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Abstract: The aim of the study was to investigate the effect of an inspiratory muscle warm-up on
the VO2 kinetics during submaximal intensity ergometer rowing. Ten competitive male rowers (age
23.1 ± 3.8 years; height 188.1 ± 6.3 cm; body mass 85.6 ± 6.6 kg) took part in this investigation.
A submaximal constant intensity (90% PVO2max) rowing test to volitional exhaustion was carried
out twice with the standard rowing warm-up (Test 1) and with the standard rowing warm-up
with additional specific inspiratory muscle warm-up of two sets of 30 repetitions at 40% maximal
inspiratory pressure (Test 2). We found a significant correlation between time constant (τ1) and
the VO2 value at 400 s in Test 1 (r = 0.78; p < 0.05); however, no correlation was found between
those parameters in Test 2. In addition, we found a positive association between VO2max from the
incremental rowing test and τ1 from Test 1 (r = 0.71; p < 0.05), whereas VO2 did not correlate with τ1

from Test 2. Adding inspiratory muscle warm-up of 40% maximal inspiratory pressure to regular
rowing warm-up had no significant effect on oxygen consumption kinetics during submaximal
rowing tests.

Keywords: VO2 fast and slow component; priming exercise; performance; respiratory muscles

1. Introduction

Rowing is a whole-body sport discipline, which engages a high percentage (70–75%)
of active muscle mass that requires large fraction of maximal cardiac output during heavy
intensity exercise and stresses inspiratory muscles at high level [1]. Previous research has
shown that the fatigue of respiratory muscles may decrease exercise performance [2–5].
Although respiratory muscles have a unique resilience to moderate exercise intensities,
they are susceptible to fatigue when exercising at intensities over 80% of maximal oxygen
uptake for prolonged periods of time [6,7]. To delay inspiratory muscle (IM) fatigue, a
specific inspiratory muscle training and warm-up (IM-WU) (with 50% and 40% from maxi-
mal inspiratory pressure, respectively) has been shown to improve athletic performance
in different sport disciplines [8–11]. However, the mechanisms which contribute to the
performance gains after IM training and IM-WU are still unclear [5,9]. One of the proposed
mechanisms has been the improvement in oxygen uptake (VO2) kinetics [12].

A steady-state VO2 is normally reached within 2–3 min during mild to moderate
intensity exercise; if exercising at intensities higher than anaerobic threshold, reaching of
a steady state VO2 is delayed by a supplemental rise in VO2 or the slow component of
VO2 [13,14]. Analyzing VO2 kinetics by separating fast and slow components at the onset
of exercise may give insight into the factors that could limit exercise performance, as fast
increase in VO2 at the beginning of intense exercise lowers the use of lactic energy and
lactate production [15,16].
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During constant work rate, the time constant of the VO2 response to a transition
from rest to exercise is generally faster in healthy athletes aged 17–23 years compared to
non-specifically trained subjects [17,18]. Similarly, a shorter time constant has been linked
to improved exercise tolerance and performance in sports such as cycling, running and
rowing [19–22].

Systemic factors such as increased cardio-respiratory work or hormonal changes
may contribute to the VO2 slow component during higher intensity exercise, but a more
important contribution likely originates from the exercising muscles (e.g., changes in
fiber recruitment or substrate utilization and increase in muscle temperature or lactic acid
concentration) [23]. Numerous interventions have been used to study changes in VO2
kinetics and have shown that different types of warm-up substantially reduce the slow
component of VO2 in the presence or absence of speeded fast component kinetics [18,23,24].
For example, Sahlin et al. [23] pointed out that prior heavy exercise eliminated VO2 slow
component, and the VO2 slow component merged into the initial component of VO2
kinetics [23]. A faster VO2 kinetic response may be important for performance by reducing
the initial oxygen deficit and accumulation of by-products caused by fatigue. For similar
work rate, the increase of the initial rate of aerobic energy production would be expected
to reduce the depletion of the anaerobic energy reserves [20,25].

Currently, to the best of our knowledge, there are no studies that have investigated
the effect of specific inspiratory muscle warm-up on VO2 kinetics in rowing exercise,
which may give further explanations of the potential associations between the respiratory
muscle warm-up and performance. The current study aimed to compare VO2 kinetics
during high intensity rowing with the traditional rowing warm-up and rowing warm-up
together with IM-WU. The hypothesis was that adding IM-WU would reduce the time
constant of the fast component and/or the amplitude of the slow component of oxygen
consumption kinetics.

2. Materials and Methods
2.1. Subjects and Study Design

Ten high level male rowers (Table 1) volunteered to participate in the study. All sub-
jects represented the national team or team candidates and were all healthy for the perfor-
mance testing. The study was approved by the Research Ethics Committee, and, after the
procedures of the study were described, participants gave the written informed consent.
The measurements were performed during the preparatory period (i.e., in November),
within one month time frame. The subjects were instructed to maintain their regular diet
and had to abstain from eating 2 h before testing. The subjects visited the lab three times.
To investigate the inspiratory muscle warm-up effect on VO2 kinetics, the protocol of two
different experimental designs were used. First, the spirometry was measured and maximal
inspiratory pressure (MIP) was assessed. Thereafter, the incremental test was performed to
measure the individual aerobic power corresponding to VO2max (PVO2max) for submaximal
exercise protocols. After incremental test, two rowing ergometer tests at 90% of PVO2max
were performed in a randomized order using either traditional warm-up (Test 1) or tradi-
tional warm-up with the inclusion of inspiratory muscle warm-up (Test 2). The interval
between Tests 1 and 2 was 24–48 h. Before the first submaximal test, the subjects had to
record the last meal of the day and were asked to consume the identical meal each time
before the next testing. The subjects were asked not to participate in any stressful exercise
24 h before the test. No alcohol or caffeinated drinks were allowed before the tests.
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Table 1. Maximal oxygen consumption and performance parameters of the subjects during the
incremental rowing test.

