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Abstract

Purpose This study investigated the effect of ischemic preconditioning (IP) on metaboreflex activation following dynamic
leg extension exercise in a group of healthy participants.

Method Seventeen healthy participants were recruited. IP and SHAM treatments (3 X 5 min cuff occlusion at 220 mmHg
or 20 mmHg, respectively) were administered in a randomized order to the upper part of exercising leg’s thigh only. Muscle
pain intensity (MP) and pain pressure threshold (PPT) were monitored while administrating IP and SHAM treatments. After
3 min of leg extension exercise at 70% of the maximal workload, a post-exercise muscle ischemia (PEMI) was performed to
monitor the discharge group III/IV muscle afferents via metaboreflex activation. Hemodynamics were continuously recorded.
MP was monitored during exercise and PEMI.

Results IP significantly reduced mean arterial pressure compared to SHAM during metaboreflex activation (mean + SD,
109.52 +7.25 vs. 102.36 +7.89 mmHg) which was probably the consequence of a reduced end diastolic volume (mean+ SD,
113.09 +14.25 vs. 102.42 +9.38 ml). MP was significantly higher during the IP compared to SHAM treatment, while no
significant differences in PPT were found. MP did not change during exercise, but it was significantly lower during the PEMI
following IP (5.10+1.29 vs. 4.00 + 1.54).

Conclusion Our study demonstrated that IP reduces hemodynamic response during metaboreflex activation, while no effect
on MP and PPT were found. The reduction in hemodynamic response was likely the consequence of a blunted venous return.
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Introduction

Ischemic preconditioning (IP) is a non-invasive proce-
dure involving three to four bouts of non-lethal ischemia
commonly administered via 5 min cycles of circulatory
occlusion and reperfusion by inflating and gradually
deflating a blood pressure cuff placed around the limb. IP
has been shown to confer protection to myocardial tissue
and skeletal muscle to subsequent ischemic and reperfu-
sion injury (Tapuria et al. 2008). Experimental studies
described IP as a safe method to reduce infarct size and
cardiac dysfunction in patients with stable angina during
exercise (Kharbanda et al. 2002; Crisafulli et al. 2004b).
From a physiological perspective, IP stimuli result in com-
plex intracellular signals, many of which converge on the
mitochondria (Yellon and Downey 2003; Hausenloy and
Yellon 2008; Heusch et al. 2008), but the exact underlying
mechanisms are still unclear and are currently under inves-
tigation. Experimental studies reported beneficial effects
on cardiac and skeletal muscle following IP administra-
tion. Specifically, IP reduces cardiac tachyarrhythmias
(Oxman et al. 1997), myocardial infarct size (Kharbanda
et al. 2002) and ischemia-reperfusion injury in clinical
settings (Loukogeorgakis et al. 2005). Experimental stud-
ies investigating the effect of IP in the muscle reported an
increase in PCr production and higher oxygen consump-
tion (Andreas et al. 2011), reduced glycogen depletion
(Lintz et al. 2013), reduced lactate production (Addison
et al. 2003) and attenuated ischemia-induced mitochon-
drial dysfunction (Mansour et al. 2012).

A growing number of experimental studies demon-
strated a positive effect of IP on subsequent endurance per-
formance measured during various tasks such as cycling,
running, and swimming (Incognito et al. 2016; Caru et al.
2019). The mechanisms through which IP might induce an
ergogenic effect are still unclear and numerous hypotheses
are proposed to explain its positive effect on endurance
performance. Previous studies reported increased local
blood flow (Riksen et al. 2004), oxygen delivery (Saito
et al. 2004) and decreased lactate accumulation (Bailey
et al. 2012). Alternatively, other authors proposed that the
ergogenic effect of IP might rely on the desensitization/
defunctionalization of the metabo-nociceptive afferent
neurons commonly known as group III/IV muscle afferents
(Crisafulli et al. 2011b; Cruz et al. 2016).

Group III/IV muscle afferents are free nerve endings
able to detect variations of the mechanical and metabolic
status of the muscle (i.e., mechano-metabo receptors)
(Rowell and O’Leary 1990 ). The neural feedback arising
from group III/IV muscle afferents is known to increase
cardiovascular responses. This specific response is called
exercise pressor reflex or mechano-metaboreflex, and is
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essential for the regulation of cardiovascular response
during physical exercise (Rowell and O’Leary 1990 ;
Amann et al. 2011). Group III/IV muscle afferents are
also involved in the neurophysiology of muscle pain as
they ensure the detection of noxious stimuli (i.e., noci-
ceptors) and transmit this information through the spi-
nal cord to higher brain centres to generate muscle pain
(O’Connor and Cook 1999). Discharge of group III/IV
muscle afferents has been demonstrated to increase with
level of metabolites (Kaufman 2012 ) and the exercise
intensity (Crisafulli et al. 2006, 2008), and this discharge
is directly alters cardiovascular responses and muscle pain
(O’Connor and Cook 1999).

To the best of our knowledge, only two studies have
investigated the effect of IP on discharge from group III/
IV muscle afferents. Mulliri et al. (2016) reported a reduc-
tion in hemodynamic response during metaboreflex activa-
tion when IP was administered prior to dynamic handgrip
exercise. Conversely, Incognito et al. (2017) reported no
effect of IP on metaboreflex activation and muscle sympa-
thetic responses to static handgrip task. Other researchers
suggested that the ergogenic effect of IP might rely on the
reduction of muscle pain intensity during exercise (Caru
et al. 2019). Franz et al. (2018) reported a reduction in pain
intensity after the 24, 48 and 72 h when IP was administered
prior to eccentric exercise of the bicep brachii muscles. As
these studies reported a discrepancy in their results, further
investigations are necessary to clarify whether IP alters the
discharge from group III/IV muscle afferents measured indi-
rectly via the evaluation of the metaboreflex.

Although the use of protocols involving small muscle
mass provided important preliminary findings on the effect
of IP on feedback from group III/IV muscle afferents, the
use of protocol involving large muscle mass may have the
advantage of inducing greater cardiovascular responses to
the exercise, thus potentially maximizing the effect of IP
on cardiovascular responses to the task performed. In this
regard, data from our research group demonstrated a greater
hemodynamic response during exercise and metaboreflex
activation on cycling and running exercise compared to
intermittent handgrip exercise (Crisafulli et al. 2004a,
2008). In addition, as neurophysiological responses to
physical exercise differs between various muscle groups
(Gandevia 2001; Sidhu et al. 2013), therefore it is possible
that IP applied on large muscle such as the knee extensors
might have different effect on group III/IV muscle afferents
compared to IP applied on small muscle group such as the
forearm muscles. In addition, given the interest of research-
ers on the application of IP for the improvement in exercise
performance, the application on locomotor muscles such
as the knee extensors, might provide interesting insight for
real world applications. Indeed, the knee extensors play an
important role in locomotion and antigravity activities such
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as standing, walking, and running as well as requiring a
higher metabolic and neuromuscular demand compared to
the forearm musculature.

To the best of our knowledge, no study has investigated
the effect of IP on group III/IV muscle afferents arising from
the locomotor muscles during metaboreflex activation, sensi-
tivity of group III/IV muscle afferents and muscle pain. Con-
sidering this gap in the literature, the present study aimed
at applying IP to the knee extensor muscles to investigate
its effect on metaboreflex activation and muscle pain dur-
ing unilateral dynamic leg extension exercise in a group of
healthy volunteers.

Material and methods
Study population

Seventeen healthy participants, 13 males (mean + SD,
25.4+4.6 years; 181.7+7.1 cm height; body mass
76.7+9.9 kg) and 4 females (mean+SD, 25.7 +2.50 years;
169.2+5.6 cm height; body mass 60.7 +4.7 kg) participated
in this study. Based on G*Power software calculation, this
sample allows us to detect a significant treatment difference
in MAP of at least 5 mmHg, with a power of 0.95 and with
a two-sided significance level of 0.05. All participants were
physically active and free from any history of cardiores-
piratory disease or was taking any medication at the time
of the study. Physically active was defined as performing
moderateto high-intensity exercise at least twice a week for
a minimum of 6 months. Based on the amount and intensity
of physical activity performed per week, our participants
can be included in the performance level 2 according to the
classification given by de Pauw et al. (2013). All the female
participants were using monophasic oral contraceptive pills.
To reduce the effect of endogenous hormones on the cardio-
vascular response, the testing sessions were performed in the

Fig.1 Schematic diagram of all

experimental procedures, during

ischemic preconditioning (IP)

or sham (SHAM) treatment.

Post-exercise muscle ischemia

(PEMI) protocol, pain pressure P
threshold (PPT) test, and muscle

PEMI-Pre

220 mmHg

21-day consumption period of the pill (Ansdell et al. 2019).
Written consent was obtained from all participants follow-
ing explanation of the study during the familiarization visit.

