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Purpose: Research dealing with ischemic preconditioning (IPC) has primarily focused
on variables associated to endurance performance with little research about the acute
responses of IPC on repeated multidirectional running sprint performance. Here we
aimed to investigate the effects of IPC of the arms and the legs on repeated running
sprint performance with changes-of-direction (COD) movements.

Methods: Thirteen moderately-to-well-trained team-sport athletes (7 males; 6 females;
age: 24 + 2 years, size: 175 + 8cm, body mass: 67.9 + 8.1 kg) performed 16 x 30m
all-out sprints (15s rest) with multidirectional COD movements on a Speedoourt© with
IPC (3 x 5min) of the legs (IPCjeg; 240 mm Hg) or of the arms (remote IPC: IPCremote;
180-190 mm Hg) 45 min before the sprints and a control trial (CON; 20 mm Hg).

Results: The mean (+=SD) time for the 16 x 30 m multidirectional COD sprints was similar
between IPCieg (Mean t: 16.0 + 1.8's), IPCremote (16.2 & 1.7's), and CON (16.0 £ 1.6s;
p = 0.50). No statistical differences in oxygen uptake (mean difference: 0%), heart rate
(1.1%) nor muscle oxygen saturation of the vastus lateralis (4.7%) and biceps brachii
(7.8%) between the three conditions were evident (all p > 0.05).

Conclusions: IPC (3 x 5min) of the legs (220 mm Hg) or arms (180-190 mm Hg; remote
IPC) applied 45 min before 16 x 30 m repeated multidirectional running sprint exercise
does not improve sprint performance, oxygen uptake, heart rate nor muscle oxygen
saturation of the vastus lateralis muscle when compared to a control trial.

Keywords: agility, change of direction, muscle oxygen saturation, near-infrared spectroscopy, team sport

INTRODUCTION

Repeated intervals of complete muscle blood flow restriction (2-4 intervals, duration 3-5min)
inducing ischemia, also known as ischemic preconditioning (IPC), has received clinical and
practical interests, e.g., to protect the myocardium against a subsequent ischemic incident (Murry
et al., 1986). After IPC application to the canine limbs the infarct area decreased by ~75% (Murry
et al., 1986) with yet unclear mechanisms connected to phosphocreatine kinase induced cardio-
protection in patients (Nouraei et al., 2016) and up-regulation of myocardial protein kinase C
(Weinbrenner et al., 2002), circulation nitrites (Singh and Chopra, 2004) as well as calcitonin gene-
related peptide in rats (Wolfrum et al., 2005). Later, the positive impact of IPC of the limbs was
confirmed for internal organs and also for skeletal muscle (Gurke et al., 1996).
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Latest exercise-related IPC research has primarily focused
on variables associated to endurance performance. Acute
improvements in peak oxygen uptake (+3%) (de Groot et al,
2010), power output at peak oxygen uptake (+4%) (Crisafulli
et al,, 2011), running time trial performance (+2.5%) (Bailey
et al., 2012), 1,000-m rowing performance (40.4%) (Kjeld et al.,
2014), and time to task failure (+11.2%) (Barbosa et al., 2015)
with IPC compared to a non-IPC trials have been documented. In
this context a recent meta-analysis (Salvador et al., 2015) revealed
that three intervals of 5-min IPC (220-250 mm Hg) performed
40-50 min before an exercise task are most promising to induce
the aforementioned acute ergogenic responses of IPC vs. non-
IPC trial. Earlier onset of exercise after IPC (<40-50 min) might
results in decreased performance (Salvador et al., 2015) due to
acute metabolic alterations induced by IPC such as decreased
phosphocreatine levels, ATP and total adenosine nucleotides
content as wells as higher blood carbon dioxide (CO;) levels
immediately after IPC (Pang et al., 1995).

Interestingly, when IPC is applied to the limbs not involved
in the subsequent exercise task (so-called “remote IPC”)
the exercising muscles benefit from IPC due to systemic
responses (Kjeld et al., 2014; Barbosa et al., 2015) related to
circulating endogenous opioid peptides (Swyers et al, 2014)
and endogenous substances activating ATP-sensitive potassium
channels (Loukogeorgakis et al., 2007) without detrimental
muscle metabolic alterations.

Recent studies have documented ergogenic effects of IPC in
connection with repeated-sprint cycling (Patterson et al., 2015),
land-based sprinting in team-sport athletes (Gibson et al., 2013),
swimming (Jean-St-Michel et al., 2011), ergometer rowing (Kjeld
et al., 2014), and handgrip exercise (Barbosa et al., 2015). The
main ergogenic mechanisms have been attributed to enhanced
phosphocreatine (PCr) resynthesis after ischemia (Lukes et al.,
2005; Andreas et al., 2011), adenosine mediated vasodilation with
accompanied enhanced oxygen (O,) delivery and ATP sparing
(Liu et al., 1991; Jennings et al., 2001).