Subjects (n = 10)

Mean ± SD Min Max

Age (y) 23.1 ± 3.8 20.0 26.0
Height (cm) 188.1 ± 6.3 180.0 202.0

Body mass (kg) 85.6 ± 6.6 70.5 92.0
Rowing experience (y) 8.5 ± 3.2 4.5 12.0

PVO2max (W) 328.7 ± 40.0 275.0 383.0
VO2max

(mL·min−1·kg−1) 50 ± 4.0 43.0 57.0

PVO2max, maximal aerobic power; VO2max, maximal oxygen consumption.

2.2. Maximal Inspiratory Pressure

To ensure that the subjects had normal respiratory function, spirometry test was
carried out. The results from spirometry in all subjects were within normal limits. Af-
ter spirometry, 15 min of rest was allowed before maximal inspiratory pressure testing
(MicroRPM, Micro Medical, Kent, UK) according to the present ATS/ERS statement [26].
After the maneuver was explained, the measurement started from residual volume. For the
best result, subjects had to perform 3–5 attempts with differences between the attempts not
exceeding 10%. The average of 3 acceptable results was used to calculate the 40% MIP load
for the protocol of inspiratory muscle warm-up. All MIP measurements were performed
with the subject in a relaxed seated position. The measurement error when testing with
Micro RPM has been 2–3% in our lab.

2.3. Incremental Exercise Testing

After completing maximal inspiratory testing, the subjects rested for 30 min. After that,
the incremental test was started with a 10-min individual warm-up on a rowing ergometer
(Concept II, Morrisville, VT, USA) at low intensity (the details are published in [27]).
The resistance of the flywheel was set to 5 for all subjects and was kept constant during
all tests. The first load was set on 150 W, and the increments were 50 W after every 3 min
without rest period [28]. During the test, minute ventilation, maximal oxygen consumption
and RER were measured in breath-by-breath mode using a portable oxygen analyzer with
facemask (Metamax 3B, Cortex GMBH, Leipzig, Germany). The measurement errors of
performing VO2 analysis in our lab have been 2–3%. Individual maximal aerobic power
(PVO2max) was calculated [29].

After incremental test, the subjects were familiarized with the PowerBreathe® device
(IMT technologies Ltd., Birmingham, UK) to minimize the learning effect during the
warm-up.

2.4. Submaximal Intensity Rowing Test at 90% PVO2max Intensity

As previously described, the used intensity of the exercise test should be high enough
for the possible effect of inspiratory muscle warm-up. The test was performed twice in
randomized design to exclude the effect of testing order. Submaximal intensity tests were
performed with regular warm-up (Test 1) or with regular warm-up followed by IM-WU
(Test 2). During the 90% PVO2max test, the subjects had to exercise as long as possible at the
defined intensity but for no longer than 20 min. The display of the ergometer was covered,
and the subjects did not see the duration or the distance.

2.5. Warm-Up Protocols

A standardized warm-up was performed before Test 1, which consisted of 6 min
rowing at 50% PVO2max and 2 min at 75% PVO2max intensity. After 5 min of passive rest,
the oxygen mask was applied and the 90% PVO2max test started. Before Test 2, all subjects
performed the same standardized rowing warm-up immediately followed by a specific
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IM-WU with PowerBreathe® device (2 × 30 inspirations at the intensity of 40% of MIP,
with 2 min of rest between the sets) [5]. The length of IM-WU was approximately 4.5 min,
thus representing the same time period (5 min) that was applied as passive rest in Test
1. To maintain the correct level of inspiratory pressure, the PowerBreathe® device was
connected to the manometer to follow the pressure level on the screen.

2.6. Modeling of VO2 Kinetics

Breath-by-breath VO2 data were edited to reduce influence of outliers: each value
was compared against the dataset consisting of the preceding and subsequent three data
points; the value was excluded, if it was outside 4 SD from the average of this dataset.
The remaining VO2 data until 400 s of exercise were interpolated to 1 s intervals and then
data points were averaged to 5-s intervals to further reduce noise [30].

A non-linear least-squares method was implemented in the MatLab Software (Math-
works, Natick, MA, USA) to fit the VO2 data with the model. To characterize the on-
transient VO2 kinetics, a double-exponential model was used, as follows:

VO2(t) =

 A0 + A1 ·
(

1− e−(t−TD1)/τ1
)

f or t < TD2

A0 + A1 ·
(

1− e−(t−TD1)/τ1
)
+ A2 ·

(
1− e−(t−TD2)/τ2

)
f or t ≥ TD2

where VO2(t) is the VO2 at time t; A0 is the VO2 value at rest; and A1 and A2, TD1 and TD2
and τ1 and τ2 are the asymptotic amplitudes, time delays and time constants of the fast
and slow VO2 components, respectively.

As the warm-up protocol was present 10 min before the start of both tests, we could
not measure pure resting VO2. Therefore, A0 as the VO2 value at the beginning of the
fast phase was used. In the parameter searching process, the data before the beginning
of the fast component were ignored; therefore, our analysis excluded the cardio-dynamic
phase [15,25,31–33].

