratory and expiratory pressures prior to and 91 

following the exercise tests) and locomotor muscles oxygenation (assessed from Near-92 

Infrared Spectroscopy) was addressed. Given the different modalities of both exercise tests, 93 

it was hypothesized first that VO2 SC and the excess VO2 would not be correlated and 94 

second, that respiratory muscles fatigue would be correlated to the VO2 slow component and 95 

to the excess VO2. Additionally, it was hypothesized that this would be supported by 96 

locomotor muscles oxygenation responses.    97 
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Materials and methods  98 

Subjects  99 

14 male trained cyclists (mean ± standard deviation: age 16 ± 2 years, body weight 63 ± 9 100 

kg, height 1.75 ± 0.07 m) completed the study. All participants and their parents were 101 

provided with the procedures and risks associated with participation in the study. Written 102 

informed consent was obtained from the cyclists and their parents (for minors). The 103 

participants have declared cycling on average 300 km per week for the past 4 years. All 104 

participants were non-smokers, free of heart and lung diseases, and had normal resting 105 

pulmonary data. They were instructed not to engage in any physical activity and not to drink 106 

or eat any caffeinated meals during testing days. Experimental protocol was conducted 107 

according to the Declaration of Helsinki and approved by the institutional review board 108 

 109 

Procedures 110 

The experiment was performed over two separate sessions with at least 48 hours between 111 

each experimentation. Session 1 was devoted to a maximal ramp cycling test with the 112 

assessment of the maximum oxygen uptake (VO2max) and associated maximal aerobic power 113 

(MAP). The constant-load cycling test at 85% MAP was performed in session 2. All 114 

participants performed a ramp cycling test on an electromagnetically braked cycle ergometer 115 

(Excalibur Sport, Lode, The Netherlands), which was adjusted to each individual’s 116 

specifications and the feet securely strapped on the pedal. Throughout both tests, the heart 117 

rate (HR, measured with a chest strap polar device (RS300, Polar Electro, Kempele, 118 

Finland)), respiratory gas exchange and muscle oxygenation at the M. Vastus Lateralis were 119 

continuously recorded. To minimize circadian effects, all tests were performed at the same 120 
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time of day. On a given day, all tests were performed under the same conditions (humidity of 121 

~42% and temperature of ~23°) and with the same equipment. 122 

 123 

Ramp cycling test 124 

After a 2-min resting period (sitting on the bike) followed by 5-min warm-up at 60 W 125 

(pedaling rate 60-70 rpm), a maximal ramp exercise (continuous increase of work rate, +30 126 

W.min
-1

 with fixed pedaling rate at 90 ± 5 rpm) was completed until exhaustion. The test 127 

was terminated when the subjects could no longer maintain a pedaling rate >60 rpm despite 128 

strong verbal encouragement.  129 

Constant-load cycling test   130 

After 2-min warm up at 60 W (pedaling rate 60-70 rpm), the power output (PO) was 131 

increased to 85% of MAP (with fixed pedaling rate at 90 ± 5 rpm). The test was terminated 132 

when the subjects could no longer maintain the pedaling rate > 60 rpm. Since the subjects 133 

studied were well trained and familiarized with this type of effort minimizing the day to day 134 

variability, the test was performed only one time (Carra et al., 2003; Keramidas et al., 2011; 135 

Perrey et al., 2002).  136 

 137 

Respiratory muscles strength  138 

Maximal inspiratory (MIP) and maximal expiratory (MEP) pressure were measured pre- and 139 

post- the incremental ramp and constant-load exercises (~2 minutes) in order to evaluate 140 

exercise-induced changes in the respiratory muscles performance as an indication of 141 

respiratory muscles fatigue. MIP and MEP were assessed with portable manometer 142 

(MicroRPM, MicroMedical Ltd, Kent, UK), as described by (ATS/ERS 2002). Briefly, each 143 

participant was instructed to exhale to residual volume and to inhale to total lung capacity 144 
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(pressure maintained for at least 1.5 seconds) when assessing MIP and MEP, respectively. 145 

The maneuver was repeated five times (coefficient of variation less than 5%) and maximum 146 

values were retained for final analysis.  147 

 148 

Measurements  149 

Cardiopulmonary responses  150 

Expired gases were collected by a mask enclosing both the mouth and nose and recorded by 151 

a breath by breath portable analyzer (Cosmed K4b
2
, Rome, Italy) for calculation of oxygen 152 

uptake (VO2), ventilation (VE), carbon dioxide production (VCO2), tidal volume (VT) and 153 

respiratory rate (fR). The gas analyzer and the pneumotachograph were calibrated prior to 154 

each test following manufacturer’s recommendations using a reference gas mixture (16% O2 155 

and 5% CO2) and a 3-l syringe (Cosmed, Rome, Italy), respectively. 156 

 157 

Near-infrared spectroscopy  158 

The locomotor muscles oxygenation was measured second-by-second in the M. Vastus 159 

Lateralis during the ramp and the constant-load exercise using a non-invasive near-infrared 160 

spectroscopy (NIRS) Bluetooth device (Portamon, Artinis, Medical System, Zetten, The 161 

Netherlands). The spectroscopic measurement of muscle oxygenation was based on 162 

quantifying variations in optical characteristics at wavelengths at 760 nm and 850 nm. The 163 

optode was secured with medical adhesive and covered with a black bandage to minimize 164 

light contamination. The sensor was applied on vastus lateralis muscle (approximately 15 165 

cm above the proximal border of the patella) and was held tightly in position by elastic 166 

straps. The optode was placed over the belly of the muscle, in order to minimize the possible 167 

effects of muscle perfusion heterogeneity. Skinfolds were measured at the location of the 168 

probe using a Harpenden caliper (Baty International, West Sussex, United kingdom), to 169 
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ensure that skin fold was lower than 1.5 cm as recommended to avoid signal alterations 170 

(McCully and Hamaoka 2000, Leung et al. 2010).  171 

 172 

Data analysis  173 

Cardiopulmonary responses  174 

Expired gases data were initially examined to exclude errant breaths caused by coughing, 175 

swallowing, sighing, and so forth. The obtained breath-by-breath values were averaged into 176 

30s intervals and these values were used for further analysis. 177 

 178 

Ramp cycling test   179 

The attainment of VO2max  (= VO2obs), defined as the highest averaged value of VO2 over 30 180 

s, was determined and used to assess the corresponding PO defined as MAP. The GET of 181 

each ramp test was determined using the criteria of a disproportionate increase in VCO2 to 182 

VO2 (Beaver et al. 1986), a first departure from the linear increase in VE and an increase in 183 

VE/VO2 with no increase in VE/VCO2. Each anonymous VCO2/VO2 relationship was printed 184 

separately and given to three experienced exercise physiologists who analyzed the slops 185 

independently in a random-order and in a blind manner. Values were retained when at least 186 

two of them agreed on GET assessment. Then, data from the onset to 1-2 min were omitted 187 

to take account of the initial lag in the VO2 kinetics (Smith et al. 2006). Therefore, linear 188 

regressions were performed to calculate the slope and the intercept of the VO2/PO 189 

relationship for each subject before the GET to calculate expected VO2 (VO2exp). The 190 

following relationship was obtained: VO2 = a × PO + b, with (a) being the slope and (b) 191 

being the intercept. We calculated VO2exp by replacing the PO by MAP (Zoladz et al. 1998, 192 