Relatively little research has focused on the acute responses
of IPC on repeated high-intensity intermittent exercise
performance with at this point of time inconclusive results.
Recently, IPC of the legs (4 x 5min IPC 45 min before sprint
cycling) improved peak and mean power output significantly
during the early stages (sprints 1, 2, 3) of repeated-sprint
cycling (12 x 65, 5min recovery) and could therefore reflect a
promising IPC protocol for disciplines to improve (repeated)
sprint performance (Patterson et al., 2015). In contrast, IPC of
the legs (3 x 5 min IPC immediately before sprint cycling) before
5 x 6 s maximal cycle sprint efforts (with 24 s recovery) revealed
no performance benefit when compared to a non-IPC control
trial (Gibson et al., 2015). Even though the influence of IPC
on repeated high-intensity intermittent exercise performance
is inconclusive, team sports may benefit from IPC since (i)
repeated high-intensity intermittent exercise is an important
independent variable for team sports (Taylor et al., 2016) and (ii)
involves aerobic components as well as a rapid ATP production
via phosphocreatine resynthesis (Bishop et al., 2011). In addition,
most high intensity exercise in team sports involve change-of-
direction (COD) movements increasing the neuro-muscular

demand even further (Bloomfield et al., 2007). Since IPC of the
legs and arms has shown to improve intermittent high-intensity
cycling performance and associated physiological variables [e.g.,
peak oxygen uptake (de Groot et al, 2010), oxygen uptake
kinetics (Paganelli et al., 1989), muscle oxygenation (Saito et al,,
2004)], the question remains whether IPC of the legs or arms
could be a simple, socially acceptable and inexpensive ergogenic
strategy to enhance multi directional repeated high-intensity
intermittent running.

Therefore, the aim of the present investigation was to test
the hypothesis that IPC of the legs or arms could improve
the repeated high-intensity intermittent exercise involving
COD movements in moderately-to-well-trained team-sport
athletes.

MATERIALS AND METHODS

Participants

Thirteen — moderately-to-well-trained  team-sport  athletes
(football, basketball, handball; 7 males; 6 females; age: 24 +
2 years, size: 175 + 8cm, body mass: 67.9 £ 8.1kg) with
experience in team sports gave their written informed consent
to participate in this study, which was approved by the ethics
review board of the Institute of Sport Science of the University of
Wiirzburg in accordance with the 1964 Helsinki declaration and
its later amendments. Prior to testing, the participants were fully
familiarized with the laboratory exercise procedures. On the test
days, all were asked to report to the laboratory well-hydrated,
having consumed a light meal at least 2 h earlier, and not having
performed any strenuous exercise during at least 24 h before the
tests.

Procedures
All participants reported to the laboratory four times. During
the initial visit, anthropometric data was obtained and the
participants were familiarized with the 16 x 30m (i.e, ~15s
effort duration) all-out multidirectional changed of direction
sprints followed by 15s recovery. The second, third and fourth
visit consisted of either ischemic preconditioning of the legs
(IPCjeg), of the arms (remote IPC: IPCremote) Or a control
trial (CON) performed 45min before the multidirectional
repeated sprints. IPCpeg, IPCremote; CON were performed in a
counterbalanced order, with 5-7 days in-between to eliminate
any possible carryover effects between the trials (Loukogeorgakis
et al., 2005). All testing sessions took place at the same time
of the day between 10:00 a.m. and 2:00 p.m. For all testing the
participants wore the same shoes and clothes. They were asked
to consume a cereal bar (55 g energy bar, PowerBar), water and a
banana.

Noteworthy, we did not further assess the phase of the
menstrual cycle of the females, therefore we cannot judge the
potential of menstrual cycle as a confounding factor.

Measures

Ischemic Preconditioning Protocol

The IPC protocol was performed in a supine position using
bilateral occlusion of the legs (IPCleg) or arms (IPCremote)s
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respectively (de Groot et al., 2010; Bailey et al, 2012). An
automatic occluding cuff (14.5-cm width; Moor Instruments,
Devon, UK) was positioned proximally around the upper thighs
or arms and inflated for 5min to 240 mm Hg during IPC,
and 5min to 180-190 mm Hg during IPCremote followed by
5min of reperfusion (Marocolo et al., 2016). This procedure
was repeated three times as recommended elsewhere (Salvador
et al, 2015). CON was identical to IPCy.; except that the cuffs
were inflated to 20 mm Hg as performed elsewhere (Patterson
etal,, 2015). The warm-up for the sprints started 40 min after the
removal of the cuffs as IPC has been shown to improve exercise
performance 40-50 min after termination of IPC (Salvador et al.,
2015).

Sprint Protocol

Forty minutes after the IPC protocol the participants warmed-
up for 5min at a self-selected moderate exercise intensity
(corresponding to 13 “somewhat hard” on Borgs 6-20 scale;
Borg, 1970) involving multidirectional COD movements on the
Speedcourt (Globalspeed GmbH, Hemsbach, Germany) which
is a platform with the dimensions of 5 x 5m and 12 contact
plates integrated in a symmetric order. The specifications of the
Speedcourt and its re-test reliability of the multidirectional and
repeated sprints have been described in detail previously (Duking
et al, 2016). Technical error of measurements of repeated-
multidirectional sprint times on the Speedcourt was determined
with an ICC of >0.79 and CV of <5%. After the warm-up
procedure, the participants performed the 16 x 30 m repeated
sprints with multidirectional COD movements.