Identification of the endpoint of the fast phase and determining the characteristics
of the VO2 slow component was made by consideration of a following collection of con-
straints:

(1) Parameters A1, A2, TD1, TD2, τ1 and τ2 could not be negative
(2) τ1 ≥ 10 s
(3) τ2 ≤ 300 s
(4) τ2 ≥ 3 · τ1
(5) 70 ≤ TD2 ≤ 180

Using the equation from Byrne et al. [34], we calculated the value for the resting
oxygen consumption (A0′ ) for every subject. The value of A0′ was subtracted from the
value of oxygen uptake at the end of the fast component to determine the physiologically
relevant amplitude of the fast component (A1′ ) (Figure 1). Likewise, the amplitude of
the slow component (A2′ ) was calculated as a difference between VO2 value at t = 400 s
and VO2 value at the beginning of the slow component. A1′ and A2′ were presented in
preference to the extrapolated asymptotic values.
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Figure 1. Fast and slow components of VO2 kinetics. A0′ is a calculated value for the resting oxygen
consumption; A1′ and A2′ are calculated amplitudes for fast and slow phase, respectively; and τ1 and
τ2 are time constants for the same phases (i.e., the time required to achieve 63% of the amplitude).

In most studies [23,32,35], the VO2 data from the first 15–20 s at the start of the exercise
(i.e., cardio-pulmonary phase when increase in VO2 has been attributed to an abrupt
increase in pulmonary blood flow) have been excluded from the analysis; therefore, we also
decided to exclude all data before the fast exponential increase in the VO2 values.

2.7. Statistical Analysis

All statistical analyses were performed using version 21 of Statistical Package for
Social Sciences (SPSS Inc., Chicago, IL, USA). As data deviated from normality, Wilcoxon
signed-rank test was used to compare the difference between the measured parameters
from the ergometer test after traditional and IM-WU. The relationships between VO2
kinetics parameters and VO2 were examined using Spearman’s correlation coefficient.
Effect size were calculated as Cohen’s d. Interpretation of the strength of the effect size
coefficients is based on guidelines provided by Hopkins: 0–0.09, trivial; 0.10–0.29, small;
0.30–0.49, moderate; 0.50–0.69, large; 0.70–0.89, very large; 0.90–0.99, nearly perfect; and
1.00, perfect [36]. Statistical significance was set at p < 0.05 for all the tests.

3. Results

The mean (±SD) maximal aerobic power (PVO2max) and VO2max from the incremental
rowing test are presented in the Table 1.

The subjects did not increase their performance time with the use of additional inspi-
ratory muscle warm-up (828 ± 180 and 840 ± 144 s, respectively). The parameters of the
VO2 response from the submaximal intensity rowing tests with two different warm-up
protocols are reported in Table 2. The VO2 data from one subject did not fit the exponential
curve for the slow component; therefore, we excluded his data from VO2 slow component.
No significant differences in any VO2 kinetics parameters were found between the two
test protocols. For Test 1, the individual ranges for τ1 and τ2 were 12.18–30.96 and 53.24–
252.64 s, respectively. For Test 2, the individual ranges for τ1 and τ2 were 12.13–28.90 and
36.47–299.99 s, respectively.
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Table 2. Parameters of the VO2 kinetics during two rowing tests at 90% PVO2max with traditional
rowing warm-up (Test 1) and with traditional rowing warm-up with specific inspiratory muscle
warm-up (Test 2).

N Test 1 Test 2 % Change p Effect Size
(Cohen’s d)

A0′ (L/min) 10 0.26 ± 0.02 0.26 ± 0.02 0 - -
τ1 (s) 10 19.50 ± 5.80 19.26 ± 5.20 −1.6% 0.69 0.04

A1′ (L/min) 10 4.30 ± 0.35 4.28 ± 0.42 −0.5% 0.75 0.05
TD2 (s) 9 128.32 ± 35.16 125.52 ± 33.18 −2.2% 0.88 0.08
τ2 (s) 9 105.56 ± 64.00 101.17 ± 61.51 −4.2% 0.83 0.07

A2′ (L/min) 9 0.26 ± 0.16 0.28 ± 0.17 7.7% 0.83 0.12
VO2 at 400 s

(L/min) 9 4.86 ± 0.13 4.84 ± 0.14 -0.4% 0.76 0.15

Values are mean ± SD; A0′ , baseline oxygen consumption; τ1, time constant of the fast component; A1′ , amplitude
of the fast component; TD2, time delay of the slow component; τ2, time constant of the slow component; A2′ ,
amplitude of the slow component.

Table 3 shows the correlations between different parameters describing the VO2
kinetics during two submaximal tests. There was a significant positive correlation between
τ1 and A1′ (r = 0.85) and between τ1 and VO2 value at 400 s (r = 0.78) in Test 1, but both of
those correlations disappeared in Test 2. In both tests, A1′ was strongly correlated with the
VO2 value at 400 s (r = 0.91 and r = 0.92, respectively).

Table 3. Correlation coefficients between VO2 kinetics parameters.

Test 1 Test 2

τ1 τ2
VO2 at
400 s A1′ τ1 τ2

VO2 at
400 s A1′

τ2 0.49 0.50
VO2 at 400 s 0.78 * 0.50 0.21 0.04

A1′ 0.85 ** 0.34 0.91 ** 0.33 −0.08 0.92 **
A2′ −0.09 0.40 0.28 −0.14 −0.53 0.29 0.15 −0.26

τ1, time constant of the fast component; A1′ , amplitude of the fast component; τ2, time constant of the slow
component; A2′ , amplitude of the slow component. * Correlation is significant at the 0.05 level (two-tailed). **
Correlation is significant at the 0.01 level (two-tailed).