Majerczak et al. 2014) (Fig. 1). The VO2 excess was calculated as follows: ∆VO2 = VO2obs – 193 

VO2exp. Additionally, to quantify the physiological responses to ramp exercise, the VO2, VE, 194 
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fR and VT were calculated at 20, 40, 60, 80 and 100% MAP using the a time interval of 30s 195 

prior to the given power output. 196 

Constant-load cycling test 197 

The first 20 s of data after the onset of exercise were deleted (Whipp et al. 1982, Marles et 198 

al. 2007, Bailey et al. 2010). A bi-exponential model was used after the first 20 seconds to 199 

study the change over time in VO2 during the constant-load exercise to assess the VO2 SC: 200 

���	��� = ���	
�� + ��	 �� −	������������ ��	× �� 

���	��� = ���	
�� + ��	 �� −	������������ ��	× �� 
where (t) is the time; VO2 base is the unloaded cycling baseline value; A1 and A2 are the 201 

asymptotic values for the exponential curves of the phase II and phase III, respectively; 202 

�1	and �2	are the time constants defined as the duration of time to reach 63% of the 203 

amplitude of A1 and A2, respectively; td1 and td2 are the delays for phase II and phase III 204 

(Fig. 2), respectively. U1 = 0 when t ≤ td1 or U1 = 1 when t ≥ td1 and U2 = 0 when t ≤ td2 or 205 

U2 = 1 when t ≥ td2.  206 

The amplitude of the VO2 SC represents the difference between VO2 at the end of the phase 207 

III and VO2 at the end of the phase II. Additionally, to quantify the physiological responses 208 

to the constant-load exercise, the VO2, VE, fR and VT were calculated at 20, 40, 60, 80 and 209 

100% time to exhaustion (TTE) using the time interval of 30s prior to the time point. 210 

 211 

Near-infrared spectroscopy  212 

For subsequent analysis, NIRS data were averaged into a moving interval of 30-s and 213 

normalized to express the magnitude of changes from the resting period (arbitrarily defined 214 

as 0 µM) (Keramidas et al. 2011, Oueslati et al. 2016).  215 

 216 
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Ramp cycling test (6 subjects) 217 

Due to technical reasons the NIRS response to ramp exercise was only recorded in 6 218 

subjects. 219 

Although the response of deoxygenated hemoglobin and myoglobin (HHb) to ramp exercise 220 

is  generally quantified using a double linear model (Spencer et al. 2012; Boone et al. 2015; 221 

Murias et al. 2014) for the detection of a breakpoint in HHb at high intensities, in the present 222 

study we were interested in the relationship between the emergence of an excess VO2 above 223 

the GET and the HHb response, given that a SC has also been observed in HHb during 224 

constant-load exercise above the GET (Marles et al. 2007). Therefore, the HHb response to 225 

ramp exercise was analyzed in a similar way as the pulmonary VO2. The HHb response was 226 

set out as a function of PO and for the same data set as for VO2 (i.e., eliminating the first 1-2 227 

min from the data set to account for the non-linear portion of the HHb responses) a linear 228 

regression analysis (HHb = a x PO = b) was performed up to the GET. The HHbexp was 229 

calculated by replacing PO by MAP in the equation. Therefore, the HHb excess was 230 

calculated as follows: ∆HHb = HHbobs (observed at MAP) – HHbexp 231 

 232 

Constant-load cycling test 233 

The HHb data were fitted from 20 s after the onset of the exercise with a mono-exponential 234 

model (Marles et al. 2007) of the form:   235 

��		��� = ������ + ���	 !"#$%&'(	 �� −	����������	����	 �� 

where HHb(b) is the baseline measured at rest, HHb amplitude is the asymptotic amplitude 236 

for the exponential curve, ���� is the time constant and td HHb is the time delay. Also, the 237 

HHb SC was calculated by the difference between HHb maximum value and HHb amplitude 238 

(Fig. 3)  239 
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 240 

Statistical Analysis 241 

Descriptive statistics (mean ± standard deviation) were calculated for all variables. The data 242 

were processed using SigmaPlot (version 11, Systat software, Germany). Assumptions of 243 

normality were analyzed by the Kolmogrov-Smirnov test. In fact, the non-parametric tests 244 

were used because of the non-Gaussian distribution of the data. The differences between 245 

observed and expected values of VO2 and HHb were tested with Wilcoxon signed-ranks test. 246 

The differences between values during both test were tested with ANOVA of Friedman test. 247 

The relationship between VO2 excess, the VO2 SC and the decline of MIP and MEP were 248 

investigated by Spearman correlation coefficient. The threshold for statistical significance 249 

was set at p<0.05. 250 

 251 

Results 252 

Ramp cycling test 253 

The incremental ramp exercise lasted 525 ± 78 s. The mean MAP and maximal HR were 322 254 

± 39 W and 190 ± 3 beats.min
-1

, respectively. The GET was observed at 203 ± 31 W (61 ± 255 

7% MAP) and corresponded to a VO2 of 2.83 ± 0.37 l.min
-1

 (69 ± 9% VO2max). The mean 256 

VO2obs and VO2exp were 3.43 ± 0.45 and 3.34 ± 0.53 l.min
-1

 (p<0.05), corresponded to 52 ± 7 257 

and 50 ± 6 ml.kg.min
-1

 (p<0.05), respectively. The mean excess VO2 was 0.08 ± 0.05 l.min
-1

 258 

and was only observed in eleven subjects. The responses of VO2, VE, fR and VT throughout 259 

the ramp exercise are given in Table 1.  260 

The MIP and MEP prior to the ramp exercise were respectively 120 ± 25 and 147 ± 32 261 

cmH2O. The MIP was correlated to the VO2max (r=0.52, p<0.05). Following the ramp 262 

exercise, MIP and MEP had significantly (p<0.05) decreased to 104 ± 27 and 119 ± 21 263 
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cmH2O, respectively (Fig. 4). The decrease in MIP and MEP was not significantly correlated 264 

to the excess VO2 (r= -0.07, p= 0.8 and r= -0.17, p= 0.5, respectively).  265 

For the 6 subjects in which NIRS was recorded, a lack of excess HHb was observed. The 266 

significant increase in absolute and relative values of HHb from the onset to 80% of MAP 267 

are presented in Fig 5.  268 

 269 

Constant-load cycling test 270 

The work rate at which the constant-load test was performed was 282 ± 26 W. The total 271 

exercise duration maintained at 85% MAP was 338 ± 109 s. The maximal HR was 185 ± 7 272 

beats.min
-1

. The phase II and phase III VO2 were 3.14 ± 0.46 and 3.84 ± 0.35 l.min
-1

, 273 

respectively and this resulted in a VO2 SC of 0.70 ± 0.22 l.min
-1

. The VO2 SC was not 274 

correlated (r=0.30, p=0.2) to the excess VO2. The kinetics of VO2, VE, fR and VT are given in 275 

Table 2. The MIP and MEP prior to the constant-load exercise were respectively 121 ± 22 276 

and 147 ± 29 cmH2O (no difference between MIP and MEP prior to the constant-load 277 

exercise and the ramp exercise, p>0.05). Following the constant-load exercise, MIP and 278 