During each multidirectional sprint sequence the players had
to touch 16 contact plates with their foot as quickly as possible.
The length of the running paths was 30 m which corresponded
to ~15s of multidirectional sprinting. On a visual countdown
(displayed by the flat screen of the Speedcourt), the players had to
sprint to the first contact plate and after foot touch-down the next
contact plate was visualized to the athlete. After IPCjeg, IPCremote:
and CON 16 consecutive sprint intervals at a work-to-rest ratio
of ~1:1 (~15:15s) were performed.

The running paths of the repeated sprints for each 1st, 2nd,
3rd, and 4th of the 16 sprints were pre-defined. This sequence
of these four intervals was repeated four times to analyze the
performance for the beginning (Sprint 1-4), early midsection
(Sprint 5-8), late midsection (Sprint 9-12), and end (Sprint 13-
16) of the protocol. The exact same protocol was applied for
all three conditions, the [PCieg, IPCremotes and CON. However,
the running paths were unknown to the participants and none
of the participants reported to have realized that the paths were
repeated throughout the repeated sprints.

Cardiorespiratory Measures

Oxygen uptake and heart rate (H7 heart rate belt, Polar Electro
Oy, Kempele, Finland) were monitored continuously throughout
the multidirectional repeated sprints with an open circuit breath-
by-breath analyzer (Cortex, MetaMax 3B, Leipzig, Germany).
The gas analyzer was calibrated prior to each test using a
two-point calibration procedure encompassing the range of
the anticipated fractional concentration of oxygen and carbon

dioxide (room air containing 20.9% O, and 0% CO; as well as
a gas mixture consisting of 15.8% O, and 5% CO; in N; Praxair,
Diisseldorf, Germany). The volume sensor was calibrated using a
precision 3-L syringe (Cortex, Leipzig, Germany). The sampling
line was replaced after two tests. The percentage errors and
percentage technical error of measurements of oxygen uptake in
repeated measures with Metamax 3B was determined to be <2%
(MacFarlane and Wong, 2012).

Near-Infrared Spectroscopy

During the IPC as well as all multidirectional repeated sprints, the
oxygenation of the m. vastus lateralis and of the lateral portion of
the m. biceps brachii was measured by near-infrared spectroscopy
with a sampling frequency of 1 Hz (NIRS; Moxy Monitor, Fortiori
Design LLC, Spicer, MN, USA). Alterations of oxygenated and
deoxygenated hemoglobin allow the calculation of the percentage
of hemoglobin containing Oy (SmO,). Assuming that the
light passing into micro-vessels which is >1mm is completely
absorbed, the major part of the reflected light originates from
capillaries reflecting the relative supply and uptake of Oy by
the muscle (McCully and Hamaoka, 2000; FortioriDesign LLC,
2015). The lowest single value (with 1 Hz sampling) of the SmO;
of every sprint for the m. vastus lateralis and the m. biceps
brachii was applied for statistical analysis. For the data of the
IPC protocol the mean SmO; of the 3 x 5min IPC maneuver
and recovery periods were used for statistical analysis. Previously,
the Moxy showed strong correlations between SmO, values
during two repeated cycling exercise protocols, conducted 1 week
apart (Crum et al, 2017). Furthermore, our own preliminary
data derived from repeated multidirectional sprint tests showed
a TEM of minimum (de-oxygenation) and maximum (re-
oxygenation) SmO; to be 1.8 and 2.3%, respectively.

Statistical Analysis

Calculations by conventional procedures provided the mean
values and standard deviations (SD) for all sets of data. Testing
revealed that all of the data were normally distributed without
any further transformation necessary. Analyses of variance
(ANOVA) were performed to seek for differences in the
parameters under the three different interventions (main effects
of trial and sprint block). In the case of global significance Tukey
post-hoc analysis identified differences between the time-points.
An alpha of p < 0.05 was considered to be significant and all
analyses were carried out with the Statistical software package
for Windows® (version 7.1, StatSoft Inc., Tulsa, OK, USA). The
effect size Cohen’s d (defined as the difference between the means
divided by the standard deviation; Cohen, 1988) was calculated
and the thresholds for small, moderate, and large effects defined
a priori as 0.20, 0.50, and 0.80, respectively (Cohen, 1988).

The smallest worthwhile effect was the smallest Cohen change
in the mean: 0.2 times the between-subject SD for the mean
time of the 16 x 30 m multidirectional sprints of all participants
(Batterham and Hopkins, 2006). Chances of benefit or harm
were assessed qualitatively as follows: <1% almost certainly none,
1-5% very unlikely, 5-25% unlikely, 25-75% possibly, 75-95%
likely, 95-99% very likely, >99% almost certainly (Hopkins,
2002).
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RESULTS

The mean time for the 16 x 30m multidirectional sprints
on the Speedcourt was similar between IPCleg, IPCremote, and
CON (160 £+ 1.8, 162 £ 1.7, 16.0 = 1.6s, p = 0.50,
respectively). Furthermore, there was no difference between the
three conditions when comparing the beginning, midsections
and end of the 16 x 30 m protocol (all p > 0.98; Table 1). The
fatigue index was not different between the groups and all time
points (p > 0.77). The mean sprint time did not differ between
time points nor between IPCleg, IPCremote; and placebo (p > 0.50;
Table 2).

