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Remote Conditioning Modifies the Cardiorespiratory
Responses During Exercise in Simulated Altitude
Silvia Gaspard1,2, Cecilia Thairi1, Guido Giardini2, Paola Berchialla1, Piergiorgio Montarolo3,
Pasquale Pagliaro1
The role of remote ischemic preconditioning (rIPC) in hypoxia is not yet fully understood. Since rIPC influences autonomic
nervous system activity, we investigated the effects of rIPC on cardiopulmonary parameters during exercise in hypoxia.
Eighteen healthy male participants performed a first incremental-exercise (1st-Exercise) in normobaric hypoxia (12.5% O2).
Five minutes after the 1st-Exercise, participants received either rIPC (3x5-min ischemia/5-min reperfusion cycles at 200 mmHg;
n = 9) or sham-test (15 mmHg; n = 9), which served as control. After a 2-h wash-out in normoxia, participants performed a
second incremental-exercise (2nd-Exercise) in hypoxia. During the 2-h wash-out, the heart rate (HR) recovered more in rIPC
than sham group and the difference in HR recovery was by about 5 beats per minute (p < 0.001, sham vs rIPC), as revealed
by the time-group and time difference analysis. Then, the achievement of 80% of predicted HR-max occurred, on average, 81
seconds earlier in the sham group during the 2nd-Exercise (p = 0.048, sham vs. rIPC). Carbon dioxide (CO2) production (VCO2)
and oxygen consumption (VO2) were not different between the two groups when comparing the two exercises. However,
during the 2nd-Exercise the difference in ventilation (ΔVE) between Sham and rIPC were statistically significant (-3.32 l/min, p <
0.001 sham vs. rIPC) at submaximal intensity (70-80% of the total exercise time). Nevertheless, ventilator efficiency (VE/VCO2)
was not different among groups. Effort in hypoxia is capable of impairing cardiopulmonary performance during a subsequent
exercise. Our data suggest that rIPC modifies HR recovery after the effort and this may mitigate the performance worsening
during the 2nd-Exercise.
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Introduction
In 1986, Murry et al. (1986) described ischemic preconditioning
as endogenous cardioprotective mechanisms to limit ischemia/
reperfusion injury (IRI) via repeated cycles of brief ischemia/
reperfusion. Subsequently, in 1993, Przyklenk et al. (1993)
introduced remote ischemic preconditioning (rIPC) as a
strategy to limit IRI in an area far from that subject to the
preconditioning protocol. The mechanisms underlying
rIPC appear to be both neural and humoral in nature, with a
preeminent role for the autonomic nervous system (Lim et
al 2010). It produces an early cardioprotective effect (first
window of protection), which lasts 2-3 h, then, after 12-24 h, it
is followed by a late cardioprotection period (second window
of protection), which lasts 24-36 h (Kuzuya et al., 1993; Baxter

et al., 1997). It was soon clear that rIPC can be obtained by the
intermittent interruption of the blood flow of a limb (Kuzuya et
al., 1993; Baxter et al., 1997; Bushell et al., 2002; de Groot et
al., 2010; Foster et al., 2014; Horiuchi 2017). This is typically
obtained by inflating a sphygmomanometer cuff to 200-220
mmHg and deflating it to 0 mmHg for several cycles with each
inflation-deflation being 3-5 min in duration. Also intermittent
hypoxic conditioning (I-Hypo-C), obtained with intermittent
hypoxia and normoxia can trigger similar protective effects in
vital organs (Sprick et al., 2019).
Many authors have studied the impact of rIPC and I-Hypo-C
protocols on exercise performance (Kuzuya et al., 1993;
Crisafulli et al. 2011; Foster et al., 2014; Hittinger et al. 2014;
Tocco et al., 2015; Banks et al., 2016; Griffin et al., 2018;
Paull 2018; Turnes et al., 2018; Slysz and Burr, 2019; Sprick

1

Department of Clinical and Biological Sciences, University of Torino, Turin, Italy. 2Centro di Medicina di Montagna, Aosta, Italy.
Department of Neurosciences, Rita Levi Montalcini, University of Torino, Turin, Italy

3

Correspondence should be addressed to Pasquale Pagliaro, M.D., Ph.D. (pasquale.pagliaro@unito.it).