Experimental design

Participants visited the laboratory on three different occa-
sions using a within-subjects, crossover, randomized experi-
mental design. During the first visit, volunteers were famil-
iarized with all the experimental procedures. Participants
visited the laboratory on two further occasions in a rand-
omized order to undertake either ischemic preconditioning
(IP) or SHAM treatment (see Fig. 1). Participants were given
instructions to avoid caffeine, alcohol, autonomic nervous
system stimulants or depressants, and strenuous exercise for
72 h prior to each visit. All experimental sessions were car-
ried out in a temperature-controlled, air-conditioned room
(22 °C; relative humidity between 40-50%) at the same time
of the day with at least 72 h recovery between-sessions.

Familiarization

During this first visit, each participant filled a medi-
cal questionnaire (Thomas et al. 1992), and signed an
informed consent form. A one leg-dynamic knee exten-
sion test of the participant’s dominant leg was performed
to assess their maximum achievable workload achiev-
able (W,,,,). Participants were seated on a leg-extension
machine (Body-Solid GCEC340, Body-Solid Inc.) with
the upper part of the leg horizontal and the knee flexed
at 90°. The machine arm was attached approximately
1 cm above the malleoli of the exercising leg and the non-
exercising leg was maintained at 90° knee flexion. During
the test participants were asked to extend their exercis-
ing leg from 90° knee flexion to 150° knee extension at
a rate of 30 repetitions/min indicated by a digital metro-
nome. Each cycle involved 1 s for the concentric and the
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eccentric phase. The test started with a workload at 2.5 kg
and increased by 2.5 kg/min until volitional exhaustion. A
2.5 kg weight plate was manually added by the research-
ers in the machine arm at the end of each minute. Voli-
tional exhaustion was defined as the point at which the
participant was no longer able to maintain a cadence of
30 repetitions/min for more than 5 s despite strong verbal
encouragement.

Ischemic preconditioning and sham treatments

A blood pressure cuff was placed around the upper part
of the exercising leg’s thigh and rapidly inflated by an
automated pneumatic device (Hokanson E20 Rapid Cuff
Inflator and AG101 Air Source, Bellevue, WA). In the IP
condition, the cuff was inflated up to 220 mmHg, while in
the SHAM condition the pressure was kept at 20 mmHg
to not alter leg circulation (Crisafulli et al. 201 1b; Bailey
et al. 2012). In both visits, the cuff was kept inflated and
deflated for 5 min periods and repeated three times with
the participant in a supine position (Crisafulli et al. 2011b;
Bailey et al. 2012).

Post-exercise muscle ischemia (PEMI) protocol

This protocol involved 3 min of resting, followed by 3 min of
exercise consisting of rhythmic dynamic contraction of the
exercising leg at 70% of W,,,, (30 repetitions/min controlled
by a digital metronome). The exercise phase was followed
by 3 min of occlusion of the exercising leg. Occlusion was
induced immediately after exercise termination by a rapid
(<5 s) inflation of a cuff placed in the upper part the exer-
cising leg’s thigh to 50 mmHg above peak systolic pres-
sure recorded during exercise. PEMI protocol was repeated
before (PEMI-Pre) and 15 min after IP or SHAM treatment
(PEMI-Post). This protocol has been widely demonstrated to
elicit substantial hemodynamic response during metabore-
flex activation (Rowell and O’Leary 1990; Boushel 2010) as
well as to monitor the activity of muscle afferents in healthy
and symptomatic populations (Rowell and O’Leary 1990;
Boushel 2010; Crisafulli 2017). Additionally, PEMI proto-
col allows researchers to isolate the metaboreflex mediat-
ing cardiovascular responses from central command and
mechanoreflex activation, since these two cardiovascular
mechanisms no longer operate in this setting (Rowell and
O’Leary 1990; Boushel 2010). To date, there is no possi-
bility to assess non-invasively activity from group III/IV
muscle afferents in humans. Therefore, we used variations
in mean arterial pressure (MAP) as marker of feedback from
group III/TV muscle afferents as performed in a previous
study (Pageaux et al. 2015).
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Hemodynamic variables

Hemodynamic variables were recorded throughout all
phases of the PEMI protocols. A transthoracic bioimped-
ance device (Physioflow PFO5L1, Manatec, Petit-Ebersvil-
ler, France) allowing continuous non-invasive monitoring
of heart rate (HR), stroke volume (SV), cardiac output
(CO), left ventricular ejection time (LVET), stroke volume
and left ventricular ejection time ratio (SV/LVET), end
diastolic volume (EDV) and systemic vascular resistance
(SVR) was used. The SV/LVET ratio was considered an
index of contractility performance (Tanaka et al. 1986;
Gledhill et al. 1994). The impedance method assumes that
when an electrical current circulates through the chest, the
aortic blood flow induces variations in electrical conduc-
tivity. Thus, changes in the transthoracic electrical imped-
ance during cardiac phases are representative of changes in
SV; the method has been previously described by Charloux
et al. (2000). Three sets of two electrodes (Ambu Blue
Sensor VL, Ambu A/S, Ballerup, Denmark) were placed
on the supraclavicular fossa at the left base of the neck, in
correspondence to the V1 and V6 positions close to the left
ventricle to obtain an ECG signal, and then on the back
in the midpoint of the spine corresponding to the same
vertical position as the xiphoid process. Skin placement
areas were shaved and cleaned. Before each test, the Physi-
oflow was calibrated using a standardized procedure based
on 30 consecutive heartbeats while the participant was in
a seated position. Arterial blood pressure was monitored
by an automated blood pressure device (Tango*, SunTech
Medical, Morrisville, NC) (Cameron et al. 2004; Hartwich
et al. 2011) with a set of three electrodes placed in the V2,
V6 and RL positions. The cuff was placed on around the
left arm of the subject. At the end of each minute during
the post-exercise muscle ischemia session, systolic arterial
pressure (SAP), diastolic arterial pressure (DAP) and MAP
were recorded. MAP was calculated as follows:

(2 x DAP) + SAP
3 .

MAP =

Pain measurement

Muscle pain intensity during the IP and SHAM treat-
ment, during exercise and PEMI manoeuvre was quanti-
fied with the scale developed by Cook et al. (1997). Pain
is commonly used in the psychophysiological literature
as an indirect marker of group III/IV afferents (O’ Connor
and Cook 1999; de Morree et al. 2012; Pageaux et al.
2015). Participants were required to verbally report their
muscle pain intensity according to a 0—10 point scale.
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Standardized instructions were provided to the participants
at the beginning of each visit to ensure the proper use of
the scale. Briefly, participants were asked to report “the
intensity of hurt they feel in their quadriceps only” (Cook
et al. 1997). Muscle pain intensity was rated at the end of
each min during PEMI protocols and all the three cycles of
occlusion while receiving IP or SHAM treatment.

Pain threshold reflects the detection of the minimum
intensity of a stimulus generating a painful sensation (IASP).
Any change in pain threshold reflects, albeit indirectly and
with some limitations, the change in sensitivity of group
III/TV muscle afferents. Therefore, any change in pain pres-
sure threshold can be used an indirect marker of change in
sensitivity of group III/IV muscle afferents (Graven-Nielsen
et al. 2004; Schabrun et al. 2016; De Martino et al. 2018).
Sensitivity of group III/IV muscle afferents was quantified
by means of pain pressure threshold (PPT was assessed
alternatively in both thighs (exercising vs non-exercising
leg) after each cycle of occlusion during IP and SHAM treat-
ment by a pressure algometer (Force Ten FDX 50, Wag-
ner Instruments, Greenwich, CT). The force was gradually
increased (5 N-s™!) in three different points located in the
middle part of the rectus femoris, where the blood pressure
cuff was placed for the IP and SHAM treatment. Each point
was marked to apply the algometer in the same location. The
rubber footplate of the algometer was held perpendicular
to the muscle and the display was turned away from the
participants. Participants were instructed to report a change
from the sensation of pressure to the appearance of a slightly
uncomfortable pain. The average of the two nearest of three
measured values was considered as the PPT (de Morree et al.
2012).

Perception of effort measurement

Perception of effort was measured at the end of each min-
ute during the exercise phase of PEMI protocols by using
the 6-20 Borg scale (Borg 1998). Standardized instructions
were provided to participants at the beginning of each visit
to ensure proper use of the scale. Briefly, subjects were
asked to rate how hard they were driving their leg during
the exercise (Marcora 2010). Subjects were also asked to
not use this rating as an expression of leg muscle pain (i.e.,
the intensity of hurt that a participant feels in his quadriceps
muscles only).