Al cardio-respiratory ~ data  during the repeated
multidirectional sprints are shown in Table 1. No differences
were evident between the three conditions for oxygen uptake
(p = 0.99), respiratory exchange ratio (p = 0.92), ventilation
(p = 0.99), and heart rate (p = 0.86) in total or for any of the
beginning, early and late midsections, and end of the 16 x 30 m
protocol (all p > 0.80).

The mean oxygenation during IPC, reperfusion, and exercise
are shown in Table3. During IPC the SmO, declined
significantly in the restricted limbs (p < 0.001) and during the

TABLE 1 | Mean (£SD) sprint time, sprint times for the four segments, and
cardio-respiratory parameters during the 16 x 30 m multidirectional sprints of the
thirteen participants.

IPCleg IPCremote CON
Mean 16 x 30m 160+ 1.8 162+17 160+ 1.6
ime () gprint 1-4 158+18 160+18 160+17
Sprint 5-8 160+£1.9 162+14 159415
Sprint 9-12 163+£1.9 165+19 162+16
Sprint 13-16 161+£17 162+15 161+15
Oxygen 16 x 30m incl. recovery 2.9 £ 0.7 29+ 06 29+0.7
;‘5:::? Sprint 1-4 28+£07 28+07 29+07
Sprint 5-8 31+06 82+07 32+07
Sprint 9-12 32+07 32+07 33407
Sprint 13-16 32+07 32407 33407
Respiratory 16 x 30m incl. recovery 1.05 £ 0.06 1.06 £ 0.04 1.05 £ 0.07
S;?:?:ie) Sprint 1-4 1024011 1.02+010 1.01 +0.11
Sprint 5-8 111 4£011 1.11+£006 1.11 +0.11
Sprint 9-12 1.06 + 0.07 1.07 £0.05 1.08+ 0.08
Sprint 13-16 1.04 + 0.06 1.04 £ 0.04 1.04 + 0.06
Ventilation 16 x 30m incl. recovery 104 + 27 105 + 27 104 £ 29
L/min) - gprint 1-4 93 + 24 92 + 24 94 + 26
Sprint 5-8 114 +£26  112+£25 117 + 31
Sprint 9-12 117 £27 117 +28  122+34
Sprint 13-16 118 4£28  120+£29 124 + 34
Heart rate 16 x 30m incl. recovery 176 +£ 9 178 £ 10 178 £ 10
(bpm) Sprint 1-4 167 £15  169+13 168 + 15
Sprint 5-8 178 £ 9 180 + 9 179 + 10
Sprint 9-12 181+ 9 183+ 9 183 + 10
Sprint 13-16 184 +£10 186+ 10 185+ 10

5 min of reperfusion the SmO, increased back to normal levels (p
= 0.92). During the sprints, no differences in the mean SmO, of
the m. vastus lateralis or m. biceps brachii between the conditions
were evident (all p > 0.75). The lowest mean SmO, as well as the
re-oxygenation during the sprints did not differ between IPCi¢g,
IPCremote> and placebo at any time point (all p > 0.64) (Table 4).

DISCUSSION

The present study was designed to test the hypothesis that
repeated multidirectional sprint performance can be enhanced
or not by IPCjeg 01 IPCremote in moderately-to-well-trained team
sport athletes. The major findings were that neither IPCyg nor
IPCremote applied 45-min before the repeated multidirectional
sprints improve performance or any selected physiological
parameter when compared to placebo trial.

Multidirectional repeated sprint performance is an important
prerequisite for success in most team-sport events (Bloomfield
et al., 2007). Since IPC before repeated-sprint cycling improved
performance when compared to non-IPC repeated-sprint cycling
(Patterson et al., 2015), we were curious if the ergogenic IPC
response in repeated-sprint cycling could be transferred to
multidirectional repeated sprinting as performed in most team
sports. Based on our results IPC does not alter performance or
any selected physiological parameter.

TABLE 2 | Effects of IPCleg and IPCremote Class on 16 x 30 m multidirectional
sprint performance.

Comparison 16 x 30 m sprint

Mean effect? + 90% CIP Qualitative inference

IPC|eg vs. IPCremote 0.1+0.5 Unclear
IPCeg vs. CON 00+04 Unclear
IPCremote VS. CON 01+04 Unclear

Qualitative inference represents the likelihood that the true value will have the observed
maghnitude.

aMean effect refers to the first group minus the second group.

b4+90% Cl, add and subtract this number to the mean effect to obtain the 90% confidence
intervals for the true difference.

TABLE 3 | SmO, of the m. vastus lateralis and m. biceps brachii in % during IPC,
reperfusion.

Condition Muscle Time point
Baseline IPC Reperfusion
IPCieg (%) Vastus lateralis 715+74 3824105 757 +£592
Biceps brachii (no IPC) 60.8 + 7.7 629+ 7.5
IPCremote (%) Vastus lateralis (no IPC) 70.6 + 8.0 753+ 8.9
Biceps brachii 66.3 +6.7 259+54 6554667
CON (%) Vastus lateralis (no IPC) 69.4 + 10.6 74.6 +£9.9
Biceps brachii (no IPC) 54.3 + 5.0 59.9+, 7.5

aSignificant difference to IPC.
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TABLE 4 | Mean (£SD) SmO» for the four segments during the 16 x 30 m multidirectional sprints of the thirteen participants for the m. vastus lateralis and the m. biceps

brachii.