MEP had significantly (p<0.05) decreased to 98 ± 23 and 114 ± 28 cmH2O (Fig. 4). The 279 

decrease in MIP and MEP was significantly greater compared to the ramp exercise (p<0.05) 280 

and was significantly correlated (r= 0.55, p<0.05 and r= 0.75, p<0.05, respectively) to the 281 

VO2 SC (Fig. 6). The HHb response showed a clear SC in all subjects and the amplitude of 282 

the HHb SC was 2.94 ± 1.25 A.U. The VO2 SC and HHb SC were significantly correlated 283 

(r=0.68, p<0.01) (Fig. 7).   284 

 285 

Discussion 286 

The primary aim of this study was to investigate the effect of respiratory muscles fatigue on 287 

the emergence of the excess VO2 and VO2 SC during ramp and constant-load exercises, 288 
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respectively. It is shown in the present study first that respiratory muscles strength decreased 289 

post exercise as an indication of fatigue but that the decline was more pronounced following 290 

constant-load exercise compared to ramp exercise. Second, respiratory muscles fatigue was 291 

correlated to the VO2 SC in the constant-load exercise, whereas it was not correlated to the 292 

excess VO2 in ramp exercise. Third, it was observed that the locomotor muscle 293 

deoxygenation also showed a ‘slow component’ (i.e., HHb SC) which was correlated to the 294 

VO2 SC in the constant-load exercise.  295 

The role of the respiratory muscles in exercise tolerance as well as in the general 296 

physiological responses to submaximal and maximal exercise has been established in the 297 

past two decades. In this context, it has been observed previously that respiratory muscles 298 

strength (as reflected by maximal inspiratory and expiratory mouth pressure) is correlated to 299 

MAP and VO2max (Sugiura et al. 2013). Accordingly, a significant correlation between MIP 300 

and VO2max was observed in the present study. Additionally, several studies have shown that 301 

respiratory muscles training can improve exercise tolerance and time to exhaustion in time 302 

trials (McMahon et al. 2002, Bailey et al. 2010). It can be argued that it is not the strength of 303 

the respiratory muscles per se that is responsible for the improved performance. Rather, a 304 

reduction in the (relative) metabolic load of respiration can reduce/delay the competition for 305 

the cardiac output limiting the O2 delivery to the locomotor muscles. This so-called 306 

respiratory steal phenomenon at high intensity exercise has been reported in the past (Harms 307 

et al. 1997; Carra et al. 2003) and might explain the important impact of respiration on 308 

exercise tolerance. 309 

In the present study, two exercise tests to exhaustion were performed eliciting respiratory 310 

muscles fatigue as can be assessed from the reduction in maximal inspiratory and expiratory 311 

pressures. This study shows that ramp exercise reduced MIP and MEP by 13% and 19%, 312 

respectively (p<0.05). Our results corroborated the decline of respiratory muscles strength 313 
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observed by our group ((Oueslati et al. 2016) (MIP: 7.8 ± 16% ; MEP: 12.6 ± 10%, p<0.05). 314 

Contrastingly, Sugiura et al. (2013) failed to report significant changes in respiratory 315 

muscles strength. This may relate to different data analysis methods employed in our study 316 

(the maneuver was repeated 5 times, with a coefficient of variation less than 5%, and 317 

maximum values were retained (ATS/ERS 2002) and in the one by Sugiura et al. (2013) (the 318 

maneuver was repeated 10 times, with a coefficient of variation less than 5%, and the mean 319 

of the three maximum values were retained). A direct comparison among studies must be 320 

made with caution, since different methods and devices to assess MIP and MEP were used.  321 

It has been shown with invasively methods that constant-load exercise at 85% VO2max 322 

decreased the transdiaphragmatic and gastric pressure assessed by means of cervical 323 

magnetic and thoracic magnetic stimulation, respectively (Verges et al. 2007). Similar, the 324 

present study shows non-invasively a significant decline in MIP and MEP by 20 and 23%, 325 

respectively. 326 

To our knowledge, it is the first time that this respiratory muscles fatigue to ramp and 327 

constant-load exercises has been compared. At first sight, it is quite surprising that the 328 

decrease in MIP and MEP is greater following the constant-load exercise compared to the 329 

ramp exercise. However, given that the respiratory load follows the pattern of VE as a 330 

function of work rate, it can be expected that the mechanical power of breathing increases 331 

disproportionally once the critical power (i.e., the boundary between the heavy and severe 332 

intensity domain) and/or respiratory compensation point have been exceeded to counter the 333 

progressing metabolic acidosis with a respiratory alkalosis. In this context, (Cross et al. 334 

2014) have recently shown that the total mechanical power of breathing was threefold higher 335 

after six minutes of constant-load cycling in the severe compared to the heavy intensity 336 

domain. In the present study, the constant-load exercise was performed at 85% MAP, well 337 

within the severe intensity domain, given that the VO2 reached or even exceeded the VO2max 338 
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obtained during the ramp exercise and since it has been reported that the critical power 339 

generally occurs at ~80% MAP (Poole et al. 1988). During the constant-load exercise, the 340 

subjects exerted for approximately 6.5 min at a work rate above the critical power, whereas 341 

this was < 2 min during the ramp exercise. Given that (Cross et al. 2014) observed that the 342 

inspiratory elastic work of breathing continuously increased throughout the severe intensity 343 

exercise it can be assumed that the total mechanical power of breathing was higher during 344 

the constant-load exercise compared to the ramp exercise, where the duration of the high 345 

load on the respiratory muscle is shorter, resulting in a lower decrease in MIP and MEP. It 346 

should be noted that fR and VE reached a higher value during the constant-load exercise 347 

compared to the ramp exercise, supporting the higher respiratory drive.  348 

Although it has been well documented that the VO2 SC is predominantly (>80%) caused by 349 

processes within the exercising muscles (Poole and Jones 2012) and thus reflects a 350 

progressive decline in work efficiency, also factors extrinsic to the locomotor muscles have 351 

shown to contribute to the amplitude of the VO2 SC. Less than 20% has been attributed to 352 

the rest of the body and more specifically to respiration, cardiac work and O2 cost of 353 

auxiliary muscles (Poole and Jones 2012). Despite the seemingly small impact of respiration 354 

it should be noted that several studies document the relationship between respiratory work 355 

and the VO2 SC. (Carra et al. 2003) observed a 27% increase in the VO2 SC in response to 356 

respiratory muscle loading, whereas (Cross et al. 2010b) observed that breathing a heliox 357 

reduced the VO2 SC by 45%. Another study of (Cross et al. 2010a) suggests that the 358 

contribution of respiration to the VO2 SC strongly depends upon intensity (9% for exercise 359 

below the RCP, 18% for exercise above the RCP). Additionally, it has been shown that 360 

inspiratory muscle training increase the primary VO2 response, in combination with a 361 

reduction in the VO2 SC (Bailey et al. 2010). The results of the present study support the 362 

findings that respiratory work is related to the VO2 SC, since subjects with a higher level of 363 
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respiratory muscles fatigue displayed a higher VO2 SC amplitude. As argued above, the 364 

relationship with the VO2 SC might not originate from the respiratory fatigue per se, but 365 

rather from its impact on locomotor O2 delivery. In exercising humans, increases and 366 

decreases in the work of the respiratory muscle induced vasoconstriction and vasodilation in 367 

the exercising limb, respectively (Harms et al. 1997).  Measurements of muscle oxygenation 368 