Statistical analysis

All data are presented as mean + SD. Assumption for statisti-
cal analysis such as normal distribution was checked by the
Shapiro—Wilk test while sphericity of data was checked by
using the Mauchly's test. The Greenhouse—Geisser correc-
tion to the degrees of freedom was applied when violation

to sphericity was found. Data from hemodynamic variables
were averaged for 3 min during each phase of the PEMI
protocols and then analyzed separately for each period by
means of two-way repeated measures ANOVA (factors
condition: IP vs SHAM and test: PEMI-Pre vs PEMI-Post).
Muscle pain intensity during PEMI protocols was averaged
for 3 min and compared by means of two-way repeated
measures ANOVA (factors condition: IP vs SHAM and
test: PEMI-Pre vs PEMI-Post). Muscle pain intensity dur-
ing IP and SHAM treatment was averaged for 5 min and then
compared by means of two-way repeated measures ANOVA
(factors condition: IP vs SHAM and occlusion: 1, 2 and 3).
PPT was analyzed by means of three-way repeated measures
ANOVA (factors condition: IP vs SHAM, leg: exercising vs
non-exercising and occlusion: 1, 2 and 3). Significant main
effect or interaction was followed by Bonferroni post hoc
test when appropriate. Statistical analysis was carried out by
using commercially available software (IBM, SPSS Statistics
23.0). Significance was set as p <0.05. Partial eta squared
(nzp) are reported, and thresholds for small, moderate, and
large effects were set at 0.01, 0.07, and 0.14, respectively
(Cohen 2013). For paired comparisons, Cohen’s d, were cal-
culated using G*Power software (version 3.1.6, Universitit
Diisseldorf, Germany) and thresholds for small, moderate
and large effects were set at 0.2, 0.5, and 0.8 respectively
(Cohen 2013).

Results

All participants completed the study and none of them
reported any complication during the ischemic precondi-
tioning treatments and during the PEMI protocol. The W,
reached by participants during the familiarization visits
was 21.62+6.43 kg. No statistical differences were found
between the two conditions for the hemodynamic variables
measured during the two resting phases (all p>0.12 and all
112p< 0.142). Therefore, participants performed the PEMI
protocols starting with similar hemodynamic levels. In addi-
tion, this data also indicates that IP did not affect hemody-
namic variables at rest (see Table 1).

Hemodynamic response during exercise

No condition X time interaction was found for all the hemo-
dynamic variables (all p>0.104 and all n2p<0.157). HR
and SV, SV/LVET significantly increased compared to
resting phase (all p <0.001 and all n2p> 0.908), which led
to a significant increase in CO compared to resting phase
(all p<0.001 and all n2p> 0.908). There was no difference
between conditions (all p >0.413 and all nzp <0.042). LVET,
and SVR significantly decreased compared to resting phase
(all p<0.001 and all ﬂ2p> 0.795), while no difference was
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Tab]e 1 Hempdynamic SHAM P
variables during the PEMI
protocols at rest and during PEMI-Pre PEMI-Post PEMI-Pre PEMI-Post
exercise phases in both
conditions HR (bpm)
Rest 68.49+10.69 66.69+10.73 68.57+10.01 67.87+7.23
Exe 98.54+11.41% 97.77 +11.30% 101.30+12.33* 101.75+8.79%
SV (ml)
Rest 75.37+5.63 74.19+4.92 74.07 +£4.59 74.39+3.47
Exe 87.57+9.49% 91.24+14.64% 93.37+15.18% 89.07 +9.28*
CO (I'min~h
Rest 5.17+0.96 4.93+0.73 5.09+0.87 5.05+0.57
Exe 9.08+1.37% 9.54+1.77* 9.15+1.487* 9.09 +1.09*
EDV (ml)
Rest 110.40+15.40 111.35+15.73 110.16 +10.16 109.09 +10.20
Exe 113.17+15.92 112.89+16.14 111.05+10.49 103.07 +25.29
LVET (ms)
Rest 281.36+86.44 276.74+76.74 287.71+76.21 293.39 +85.46
Exe 240.43 +69.50* 240.29 +70.11* 238.28 +75.61% 246.94 +78.98"
SV/LVET
Rest 0.41+0.08 0.39+0.07 0.37+0.08 0.40+0.08
Exe 0.30+0.06" 0.32+0.06" 0.29+£0.05% 0.28 +£0.05"
SVR (dyne-s~-cm™)
Rest 1346.54 +230.05 1417.09+£173.36 1350.68 +180.73 1369.77 +£172.41
Exe 882.54 +173.64" 853.85+219.81" 922.60+210.78% 920.10+ 160.12*
SAP (mmHg)
Rest 116.82 +10.06 118.82+10.21 119.27 +11.61 119.73+10.98
Exe 148.04 + 15.80" 146.95 +10.88" 152.61 +15.04* 149.61 +13.52*
DAP (mmHg)
Rest 67.69+£9.23 68.55+8.32 66.12+11.06 69.41+11.31
Exe 78.50 +8.92* 81.07 +10.66" 79.65 +9.84" 77.90+9.08"
MAP (mmHg)
Rest 84.07 +7.00 85.31+6.04 83.84+7.44 86.18+9.24
Exe 101.68 +7.64" 103.03£9.03* 103.97 £8.54% 101.80+7.89*

Values are means + SD of rest and PEMI condition during both conditions of heart rate (HR), stroke vol-
ume (SV), cardiac output (CO), end diastolic volume (EDV), left ventricular ejection time (LVET), stroke
volume/left ventricular ejection time ratio (SV/LVET), systemic vascular resistance (SVR), systolic arterial
pressure, (SAP), diastolic arterial pressure (DAP) and mean arterial pressure (MAP)

#Significantly different compared to Rest (p <0.05)

found for EDV (all p>0.423 and all 172p<0.041). Blood
pressure response was significantly affected by the exercise
phase and resulted in an increase of SAP, DAP and MAP (all
p<0.001 and all *,>0.938).

Hemodynamic response during the occlusion phase

A significant condition X time interaction was found for
SV, CO, SV/LVET, EDV, SAP, DAP and MAP (all p <0.05
and all n2p> 0.402). Follow-up tests revealed a significant
decrease of SV (p=0.037, d,=1.246), CO (p=0.045,
d,=1.143), SV/LVET (p=0.043, d,=1.278), EDV
(p=0.021, d,=1.652), SAP (p<0.001, d,=2.111), DAP
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(p=0.03, d,=1.281) and MAP (p=0.015, d,=1.812) at
PEMI-Post compared to PEMI-pre in the IP condition only.
No significant differences were found for HR, LVET and
SVR (all p>0.29 and all 172p>0.07). All parameters are
illustrated in Fig. 2 and 3.

Perceptual parameters during ischemic
preconditioning and sham treatments

A condition X time interaction was found for MP (p=0.016,
n2p=0.271). Follow-up tests revealed that MP was sig-
nificantly higher in the experimental condition compared
to SHAM condition during all occlusions (all p <0.001,
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Fig.2 Hemodynamic values
gathered during the occlu- A
sion phase of PEMI protocols.

HR

Panel A shows heart rate (HR). 100
Panel B shows stroke volume 90
(SV). Panel C shows cardiac
output (CO). Panel D shows 80
systemic vascular resistance £
(SVR). Panel E stroke volume g 70
and left ventricular ejection
time ratio (SV/LVET). Panel 60
F shows end diastolic volume
(EDV). Denotes significant 50
condition X time interaction
(p <0.05); $Denotes significant 40 P
difference at PEMI-Post in IP
(p<0.05). Values are presented
as mean+SD (n=17)
c co
10 3
=
£

IP SHAM

E SVILVET

0.4 tt

ratio

IP SHAM

d,>1.499). Statistical analysis did not reveal any con-
ditionxleg (p =0.798, nzp =0.004), or condition X time
(p=0.917, nzp =0.005) interaction, but revealed a time X leg
interaction (p =0.034, 112p:0.190) for PPT. Follow-up
tests failed to reveal a significant difference time effect (all
p>0.109). All parameters are illustrated in Fig. 4.

Perceptual parameters during post exercise muscle
ischemia protocols

No significant condition X time interaction was found for MP
during the exercise phase (p =0.822, r]zp =0.003). Statistical

SHAM

110

100

90

ml

80

70

60

b SVR
3000

dyne-s'.cm?®

analysis revealed a significant condition X time interaction
for MP during the occlusion phase (p=0.002, ;12p=0.461).
Follow-up tests revealed a significant decrease in MP during
PEMI-Post in the IP condition only (p=0.044, d,=0. 1.081).
No significant condition X time interaction was found for per-
ception of effort during exercise (p =0.961, n2p<0.001). All
parameters are illustrated in Fig. 4.
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Fig.3 Hemodynamic values
gathered during the occlusion
phase of PEMI protocols. Panel
A systolic arterial pressure
(SAP). Panel B shows diastolic
arterial pressure (DAP). Panel
C shows mean arterial pressure
(MAP). tDenotes significant
condition X time interaction
(p<0.05); £Denotes significant
difference at PEMI-Post in IP
condition (p <0.05). Values are
presented as mean+SD (n=17)

Fig.4 Absolute values of
muscle pain intensity (MP) and
pain pressure threshold (PPT)
test. Panel A shows MP during
ischemic preconditioning (IP)
and sham (SHAM) treatment.
Panel B shows PPT during
ischemic preconditioning (IP)
and sham (SHAM) treatment.
Panel C shows MP during

the exercise phase. Panel D
shows MP during the occlusion
phase. TDenotes significant
condition X time interaction
(p<0.05); £Denotes significant
difference at PEMI-Post in IP
(p<0.05). Values are presented
as mean+SD (n=17)
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Discussion

This study sought to evaluate the effect of ischemic pre-
conditioning applied to the knee extensor muscles on
metaboreflex activation and muscle pain. This study dem-
onstrated that IP reduced the hemodynamic response and
muscle pain intensity during the metaboreflex activation,
but did not affect pain pressure threshold, the hemody-
namic response, or muscle pain intensity during exercise.