Conditioning Medicine 2021 | Volume 4 | Issue 4 | August 2021

Conditioning Medicine | 2021,

ORIGINAL RESEARCH ARTICLE

4(4):198-208

Table 1. Exclusion Criteria
Recent Acute Coronary Syndrome (ACS)
Hb˂12 g/dl
Inducible myocardial ischemia signs under normoxia requests a re- Recent stroke (6 months)
vascularization procedure
FE˂50 %
Drug-resistant epilepsy
Mild to severe aortic valve stenosis or regurgitation
Severe COPD (PO2˂60 mmHg)
Mild to severe mitral valve stenosis
Uncontrolled diabetes
Severe mitral valve regurgitation
End-stage kidney disease
Uncontrolled arterial hypertension
End-stage liver disease

et al., 2019; 10–18). However, the effectiveness of these
procedures in improving physical performance is not yet fully
understood. In particular, in recent years, rIPC has also been
tested on physical exercise under high altitude conditions. In
most studies, the experimental setting is obtained in normobaric
hypoxic conditions (Hittinger et al. 2014; Rieger et al., 2017;
Kim et al, 2019; Wiggins et al., 2019). Only a few studies have
used one similar to the real environment, namely hypobaric
hypoxia (Kuzuya et al., 1993; Berger et al. 2017; Rieger et
al., 2017). For example, Kim et al. (2019) noted that during
exercise following rIPC, mean pulmonary arterial pressure
(mPAP) and pulmonary arterial systolic pressure (PASP)
are reduced compared to controls, and there is an increase
in ventilation (VE) as well . However, Wiggins et al. (2019)
have failed to demonstrate an increase in time trial (TT) in
participants undergoing normobaric hypoxia. Also Hittinger et
al. (2014) did not detect any difference compared to controls
concerning parameters such as maximal power output (W
max) and peripheral saturation of oxygen (SpO2). Despite a
different experimental setting (hypobaric hypoxia), Foster et
al. (2014) have experienced a decrease in mPAP, as well as
an increased total exercise time (TET). However, in the same
hypoxic conditions but at rest, Berger et al. (2017) did not
notice any influence of rIPC on acute mountain sickness (AMS)
development or on parameters such as SpO2, heart rate (HR),
arterial pressure (PA), and PASP, a finding confirmed by Rieger
et al. (2017).
Therefore, the effectiveness of rIPC in influencing
cardiorespiratory parameters and physical performance is
not entirely clear, especially under hypoxia or high altitude
environments. With this study conducted on healthy, sedentary
participants, we aimed to check if the early phase of rIPC (first
window of protection) affects the recovery of cardiorespiratory
parameters from a submaximal exercise and whether it
influences them in a subsequent exercise performed in
normobaric hypoxic conditions.
Methods and Materials
Eighteen healthy males participated in this study. All the
participants were declared to not be affected by any respiratory
or cardiovascular diseases. Exclusion criteria for the study
are shown in Table 1. At the time of the trial, none of the
participants took drugs daily. In addition, all were non-smokers
and normotensives. Participants were asked to refrain from
drugs and alcohol intake and physical exercise 24 hours before
the test. On the morning of the scheduled cardiovascular
assessment, participants arrived in a 1.5-2-h fasted condition.
After an exhaustive explanation of methods and purposes of the
study, they provided written informed consent. This trial was
approved by the ethics committee of the "Parini" Hospital of the
Aosta AUSL in accordance with Helsinki Declaration’s rules.
Protocol overview
The experimental setting was carried out under fraction of
expired O2 (FiO2) conditions of 12.6 ± 0.2%, equivalent to
approximately 4100 m above sea level. Atmospheric pressure,
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room temperature, and humidity were 714.9 ± 5.6 mmHg, 24.9
± 0.7 °C, and 25.3 ± 7.4 %, respectively.
The participants were randomly assigned to two groups both
containing nine participants. Their characteristics are shown
in Table 2. After a first effort in normobaric hypoxia, while
the participants of the first group were subjected to the rIPC
maneuver, the participants of the second group underwent the
sham test and served as control (see below). The experimental
protocol was divided into four main phases; 1) first bout of
physical exercise under normobaric hypoxic conditions 2)
rIPC treatment/sham test during normoxia 3) wash-out during
normoxia 4) second bout of physical exercise under normobaric
hypoxic conditions (Figure 1). The normobaric hypoxic
environment was reproduced thanks to Alti Trainer made
by SMTEC. It delivered airflow with reduced inspired FiO2
through a respiratory mask. In this study, we administered a
FiO2 equal to 12.6%, equivalent to an altitude of 4100 m above
sea level. To perform the physical exercise, participants used a
supine ergometer ergoselect 1200 made by ergoline. Data were
collected by QUARK RMR with CPET made by COSMED,
which allowed recording of all parameters every 3 to 10 s.
During the first and fourth phases, participants underwent a 12
lead surface ECG-monitoring.
The protocol of the phases of physical exercise was designed
on the basis of previous studies (Hittinger et al. 2014; ParadisDeschênes et al., 2018; Kim et al, 2019; Wiggins et al., 2019).
The protocol involved four stages: 1) rest, 2 min in normoxia
followed by hypoxia; 2) physical exercise, incremental starting
from 25 Watt (W) at 60-70 rpm, followed by an increase of 25
W every 3 min up to 80-90% of the predicted HR max (HRmaxpred) of each subject (Riebe et al., 2018); 3) recovery, 3 min at
20 W; 4) same as stage 1. After randomization, participants
were subjected to rIPC treatment or sham test after step 3.
The procedure used in this study involved the application of
the inflated/deflated sphygmomanometer cuff to the upper left
limb. The procedure duration was about 25 min, including 3
cycles. Each cycle consisted of 5 min of cuff inflation (ischemic
stimulus) followed by 5 min of its deflation (reperfusion phase)
(Kuzuya et al., 1993; Turnes et al., 2018). According to the
literature, administered pressures were 200 mmHg during the
rIPC treatment and 15 mmHg during the sham test (Kuzuya et
al., 1993).
Table 2. Physical features of two groups expressed as
mean ± SD (acronyms as in the text).
rIPC