There was also a significant correlation between VO2max from the incremental rowing
test and τ1 from Test 1 (r = 0.71; p < 0.05), whereas VO2max did not correlate with τ1 from
Test 2 (Figure 2).
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Figure 2. Relationship between maximal oxygen consumption (VO2max) and time constant of the
fast component (τ1) during: Test 1 (A) (p < 0.05); and Test 2 (B) (p > 0.05).

4. Discussion

To our best knowledge, this is the first study to compare oxygen consumption kinetics
during high intensity rowing with different warm-up protocols—the first with the regular
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rowing warm-up and the second with the regular rowing warm-up with the added inspira-
tory muscle warm-up (IM-WU). The hypothesis of the current study was not supported, as
we did not find any significant differences in the fast and slow component VO2 kinetics
between the two warm-up protocols.

Performing warm-up before exercise is common in sports, and it is used regularly
to influence the physiological response to subsequent exercise [5]. Previous research has
shown that the fatigue of the inspiratory muscles (IM) during intense exercise might cause
a “steal phenomenon” [6,30] to reduce the blood flow to the exercising limb muscles by
means of reflex vasoconstriction. This might affect oxygen uptake negatively and limit
exercise tolerance. Several studies have shown that specific inspiratory muscle training or
warm-up (IM-WU) can increase the strength of the inspiratory muscles and, therefore, also
delay IM fatigue and may have positive effects on sport performance [8,31,37].

Previous studies have reported time constants for the fast phase (τ1) ranging 35–50
s in general population, approximately 15–30 s in highly trained athletes and 63–75 s in
patients with cardiopulmonary disease [15,21,32,33,38,39]. In our study, the mean values
for τ1 (19.50 and 19.26 s for Test 1 and Test 2, respectively) were similar to those reported
previously by Ingham [21]; their elite rowers had faster τ1 than club level rowers for
high-intensity exercise (18.7 ± 2.1 and 22.4 ± 3.7 s, respectively). Mean τ1 values from
other studies in rowers have been 16 [15], 26.5 [32], 13.6 [33] and 23 s [38]

The recruitment of a greater muscle mass could potentially compromise muscle
perfusion, particularly during heavy exercise where a larger fraction of the maximal cardiac
output is used by active muscles. If muscle perfusion were a limiting factor for VO2 kinetics,
this would result in longer τ1 when a greater muscle mass is recruited (e.g., in rowing).
However, Roberts et al. [32] showed that pulmonary VO2 kinetic responses were similar
during moderate and heavy intensity upright cycle and rowing ergometer exercises in
physically active men. Koga et al. [40] also reported no significant differences in τ1 between
one- and two-legged cycle ergometry for either moderate or strenuous exercise. If τ1 is
not significantly altered by the recruitment of a higher muscle mass, this could suggest
that O2 availability does not limit VO2 kinetics even during heavy exercise involving a
large muscle mass [32]. In the case the workloads were sub-maximal, such as in our tests,
cardiac output could be increased during rowing to ensure that muscle perfusion in all
areas (i.e., legs, arms and respiratory muscles) was adequate for the better blood flow to
the working muscles. This could be the reason adding the IM-WU could not improve the
perfusion of exercising muscles and did not change the fast component of the VO2 kinetics
in our study (both τ1 and A1′ were similar in the two tests, Table 2).

It has been suggested that the VO2 slow component (τ2) is primarily linked to the
progressive recruitment of motor units with higher order (Type II or fast-twitch) fibers in
the exercising muscle [41–43]. High-performing rowers should show higher proportion of
Type I fibers and, therefore, smaller slow component. However, slow component in elite
rowers has been reported greater because of the greater power outputs performed [21].
Training or warm-up could enhance the recruitment of Type I fibers and, therefore, would
diminish the slow component and signify an improved exercise economy/efficiency [44,45].
We could not find significant differences in parameters describing the slow component
between the two tests in our study. The mean values for τ2 (105.56 and 101.17 s for Test
1 and Test 2, respectively) were close to those reported previously in rowers (109.6 s) in
a study by Demarie et al. [39]. However, there have been quite different τ2 values in the
literature, e.g., in one study, the mean values for τ2 during high-intensity exercise were 207
s in club level and 242 s in elite rowers [21], whereas, in another study, the mean value for
τ2 was only 48.4 s [42].

Similarly, there are quite different results for the amplitude of the slow component
(A2) in studies of VO2 kinetics in rowers [15,21,32,38]. This can mostly be explained by
differences in the training status/history, power outputs performed by groups of subjects
and therefore differences in the maximal VO2 achieved during the test. The mean values
for A2 and VO2max (at 400 s) did not change after adding inspiratory muscle warm-up
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(from 0.26 to 0.28 L/min and from 4.86 to 4.84 L/min, respectively). In relative terms,
the amplitude of the slow phase in current study was quite low: 5.4% of the maximal
VO2 in Test 1 and 5.8% in Test 2. Other studies with rowers have shown very different
maximal VO2 values (in the range 3.15–5.09 l/min) and corresponding A2 values ranging
6.7–10.7% [21,32,39]. As A2 amplitude is affected by the used intensity, future studies
should rather focus on constant, but relatively high submaximal intensities to investigate
potential effect of IM-WU. The use of maximal performance test might be complicated
due to potentially different pacing strategies that can be used naturally by the subjects.
Someone might prefer to do the fast first half and then try to hold the pace as high long as
possible, while others might go for the more constant pace strategy.