Hemodynamic response during exercise
and metaboreflex activation

Our data show that exercise performed at 70% of W,
elicited significant changes in both central and peripheral
hemodynamic compared to the resting condition. Our data
shows a substantial elevation of CO, achieved by parallel
increases of both SV and HR. The SV increment during
exercise was the consequence of the enhancement in con-
tractility as demonstrated by the significant decrease in
SV/LVET ratio. Further, our data demonstrated that dur-
ing exercise the increase in blood pressure response was
mainly achieved by the rise in CO (i.e., flow increment
mechanism). The hemodynamic response elicited by the
exercise protocol is in agreement with previous studies
involving unilateral rhythmic exercise of the knee exten-
sor muscles (Crisafulli et al. 2006; Amann et al. 2011). In
addition, our data provide further evidence on the differ-
ent hemodynamic response during exercise between small
and large muscle mass. Similarly to cycling and running
exercise (Crisafulli et al. 2004a, 2008) the data reported
in our study show that the hemodynamic response of the
knee extensors is markedly higher compared to intermit-
tent handgrip exercise (Crisafulli et al. 2011a; Roberto
et al. 2012; Marongiu et al. 2013). This greater hemody-
namic response further justifies the replication of previ-
ous studies investigating the effect of IP on the forearm
muscles (Mulliri et al. 2016; Incognito et al. 2017) with
future studies using larger muscle mass such as the knee
extensors.

During metaboreflex activation, we found that the
exercise performed at 70% of W, significantly affected
central but not peripheral hemodynamic response. The
data of the present study are in agreement with previ-
ous findings in human and animal settings, showing that
muscle metaboreflex activation enhances blood pressure
response and cardiac performance (O’Leary 1993; Piepoli
et al. 1996; Spranger et al. 2013). Furthermore, our results
further extend previous knowledge that the metaboreflex
elicited by large muscle mass can modulate the central
hemodynamics (Crisafulli et al. 2006, 2008; Amann

et al. 2011). More specifically, our data show a signifi-
cant increase in SV during metaboreflex activation, which
most likely was the consequence of an increased cardiac
performance as demonstrated by the SV/LVET ratio. This
response is in agreement with previous studies involving
unilateral leg extension exercise (Crisafulli et al. 2006).
Contrarily to SV response, HR returned toward resting
condition during the occlusion phase. This different HR
response is in line with previous studies involving exercise
with large muscle mass (Crisafulli et al. 2006, 2008; Wata-
nabe et al. 2010). Fisher et al. (2010, 2013) demonstrated
that exercise involving large muscle mass such as cycling,
but not small muscle mass, are able to maintain HR ele-
vation during metaboreflex activation probably due to a
blunted baroreflex response. Therefore, it appears that HR
response during metaboreflex activation is task dependent
and reflects the complex balance between the sympathetic
and parasympathetic systems. Despite the decrease in HR,
CO was maintained elevated during the occlusion phase
which was mostly due to the significant increase in SV.
SVR decreased during exercise and the returned towards
resting conditions during the occlusion phase. This behav-
iour suggests that the SVR in our experiment appeared to
have little effect on the increase in blood pressure response.
Wyss et al. (1983) suggested that the rise in blood pressure
response to the metaboreflex following low or moderate
exercise intensity is mainly achieved by an increase in CO,
whereas peripheral vasoconstriction becomes more impor-
tant at higher intensities. Indeed, our findings suggest that
the increase in blood pressure response during metaboreflex
activation following high-intensity exercise was achieved
by a flow-mediated response via an increase of CO rather
than by peripheral vasoconstriction. Further studies involv-
ing exercise with large muscle mass should be performed to
clarify the mechanism involved in metaboreflex response.

Effects of muscle ischemic preconditioning
on hemodynamic response during exercise
and metaboreflex activation

Previous experimental findings demonstrated that substances
released by IP interact with opioid receptors in the skeletal
muscle in the early phase of cardio protection (Schultz et al.
1995; Addison et al. 2003). The excitation of opioid recep-
tors has been shown to reduce the discharge from group
III/TV muscle afferents by therefore attenuating the exercise
pressor reflex (Leal et al. 2013; Estrada and Kaufman 2018;
Harms et al. 2018). In accordance with these findings, a
reduction in the hemodynamic response following IP was
expected. However, our data showed no significant changes
in the hemodynamic response during exercise following IP
treatment. Similar results have also been demonstrated dur-
ing rhythmic handgrip exercise (Mulliri et al. 2016).
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Previous studies investigating the effect of IP on oxygen
update kinetics have reported contrasting findings. Specifi-
cally, Cruz et al. (2015) reported a higher VO, slow com-
ponent and VO, peak during the constant workload cycling
exercise performed at peak power output. Conversely, Kido
et al. (2015) did not report significant differences in pulmo-
nary VO, dynamics after IP. In contrast, muscle deoxygena-
tion dynamics from low to moderate intensity was signifi-
cantly faster following IP. Kilding et al. (2018) reported a
reduction in VO, slow component during heavy intensity
cycling exercise. Wiggins et al. (2019) reported a signifi-
cant improvement in deoxyhemoglobin and deoxymyoglobin
primary component amplitude during cycling 15% below
gas exchange ratio in hypoxia following IP. Based on these
studies, it is plausible that IP might also affect the kinetics
of the hemodynamic response; however, to the best of our
knowledge, no studies have done so. In this regard, our data
do not support the notion that IP is able to affect the kinetics
of the hemodynamic response. However, it should be consid-
ered that IP might affect only muscle deoxygenation kinetics
without affecting hemodynamic kinetics. Indeed, a distinct
response between muscle, hemodynamic and pulmonary
kinetics has previously been observed at different exercise
intensities, using different muscles, and following different
types of experimental manipulations (Poole and Jones 2012;
Grassi and Quaresima 2016). It is also important to note that
the exercise protocol used in our study was not specifically
designed to investigate the effect of IP on hemodynamic
kinetics, and therefore it is difficult to draw conclusions on
this specific mechanism.

The importance of group III/IV for an adequate cardi-
orespiratory response during exercise has been widely dem-
onstrated (Rowell and O’Leary 1990). A previous study
performed by Amann et al. (2011) showed a significant
reduction of the hemodynamic response during leg exten-
sion exercise when the discharge from group III/IV muscle
afferents was reduced by lumbar intrathecal fentanyl. Simi-
lar findings were also reported during dynamic and static
knee extension exercise following curare administration
(Gallagher et al. 2001). To the best of our knowledge, no
studies compared that effect of fentanyl, curare, and IP on
opioid receptors. However, it is likely that the effect of IP on
opioid receptors by IP is weaker than fentanyl and curare.
This could explain the lack of effect of IP on the hemody-
namic response during exercise in our study. Taken together,
these findings provided in these studies let us suggest that
the exercise induced hemodynamic response is not affected
by the IP.

Our data showed a significant reduction of blood pressure
response during the PEMI-Post in the IP condition, while
no significant changes were found in the SHAM condition.
Moreover, the data suggest that the reduction in MAP was
caused by a significant reduction in CO. Since no changes
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in HR were found between conditions, the reduction in SV
following IP led to a diminished CO. Based on our data,
the lower SV was most probably affected by a reduced
venous return, as testified by the lower EDV. Our findings
are supported by previous experimental studies involving
human and animal models which demonstrated that dias-
tolic function is essential for an adequate hemodynamic
response during the metaboreflex activation (Bastos et al.
2000; Crisafulli et al. 2009; Marongiu et al. 2013). Similar
studies also demonstrated that the centralization of blood
volume by peripheral vasoconstriction supports ventricu-
lar performance via the Frank—Starling mechanism (Bastos
et al. 2000; Crisafulli et al. 2009). As concerns ventricular
performance, we observed a reduced SV/LVET following
IP. Our results are in line with the concept that the reduced
diastolic function was the primary cause of the reduced
blood pressure response following IP. This therefore resulted
in a reduced capacity to maintain SV and CO during the
metaboreflex activation.

Our results are in agreement with previous studies involv-
ing dynamic handgrip exercise (Mulliri et al. 2016), but are
also in contrast with previous studies involving static hand-
grip (Incognito et al. 2017). Specifically, during dynamic
handgrip exercise, Mulliri et al. (2016) concluded that IP
had the capacity to induce venous dilation, thereby blunting
cardiac preload thus reducing EDV and SV. Incognito et al.
(2017) suggested that the lack of effect of IP in their study
was likely influenced by the fact that participants were lying
in the supine position during the experiments.

The distinct effect of IP on the hemodynamic profile
between the exercise and metaboreflex activation phase
can be possibly explained by neural mechanisms involved
between each setting. It should be considered that during
exercise, along with the metaboreflex, the central command
and the mechanoreflex also operate to modulate cardiovascu-
lar responses to exercise. So, it is possible that during exer-
cise, the reduced effect on metaboreflex induced by IP was
masked by the central motor command and mechanoreflex.
In addition, some redundancy exists between these neural
mechanisms (Nishiyasu et al. 1994) which make the specific
contribution of each difficult to establish.