IPCieg IPCremote

CON CON

IPCieg IPCremote

Maximum re-oxygenation of SmO, during recovery

Maximum de-oxygenation of SmO, during sprints

m. vastus lateralis (%) Sprint 1-4 73.9 + 18.8 73.6 + 18.8 70.5 £ 221 39.6 + 12.2 35.2 +156.7 48.8 + 23.5
Sprint 5-8 73.2+11.0 73.0 £ 12.0 68.9 + 13.8 459 +12.8 41.0+12.2 52.9 + 234
Sprint 9-12 70.2 £10.5 70.2 £ 14.7 71.4 +£12.4 47.1 £ 13.1 41.5 £ 13.1 58.7 £ 22.4
Sprint 13-16 69.1 £ 14.3 69.5 + 14.0 725 +£10.7 47.9 +14.3 46.0 £ 12.5 56.7 + 22.1
m. biceps brachii (%) Sprint 1-4 65.9 +£ 27.9 67.3 £ 26.7 59.6 + 28.5 45.3 £ 22.3 50.6 + 18.8 50.3 £ 17.8
Sprint 5-8 49.3 £ 22.2 50.8 £ 21.7 43.9 £ 19.6 40.1 £ 28.2 50.0 £ 19.2 43.7 &£ 20.0
Sprint 9-12 52.7 £ 16.7 58.8 &+ 20.2 50.3 + 16.3 45.6 +23.2 56.3 + 19.5 45.1 £ 18.3
Sprint 13-16 60.8 + 15.6 62.8 + 20.1 51.2+ 145 53.0 +24.4 60.6 + 21.9 49.0+17.4

Data is presented as % of the baseline value.

As pointed out earlier (Patterson et al.,, 2015), the increase
in sprint performance after IPC may be a result of altered
energy contribution including phosphocreatine re-synthesis after
ischemia (Lukes et al., 2005; Andreas et al., 2011), adenosine
mediated vasodilation with accompanied enhanced oxygen
delivery and ATP sparing (Liu et al., 1991; Jennings et al., 2001).
NIRS-based data has been utilized to investigate the level of
oxygenation in human skeletal muscle which reflects the balance
between oxygen supply and utilization (Hamaoka et al., 1996).
In the present study, the SmO; of the vastus lateralis and biceps
brachii muscle was unaltered between [PCieg, IPCremote, and
CON. At this point, we cannot judge whether oxygen supply
and/or elevated oxygen utilization changed, but since the NIRS-
based SmO,, systemic oxygen uptake as well as heart rate were
unaltered, we may assume that neither oxygen supply nor oxygen
utilization was different between IPCpeg, IPCremote, and CON.
In this context some studies reported a reduced IPC lactate
accumulation after exercise. This might be due to enhanced
mitochondrial function after IPC (Andreas et al., 2011).

In a recent study involving 12 x 6s repeated-sprint cycling
with 30s of passive recovery 30min after IPC, the peak
power output during the first few sprints was significantly
increased (Patterson et al., 2015) compared to the repeated-
sprint cycling without IPC, potentially due to the aforementioned
metabolic IPC-induced alterations. However, it is noteworthy
that although the IPC protocol before repeated sprint cycling
induced significant improvements in peak power output (+2-
3%) compared to a repeated sprinting without IPC (Patterson
et al,, 2015), the difference was ~36 W which is within the
technical error range for this type of ergometer (5% for power
>1,500 W according to the manufacturer). The improved power
output of +2-3% in sprint cycling (Patterson et al., 2015) after
IPC may therefore be of minor practical relevance.

Since (i) other (Gibson et al., 2015) and our results showed
no difference in repeated-sprint performance between IPCjg,
IPCremote> and CON and (ii) the effect of IPC before repeated-
sprint cycling was small (and potentially practically irrelevant;
Patterson et al., 2015) we may conclude that neither IPCjeg nor
IPCremote before repeated sprints may improve multidirectional
repeated sprint performance with a worthwhile effect.

It has been suggested that the efficacy of IPC might be
determined by the volume of tissue exposed to the stimulus
(Loukogeorgakis et al., 2005) and that there is a threshold for
the amount of ischemic stimuli needed to elicit enhancement
of performance (Kraus et al., 2015). This is supported by recent
IPC related research. Remote IPC means that the physiological
effects of IPC do not directly affect the same part of system of the
body where it is applied. It is suggested that the ischemic event,
induced by remote IPC, potentially leads to the production of
substances that reach other tissues in the body where protective
effects are induced (Przyklenk et al., 1993).

In the present study neither IPCremote OF IPCye; improve
performance when compared to CON indicating (at least in our
study when involving leg exercise) that the increase of volume of
tissue exposed to the IPC stimulus did not show any “threshold
effect.” The present results have also been confirmed earlier
(Salvador et al., 2015). Potentially the simultaneous combination
of IPC of the arms and legs could favor improved repeated-sprint
performance which is subject for future investigation.

With regards to team sports, the practicability of IPC can
be questioned. Applying IPC 40-50 min before the beginning
of a match might be possible, even though we did not find
any mean effects some athletes might use this procedure, but
would dramatically alter the pre-match warm-up routines. So
far, no study has investigated the sustainability of the potential
ergogenic effects (Patterson et al., 2015) of IPC which might be
to transient to last for a half-time of 45min in soccer match
play. Finally, the painful procedure of IPC might further question
the acceptability by the athletes to apply this method during
their pre-match warm-up routines despite the potential effects on
multi-directional sprint performance.