Sham

Age (years)

31±12.8

26.7±9.2

Height (cm)

177.8±7

180.8±3.9

Weight (kg)

70.3±11.5

74.8±7.9

BMI (kg/m2)

22.3±3.6

22.9±2.6
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Figure 1. Study protocol. The experimental protocol was divided into four main phases; 1) first physical exercise in normobaric hypoxic
conditions, 2) remote ischemic conditioning (rIPC) treatment or sham test during normoxia, 3) wash-out during normoxia, and 4) second
physical exercise in normobaric hypoxic conditions.

In order to not influence participants, they were told that we
intended to study the maneuver effect on physical exercise,
without mentioning the existence of two different procedures.
After that, participants experienced a 2-h wash-out. During this
period, they were asked to eat a light meal, to avoid alcohol
or drug intake, as well as to rest. The procedures and their
duration were chosen on the basis of previous literature (Kuzuya
et al., 1993; Baxter et al., 1997; Bushell et al., 2002; de
Groot et al., 2010; Lisbôa et al., 2017; Turnes et al., 2018). In
particular, Lisbôa et al. (2017) reported how the effectiveness of
preconditioning is evident only in exercise after 2 h and 8 h, but
not after 1 h from rIPC administration. Since, our purpose was
to study the first window of protection induced by rIPC, which
lasts up to 2-3 h (Marber et al., 1993; Kuzuya et al., 1993;
Baxter et al., 1997; Gross, 2005), all participants performed the
same physical exercise 2 h after the end of the rIPC protocol.
Pulmonary gas exchange
Since oxygen uptake (VO 2 , ml/min/kg), carbon dioxide
production (VCO2, ml/min), and VE (l/min) increase in parallel
to exercise intensity, we decided to analyze these parameters to
have indices of exercise respiratory performance. Moreover, we
evaluated the ventilator efficiency (VE/VCO2).
Cardiovascular parameters
Heart rate is considered a linear function of exercise intensity.
In young and healthy participants HR max can reach 3-4 times
basal values, namely the theoretical HRmax-pred, which in our
participants differed by 2-4 beats per minute (bpm) whether
calculated as = 220 – age or 208 – 0.7*age. Therefore, we
evaluated HR at rest and during exercise and stopped the 1st
exercise when the participant reached 80-90% of HRmax-pred.
Blood pressure was also measured before exercise.
Statistical analysis
To have comparable parameters between the experimental
groups, statistical analysis, as well as intra- and inter-group
comparisons, were conducted over defined time intervals.
These were chosen to be 60-70% and 70-80% of the total
exercise time (TET) and the time period at which the 75-80% of
HRmax-pred was reached. In these time intervals, the exercise
intensity is considered submaximal.
The Linear mixed model approach was used to analyze
the variation of cardiovascular parameters and pulmonary gas
exchange between experimental groups (rIPC and sham). First
exercise and second exercise are to be referred to the exercise
before the rIPC/sham test and to the one after, respectively.
Interaction between group and time measurement (1st and 2nd
exercise) was included.
The linear mixed model was fit using restricted maximum
200