Effects of muscle ischemic preconditioning on pain

Previous authors suggested that the ergogenic effect of IP
might rely on the desensitization/defunctionalization of the
metabo-nociceptive afferent neurons commonly known as
group III/IV muscle afferents (Crisafulli et al. 2011b; Cruz
et al. 2016). We did not observe any effect of IP on muscle
pain intensity during exercise. In addition, by using the PPT
as a marker of the sensitivity of group III/IV muscle afferents
(Graven-Nielsen et al. 2004; de Morree et al. 2012), we did
not observe any effect of IP on the sensitivity of group HI/IV
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muscle afferents. By contrast, we found a significant reduc-
tion in muscle pain intensity during the occlusion phase at
PEMI-Post in IP only. Muscle pain during the occlusion
phase in all PEMI protocols was significantly higher than
muscle pain during exercise. Previous authors demonstrated
that central command may interact with afferent feedback
from the exercising muscle to modulate and attenuate pain
(Ray and Carter 2007). Therefore, the higher muscle pain
intensity reported during the occlusion phase in all PEMI
maneuvers was possibly due to the absence of central com-
mand. It is also possible that exercise might, per se, ‘distract’
participants from muscle pain, and so during the occlusion
participants focused solely on the nociceptive stimuli (Lin-
ton and Shaw 2011). If this was the case, then participants
would likely report higher pain values compared to those
during exercise. It must also be considered that the higher
muscle pain intensity during the occlusion was caused by the
cuff pressure which is able to generate pain independently
of the presence of the muscle metabolites and stimulation of
group III/IV muscle afferents. The application of repetitive
occlusions during the IP treatment might have habituated
participants with the pain sensation and thus reduced muscle
pain following IP (Linton and Shaw 2011).

To the best of our knowledge, only Franz et al. (2018)
investigated the effect of IP on muscle pain intensity by
reporting a significant reduction in muscle pain following
eccentric exercise of biceps brachii after 24, 48 and 72 h.
The reduction in muscle pain intensity was also associated
with an attenuated decline in contractile ability of the muscle
and improvement in maximal force production. The most
widely supported mechanisms causing muscle pain follow-
ing eccentric exercise are connective tissue damage, mus-
cle damage, inflammation, and oxidative stress (Armstrong
1984; Smith 1991). However, those mechanisms differ from
those involved during the exercise performed in our proto-
col and possibly explains the lack of effect of IP on muscle
pain intensity during exercise. In summary, our data do not
support that IP reduces muscle pain intensity during exer-
cise nor the sensitivity of group III/IV muscle afferents to
mechanical stimuli.

Limitations of the study

We must acknowledge some limitations to the present study.
It could be argued that the inclusion of a baseline assess-
ment (PEMI-pre) prior the treatment (IP or SHAM) could
induce a carryover effect. Such effect would be revealed
as significant differences between pre and post-test in the
SHAM condition. However, it was not the case in our study.
Importantly, if it was, the statistical analysis could have
accounted for it. In addition, the baseline assessment enables
us to assess the baseline responses and, eventually, correct
the post-test responses for any baseline difference if present

(this was not the case in our study). Secondly, adding a pre-
test can improve statistical power even in randomized cross
over designs. So, including a pre-test does not invalidate the
internal validity of our study. The only potential concern is
related to external validity, and it is about a potential pre-test
by treatment interaction. In other words, the effect of treat-
ment reported may be present only when combined with the
pre-test. However, in the context of our primarily physiologi-
cal study, we consider such external validity issue of minor
relevance and importance compared to the potential advan-
tages in terms of the gains in statistical validity (increased
power and better treatment effect estimates) obtained with
the inclusion of a pre-test.

As non-invasively monitoring the discharge of group
III/TV muscle afferents during exercise is complex, we
decided to use a multidisciplinary approach using PEMI
and muscle pain as index of group III/IV muscle afferent
activity. During PEMI, central command does not operate,
and so changes in MAP are thought to represent index of
metaboreflex activity. However, changes in MAP during
PEMI reflects the interplay between sympathetic activ-
ity induced by muscle metaboreflex and parasympathetic
activation induced by the arterial baroreflex, which could
in part mask the sympathetic tone. With regard to muscle
pain, it has to be acknowledged that this perception could
be influence by the presence of the central command as
well by changes in the psychological states of participants
(O’Connor and Cook 1999).

Another possible limitation of the present study is the
use if impedance cardiography to monitor the cardiovascular
response during exercise (Warburton et al. 1999). Cardiac
MRI and transthoracic echocardiography are considered
the gold standard for the estimation of ventricular volumes
end ejection fractions (Theodore et al. 2007; Grothues
et al. 2004) and thus the impedance cardiography could
have potentially underestimated the hemodynamic func-
tion. There are also multiple factors that can generate errors
and artefacts using impedance cardiography. For example,
positioning and re-positioning of electrodes; electrode con-
tact with the skin of the participant; large neck and chest
movements during strenuous efforts when large muscle
mass is involved. To reduce any potential source of error,
participants were placed in a sitting position with no direct
contact from the back support of the exercising chair to the
electrodes placed on the back. The electrodes’ location was
also marked to maintain the same placement during each
visit. Moreover, to reduce artifacts in the signal, participants
performed one leg extension exercise that did not gener-
ate large increases in ventilation or marked neck and chest
movements. During rest and PEMI periods, the impedance
traces were of good quality and reference points were clearly
recognizable thus making the analysis reliable. Indeed, our
hemodynamic profile was comparable with previous works
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involving impedance cardiography during single-joint and
whole-body exercise tasks (Crisafulli et al. 2006, 2008).

Lastly, it must be acknowledged that there are some
limitations in the formula used to calculate the MAP. This
formula considers a constant ratio between DBP and SBP,
which is approximately 1/3 during the systolic and 2/3 dur-
ing the diastolic period. However, this ratio is not accu-
rate when significant changes in HR occur during exercise
(Moran et al. 1995; Rogers and Oosthuyse 2000), where a
significant underestimation of MAP was correlated with a
linear increase in HR. While the device used in our study is
validated for the measurement of hemodynamic variables
during physical exercise (Charloux et al. 2000; Siebenmann
et al. 2015), this device does not allow to apply the spe-
cific adjustments aforementioned. Therefore, future studies
should be using a different device to account for changes
in diastolic and systolic periods during exercise for a more
precise calculation of MAP.

Conclusion

In conclusion, our experiment shows that ischemic precon-
ditioning reduces hemodynamic response and muscle pain
of the knee extensor muscles during metaboreflex activation.
Our results suggest that the reduction in metaboreflex activa-
tion seems to be caused by a blunted cardiac preload rather
than a reduction of discharge from group III/IV muscle affer-
ents. The integrative methodology merging the metaboreflex
and pain responses also questions that ischemic precondi-
tioning might have a different impact on subset or popula-
tion of group III/IV muscle afferents. Indeed, we observed
a reduction of muscle pain intensity and mean arterial pres-
sure during metaboreflex activation which is mostly elicited
by metabolic stimulation, and no reduction in muscle pain
induced by mechanical pressure (PPT). As group III mus-
cle afferents predominantly transmit information related to
mechanical stimuli, and group IV muscle afferents mainly
transmit information on metabolic stimuli (McCord and
Kaufman 2010), further studies are required to investigate
whether ischemic preconditioning might differentially inter-
act with subset of group III/IV muscle afferents. Such studies
may have the potential to identify physiological mechanisms
leading to an ergogenic effect of ischemic preconditioning.

Acknowledgements The authors want to thank Dr. Bruno Smirmaul
(Escola Superior de Tecnologia e Educacdo, Rio Claro, Sdo Paulo,
Brazil) for his valuable support in the preparation of the experiment
and acquisition of the data, Mr. Mliss Mohamed Ayed for the remark-
able technical support, and all participants who kindly participated in
this study.

Author contributions L.A., A.C., J.H., and S.M.M.: conception and
design of research; L.A. performed experiments; L.A. and B.P.: ana-
lyzed data; L.A., B.P., A.C., J.H., and S.M.M.: interpreted results of
experiments; L.A. and B.P.: prepared figures; L.A.: drafted manuscript;

@ Springer

L.A., B.P, A.C,, J.H., and S.M.M.: edited and revised manuscript;
L.A., B.P, A.C., J.H. and S.M.M.: approved the final version of the
manuscript.

Funding The authors received no specific funding for this work.

Declarations

Conflict of interest No conflicts of interest, financial or otherwise, are
declared by the authors.