Previous studies have found conflicting results regarding the relationship between
τ1 and VO2max. Some authors have shown shorter time constant in athletes with higher
VO2max [21,38], while others have found no correlation between τ1 and VO2max [44,46,47].
Interestingly, we observed a significant positive correlation between τ1 and VO2max from
the incremental rowing test and VO2 value at 400 s in Test 1, but not in Test 2. Poole
et al. [12] suggested a model with two zones demonstrating the effects of altering muscle
O2 delivery on VO2 kinetics: O2-delivery-independent zone where decrease in O2 delivery
does not change the time constant and O2-delivery-dependent zone where VO2 kinetics
become slower (i.e., τ1 becomes larger) with further reduction in O2 delivery. There is an
ongoing discussion about whether we can position healthy individuals in a specific place
in that model, on either side of the “tipping point” between the two zones, or we have
to believe that in a specific exercising subject there may be populations of muscle fibers
operating on the right (slow-twitch, non-O2-delivery-limited fibers) and some other fibers
on the left (fast-twitch, O2-delivery-limited fibers) of the tipping point [12,42]. Our study
results show that this group of rowers exercised mostly in the O2-delivery-independent
zone and, therefore, IM warm-up did not change τ1, and this also caused relatively low
slow phase in the group.

Limitations

In this study, we used rowing at 90% PVO2max intensity but submaximal intensity
rowing test might not offer enough subjective stimuli to prepare or start the respiratory
system fast enough to show positive gains in athletic performance. Therefore, testing at
higher intensity (e.g., 95–100% VO2max) might offer more insight.

Technology to record both respiratory and locomotor (usually leg) muscle oxygenation
kinetics using near-infrared spectroscopy (NIRS) are also available and some studies
have supported the existence of a competition for oxygen availability between limb and
respiratory muscles [48,49], but some did not confirm the respiratory “steal” phenomenon
and suggested that the increase in respiratory muscle blood flow might result from other
territories than locomotor muscles [50,51]. Unfortunately, we had no possibility to use
NIRS to assess changes in O2 delivery to exercising muscles.

Comparing the results of our study with those of others is problematic because of the
varying modeling techniques. However, the time constants are quite similar to those found
by others. Determination of τ1 with sufficiently high confidence has typically required
multiple exercise transitions, limiting its clinical application. Optimizing the signal/noise
ratio can reduce the number of transitions necessary for accurate determination of τ1,
potentially enhancing its clinical application [38]. One other negative factor may be the
measurement error of the testing equipment since the effect of the warm-up protocols on the
VO2 kinetics is probably small and therefore within the measurement error. Future studies
should take the above-mentioned considerations into account. Furthermore, we suggest
using higher intensities for both IM-WU and constant intensity tests. For the latter, the
intensity should be higher than anaerobic threshold to induce higher oxygen demand,
which further stresses oxygen consumption kinetics at higher rate.
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5. Conclusions

In this study, the additional inspiratory muscle warm-up of two sets of 30 repetitions
with 40% maximal inspiratory pressure to traditional rowing warm-up had no significant
effect on oxygen consumption fast or slow component kinetics during 90% PVO2max inten-
sity rowing tests. Therefore, we can conclude that adding the specific inspiration muscle
warm-up at the intensity of 40% MIP to traditional rowing warm-up does not have any
significant advantage in practice.

Author Contributions: Conceptualization, J.M.; Data curation, J.T.; Formal analysis, J.T.; Method-
ology, J.K.; Project administration, M.A.; Supervision, J.K. and J.M.; Writing—original draft, M.A.;
Writing—review & editing, J.K. and J.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was financed by the Estonian Research Council grant PUT 1395G.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by Research Ethics Committee of the University of Tartu on
3.21.2013 (protocol code 221/T-11).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declared no conflict of interests.

References
1. Secher, N.H. Physiological and biomechanical aspects of rowing. Sports Med. 1993, 15, 24–42. [CrossRef] [PubMed]
2. Mador, M.J.; Acevedo, F.A. Effect of respiratory muscle fatigue on subsequent exercise performance. J. Appl. Phys. 1991, 70,

2059–2065. [CrossRef]
3. Verges, S.; Sager, Y.; Erni, C.; Spengler, C.M. Expiratory muscle fatigue impairs exercise performance. Eur. J. Appl. Physiol. 2007,

101, 225–232. [CrossRef]
4. Romer, L.M.; Polkey, M.I. Exercise-induced respiratory muscle fatigue: Implications for performance. J. Appl. Phys. 2008, 104,

879–888. [CrossRef] [PubMed]
5. Volianitis, S.; McConnell, A.K.; Jones, D.A. Assessment of maximum inspiratory pressure. Prior submaximal respiratory muscle

activity (“warm-up”) enhances maximum inspiratory activity and attenuates the learning effect of repeated measurement.
Respiration 2001, 68, 22–27. [CrossRef] [PubMed]

6. Dempsey, J.A.; Romer, L.; Rodman, J.; Miller, J.; Smith, C. Consequences of exercise-induced respiratory muscle work. Respir.
Physiol. Neurobiol. 2006, 151, 242–250. [CrossRef] [PubMed]

7. Babcock, M.A.; Pegelow, D.F.; Harms, C.A.; Dempsey, J.A. Effects of respiratory muscle unloading on exercise-induced diaphragm
fatigue. J. Appl. Phys. 2002, 93, 201–206.