(Legrand et al. 2007) have pointed out that the accelerated fall in respiratory muscle 369 

oxygenation (i.e., deoxygenation) coincides with both the levelling-off in locomotor muscle 370 

deoxygenation (i.e., oxygenation level reaches a plateau) and the respiratory compensation 371 

point at an intensity of ~85% VO2max, suggesting a competition for blood flow between 372 

respiratory and locomotor muscle oxygenation. This impact of respiratory work on blood 373 

flow to the locomotor muscles might be at the origin of the strong link with the VO2 SC, 374 

especially since it has been shown that conditions that increase blood flow to the locomotor 375 

muscles, such as hyperoxia (Macdonald et al. 1997) and priming (Gerbino et al. 1996, 376 

Burnley et al. 2002) decrease the amplitude of the VO2 SC, whereas conditions that decrease 377 

blood flow, such as supine exercise (Koga et al. 1999) have the opposite effect.  378 

Although the amplitude of the VO2 SC at 85% MAP in the present study (0.70 ± 0.22 l.min
-

379 

1
) was similar to other studies at a similar intensity (e.g. (Bailey et al. 2010): ~0.65 l.min

-1
 380 

and (Carra et al. 2003): 0.67 l.min
-1

 at 80% VO2max), surprisingly we only observed an 381 

excess VO2 in eleven subjects and thus the mean increase in VO2 above the expected VO2 382 

was only 0.08 l.min-1. It should be noted in this context, that the detection of the excess VO2 383 

is far less clear than that of the VO2 SC. (Boone and Bourgois 2012) observed only in 47% 384 

of a large cohort (n=130) of physically active subjects that the slope of the VO2/PO 385 

relationship was greater above compared to below the GET. Even in 18% of the subjects 386 

there was an attenuation of the VO2/PO relationship indicating that the expected VO2 was 387 

higher than the observed VO2. Despite the strong probability that both the VO2 SC and the 388 
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excess VO2 are an expressing of a decline in mechanical efficiency and that the same 389 

mechanisms underpin both phenomena, the results of the present study indicate that 390 

methodological issues inherent to the exercise test have an impact on the detection of this 391 

reduction in exercise efficiency and on the relative contribution of the underpinning 392 

mechanisms to the occurrence of the phenomena. This statement is supported by the notion 393 

that the VO2 excess is not correlated to the respiratory muscles fatigue (as reflected by the 394 

decrease in MIP and MEP). 395 

Next to a VO2 SC a progressive increase in HHb (i.e., Hb SC) was observed throughout the 396 

constant-load exercise. This is in accordance with previous studies (Belardinelli et al. 1995, 397 

Demarie et al. 2001, Marles et al. 2007) and supports the notion that the VO2 SC originates 398 

in the working muscle, especially since the amplitude of both phenomena was strongly 399 

related. Next to an increase in metabolic requirements of fatiguing muscle and/or a reduced 400 

mechanical coupling efficiency, recruitment of lower efficiency motor units have been 401 

suggested as the main underpinning mechanisms of the VO2 SC (Jones et al. 2011, 402 

Majerczak et al. 2014). It has been shown in rats that the relationship between O2 delivery 403 

and O2 demand is fiber type dependent, such that fast-twitch muscles are characterized by a 404 

greater fractional O2 extraction compared to slow-twitch counterparts (Behnke et al. 2003, 405 

2003). For this reason it seems logical that the progressive recruitment of fast-twitch fibers 406 

during exercise in the severe intensity domain could lead to a progressive increase in 407 

arteriovenous O2 difference, and thus HHb, resulting in a so-called HHb SC. It can be 408 

questioned however, to what extent the observed differences between relatively homogenous 409 

“slow-twitch” and fast-twitch” muscles in rats can be translated to heterogeneous skeletal 410 

muscles like in humans. 411 

Conclusion 412 
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In summary, by studying the fatigue of respiratory muscles and the responses of Vastus 413 

Lateralis muscle oxygenation during a ramp and a constant-load exercises, a significant 414 

decline in respiratory muscles strength was observed and was correlated only to the VO2 SC. 415 

Unique to this study was also the lack of correlation between the VO2 SC and the excess 416 

VO2. Our results suggest that even mechanistic basis induced the VO2 SC and VO2 excess 417 

are the same, their involvement can be different. 418 
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 Figure legends 548 

Fig. 1. Typical example of the oxygen uptake (VO2) during the ramp cycling exercise (one 549 

subject). Each dot designates mean values during 30 s. 550 

Fig. 2. Typical example of the oxygen uptake kinetics during the constant-load exercise for a 551 

representative participant.  552 
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Fig. 3. Typical example of deoxyhemoglobin responses during the constant-load exercise for 553 

a representative participant. 554 

Fig. 4. Maximal inspiratory (MIP) and expiratory (MEP) pressures at rest, at post- ramp 555 

exercise and post- constant-load exercise. Values are means ± SD. *, p<0,05 different from 556 

rest values and between tests. 557 

Fig. 5. (A) Absolute and (B) relative deoxyhemoglobin (HHb) responses during the ramp 558 

exercise. Values are means ± SD. *, p<0.05 different between two successive time points.    559 

Fig. 6. VO2 slow component is positively correlated to the decline in maximal inspiratory 560 

pressure (A) and maximal expiratory pressure (B) post- the constant-load exercise. Each dot 561 

represents a data point for each subject.  562 

Fig. 7. The relationship between the VO2 slow component and the HHb slow component. 563 

Each dot represents a data point for each subject. 564 

Table legends 565 

 Table 1. Pulmonary responses during the ramp exercise. 566 

Table 2. Pulmonary responses during the constant-load exercise. 567 

 568 
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Figure 2. 587 
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Figure 3.  598 
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Figure 4.  609 
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Figure 5.  619 
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Figure 6. 622 
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Figure 7.  624 
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Table 1.  634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

  645 

 646 

 647 

 648 

 Rest 20% of MAP 40% of MAP 60% of MAP 80% of MAP 100% of MAP 

VO2 (l.min
-1

) 0.49 ± 0.09 1.35 ± 0.27* 1.94 ± 0.32* 2.53 ± 0.44* 3.03 ± 0.43* 3.43 ± 0.45* 

VE (l.min-1) 16 ± 2 38 ± 8* 53 ± 10* 73 ± 13* 98 ± 17* 138 ± 24* 

fR (breaths.min
-1

) 23 ± 3 31 ± 4* 36 ± 5* 43 ± 6* 50 ± 6* 60 ± 7* 

VT (l) 0.7 ± 0.1 1.2 ± 0.2* 1.4 ± 0.3* 1.7 ± 0.2* 1.9 ± 0.4* 2.2 ± 0.4* 

VO2; oxygen uptake, VE; minute ventilation, fR; respiratory rate, VT; tidal volume, MAP: maximal aerobic power. 