likelihood criterion. P-value adjustment for the post-hoc test
was applied. Statistical significance was set at 0.05. All analyses
were carried out using R version 4.0.2 (R Core Team, 2020).
Results
All the participants completed the protocol. However, two
participants were excluded: a subject belonging to rIPC group
was excluded because the participant did not fully record his
physical performance before rIPC protocol, whereas a subject
belonging to the sham group was excluded because, in the first
exercise, he only reached 70% of his theoretical HRmax-pred due to
insufficient hemoglobin (Hb) saturation (SpO2˂60 %).
In Table 3, mean values of pulmonary gas exchange and
cardiovascular parameters adjusted for individual variability
along with 95% CI are reported.
Heart Rate
Before exercise, HR was not significantly different between
groups: mean HR was 72.58 (95% CI 61.97-83.20) in the rIPC
group vs. 79.85 (95% CI 69.23-90.47) in the sham group, with
a mean difference of 7.27 bpm with a p value not statistically
significant (Table 4). After the first exercise and before the
second exercise, HR was on average 3.15 bpm higher (p <
0.001). Participants in the sham group showed an additional
statistically significant increase of 5.38 bpm (p < 0.001).
During the second exercise, at 60-70% of the total exercise
time, HR was on average 4.57 bpm higher in the sham group
than in rIPC group (p < 0.001). At 70-80% time of the total
exercise, the difference between groups was smaller (2.66 bpm)
but still significant (p < 0.001).
Raw data and mean adjusted values estimated by the models
are reported in figures 2A and B and in Table 5.
Time
During the first exercise, the time at which the 75% of HRmaxpred was reached was 633.87s (95% CI 439.77 – 827.98) and
555.12s (95% CI 361.02 – 749.23) in the rIPC group and the
sham group, respectively, with a mean difference equal to
78.75sn, which was not statistically significant. No significant
difference was observed in the time at which the 80% of HRmaxpred was reached (771s, 95% CI 548.09 – 993.91 in the rIPC
group; 685s 95% CI 462.09 – 907.91 in the sham group).
During the second exercise, the time at which the 80% of
HRmax-pred was achieved decreased significantly in the sham
group (-104.37s, 95% CI -207.8; -0.95, p = 0.048), whereas in
the rIPC group a significant reduction was not observed. The
differences were not significant for the time at which the 75%
of HRmax-pred was achieved either in the sham group or the rIPC
group. Raw data and mean adjusted values estimated by the
models are reported in figure 2C.
Conditioning Medicine 2021 | www.conditionmed.org
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Table 3. HR at rest before exercises and during 1st and 2nd exercise for both rIPC and sham
group, mean values adjusted for individual variability with 95%CI (acronyms as in the text).
rIPC
Time