8. Illi, S.K.; Held, U.; Frank, I.; Spengler, C.M. Effect of respiratory muscle training on exercise performance in healthy individuals:
A systematic review and meta-analysis. Sports Med. 2012, 42, 707–724. [CrossRef]

9. Lomax, M.; McConnell, A.K. The influence of prior activity (warm-up) and inspiratory muscle training upon between and within
day reliability of maximal inspiratory pressure measurement. Respiration 2009, 78, 197–202. [CrossRef]

10. Richard, P.; Billaut, F. Effects of inspiratory muscle warm-up on locomotor muscle oxygenation in elite speed skaters during 3000
m time trials. Eur. J. Appl. Physiol. 2019, 119, 191–200. [CrossRef]

11. Barnes, K.R.; Ludge, A.R. Inspiratory Muscle Warm-up Improves 3,200-m Running Performance in Distance Runners. J. Strength
Cond. Res. 2019. [CrossRef] [PubMed]

12. Poole, D.C.; Barstow, T.J.; Mcdonough, P.; Jones, A.M. Control of oxygen uptake during exercise. Med. Sci. Sport Exerc. 2008, 40,
462–474. [CrossRef] [PubMed]

13. Whipp, B.J. The slow component of O2 uptake kinetics during heavy exercise. Med. Sci. Sport Exerc. 1994, 26, 1319–1326.
[CrossRef]

14. Barstow, T.J.; Mole, P.P. Linear and nonlinear characteristics of oxygen uptake kinetics during heavy exercise. J. Appl. Phys. 1991,
71, 2099–2106. [CrossRef] [PubMed]

15. Sousa, A.; Ribeiro, J.; Sousa, M.; Vilas-Boas, J.P.; Fernandes, R.J. Influence of Prior Exercise on VO2 Kinetics Subsequent Exhaustive
Rowing Performance. PLoS ONE 2014, 9, e84208. [CrossRef]

16. Barker, A.R.; Jones, A.M.; Armstrong, N. The influence of priming exercise on oxygen uptake, cardiac output, and muscle
oxygenation kinetics during very heavy-intensity exercise in 9-to 13-yr-old boys. J. Appl. Phys. 2010, 109, 491–500. [CrossRef]

http://doi.org/10.2165/00007256-199315010-00004
http://www.ncbi.nlm.nih.gov/pubmed/8426942
http://doi.org/10.1152/jappl.1991.70.5.2059
http://doi.org/10.1007/s00421-007-0491-y
http://doi.org/10.1152/japplphysiol.01157.2007
http://www.ncbi.nlm.nih.gov/pubmed/18096752
http://doi.org/10.1159/000050458
http://www.ncbi.nlm.nih.gov/pubmed/11223726
http://doi.org/10.1016/j.resp.2005.12.015
http://www.ncbi.nlm.nih.gov/pubmed/16616716
http://doi.org/10.1007/BF03262290
http://doi.org/10.1159/000211229
http://doi.org/10.1007/s00421-018-4015-8
http://doi.org/10.1519/JSC.0000000000002974
http://www.ncbi.nlm.nih.gov/pubmed/30640308
http://doi.org/10.1249/MSS.0b013e31815ef29b
http://www.ncbi.nlm.nih.gov/pubmed/18379208
http://doi.org/10.1249/00005768-199411000-00005
http://doi.org/10.1152/jappl.1991.71.6.2099
http://www.ncbi.nlm.nih.gov/pubmed/1778898
http://doi.org/10.1371/journal.pone.0084208
http://doi.org/10.1152/japplphysiol.00139.2010


Sports 2021, 9, 42 10 of 11

17. Jones, A.M.; Burnley, M. Effect of exercise modality on VO2 kinetics. In Oxygen Uptake Kinetics in Sports, Exercise and Medicine;
Jones, A.M., Poole, D.C., Eds.; Routledge, Taylor & Francis Books Lt.: Abingdon, UK, 2005; pp. 95–114. ISBN 0-415-30561-6.

18. Poole, D.C.; Jones, A.M. Oxygen uptake kinetics. Compr. Physiol. 2012, 2, 933–996.
19. Whipp, B.J.; Rossiter, H.B.; Ward, S.A. Exertional oxygen uptake kinetics: A stamen of stamina? Biochem. Soc. Trans. 2002, 30,

237–247. [CrossRef] [PubMed]
20. Burnley, M.; Jones, A.M. Oxygen uptake kinetics as a determinant of sports performance. Eur. J. Sport Sci. 2007, 7, 63–79.

[CrossRef]
21. Ingham, S.A.; Carter, H.; Whyte, G.; Doust, J.H. Comparison of the oxygen uptake kinetics of club and olympic champion rowers.