Values are mean ± SD. *, p<0.05 different from previous time point. 
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Table 2. 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 

 659 

  660 

 661 

 662 

 663 

 664 

 Rest 20% of TTE 40% of TTE 60% of TTE 80% of TTE 100% of TTE 

VO2 (l.min
-1

) 0.47 ± 0.09 3.25 ± 0.46* 3.53 ± 0.54* 3.64 ± 0.52* 3.81 ± 0.36 3.78 ± 0.33 

VE (l.min-1) 17 ± 3 100 ± 11* 126 ± 7* 138 ± 8* 145 ± 11 143 ± 12 

fR (breaths.min
-1

) 23 ± 4 48 ± 7* 55 ± 6* 59 ± 6* 64 ± 5* 65 ± 5 

VT (l) 0.8 ± 0.1 2.0 ± 0.2* 2.3 ± 0.2* 2.3 ± 0.2 2.2 ± 0.1 2.1 ± 0.1* 

VO2; oxygen uptake, VE; minute ventilation, fR; respiratory rate, VT; tidal volume, TTE; time to exhaustion.  

Values are mean ± SD. *, p<0.05 different from previous time point. 
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Figure 5. (A) Oxyhemoglobin (O2Hb), (B) deoxyhemoglobin (HHb), (C) total hemoglobin (tHb) and (D) 

tissue oxygen saturation (TSI) kinetics at rest and during the constant-load exercise at 75% (CL75) and 

85% (CL85) of maximal aerobic power. Exercise data are expressed at different percentage (20, 40, 60, 

80 and 100%) of the time to exhaustion during each test. Values are means SD. *, p<0.05 different 

between conditions. $ and # p<0.05 different between two successive time points during CL75 and CL85, 

respectively. 
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tissulaire en oxygène d

exercice intense.









R
l

F
a

b

a

A
R
R
A
A

K
N
O
E

1

i
a
t
h
i
(
a
t
e
‘
i
m
l
l
m
t

C
F

h
1

Respiratory Physiology & Neurobiology 227 (2016) 41–47

Contents lists available at ScienceDirect

Respiratory  Physiology  &  Neurobiology

jou rn al h om epa ge: www.elsev ier .com/ locate / resphys io l

espiratory  muscle  endurance,  oxygen  saturation  index  in  vastus
ateralis  and  performance  during  heavy  exercise

erid  Oueslati a,∗, Jan  Boone b,  Said  Ahmaidi a

EA-3300: APERE, Department of Sport Sciences, University of Picardie Jules Verne, Amiens, France
Department of Movement and Sports Sciences, Ghent University, Ghent, Belgium

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 7 December 2015
eceived in revised form 22 February 2016
ccepted 22 February 2016
vailable online 23 February 2016

eywords:
ear infrared spectroscopy

a  b  s  t  r  a  c  t

The  purpose  of  this  study  was  to investigate  the  relationships  between  respiratory  muscle  endurance,
tissue  oxygen  saturation  index  dynamics  of  leg  muscle  (TSI)  and  the  time  to exhaustion  (TTE)  during  high
intensity  exercise.  Eleven  males  performed  a respiratory  muscle  endurance  test,  a  maximal  incremental
running  field  test  (8  km  h−1 + 0.5  km h−1 each  60 s) and  a high-intensity  constant  speed  field  test  at  90%
VO2max. The  TSI  in  vastus  lateralis  was  monitored  with  near-infrared  spectroscopy.  The  TSI  remained
steady  between  20 and  80%  of TTE.  Between  80 and  100%  of TTE  (7.5  ±  6.1%,  p  < 0.05),  a significant  drop
in  TSI  concomitant  with  a minute  ventilation  increase  (16  ±  10  l min−1)  was  observed.  Moreover,  the
xygen saturation index
xercise performance

increase  of  ventilation  was correlated  to  the  drop  in  TSI  (r = 0.70, p <  0.05).  Additionally,  respiratory  mus-
cle  endurance  was  significantly  correlated  to  TSI  time  plateau  (20–80%  TTE)  (r = 0.83,  p <  0.05)  and  to
TTE  (r =  0.95,  p < 0.001).  The  results  of  the  present  study  show  that  the  tissue  oxygen  saturation  plateau
might  be  affected  by ventilatory  work  and  that  respiratory  muscle  endurance  could  be  considered  as a
determinant  of  performance  during  heavy  exercise.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Respiratory muscle exhibit continuous, phasic contractile activ-
ty and are known to be characterized by a high oxidative capacity
nd capillary density (Dempsey et al., 2006). It is well documented
hat respiratory muscle work can affect exercise performance at
igh intensities (∼>85% of maximal oxygen uptake, VO2max). This

s related to the high metabolic demand of the respiratory muscle
8–16% VO2max) to sustain exercise-induced hyperpnoea. Addition-
lly, it should be noted that the respiratory muscle are susceptible
o fatigue (Dempsey et al., 2006; Guenette et al., 2010; Katayama
t al., 2012; Verges et al., 2007) which might enhance the so-called

respiratory steal phenomenon’ (Legrand et al., 2007a). In exercis-
ng humans, increases and decreases in the work of the respiratory

uscle induced vasoconstriction and vasodilation in the exercising
imb, respectively (Harms et al., 1997). Additionally to the change in

imb blood flow, it has been shown that decreasing the respiratory

uscle work (unloading by means of a proportional assist ventila-
ion) resulted in a 14.4% increase in time to exhaustion for cycling

∗ Corresponding author at: Sport Sciences Department—Avenue Paul
laudel, University of Picardie Jules Verne, F-80025 Amiens Cedex, France.
ax: +33 3 22 82 79 10.

E-mail address: oueslati.ferid@hotmail.com (F. Oueslati).

ttp://dx.doi.org/10.1016/j.resp.2016.02.008
569-9048/© 2016 Elsevier B.V. All rights reserved.
at 90% VO2max (Harms et al., 2000), whereas increasing the respira-
tory muscle work (by adding breathing resistance) decreased time
to exhaustion already at an intensity of 80% VO2max (Carra et al.,
2003).

Respiratory muscle training has shown to improve performance
(Bailey et al., 2010; Holm et al., 2004; McMahon et al., 2002; Verges
et al., 2009) by reducing their solicitation level (McMahon et al.,
2002), oxygen uptake (Bailey et al., 2010), and fatigue develop-
ment (Verges et al., 2007). Therefore, it appears that respiratory
muscle endurance strongly determines exercise tolerance. Despite
the above mentioned studies it is currently unclear to which extent
respiratory muscle endurance has an impact on locomotor muscle
oxygenation during exercise. Measurements of muscle oxygena-
tion (Legrand et al., 2007a) have pointed out that the accelerated fall
in respiratory muscle oxygenation (i.e., deoxygenation) coincides
with both the levelling-off in locomotor muscle deoxygenation (i.e.,
oxygenation level reaches a plateau) and the respiratory compensa-
tion point at an intensity of ∼85% VO2max, suggesting a competition
between respiratory and locomotor muscle oxygenation.