CONCLUSION

The present study aimed to test the hypothesis that repeated
multidirectional sprint performance can be enhanced by IPCje,
or IPCremote in moderately-to-well-trained team-sport athletes.
We conclude that ischemic precondition (3 X 5min) of
the legs (240mm Hg) or arms (180-190mm Hg) 45min
before 16 x 30m repeated multidirectional sprints does not
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improve sprint performance, oxygen uptake, heart rate nor
muscle oxygen saturation of the vastus lateralis and biceps
brachii muscle when compared to repeated sprinting without
IPC.

REFERENCES

Andreas, M., Schmid, A. I., Keilani, M., Doberer, D., Bartko, J., Crevenna,
R, et al. (2011). Effect of ischemic preconditioning in skeletal muscle
measured by functional magnetic resonance imaging and spectroscopy:
a randomized crossover trial. J. Cardiovasc. Magn. Reson. 13:32.
doi: 10.1186/1532-429X-13-32

Bailey, T. G., Jones, H. Gregson, W., Atkinson, G., Cable, N. T., and
Thijssen, D. H. (2012). Effect of ischemic preconditioning on lactate
accumulation and running performance. Med. Sci. Sports Exerc. 44, 2084-2089.
doi: 10.1249/MSS.0b013e318262cb17

Barbosa, T. C., Machado, A. C., Braz, I. D., Fernandes, I. A., Vianna, L. C,
Nobrega, A. C., et al. (2015). Remote ischemic preconditioning delays fatigue
development during handgrip exercise. Scand. J. Med. Sci. Sports 25, 356-364.
doi: 10.1111/sms.12229

Batterham, A. M. and Hopkins, W. G. (2006). Making meaningful
inferences about magnitudes. Int. J. Sports Physiol. Perform. 1, 50-57.
doi: 10.1123/ijspp.1.1.50

Bishop, D., Girard, O., and Mendez-Villanueva, A. (2011). Repeated-sprint
ability - part II: recommendations for training. Sports Med. 41, 741-756.
doi: 10.2165/11590560-000000000-00000

Bloomfield, J., Polman, R., and O’Donoghue, P. (2007). Physical demands of
different positions in FA premier league soccer. J. Sports Sci. Med. 6, 63-70.

Borg, G. (1970). Perceived exertion as an indicator of somatic stress. Scand. J.
Rehab. Med. 2, 92-98.

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Hillsdale,
NJ: Lawrence Erlbaum Associates.

Crisafulli, A., Tangianu, F., Tocco, F., Concu, A., Mameli, O., Mulliri, G., et al.
(2011). Ischemic preconditioning of the muscle improves maximal exercise
performance but not maximal oxygen uptake in humans. J. Appl. Physiol. 111,
530-536. doi: 10.1152/japplphysiol.00266.2011

Crum, E. M., O’Connor, W. J., Van Loo, L., Valckx, M., and Stannard, S. R. (2017).
Validity and reliability of the Moxy oxygen monitor during incremental cycling
exercise. Eur. J. Sport Sci. 17, 1037-1043. doi: 10.1080/17461391.2017.1330899

de Groot, P. C,, Thijssen, D. H., Sanchez, M., Ellenkamp, R., and Hopman, M. T.
(2010). Ischemic preconditioning improves maximal performance in humans.
Eur. J. Appl. Physiol. 108, 141-146. doi: 10.1007/s00421-009-1195-2

Duking, P., Born, D. P., and Sperlich, B. (2016). The Speedcourt: reliability,
usefulness, and validity of a new method to determine change-of-direction
speed. Int. J. Sports Physiol. Perform. 11, 130-134. doi: 10.1123/ijspp.2015-0174

FortioriDesign LLC (2015). Introduction to Muscle Oxygen Monitoring with Moxy.
Available online at: https://cdn2.hubspot.net/hub/188620/file-433442739-pdf/
docs/moxy-ebook- intro-to- muscle-oxygen.pdf

Gibson, N., Mahony, B., Tracey, C., Fawkner, S., and Murray, A. (2015). Effect
of ischemic preconditioning on repeated sprint ability in team sport athletes.
J. Sports Sci. 33,1182-1188. doi: 10.1080/02640414.2014.988741

Gibson, N., White, J., Neish, M., and Murray, A. (2013). Effect of ischemic
preconditioning on land-based sprinting in team-sport athletes. Int. J. Sports
Physiol. Perform. 8, 671-676. doi: 10.1123/ijspp.8.6.671

Gurke, L., Marx, A, Sutter, P. M., Frentzel, A., Salm, T., Harder, F., et al. (1996).
Ischemic preconditioning improves post-ischemic skeletal muscle function.
Am. Surg. 62, 391-394.

Hamaoka, T., Iwane, H., Shimomitsu, T., Katsumura, T., Murase, N., Nishio, S.,
etal. (1996). Noninvasive measures of oxidative metabolism on working human
muscles by near-infrared spectroscopy. J. Appl. Physiol. 81, 1410-1417.