Med. Sci. Sport Exerc. 2007, 39, 865–871. [CrossRef]
22. Bailey, S.J.; Vanhatalo, A.; Wilkerson, D.P.; DiMenna, F.J.; Jones, A.M. Optimizing the “priming” effect: Influence of prior exercise

intensity and recovery duration on O2 uptake kinetics and severe-intensity exercise tolerance. J. Appl. Phys. 2009, 107, 1743–1756.
[CrossRef]

23. Sahlin, K.; Sørensen, J.B.; Gladden, L.B.; Rossiter, H.B.; Pedersen, P.K. Prior heavy exercise eliminates VO2 slow component and
reduces efficiency during submaximal exercise in humans. J. Physiol. 2005, 564, 765–773. [CrossRef]

24. Fukuoka, Y.; Poole, D.C.; Barstow, T.J.; Kondo, N.; Nishiwaki, M.; Okushima, D.; Koga, S. Reduction of VO2 slow component
by priming exercise: Novel mechanistic insights from time-resolved near-infrared spectroscopy. Physiol. Rep. 2015, 3, e12432.
[CrossRef]

25. Jones, A.M.; Burnley, M. Oxygen uptake kinetics: An underappreciated determinant of exercise performance. Int. J. Sports Physiol.
Perform. 2009, 4, 524–532. [CrossRef] [PubMed]

26. ATS/ERS. American Thoracic Society/ European Respiratory Society Statement on respiratory muscle testing. Am. J. Respir. Crit.
Care. Med. 2002, 166, 518–624. [CrossRef] [PubMed]

27. Arend, M.; Mäestu, J.; Kivastik, J.; Rämson, R.; Jürimäe, J. Effect of inspiratory muscle warm-up on submaximal rowing
performance. J. Strength Cond. Res. 2015, 29, 213–218. [CrossRef]

28. Jürimäe, J.; Mäestu, J.; Jürimäe, T.; Pihl, E. Relationship between rowing performance and different metabolic parameters on male
rowers. Med. Sport 1999, 52, 119–126.

29. Kolle, E.; Steene-Johannessen, J.; Andersen, L.B.; Anderssen, S.A. Objectively assessed physical activity and aerobic fitness in a
population-based sample of Norwegian 9- and 15-year-old. Scan. J. Med. Sci. Sports 2012, 20, 41–47. [CrossRef] [PubMed]

30. Kolkhorst, F.W.; Rezende, R.S.; Levy, S.S.; Buono, M.J. Effects of sodium bicarbonate on VO2 kinetics during heavy exercise. Med.
Sci. Sport Exerc. 2004, 36, 1895–1899. [CrossRef]

31. Volianitis, S.; McConnell, A.K.; Koutedakis, Y.; Jones, D.A. The influence of prior activity upon inspiratory muscle strength in
rowers and non-rowers. Int. J. Sports Med. 1999, 20, 542–547. [CrossRef]

32. Roberts, C.L.; Wilkerson, D.P.; Jones, A.M. Pulmonary O2 uptake on-kinetics in rowing and cycle ergometer exercise. Respir.
Physiol. Neurobiol. 2005, 146, 247–258. [CrossRef]

33. Sousa, A.; Rodríguez, F.A.; Machado, L.; Vilas-Boas, J.P.; Fernandes, R.J. Exercise modality effect on oxygen uptake off-transient
kinetics at maximal oxygen uptake intensity. Exp. Physiol. 2015, 100, 719–729. [CrossRef] [PubMed]

34. Byrne, N.M.; Hills, A.P.; Hunter, G.R.; Weinsier, R.L.; Schutz, Y. Metabolic equivalent: One size does not fit all. J. Appl. Phys. 2005,
99, 1112–1119. [CrossRef] [PubMed]

35. Bailey, S.J.; Romer, L.M.; Kelly, J.; Wilkerson, D.P.; DiMenna, F.J.; Jones, A.M. Inspiratory muscle training enhances pulmonary O2
uptake kinetics and high-intensity exercise tolerance in humans. J. Appl. Phys. 2012, 109, 457–468. [CrossRef]

36. Hopkins, W.G.; Marshall, S.W.; Batterham, A.M.; Hanin, J. Progressive statistics for studies in sports medicine and exercise
science. Med. Sci. Sports Exerc. 2009, 41, 3–13. [CrossRef] [PubMed]

37. Wilson, E.E.; McKeever, T.M.; Lobb, C.; Sherriff, T.; Gupta, L.; Hearson, G.; Martin, N.; Lindley, M.R.; Shaw, D.E. Respiratory
muscle specific warm-up and elite swimming performance. Brit. J. Sport Med. 2014, 48, 789–791. [CrossRef]

38. Markovitz, G.H.; Sayre, J.W.; Storer, T.W.; Cooper, C.B. On issues of confidence in determining the time constant for oxygen
uptake kinetics. Brit. J. Sport Med. 2004, 38, 553–560. [CrossRef]

39. Demarie, S.; Quaresima, V.; Ferrari, M.; Billat, V.; Sbriccoli, P.; Faina, M. Auxiliary muscles and slow component during rowing.
Int. J. Sports Med. 2008, 29, 823–832. [CrossRef] [PubMed]

40. Koga, S.; Rossiter, H.B.; Heinonen, I.; Musch, T.I.; Poole, D.C. Dynamic heterogeneity of exercising muscle blood flow and O2
utilization. Med. Sci. Sport Exerc. 2014, 46, 860–876. [CrossRef] [PubMed]

41. Barstow, T.J.; Jones, A.M.; Nguyen, P.H.; Casaburi, R. Influence of muscle fiber type and pedal frequency on oxygen uptake
kinetics in heavy exercise. J. Appl. Phys. 1996, 81, 1642–1650. [CrossRef]

42. Jones, A.M.; Wilkerson, D.P.; Vanhatalo, A.; Burnley, M. Influence of pacing strategy on O2 uptake and exercise tolerance. Scan. J.
Med. Sci. Sports 2008, 18, 615–626. [CrossRef]