Given the impact of respiratory muscle work and fatigue on
blood flow to the exercising limbs (Harms et al., 1997), the positive

impacts of inspiratory muscle training and the observed rela-
tionship between respiratory and locomotor muscle oxygenation
(Legrand et al., 2007a), it can be suggested that respiratory muscle
endurance is related to exercise tolerance (time to exhaustion) for

dx.doi.org/10.1016/j.resp.2016.02.008
http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resp.2016.02.008&domain=pdf
mailto:oueslati.ferid@hotmail.com
dx.doi.org/10.1016/j.resp.2016.02.008
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 heavy-intensity exercise (>85% VO2max) mediated by differences
n the level of oxygenation at the exercising muscles. Recently,
n incremental test was developed to evaluate respiratory muscle
ndurance (Verges et al., 2009; Villiot-Danger et al., 2011) in which
he maximal sustainable ventilation is expressed as a fraction of
he maximal voluntary ventilation (ATS/ERS, 2002). This technique
llows to assess muscle oxygenation responses exactly when the
espiratory muscles reach the maximal sustainable ventilation dur-
ng heavy exercise.

In this concern, the objective of the present study was to assess
he relationships between respiratory muscle endurance, exercise
erformance, changes in ventilation, and (de) oxygenation of the

ocomotor muscles during a field running exercise at heavy inten-
ity to the limits of tolerance. It was hypothesized that subjects
isplaying a higher respiratory muscle endurance would have a

onger time to exhaustion in combination with a higher amplitude
f change in ventilation and locomotor muscle deoxygenation.

. Material and methods

.1. Subjects

Eleven healthy, active men  (mean ± SD: age 23 ± 3 years, body
eight 73 ± 12 kg, height 181 ± 7 cm)  took part in this study. All

articipants were non-smokers and free of heart and lung dis-
ases and had normal resting pulmonary function, as assessed by
pirometry tests. This study was approved by the Ethics Committee
f UHC Farhat-Hached Hospital and in accordance with the Dec-

aration of Helsinki. The subjects were informed in detail about
he experimental procedures and risks involved with the experi-

ental methodology, and gave their informed consent. They were
nstructed not to engage in any physical activity and not to drink
r eat any caffeinated meals on testing days.

.2. Testing procedures

The experiment was performed over three separate sessions
ith at least 48 h between each session. Session 1 was devoted

o a spirometry test and a maximal incremental running field test.
he respiratory muscle endurance test and the constant-load exer-
ise at 90% VO2max were performed (in counterbalanced order) in
essions 2 and 3. The spirometry and respiratory muscle endurance
est were performed in the laboratory at a mean ± SD temperature
f 23 ± 2 ◦C and a relative humidity of 44 ± 3%. Maximal incremen-
al running exercise and constant-load exercise were performed in

 gymnasium at a temperature of 22 ± 2 ◦C and relative humidity
f 42 ± 2%. The laboratory and the gymnasium did not differ sig-
ificantly in terms of the atmospheric conditions. In each test, the
articipants were given verbal encouragements. To minimize cir-
adian effects, all tests were performed at the same time of day. On

 given day, all tests were performed under the same conditions
nd with the same equipment.

.2.1. Spirometry test
Spirometry test was performed with the participant in the

itting position while breathing room air, with the nose being
ccluded by a clip. A breathing tube was inserted into the sub-

ect’s mouth with the lips sealed around the mouthpiece. All testing
as completed using a calibrated computerized spirometer Spiro-

ab III (Medical International Research, Rome, Italy) by the same
echnician. The subjects were familiarized with the device and the
rocedure for each test demonstrated by the technician. The flow

nd volume measurement sensor is a digital turbine, based on the
nfrared interruption principal. This principal ensures the accuracy
nd the reproducibility of the measurements without requiring a
eriodic calibration. For an accurate and reliable calibration, the
& Neurobiology 227 (2016) 41–47

syringe volume must be at least 3 L. Each subject performed tests
five times. Respiratory maneuvers were performed in accordance
with the standards established by Miller et al. (2005).

2.2.2. Incremental running field test
The incremental running field test was performed in a gym-

nasium (110 m for a lap). The running speed was initially set at
8 km h−1 and was  increased by 0.5 km h−1 each minute. The run-
ning speed was controlled using auditory signals (‘sound beeps’).
Throughout the test, the gas exchange was measured by means of
a portable metabolic measurement system (Cosmed K4b2, Rome,
Italy). The gas analyzer was  calibrated before each test with a refer-
ence mixture (16% O2 and 5% CO2) and the pneumotachograph was
calibrated by using a 3 L syringe (Cosmed, Rome, Italy). The heart
rate (HR) was measured with a polar device (RS300, Polar Electro,
Kempele, Finland). The test was  terminated after two  consecutive
delays in achieving the target speed stage.

2.2.3. Respiratory muscle endurance test
The test was performed as previously described (ATS/ERS, 2002;

Vergès et al., 2009). Subjects were seated and familiarized with the
device (SpiroTiger, Idiag, Fehraltorf, Switzerland), which enabled
partial rebreathing and voluntary normocapnic hyperpnea (Renggli
et al., 2008; Villiot-Danger et al., 2011). The rebreathing bag was
connected to two-way piston valve allowing the renewal of fresh
inspired air into the bag to ensure a constant isocapnic end-tidal
CO2 fraction (Keramidas et al., 2011). The rebreathing bag was
adjusted to 50% of the subject’s slow vital capacity and the test was
started at a target minute ventilation (VE) corresponding to 20% of
the maximum voluntary ventilation (12 s). VE was  increased by 10%
of the maximum voluntary ventilation (by increasing the respira-
tory rate) every 3 min  until the subject could no longer maintain
the target respiratory rate and/or tidal volume. Lung volume and
respiratory rate were controlled at each cycle by the device such
that it remains unchanged.

2.2.4. The 90% VO2max constant-load running field exercise
The participants performed the constant-load running exercise

until exhaustion in a gymnasium (110 m for a lap). The running
speed was  controlled using auditory signals. The exercise was
stopped after two  consecutive delays in achieving the target speed.
Since the subjects studied were well trained and familiarized with
this type of effort minimizing the day to day variability, the test
was performed only one time (Carra et al., 2003; Keramidas et al.,
2011; Perrey et al., 2002).

Throughout the test, the pulmonary ventilation and gas
exchanged were recorded by means of the portable metabolic mea-
surement system (Cosmed K4b2, Rome, Italy; for more details see
above).

The locomotor muscle oxygenation was  measured second-by-
second in the vastus lateralis muscle during the constant-load
exercise using a non-invasive near-infrared spectroscopy wire-
less device (NIRS) (Portamon, Artinis, Medical System, Zetten, The
Netherlands). The spectroscopic measurement of muscle oxygena-
tion was  based on quantifying variations in optical characteristics at
wavelengths at 760 nm and 850 nm.  The optode was secured with
medical adhesive and covered with a black bandage to minimize
light contamination. The sensor was  applied on vastus lateralis
muscle about 15 cm above the knee (after the muscle been local-
ized via a voluntary knee flexion at 90◦) and was  held tightly in
position by elastic straps. The optode was  placed over the belly

of the muscle, in order to minimize the possible effects of muscle
perfusion heterogeneity. Skinfolds were measured at the location
of the probe using a Harpenden caliper (Baty International, West
Sussex, United kingdom), to ensure that skin fold was lower than



ology 

1
2

p
f
G
t
s
T
a
c

2

2

c
m
fi
u
r

2

i
c
c
(
d
m
e

n
p
p
d
w
t
c
a
r

2

(
w
m
m

2

r
f
i
l
6

c
O
o
T
8

F. Oueslati et al. / Respiratory Physi

.5 cm as recommended to avoid signal alterations (Leung et al.,
010; McCully and Hamaoka, 2000).