Hopkins, W. G. (2002). Probabilitites of clinical or practical significance.
Sport Sci. 6. Available online at: http://sportsci.org/jour/0201/wghprob.htm

Jean-St-Michel, E., Manlhiot, C., Li, ], Tropak, M., Michelsen, M. M.,
Schmidt, M. R,, et al. (2011). Remote preconditioning improves maximal

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

performance in highly trained athletes. Med. Sci. Sports Exerc. 43, 1280-1286.
doi: 10.1249/MSS.0b013e318206845d

Jennings, R. B., Sebbag, L., Schwartz, L. M., Crago, M. S., and Reimer, K.
A. (2001). Metabolism of preconditioned myocardium: effect of loss and
reinstatement of cardioprotection. J. Mol. Cell Cardiol. 33, 1571-1588.
doi: 10.1006/jmcc.2001.1425

Kjeld, T., Rasmussen, M. R., Jattu, T., Nielsen, H. B., and Secher, N. H. (2014).
Ischemic preconditioning of one forearm enhances static and dynamic apnea.
Med. Sci. Sports Exerc. 46, 151-155. doi: 10.1249/MSS.0b013e3182a4090a

Kraus, A. S., Pasha, E. P, Machin, D. R, Alkatan, M., Kloner, R.
A.,, and Tanaka, H. (2015). Bilateral upper limb remote ischemic
preconditioning improves anaerobic power. Open Sports Med. ]. 9, 1-6.
doi: 10.2174/1874387001509010001

Liu, G. S, Thornton, J., Van Winkle, D. M., Stanley, A. W., Olsson, R.
A., and Downey, J. M. (1991). Protection against infarction afforded by
preconditioning is mediated by Al adenosine receptors in rabbit heart.
Circulation 84, 350-356. doi: 10.1161/01.CIR.84.1.350

Loukogeorgakis, S. P., Panagiotidou, A. T., Broadhead, M. W., Donald, A.,
Deanfield, J. E., and MacAllister, R. J. (2005). Remote ischemic preconditioning
provides early and late protection against endothelial ischemia-reperfusion
injury in humans: role of the autonomic nervous system. J. Am. Coll. Cardiol.
46, 450-456. doi: 10.1016/j.jacc.2005.04.044

Loukogeorgakis, S. P., Williams, R., Panagiotidou, A. T., Kolvekar, S. K,
Donald, A., Cole, T. J., et al. (2007). Transient limb ischemia induces
remote preconditioning and remote postconditioning in humans by
a K(ATP)-channel dependent mechanism. Circulation 116, 1386-1395.
doi: 10.1161/CIRCULATIONAHA.106.653782

Lukes, D. J., Lundgren, A., Skogsberg, U., Karlsson-Parra, A., Soussi, B., and
Olausson, M. (2005). Ischemic preconditioning can overcome the effect of
moderate to severe cold ischemia on concordant mouse xeno-heart transplants.
Transplant. Proc. 37, 3332-3334. doi: 10.1016/j.transproceed.2005.09.031

MacFarlane, D. J., and Wong, P. (2012). Validity, reliability and stability of the
portable cortex metamax 3B gas analysis system. Eur. J. Appl. Physiol. 112,
2539-2547. doi: 10.1007/s00421-011-2230-7

Marocolo, M., da Mota, G. R., Simim, M. A., and Appell Coriolano, H. J. (2016).
Myths and facts about the effects of ischemic preconditioning on performance.
Int. J. Sports Med. 37, 87-96. doi: 10.1055/s-0035-1564253

McCully, K. K., and Hamaoka, T. (2000). Near-infrared spectroscopy: what can
it tell us about oxygen saturation in skeletal muscle? Exerc. Sport Sci. Rev. 28,
123-127.

Murry, C. E,, Jennings, R. B., and Reimer, K. A. (1986). Preconditioning with
ischemia: a delay of lethal cell injury in ischemic myocardium. Circulation 74,
1124-1136. doi: 10.1161/01.CIR.74.5.1124

Nouraei, S. M., Baradari, A. G., and Jazayeri, A. (2016). Does remote
ischaemic preconditioning protect kidney and cardiomyocytes after coronary
revascularization? a double blind controlled clinical trial. Med. Arch. 70,
373-378. doi: 10.5455/medarh.2016.70.373-378

Paganelli, W., Pendergast, D. R., Koness, J., and Cerretelli, P. (1989). The effect of
decreased muscle energy stores on the VO2 kinetics at the onset of exercise.
Eur. J. Appl. Physiol. Occup. Physiol. 59, 321-326. doi: 10.1007/BF02389805

Pang, C. Y., Yang, R. Z,, Zhong, A., Xu, N,, Boyd, B., and Forrest, C. R.
(1995). Acute ischaemic preconditioning protects against skeletal muscle
infarction in the pig. Cardiovasc. Res. 29, 782-788. doi: 10.1016/S0008-6363(96)
88613-5

Patterson, S. D., Bezodis, N. E., Glaister, M., and Pattison, J. R. (2015). The effect
of ischemic preconditioning on repeated sprint cycling performance. Med. Sci.
Sports Exerc. 47, 1652-1658. doi: 10.1249/MSS.0000000000000576

Przyklenk, K., Bauer, B., Ovize, M., Kloner, R. A., and Whittaker, P. (1993).
Regional ischemic ‘preconditioning’ protects remote virgin myocardium