43. Vanhatalo, A.; Poole, D.C.; DiMenna, F.J.; Bailey, S.J.; Jones, A.M. Muscle fiber recruitment and the slow component of O2 uptake:
Constant work rate vs. all-out sprint exercise. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R700–R707. [CrossRef]

44. Reis, J.F.; Alves, F.B.; Bruno, P.M.; Vleck, V.; Millet, G.P. Oxygen uptake kinetics and middle distance swimming performance. J.
Sci. Med. Sport 2012, 15, 58–63. [CrossRef] [PubMed]

45. Carter, H.; Jones, A.M.; Barstow, T.J.; Burnley, M.; Williams, C.A.; Doust, J.H. Oxygen uptake kinetics in treadmill running and
cycle ergometry: A comparison. J. Appl. Phys. 2000, 89, 899–907. [CrossRef] [PubMed]

http://doi.org/10.1042/bst0300237
http://www.ncbi.nlm.nih.gov/pubmed/12023858
http://doi.org/10.1080/17461390701456148
http://doi.org/10.1249/mss.0b013e31803350c7
http://doi.org/10.1152/japplphysiol.00810.2009
http://doi.org/10.1113/jphysiol.2005.083840
http://doi.org/10.14814/phy2.12432
http://doi.org/10.1123/ijspp.4.4.524
http://www.ncbi.nlm.nih.gov/pubmed/20029103
http://doi.org/10.1164/rccm.166.4.518
http://www.ncbi.nlm.nih.gov/pubmed/12186831
http://doi.org/10.1519/JSC.0000000000000618
http://doi.org/10.1111/j.1600-0838.2009.00892.x
http://www.ncbi.nlm.nih.gov/pubmed/19422647
http://doi.org/10.1249/01.MSS.0000145440.55346.28
http://doi.org/10.1055/s-1999-9464
http://doi.org/10.1016/j.resp.2004.12.012
http://doi.org/10.1113/EP085014
http://www.ncbi.nlm.nih.gov/pubmed/25865136
http://doi.org/10.1152/japplphysiol.00023.2004
http://www.ncbi.nlm.nih.gov/pubmed/15831804
http://doi.org/10.1152/japplphysiol.00077.2010
http://doi.org/10.1249/MSS.0b013e31818cb278
http://www.ncbi.nlm.nih.gov/pubmed/19092709
http://doi.org/10.1136/bjsports-2013-092523
http://doi.org/10.1136/bjsm.2003.004721
http://doi.org/10.1055/s-2008-1038411
http://www.ncbi.nlm.nih.gov/pubmed/18401803
http://doi.org/10.1249/MSS.0000000000000178
http://www.ncbi.nlm.nih.gov/pubmed/24091989
http://doi.org/10.1152/jappl.1996.81.4.1642
http://doi.org/10.1111/j.1600-0838.2007.00725.x
http://doi.org/10.1152/ajpregu.00761.2010
http://doi.org/10.1016/j.jsams.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21802360
http://doi.org/10.1152/jappl.2000.89.3.899
http://www.ncbi.nlm.nih.gov/pubmed/10956332


Sports 2021, 9, 42 11 of 11

46. Barstow, T.J.; Jones, A.M.; Nguyen, P.H.; Casaburi, R. Influence of muscle fibre type and fitness on the oxygen uptake/power
output slope during incremental exercise in humans. Exp. Physiol. 2000, 85, 109–116. [CrossRef] [PubMed]

47. Pringle, J.S.; Doust, J.H.; Carter, H.; Tolfrey, K.; Campbell, I.T.; Jones, A.M. Oxygen uptake kinetics during moderate, heavy and
severe intensity “submaximal” exercise in humans: The influence of muscle fibre type and capillarisation. Eur. J. Sport Sci. 2003,
89, 289–300. [CrossRef]

48. Legrand, R.; Prieur, F.; Marles, A.; Nourry, C.; Lazzari, S.; Blondel, N.; Mucci, P. Respiratory muscle oxygenation kinetics:
Relationships with breathing pattern during exercise. Int. J. Sports Med. 2007, 28, 91–99. [CrossRef]

49. Perrey, S.; Ferrari, M. Muscle Oximetry in Sports Science: A Systematic Review. Sports Med. 2018, 48, 597–616. [CrossRef]
50. Kowalchuk, J.M.; Rossiter, H.B.; Ward, S.A.; Whipp, B.J. The effect of resistive breathing on leg muscle oxygenation using

near-infrared spectroscopy during exercise in men. Exp. Physiol. 2002, 87, 601–611. [CrossRef]
51. de Bisschop, C.; Beloka, S.; Groepenhoff, H.; van der Plas, M.N.; Overbeek, M.J.; Naeije, R.; Guenard, H. Is there competition for

oxygen availability between respiratory and limb muscles? Respir. Physiol. Neurobiol. 2014, 196, 8–16. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1469-445X.2000.01942.x
http://www.ncbi.nlm.nih.gov/pubmed/10662900
http://doi.org/10.1007/s00421-003-0799-1
http://doi.org/10.1055/s-2006-924056
http://doi.org/10.1007/s40279-017-0820-1
http://doi.org/10.1113/eph8702456
http://doi.org/10.1016/j.resp.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24582718

	Introduction 
	Materials and Methods 
	Subjects and Study Design 
	Maximal Inspiratory Pressure 
	Incremental Exercise Testing 
	Submaximal Intensity Rowing Test at 90% PVO2max Intensity 
	Warm-Up Protocols 
	Modeling of VO2 Kinetics 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