Ethical approval All procedures performed in this study were in
accordance with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki Declaration.
The study was approved by the ethics committee of the University of
Kent.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abraham TP, Dimaano VL, Hsin-Yueh L (2007) Role of tissue dop-
pler and strain echocardiography in current clinical practice. Cir-
culation 116:2597-2609. https://doi.org/10.1161/CIRCULATIO
NAHA.106.647172

Addison PD, Neligan PC, Ashrafpour H et al (2003) Noninvasive
remote ischemic preconditioning for global protection of skel-
etal muscle against infarction. Am J Physiol-Heart Circ Physiol
285:H1435-H1443. https://doi.org/10.1152/ajpheart.00106.2003

Amann M, Runnels S, Morgan DE et al (2011) On the contribution of
group III and IV muscle afferents to the circulatory response to
rhythmic exercise in humans. J Physiol 589:3855-3866. https://
doi.org/10.1113/jphysiol.2011.209353

Andreas M, Schmid Al Keilani M et al (2011) Effect of ischemic pre-
conditioning in skeletal muscle measured by functional magnetic
resonance imaging and spectroscopy: a randomized crossover
trial. J Cardiovasc Magn Reson 13:32

Ansdell P, Brownstein CG, Skarabot J et al (2019) Sex differences in
fatigability and recovery relative to the intensity—duration rela-
tionship. J Physiol 597:5577-5595. https://doi.org/10.1113/JP278
699

Armstrong RB (1984) Mechanisms of exercise-induced delayed
onset muscular soreness: a brief review. Med Sci Sports Exerc
16:529-538

Bailey TG, Jones H, Gregson W et al (2012) Effect of ischemic pre-
conditioning on lactate accumulation and running performance.
Med Sci Sports Exerc 44:2084-2089. https://doi.org/10.1249/
MSS.0b013e318262cb17

Bastos BG, Williamson JW, Harrelson T, Nébrega ACLD (2000) Left
ventricular volumes and hemodynamic responses to postexercise


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/CIRCULATIONAHA.106.647172
https://doi.org/10.1161/CIRCULATIONAHA.106.647172
https://doi.org/10.1152/ajpheart.00106.2003
https://doi.org/10.1113/jphysiol.2011.209353
https://doi.org/10.1113/jphysiol.2011.209353
https://doi.org/10.1113/JP278699
https://doi.org/10.1113/JP278699
https://doi.org/10.1249/MSS.0b013e318262cb17
https://doi.org/10.1249/MSS.0b013e318262cb17

European Journal of Applied Physiology (2022) 122:141-155

153

ischemia in healthy humans. Med Sci Sports Exerc 32:1114-1118.
https://doi.org/10.1097/00005768-200006000-00012

Borg G (1998) Borg’s perceived exertion and pain scales. In: Human
Kinetics. ISBN: 0880116234 9780880116237

Boushel R (2010) Muscle metaboreflex control of the circulation dur-
ing exercise: muscle metaboreflex during exercise. Acta Physiol
199:367-383. https://doi.org/10.1111/j.1748-1716.2010.02133.x

Cameron JD, Stevenson I, Reed E et al (2004) Accuracy of automated
auscultatory blood pressure measurement during supine exercise
and treadmill stress electrocardiogram-testing. Blood Press Monit
9:269-275

Caru M, Levesque A, Lalonde F, Curnier D (2019) An overview of
ischemic preconditioning in exercise performance: a systematic
review. J Sport Health Sci 8:355-369. https://doi.org/10.1016/j.
jshs.2019.01.008

Charloux A, Lonsdorfer-Wolf E, Richard R et al (2000) A new
impedance cardiograph device for the non-invasive evaluation
of cardiac output at rest and during exercise: comparison with
the “direct” Fick method. Eur J Appl Physiol 82:313-320

Cohen J (2013) Statistical power analysis for the behavioral sciences.
Academic Press, London

Cook DB, O’Connor PJ, Eubanks SA et al (1997) Naturally occur-
ring muscle pain during exercise: assessment and experimental
evidence. Med Sci Sports Exerc 29:999-1012

Crisafulli A (2017) The impact of cardiovascular diseases on car-
diovascular regulation during exercise in humans: studies on
metaboreflex activation elicited by the post-exercise muscle
ischemia method. Curr Cardiol Rev 13:293-300. https://doi.
org/10.2174/1573403X13666170804165928

Crisafulli A, Carta C, Melis F et al (2004a) Haemodynamic
responses following intermittent supramaximal exercise in ath-
letes. Exp Physiol 89:665-674. https://doi.org/10.1113/expph
ysi0l.2004.027946

Crisafulli A, Melis F, Tocco F et al (2004b) Exercise-induced and
nitroglycerin-induced myocardial preconditioning improves
hemodynamics in patients with angina. Am J Physiol Heart
Circ Physiol 287:H235-242. https://doi.org/10.1152/ajpheart.
00989.2003

Crisafulli A, Salis E, Pittau G et al (2006) Modulation of cardiac
contractility by muscle metaboreflex following efforts of dif-
ferent intensities in humans. Am J Physiol Heart Circ Physiol
291:H3035-3042. https://doi.org/10.1152/ajpheart.00221.2006

Crisafulli A, Milia R, Lobina A et al (2008) Haemodynamic effect of
metaboreflex activation in men after running above and below
the velocity of the anaerobic threshold. Exp Physiol 93:447-457.
https://doi.org/10.1113/expphysiol.2007.041863

Crisafulli A, Milia R, Vitelli S et al (2009) Hemodynamic responses
to metaboreflex activation: insights from spinal cord-injured
humans. Eur J Appl Physiol 106:525-533. https://doi.org/10.1007/
s00421-009-1045-2

Crisafulli A, Piras F, Filippi M et al (2011a) Role of heart rate and
stroke volume during muscle metaboreflex-induced cardiac out-
put increase: differences between activation during and after
exercise. J Physiol Sci JPS 61:385-394. https://doi.org/10.1007/
$12576-011-0163-x

Crisafulli A, Tangianu F, Tocco F et al (2011b) Ischemic precondition-
ing of the muscle improves maximal exercise performance but not
maximal oxygen uptake in humans. J Appl Physiol Bethesda Md
111:530-536. https://doi.org/10.1152/japplphysiol.00266.2011

de Cruz RSO, Aguiar RA, Turnes T et al (2015) Effects of ischemic
preconditioning on maximal constant-load cycling performance. J
Appl Physiol Bethesda Md 119:961-967. https://doi.org/10.1152/
japplphysiol.00498.2015

de Cruz RSO, Pereira KL, Lisboa FD, Caputo F (2016) Could small-
diameter muscle afferents be responsible for the ergogenic effect

of limb ischemic preconditioning? J Appl Physiol Bethesda Md.
https://doi.org/10.1152/japplphysiol.00662.2016

de Morree HM, Klein C, Marcora SM (2012) Perception of effort
reflects central motor command during movement execution.
Psychophysiology 49:1242—1253. https://doi.org/10.1111/j.1469-
8986.2012.01399.x

De Martino E, Petrini L, Schabrun S, Graven-Nielsen T (2018) Corti-
cal somatosensory excitability is modulated in response to several
days of muscle soreness. J Pain 19:1296-1307. https://doi.org/10.
1016/j.jpain.2018.05.004

De Pauw K, Roelands B, Cheung SS et al (2013) Guidelines to clas-
sify subject groups in sport-science research. Int J Sports Physiol
Perform 8:111-122. https://doi.org/10.1123/ijspp.8.2.111

Estrada JA, Kaufman MP (2018) p-Opioid receptors inhibit the exer-
cise pressor reflex by closing N-type calcium channels but not
by opening GIRK channels in rats. Am J Physiol Regul Integr
Comp Physiol 314:R693-R699. https://doi.org/10.1152/ajpregu.
00380.2017

Fisher JP, Seifert T, Hartwich D et al (2010) Autonomic control of
heart rate by metabolically sensitive skeletal muscle afferents
in humans: muscle metaboreflex control of heart rate. J Physiol
588:1117-1127. https://doi.org/10.1113/jphysiol.2009.185470

Fisher JP, Adlan AM, Shantsila A et al (2013) Muscle metaboreflex and
autonomic regulation of heart rate in humans. J Physiol 591:3777-
3788. https://doi.org/10.1113/jphysiol.2013.254722

Franz A, Behringer M, Harmsen J-F et al (2018) Ischemic precon-
ditioning blunts muscle damage responses induced by eccentric
exercise. Med Sci Sports Exerc 50:109-115. https://doi.org/10.
1249/MSS.0000000000001406

Gallagher KM, Fadel PJ, Strgmstad M et al (2001) Effects of partial
neuromuscular blockade on carotid baroreflex function during
exercise in humans. J Physiol 533:861-870. https://doi.org/10.
1111/5.1469-7793.2001.t01-1-00861.x

Gandevia SC (2001) Spinal and supraspinal factors in human muscle
fatigue. Physiol Rev 81:1725-1789

Gledhill N, Cox D, Jamnik R (1994) Endurance athletes’ stroke volume
does not plateau: major advantage is diastolic function. Med Sci
Sports Exerc 26:1116-1121

Grassi B, Quaresima V (2016) Near-infrared spectroscopy and skel-
etal muscle oxidative function in vivo in health and disease: a
review from an exercise physiology perspective. J] Biomed Opt
21:091313. https://doi.org/10.1117/1.JBO.21.9.091313

Graven-Nielsen T, Mense S, Arendt-Nielsen L (2004) Painful and
non-painful pressure sensations from human skeletal mus-
cle. Exp Brain Res 159:273-283. https://doi.org/10.1007/
s00221-004-1937-7