Three minutes after termination of the exercise (to obtain the
eak of blood lactate concentration), a blood sample was  collected

rom the tip of the left index finger (Aunola and Rusko, 1992;
oodwin et al., 2007). In order to avoid contamination from sweat,

he finger was cleaned and dried prior to sample collection. After
kin puncture with a lancet, the first drop of blood was discarded.
he second drop of blood was placed on a strip and immediately
nalyzed with a portable analyzer to determine blood lactate con-
entration (Lactate Pro Arkray, Japan).

.3. Data analysis

.3.1. Spirometry test
The spirometry test was performed to obtain the slow vital

apacity, forced vital capacity, forced expiratory volume in 1 s and
aximum voluntary ventilation over 12 s. The highest value of the

ves values obtained was retained for analysis. The maximum vol-
ntary ventilation value was reported to 60 s and used during the
espiratory muscle endurance test.

.3.2. Incremental running test
The obtained breath-by-breath values were averaged into 30 s

ntervals and these values were used for further analysis. The exer-
ise was considered maximal when at least three of the following
riteria were obtained (a) inability to maintain required speed,
b) an increase in oxygen uptake (VO2) of less than 100 ml min−1

espite an increase in running speed, (c) heart rate (HR) within
aximal predicted values [HRmax = 210–0.65 × age], (d) respiratory

xchange ratio >1.10.
The gas exchange threshold (GET) of each incremental run-

ing test were determined by three independent experienced
hysiologists. The GET was determined using the criteria of a dis-
roportionate increase in VCO2 to VO2 (Beaver et al., 1986), a first
eparture from the linear increase in VE and an increase in VE/VO2
ith no increase in VE/VCO2. Values were retained when at least

wo of the three reviewers were in agreement. The VO2max was
alculated as the highest averaged of VO2 over 30 s. The maximal
erobic speed corresponded to the speed at which VO2 started to
each its maximum when a plateau occurred.

.3.3. Respiratory muscle endurance test
The total test duration (TTD) and maximal sustained ventilation

MSV) over a period of 3 min  were recorded. Additionally, the MSV
as expressed as a fraction of maximal voluntary ventilation deter-
ined during the spirometry test as an indication of respiratory
uscle endurance (%MSV).

.3.4. The 90% VO2max constant-load test
The time to exhaustion (TTE) of each individual subject was

ecorded and set as 100%. The breath-by-breath values obtained
rom the metabolic measurement system were averaged into 30 s
ntervals which were used for further analysis. The VO2 and venti-
ation at rest (the last 30 s values prior interval), 20% TTE, 40% TTE,
0% TTE, 80% TTE and 100% TTE were calculated.

The TSI reflect the dynamic balance between O2 input and O2
onsumption and the values were expressed as a percentage of

2 saturation (Wolf et al., 2007). The TSI second-by-second values
btained from the NIRS device were averaged into 30 s intervals.
he TSI values were calculated at rest, 20% TTE, 40% TTE, 60% TTE,
0% TTE and 100% TTE (the last 30 s values prior interval).
& Neurobiology 227 (2016) 41–47 43

2.4. Statistical analysis

Descriptive statistics (mean, standard deviation) were calcu-
lated for all variables. The data were processed using SigmaPlot
(version 11, Systat software, Germany). Assumptions of normal-
ity were analyzed by the Kolmogorov–Smirnov test. In fact, the
non-parametric tests were used because of the non-Gaussian dis-
tribution of the data. The differences between different values (VO2,
ventilation and TSI) at rest, 20% TTE, 40% TTE, 60% TTE, 80% TTE and
100% TTE were tested with ANOVA Friedman test. The relationships
between different parameters were investigated by determining
the Spearman correlation coefficient. The threshold for statistical
significance was set at p < 0.05.

3. Results

3.1. Spirometry test

The mean values of the slow vital capacity, forced vital capacity,
forced expiratory volume in 1s and maximum voluntary venti-
lation were 5.50 ± 0.76 l, 5.70 ± 0.84 l, 4.88 ± 0.65 l and 191 ± 18 l,
respectively.

3.2. Incremental running field test

The incremental running test lasted 672 ± 137 s. The mean
VO2max was  51 ± 6 ml  min−1 kg−1, maximal aerobic speed was
13.6 ± 1.1 km h−1. The maximal HR, blood lactate concentration
and respiratory ratio were 194 ± 9 b min−1, 12 ± 1 mmol l−1 and
1.1 ± 0.1, respectively. The gas exchange threshold was observed
at 9.3 ± 0.4 km h−1 (71 ± 5% maximal aerobic speed) and corre-
sponded to 3386 ± 385 ml min−1 of VO2 (86 ± 5% VO2max).

3.3. Respiratory muscle endurance test

The mean values of TTD, MSV  and MSV% were 1049 ± 190 s,
128 ± 19 l min−1 and 67 ± 10%.

3.4. The 90% VO2max constant-load running field test

The total exercise duration maintained at 90% VO2max was
1375 ± 604 s. The kinetics of VO2, VE and TSI during the constant-
load exercise at 90% VO2max are given in Fig. 1. The TSI remained
steady between 20 and 80% of TTE. After that, a significant sharp
drop in TSI was  observed between 80 and 100% of TTE (7.5 ± 6.1%,
p < 0.05) and the amplitude of the decrease in TSI was  correlated
with the blood lactate concentration (r = 0.62, p < 0.05). VE increases
significantly between 80 and 100% of TTE by 16 ± 10 l min−1. Also,
the increase of VE was  correlated to the drop of TSI (r = 0.70,
p < 0.05). Relationships between respiratory muscle endurance and
constant-load test

The respiratory muscle endurance represented by MSV% and
TTD was  related to the time to exhaustion recorded during the
constant-load test (r = 0.95 and r = 0.91, p < 0.001, respectively,
Fig. 2). Also the respiratory muscle endurance was  related to the
increase of VE between 80 and 100% TTE. However, it is not corre-
lated to the decrease in TSI between 80 and 100% TTE (Table 1). The
subjects with a higher respiratory muscle endurance (MSV%) could
maintain TSI plateau for a longer time (s) during the constant-load
test (r = 0.83, p < 0.05).
4. Discussion

The objective of the present investigation was to study the
relationship between respiratory muscle endurance and exercise
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Fig. 1. The kinetics of oxygen uptake (VO2), minute ventilation (VE) and oxygen tissue saturation index (TSI) during the constant-load exercise at 90% VO2max. Values are
means ± SD., *p < 0.05.
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Fig. 2. The relationships between respiratory muscle endurance and tim

Table 1
The matrices of correlation between the parameters measured.