Frontiers in Physiology | www.frontiersin.org

December 2017 | Volume 8 | Article 1029


https://doi.org/10.1186/1532-429X-13-32
https://doi.org/10.1249/MSS.0b013e318262cb17
https://doi.org/10.1111/sms.12229
https://doi.org/10.1123/ijspp.1.1.50
https://doi.org/10.2165/11590560-000000000-00000
https://doi.org/10.1152/japplphysiol.00266.2011
https://doi.org/10.1080/17461391.2017.1330899
https://doi.org/10.1007/s00421-009-1195-2
https://doi.org/10.1123/ijspp.2015-0174
https://cdn2.hubspot.net/hub/188620/file-433442739-pdf/docs/moxy-ebook-intro-to-muscle-oxygen.pdf
https://cdn2.hubspot.net/hub/188620/file-433442739-pdf/docs/moxy-ebook-intro-to-muscle-oxygen.pdf
https://doi.org/10.1080/02640414.2014.988741
https://doi.org/10.1123/ijspp.8.6.671
http://sportsci.org/jour/0201/wghprob.htm
https://doi.org/10.1249/MSS.0b013e318206845d
https://doi.org/10.1006/jmcc.2001.1425
https://doi.org/10.1249/MSS.0b013e3182a4090a
https://doi.org/10.2174/1874387001509010001
https://doi.org/10.1161/01.CIR.84.1.350
https://doi.org/10.1016/j.jacc.2005.04.044
https://doi.org/10.1161/CIRCULATIONAHA.106.653782
https://doi.org/10.1016/j.transproceed.2005.09.031
https://doi.org/10.1007/s00421-011-2230-7
https://doi.org/10.1055/s-0035-1564253
https://doi.org/10.1161/01.CIR.74.5.1124
https://doi.org/10.5455/medarh.2016.70.373-378
https://doi.org/10.1007/BF02389805
https://doi.org/10.1016/S0008-6363(96)88613-5
https://doi.org/10.1249/MSS.0000000000000576
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Zinner et al.

IPC and Repeated Multidirectional Sprints

from subsequent sustained coronary occlusion. Circulation 87, 893-899.
doi: 10.1161/01.CIR.87.3.893

Saito, T., Komiyama, T., Aramoto, H., Miyata, T., and Shigematsu, H. (2004).
Ischemic preconditioning improves oxygenation of exercising muscle in vivo.
J. Surg. Res. 120, 111-118. doi: 10.1016/j.js5.2003.12.021

Salvador, A. F., De Aguiar, R. A,, Lisboa, F. D., Pereira, K. L., Cruz, R. S,
and Caputo, F. (2015). Ischemic preconditioning and exercise performance: a
systematic review and meta-analysis. Int. J. Sports Physiol. Perform. 1, 4-14.
doi: 10.1123/ijspp.2015-0204

Singh, D., and Chopra, K. (2004). Evidence of the role of angiotensin AT(1)
receptors in remote renal preconditioning of myocardium. Methods
Find Exp. Clin. Pharmacol. 26, 117-122. doi: 10.1358/mf.2004.26.2.
800064

Swyers, T., Redford, D., and Larson, D. F. (2014). Volatile anesthetic-
induced preconditioning. Perfusion 29, 10-15. doi: 10.1177/0267659113
503975

Taylor, J. M., Macpherson, T. W., Spears, I. R., and Weston, M. (2016). Repeated
sprints: an independent not dependent variable. Int. J. Sports Physiol. Perform.
11, 693-696. doi: 10.1123/ijspp.2016-0081

Weinbrenner, C., Nelles, M., Herzog, N., Sarvary, L., and Strasser, R. H. (2002).
Remote preconditioning by infrarenal occlusion of the aorta protects the heart
from infarction: a newly identified non-neuronal but PKC-dependent pathway.
Cardiovasc. Res. 55, 590-601. doi: 10.1016/S0008-6363(02)00446-7

Wolfrum, S., Nienstedt, J., Heidbreder, M., Schneider, K., Dominiak, P.,
and Dendorfer, A. (2005). Calcitonin gene related peptide mediates
cardioprotection by remote preconditioning. Regul. Pept. 127, 217-224.
doi: 10.1016/j.regpep.2004.12.008

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Zinner, Born and Sperlich. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

December 2017 | Volume 8 | Article 1029


https://doi.org/10.1161/01.CIR.87.3.893
https://doi.org/10.1016/j.jss.2003.12.021
https://doi.org/10.1123/ijspp.2015-0204
https://doi.org/10.1358/mf.2004.26.2.800064
https://doi.org/10.1177/0267659113503975
https://doi.org/10.1123/ijspp.2016-0081
https://doi.org/10.1016/S0008-6363(02)00446-7
https://doi.org/10.1016/j.regpep.2004.12.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Ischemic Preconditioning Does Not Alter Performance in Multidirectional High-Intensity Intermittent Exercise
	Introduction
	Materials and Methods
	Participants
	Procedures
	Measures
	Ischemic Preconditioning Protocol
	Sprint Protocol
	Cardiorespiratory Measures
	Near-Infrared Spectroscopy
	Statistical Analysis


	Results
	Discussion
	Conclusion
	Author Contributions
	References