Grothues F, Moon JC, Bellenger NG et al (2004) Interstudy reproduc-
ibility of right ventricular volumes, function, and mass with car-
diovascular magnetic resonance. Am HeartJ 147:218-223. https:/
doi.org/10.1016/j.ahj.2003.10.005

Harms J, Stone AJ, Kaufman MP (2018) Peripheral p-opioid receptors
attenuate the responses of group III and IV afferents to contraction
in rats with simulated peripheral artery disease. J] Neurophysiol
119:2052-2058. https://doi.org/10.1152/jn.00034.2018

Hartwich D, Doreen H, Dear WE et al (2011) Effect of muscle
metaboreflex activation on spontaneous cardiac baroreflex sen-
sitivity during exercise in humans. J Physiol 589:6157-6171.
https://doi.org/10.1113/jphysiol.2011.219964

Hausenloy DJ, Yellon DM (2008) Remote ischaemic preconditioning:
underlying mechanisms and clinical application. Cardiovasc Res
79:377-386. https://doi.org/10.1093/cvr/cvnl14

Heusch G, Boengler K, Schulz R (2008) Cardioprotection: nitric oxide,
protein kinases, and mitochondria. Circulation 118:1915-1919.
https://doi.org/10.1161/CIRCULATIONAHA.108.805242

@ Springer


https://doi.org/10.1097/00005768-200006000-00012
https://doi.org/10.1111/j.1748-1716.2010.02133.x
https://doi.org/10.1016/j.jshs.2019.01.008
https://doi.org/10.1016/j.jshs.2019.01.008
https://doi.org/10.2174/1573403X13666170804165928
https://doi.org/10.2174/1573403X13666170804165928
https://doi.org/10.1113/expphysiol.2004.027946
https://doi.org/10.1113/expphysiol.2004.027946
https://doi.org/10.1152/ajpheart.00989.2003
https://doi.org/10.1152/ajpheart.00989.2003
https://doi.org/10.1152/ajpheart.00221.2006
https://doi.org/10.1113/expphysiol.2007.041863
https://doi.org/10.1007/s00421-009-1045-2
https://doi.org/10.1007/s00421-009-1045-2
https://doi.org/10.1007/s12576-011-0163-x
https://doi.org/10.1007/s12576-011-0163-x
https://doi.org/10.1152/japplphysiol.00266.2011
https://doi.org/10.1152/japplphysiol.00498.2015
https://doi.org/10.1152/japplphysiol.00498.2015
https://doi.org/10.1152/japplphysiol.00662.2016
https://doi.org/10.1111/j.1469-8986.2012.01399.x
https://doi.org/10.1111/j.1469-8986.2012.01399.x
https://doi.org/10.1016/j.jpain.2018.05.004
https://doi.org/10.1016/j.jpain.2018.05.004
https://doi.org/10.1123/ijspp.8.2.111
https://doi.org/10.1152/ajpregu.00380.2017
https://doi.org/10.1152/ajpregu.00380.2017
https://doi.org/10.1113/jphysiol.2009.185470
https://doi.org/10.1113/jphysiol.2013.254722
https://doi.org/10.1249/MSS.0000000000001406
https://doi.org/10.1249/MSS.0000000000001406
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00861.x
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00861.x
https://doi.org/10.1117/1.JBO.21.9.091313
https://doi.org/10.1007/s00221-004-1937-7
https://doi.org/10.1007/s00221-004-1937-7
https://doi.org/10.1016/j.ahj.2003.10.005
https://doi.org/10.1016/j.ahj.2003.10.005
https://doi.org/10.1152/jn.00034.2018
https://doi.org/10.1113/jphysiol.2011.219964
https://doi.org/10.1093/cvr/cvn114
https://doi.org/10.1161/CIRCULATIONAHA.108.805242

154

European Journal of Applied Physiology (2022) 122:141-155

Incognito AV, Burr JF, Millar PJ (2016) The effects of ischemic precon-
ditioning on human exercise performance. Sports Med Auckl NZ
46:531-544. https://doi.org/10.1007/s40279-015-0433-5

Incognito AV, Doherty CJ, Lee JB et al (2017) Ischemic precondition-
ing does not alter muscle sympathetic responses to static handgrip
and metaboreflex activation in young healthy men. Physiol Rep.
https://doi.org/10.14814/phy2.13342

Kaufman MP (2012) The exercise pressor reflex in animals: Group I1I
and IV muscle afferents. Exp Physiol 97:51-58. https://doi.org/
10.1113/expphysiol.2011.057539

Kharbanda RK, Mortensen UM, White PA et al (2002) Transient limb
ischemia induces remote ischemic preconditioning in vivo. Cir-
culation 106:2881-2883. https://doi.org/10.1161/01.cir.00000
43806.51912.9b

Kido K, Suga T, Tanaka D et al (2015) Ischemic preconditioning accel-
erates muscle deoxygenation dynamics and enhances exercise
endurance during the work-to-work test. Physiol Rep 3:e12395.
https://doi.org/10.14814/phy2.12395

Kilding AE, Sequeira GM, Wood MR (2018) Effects of ischemic pre-
conditioning on economy, VOZ2 kinetics and cycling performance
in endurance athletes. Eur J Appl Physiol 118:2541-2549. https://
doi.org/10.1007/s00421-018-3979-8

Leal AK, Yamauchi K, Kim J et al (2013) Peripheral 5-opioid receptors
attenuate the exercise pressor reflex. Am J Physiol-Heart Circ Phys-
iol 305:H1246-H1255. https://doi.org/10.1152/ajpheart.00116.2013

Linton SJ, Shaw WS (2011) Impact of psychological factors in the expe-
rience of pain. Phys Ther 91:700-711. https://doi.org/10.2522/pt;.
20100330

Lintz JA, Dalio MB, Joviliano EE, Piccinato CE (2013) Ischemic pre and
postconditioning in skeletal muscle injury produced by ischemia and
reperfusion in rats. Acta Cir Bras 28:441-446. https://doi.org/10.
1590/50102-86502013000600007

Loukogeorgakis SP, Panagiotidou AT, Broadhead MW et al (2005)
Remote ischemic preconditioning provides early and late protection
against endothelial ischemia-reperfusion injury in humans. J] Am
Coll Cardiol 46:450-456. https://doi.org/10.1016/j.jacc.2005.04.044

Mansour Z, Bouitbir J, Charles AL et al (2012) Remote and local
ischemic preconditioning equivalently protects rat skeletal muscle
mitochondrial function during experimental aortic cross-clamping. J
Vasc Surg 55:497-505.¢1. https://doi.org/10.1016/.jvs.2011.07.084

Marcora SM (2010) Encyclopedia of perception. SAGE Publications,
London

Marongiu E, Piepoli M, Milia R et al (2013) Effects of acute vasodilation
on the hemodynamic response to muscle metaboreflex. Am J Physiol
Heart Circ Physiol 305:H1387-1396. https://doi.org/10.1152/ajphe
art.00397.2013

McCord JL, Kaufman MP (2010) Reflex autonomic responses evoked
by group III and IV muscle afferents. In: Kruger L, Light AR (eds)
Translational pain research: from mouse to man. CRC Press/Taylor
and Francis, Boca Raton

Moran D, Epstein Y, Keren G, Laor A, Sherez J, Shapiro Y (1995)
Calculation of mean arterial pressure during exercise as a function
of heart rate. Appl Human Sci 14:293-295

Mulliri G, Sainas G, Magnani S et al (2016) Ischemic preconditioning
reduces hemodynamic response during metaboreflex activation. Am
J Physiol-Regul Integr Comp Physiol 310:R777-R787. https://doi.
org/10.1152/ajpregu.00429.2015

Nishiyasu T, Ueno H, Nishiyasu M et al (1994) Relationship between
mean arterial pressure and muscle cell pH during forearm ischaemia
after sustained handgrip. Acta Physiol Scand 151:143-148. https://
doi.org/10.1111/5.1748-1716.1994.tb09731.x

O’Connor PJ, Cook DB (1999) Exercise and pain: the neurobiology,
measurement, and laboratory study of pain in relation to exercise in
humans. Exerc Sport Sci Rev 27:119-166

@ Springer

O’Leary DS (1992) Autonomic mechanisms of muscle metaboreflex
control of heart rate. ] Appl Physiol Bethesda Md 74:1748-1754.
https://doi.org/10.1152/jappl.1993.74.4.1748

Oxman T, Arad M, Klein R et al (1997) Limb ischemia preconditions the
heart against reperfusion tachyarrhythmia. Am J Physiol 273:H1707-
1712. https://doi.org/10.1152/ajpheart.1997.273.4. H1707

Pageaux B, Angius L, Hopker JG et al (2015) Central alterations of neuro-
muscular function and feedback from group III-IV muscle afferents
following exhaustive high-intensity one-leg dynamic exercise. Am
J Physiol Regul Integr Comp Physiol 308:R1008-1020. https://doi.
org/10.1152/ajpregu.00280.2014