N = 11 MSV  (%) TTD (s) VE80–100% (l min−1) [La] (mmol  l−1)

TTE (s) 0.95** 0.91** – 0.01
TSI80–100 (%) −0.42 −0.21 0.70* 0.62*

20–80% TTE (s) 0.83* 0.50 – 0.01
VE80–100% (l min−1) 0.69* 0.65* – –

TTE- time to exhaustion at 90% VO2max; TSI80–100- the drop of TSI between 80 and
100% TTE; MSV%- maximum sustained ventilation expressed as a percentage of
maximal voluntary ventilation; TTD- total time duration of respiratory endurance
test; VE80–100- minute ventilation between 80 and 100% TTE; [La]- blood lactate
c

p
m
t
r
e
a
e

oncentration after the constant-load exercise.
* p < 0.01.

** p < 0.001.

erformance, with the assessment of ventilation and locomotor
uscle oxygenation during the running field test to allow dis-

inction of the underpinning mechanisms. It was observed that

espiratory muscle endurance was positively related to time to
xhaustion during a heavy intensity constant-load test. Addition-
lly, it was found that subjects with a higher respiratory muscle
ndurance showed a higher increase in ventilation during the exer-
e to exhaustion during the constant-load exercise at 90% VO2max.

cise test and could maintain the locomotor oxygenation at a steady
level for a longer absolute time. In line with these results, it was
shown that the increase in ventilation between 80 and 100% of
the time to exhaustion was related to the decrease in TSI of the
locomotor muscles.

In the present study, a respiratory muscle endurance test was
used to evaluate the aerobic capacity. The assessment of respiratory
muscle endurance needs the determination of the maximum sus-
tainable ventilation (MSV) usually expressed as a fraction of the
maximum voluntary ventilation (ATS/ERS, 2002). The first mea-
surement techniques of MSV  required repeated measurements of
maximum voluntary ventilation with progressively decreasing lev-
els of ventilation until a MSV  may  be assessed (Tenney and Reese,
1968). These measures have generally been considered long and
difficult, making them impractical for most clinical investigations.
The maximum increment technique is most recently developed to
evaluate MSV  (ATS/ERS, 2002; Mancini et al., 1994; Villiot-Danger

et al., 2011). The incremental respiratory muscle test simulates real
conditions of intense physical exercise where respiratory muscles
are recruited in proportion to the increasing exercise ventilation
and work output. In the present study, the mean time recorded
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or respiratory muscle endurance was 1049 ± 190 s, with maxi-
um sustained ventilation of 128 ± 19 l min−1. The latter value
as expressed relative to the maximum voluntary ventilation rate

67 ± 10%). Our results are in accordance with the values reported
n the study of Villiot-Danger et al. (2011) where subjects per-
ormed around of 1020s during the respiratory muscle endurance
nd sustained around of 68% of maximum voluntary ventilation.

The main finding of the present study is that it was found that
espiratory muscle endurance had an impact on exercise toler-
nce and that this phenomenon appears to be mediated by a more
ronounced increase in ventilation in combination with adapta-
ions in locomotor oxygenation responses. Although the present
tudy uses a cross-sectional study design, the results are in line
ith several studies in which inspiratory muscle training showed

o be an accurate training intervention to increase exercise per-
ormance (Bailey et al., 2010; Holm et al., 2004; McMahon et al.,
002). Bailey et al. (2010) found that inspiratory muscle training
esulted in faster pulmonary VO2 kinetics and thus reductions in
2 deficit during transitions to heavy and severe intensity exer-
ise, as well as decreases in the VO2 slow component. In another
tudy (Witt et al., 2007), it is shown that inspiratory muscle train-
ng attenuates the human respiratory muscle metaboreflex. This

etaboreflex is initiated by fatigue of the respiratory muscle and
ctivated by an increase in group III/IV afferents discharge induc-
ng a sympathetically mediated vasoconstriction of limb locomotor
asculature (Romer and Polkey, 2008). It is likely that subjects with

 higher respiratory muscle endurance can delay respiratory mus-
le fatigue at high exercise intensities (∼90% VO2max) and thus also
he respiratory metaboreflex. In turn, the redistribution of cardiac
utput is attenuated and the locomotor muscle oxygenation can
e maintained over a longer time frame, as in the present study
between 20 and 80% of the time to exhaustion at 90% VO2max). It
ppears that once the respiratory metaboreflex is initiated (∼80% of
ime to exhaustion) locomotor muscle oxygenation starts to fall due
o an imbalance between O2 delivery and O2 demand and this might
nduce peripheral muscle fatigue. In this concern, McConnell and
omax (2006) were the first show that respiratory muscle training
an increase the work threshold required to elicit the respiratory
etaboreflex. This could not be confirmed in the present study

ince the performance test was performed at a relative intensity
f 90% VO2max.

Another aspect in the present study is that also venti-
ation started to increase disproportionally at approximately
0% of time to exhaustion in the constant-load exercise. The
entilation rises between 80 and 100% TTE from 120 ± 18 to
34 ± 20 l min−1 and exceeds the maximum sustained ventila-
ion (MSV = 128 ± 19 l min−1) assessed during respiratory muscle
ndurance test. This level of ventilation work corresponds to res-
iratory muscle limit for our participants. Since the exercise test
as performed at an exercise intensity in the severe intensity

omain (Poole et al., 1988) a metabolic acidosis will be evoked (i.e.,
 steady state in blood lactate concentration and pH will not be
eached). At work rates that engender a metabolic acidosis, there
s the additional challenge of effecting compensatory hyperven-
ilation to minimize the fall of arterial pH. Thus, the pronounced
ccurrence of a metabolic acidosis as locomotor muscle oxygena-
ion falls will be a trigger for enhanced respiratory muscle work (i.e.,
rogressive recruitment of accessory respiratory muscles) fatigue
hich in turn will generate the respiratory metaboreflex. This

eedback/feedforward loop between the respiratory and locomotor
uscles might explain the close association between respiratory

nd locomotor oxygenation thresholds that coincide with the res-

iratory compensation point, observed by Legrand et al. (2007b).

Finally, it should be noted that subjects with a higher respiratory
uscle endurance had a more pronounced increase in ventilation

n the final stage of the exercise test to exhaustion. It appears
& Neurobiology 227 (2016) 41–47

that the subjects with a high respiratory muscle endurance had a
higher reserve capacity to increase ventilation at 80% of the time to
exhaustion for the 90% VO2max exercise. Furthermore, the ampli-
tude of the increase in ventilation between 80 and 100% of the
time to exhaustion was related to the blood lactate concentration
at exhaustion and with the decrease in locomotor tissue satura-
tion between 80 and 100% of the time to exhaustion. It has been
reported that inspiratory muscle training can reduce the blood lac-
tate concentration at submaximal intensities (Brown et al., 2008).
It remains to be elucidated whether it is a coincidence that the par-
ticipants with the higher respiratory muscle endurance were able
to sustain a higher blood lactate concentration (and thus metabolic
acidosis) or whether there is a mechanistic basis for this observa-
tion.

5. Conclusion

The current study shows a relationship between respiratory
muscle endurance, the plateau of oxygen tissue saturation index
in vastus lateralis and performance during heavy exercise. Respira-
tory muscle endurance appears to be a determinant of performance
during sustained constant-load exercise at 90% VO2max by means of
alterations in locomotor muscle oxygenation responses. This sug-
gests that endurance of respiratory muscle training program should
be considered for improving performance in exercise with a high-
intensity sustained effort.
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