Piepoli M, Clark AL, Volterrani M et al (1996) Contribution of muscle
afferents to the hemodynamic, autonomic, and ventilatory responses
to exercise in patients with chronic heart failure: effects of physical
training. Circulation 93:940-952. https://doi.org/10.1161/01.cir.
93.5.940

Poole DC, Jones AM (2012) Oxygen uptake kinetics. Compr Physiol
2:933-996. https://doi.org/10.1002/cphy.c100072

Ray CA, Carter JR (2007) Central modulation of exercise-induced mus-
cle pain in humans. J Physiol 585:287-294. https://doi.org/10.1113/
jphysiol.2007.140509

Riksen NP, Smits P, Rongen GA (2004) Ischaemic preconditioning: from
molecular characterisation to clinical application—part I. Neth J Med
62:353-363

Roberto S, Marongiu E, Pinna M et al (2012) Altered hemodynamics dur-
ing muscle metaboreflex in young type 1 diabetes patients. J Appl
Physiol Bethesda Md 113:1323-1331. https://doi.org/10.1152/jappl
physiol.00280.2012

Rogers G, Oosthuyse T (2000) A comparison of the indirect estimate
of mean arterial pressure calculated by the conventional equa-
tion and calculated to compensate for a change in heart rate. Int J
Sports Med 21:90-95

Rowell LB, O’Leary DS (1990) Reflex control of the circulation dur-
ing exercise: chemoreflexes and mechanoreflexes. J Appl Physiol
Bethesda Md 69:407—418

Saito T, Komiyama T, Aramoto H et al (2004) Ischemic precondition-
ing improves oxygenation of exercising muscle in vivo. J Surg Res
120:111-118. https://doi.org/10.1016/j.jss.2003.12.021

Schabrun SM, Christensen SW, Mrachacz-Kersting N, Graven-Nielsen
T (2016) Motor cortex reorganization and impaired function in the
transition to sustained muscle pain. Cereb Cortex N Y N 26:1878—
1890. https://doi.org/10.1093/cercor/bhu319

Schultz JE, Rose E, Yao Z, Gross GJ (1995) Evidence for involvement
of opioid receptors in ischemic preconditioning in rat hearts. Am J
Physiol-Heart Circ Physiol 268:H2157-H2161. https://doi.org/10.
1152/ajpheart.1995.268.5.H2157

Sidhu SK, Cresswell AG, Carroll TJ (2013) Corticospinal responses to
sustained locomotor exercises: moving beyond single-joint studies
of central fatigue. Sports Med Auckl NZ 43:437-449. https://doi.
org/10.1007/540279-013-0020-6

Siebenmann C, Rasmussen P, Sgrensen H et al (2015) Cardiac output
during exercise: a comparison of four methods. Scand J Med Sci
Sports 25:¢20-27. https://doi.org/10.1111/sms.12201

Smith LL (1991) Acute inflammation: the underlying mechanism in
delayed onset muscle soreness? Med Sci Sports Exerc 23:542-551

Spranger MD, Sala-Mercado JA, Coutsos M et al (2013) Role of car-
diac output versus peripheral vasoconstriction in mediating muscle
metaboreflex pressor responses: dynamic exercise versus postex-
ercise muscle ischemia. Am J Physiol-Regul Integr Comp Physiol
304:R657-R663. https://doi.org/10.1152/ajpregu.00601.2012

Tanaka K, Yoshimura T, Sumida S et al (1986) Transient responses in
cardiac function below, at, and above anaerobic threshold. Eur J
Appl Physiol 55:356-361. https://doi.org/10.1007/BF00422733

Tapuria N, Kumar Y, Habib MM et al (2008) Remote ischemic precon-
ditioning: a novel protective method from ischemia reperfusion


https://doi.org/10.1007/s40279-015-0433-5
https://doi.org/10.14814/phy2.13342
https://doi.org/10.1113/expphysiol.2011.057539
https://doi.org/10.1113/expphysiol.2011.057539
https://doi.org/10.1161/01.cir.0000043806.51912.9b
https://doi.org/10.1161/01.cir.0000043806.51912.9b
https://doi.org/10.14814/phy2.12395
https://doi.org/10.1007/s00421-018-3979-8
https://doi.org/10.1007/s00421-018-3979-8
https://doi.org/10.1152/ajpheart.00116.2013
https://doi.org/10.2522/ptj.20100330
https://doi.org/10.2522/ptj.20100330
https://doi.org/10.1590/s0102-86502013000600007
https://doi.org/10.1590/s0102-86502013000600007
https://doi.org/10.1016/j.jacc.2005.04.044
https://doi.org/10.1016/j.jvs.2011.07.084
https://doi.org/10.1152/ajpheart.00397.2013
https://doi.org/10.1152/ajpheart.00397.2013
https://doi.org/10.1152/ajpregu.00429.2015
https://doi.org/10.1152/ajpregu.00429.2015
https://doi.org/10.1111/j.1748-1716.1994.tb09731.x
https://doi.org/10.1111/j.1748-1716.1994.tb09731.x
https://doi.org/10.1152/jappl.1993.74.4.1748
https://doi.org/10.1152/ajpheart.1997.273.4.H1707
https://doi.org/10.1152/ajpregu.00280.2014
https://doi.org/10.1152/ajpregu.00280.2014
https://doi.org/10.1161/01.cir.93.5.940
https://doi.org/10.1161/01.cir.93.5.940
https://doi.org/10.1002/cphy.c100072
https://doi.org/10.1113/jphysiol.2007.140509
https://doi.org/10.1113/jphysiol.2007.140509
https://doi.org/10.1152/japplphysiol.00280.2012
https://doi.org/10.1152/japplphysiol.00280.2012
https://doi.org/10.1016/j.jss.2003.12.021
https://doi.org/10.1093/cercor/bhu319
https://doi.org/10.1152/ajpheart.1995.268.5.H2157
https://doi.org/10.1152/ajpheart.1995.268.5.H2157
https://doi.org/10.1007/s40279-013-0020-6
https://doi.org/10.1007/s40279-013-0020-6
https://doi.org/10.1111/sms.12201
https://doi.org/10.1152/ajpregu.00601.2012
https://doi.org/10.1007/BF00422733

European Journal of Applied Physiology (2022) 122:141-155

155

injury—a review. J Surg Res 150:304-330. https://doi.org/10.1016/.
j88.2007.12.747

Thomas S, Reading J, Shephard RJ (1992) Revision of the physi-
cal activity readiness questionnaire (PAR-Q). Can J Sport Sci
17:338-345

Warburton DE, Haykowsky MJ, Quinney HA et al (1999) Reliability
and validity of measures of cardiac output during incremental to
maximal aerobic exercise. Part I: conventional techniques. Sports
Med Auckl NZ 27:23-41

Watanabe K, Ichinose M, Fujii N et al (2010) Individual differences in
the heart rate response to activation of the muscle metaboreflex
in humans. Am J Physiol-Heart Circ Physiol 299:H1708-H1714.
https://doi.org/10.1152/ajpheart.00255.2010

Wiggins CC, Constantini K, Paris HL et al (2019) Ischemic precondition-
ing, O2 kinetics, and performance in normoxia and hypoxia. Med

Sci Sports Exerc 51:900-911. https://doi.org/10.1249/MSS.00000
00000001882

Wyss CR, Ardell JL, Scher AM, Rowell LB (1983) Cardiovascular
responses to graded reductions in hindlimb perfusion in exercising
dogs. Am J Physiol 245:H481-486. https://doi.org/10.1152/ajpheart.
1983.245.3.H481

Yellon DM, Downey JM (2003) Preconditioning the myocardium: from
cellular physiology to clinical cardiology. Physiol Rev 83:1113—
1151. https://doi.org/10.1152/physrev.00009.2003

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jss.2007.12.747
https://doi.org/10.1016/j.jss.2007.12.747
https://doi.org/10.1152/ajpheart.00255.2010
https://doi.org/10.1249/MSS.0000000000001882
https://doi.org/10.1249/MSS.0000000000001882
https://doi.org/10.1152/ajpheart.1983.245.3.H481
https://doi.org/10.1152/ajpheart.1983.245.3.H481
https://doi.org/10.1152/physrev.00009.2003

	Ischemic preconditioning of the muscle reduces the metaboreflex response of the knee extensors
	Abstract
	Purpose 
	Method 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Study population
	Experimental design
	Familiarization
	Ischemic preconditioning and sham treatments
	Post-exercise muscle ischemia (PEMI) protocol
	Hemodynamic variables
	Pain measurement
	Perception of effort measurement
	Statistical analysis

	Results
	Hemodynamic response during exercise
	Hemodynamic response during the occlusion phase
	Perceptual parameters during ischemic preconditioning and sham treatments
	Perceptual parameters during post exercise muscle ischemia protocols

	Discussion
	Hemodynamic response during exercise and metaboreflex activation
	Effects of muscle ischemic preconditioning on hemodynamic response during exercise and metaboreflex activation
	Effects of muscle ischemic preconditioning on pain
	Limitations of the study
	Conclusion

	Acknowledgements 
	References