Mean

Sham

95%CI

Mean

95%CI

HR at rest
Before 1st exercise

72.58

61.97

83.20

79.85

69.23

90.47

Before 2nd exercise

75.73

65.11

86.35

88.38

77.76

99.01

1st exercise

633.87

439.77

827.98

555.12

361.02

749.23

2nd exercise

604.62

410.52

798.73

445.13

251.02

639.23

1st exercise

771.00

548.09

993.91

685.00

462.09

907.91

2nd exercise

769.37

546.47

992.28

579.00

356.09

801.91

1st exercise

53.05

45.66

53.05

48.49

41.10

48.49

2nd exercise

52.57

45.18

52.57

47.45

40.05

47.45

61.71

54.31

61.71

54.67

47.27

54.67

62.28

54.89

62.28

51.85

44.45

51.85

138.10

129.42

146.78

145.62

136.94

154.30

140.64

131.96

149.32

152.73

144.05

161.41

145.42

136.74

154.09

152.90

144.22

161.58

147.68

139.01

156.36

157.92

149.24

166.60

24.01

20.30

27.72

22.79

19.08

26.50

24.10

20.39

27.81

22.81

19.10

26.52

26.25

22.54

29.96

24.72

21.01

28.43

26.80

23.09

30.51

24.63

20.92

28.35

1670.54

1386.00

1955.09

1658.30

1373.70

1942.89

1718.92

1434.34

2003.50

1706.76

1422.10

1991.41

1902.11

1617.60

2186.62

1854.77

1570.22

2139.31

1987.07

1702.56

2271.59

1884.68

1600.08

2169.28

Time(s) at 75% HRmax-pred

Time(s) at 80% HRmax-pred

VE at 60% of TET

VE at 70% of TET
1st exercise
nd

2 exercise
HR at 60% of TET
1st exercise
nd

2 exercise
HR at 70% of TET
1st exercise
nd

2 exercise
VO2 at 60% of TET
1st exercise
nd

2 exercise
VO2 at 70% of TET
1st exercise
nd

2 exercise
VCO2 at 60% of TET
1st exercise
nd

2 exercise
VCO2 at 70% of TET
1st exercise
nd

2 exercise

Ventilation
At 60-70% of the total exercise time, no statistically significant
differences in VE were observed between groups when
comparing the first and second exercise. At 70-80% of the total
exercise time, VE was significantly lower during the second
exercise among individuals in the sham group (-3.32 l/min, 95%
CI -4.30; -2.34, p < 0.001). Raw data and mean adjusted values
estimated by the models are reported in figure 3 and Tables 6-7.
Oxygen consumption (VO2)
At 60-70% of the total exercise time, no statistically significant
differences in VO 2 were observed between groups when
comparing the first and second exercise,.
At 70-80% of the total exercise, the VO 2 increase was
significantly lower in the sham group. Indeed, the increase over
time of VO2 was 0.64ml/min/kg higher in the rIPC group (p =
0.01).
Conditioning Medicine 2021 | www.conditionmed.org

Raw data and mean adjusted values estimated by the models
are reported in figure 3 and Tables 6-7.
CO2 production (VCO2)
Comparing the first and second exercise, we observed that at
60-70% of the total exercise time, VCO2 increased significantly
in both groups (+56.38, 95%CI: 35.30 – 77.31, p < 0.001).
At 70-80% of the total exercise (submaximal exercise), the
increase was significantly lower in the sham group. Indeed, the
increase over time of the increment of VCO2 was 54.82 ml/min
higher in the rIPC group (p < 0.001). At submaximal exercise,
ventilator efficiency (VE/VCO2) was similar in all conditions.
Raw data and mean adjusted values estimated by the models
are reported in figure 3 and Tables 6-7.
Discussion
Here we demonstrate that rIPC modifies recovery from
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Table 4. Mixed effect models for HR (bpm) at rest and HR at 60-70% of TET. In square brackets is reported the reference category (acronyms
as in the text).
HR at rest
Predictors

HR at 60% of total exercise

HR at 70% of total exercise

Estimates

CI

p

Estimates

CI

p

Estimates

CI

p

(Intercept)

72.58

62.88 – 82.29

<0.001

135.48

127.51 – 143.46

<0.001

142.96

134.89 – 151.03

<0.001

Time [after exercise]

3.15

2.11 – 4.19

<0.001

2.74

2.03 – 3.45

<0.001

2.28

1.71 – 2.86

<0.001

Group [Sham]

7.27

-6.46 – 21.00

0.300

3.08

-8.21 – 14.36

0.593

5.00

-6.42 – 16.42

0.391

Time * Group [Sham]

5.38

3.84 – 6.92

<0.001

4.38

3.32 – 5.44

<0.001

2.66

1.79 – 3.53

<0.001

Random Effects
σ2

36.38

18.35

14.39

τ00

195.09 id
0.84

129.76 id

133.96 id

0.88

0.90

N

16 id

Observations

963

16 id
1036

16 id
1208

Marginal R 2 / Conditional R2

0.131 / 0.864

0.163 / 0.896

0.130 / 0.916

ICC

submaximal exercise performed under normobaric hypoxic
conditions, as revealed by faster HR recovery in two hours
in preconditioned participants compared to the sham group.
Furthermore, in a subsequent physical exercise, carried out
during the first window of protection under hypoxic conditions,
the preconditioned participants performed the exercise longer
before reaching 75-80% of HRmax-pred. Indeed, during the 2nd
exercise in the sham group the value of HR was greater under
the same power output, but this alteration was mitigated by
rIPC maneuver.
Preconditioning probably represents one of the best
strategies for efficient prevention against acute cardiovascular
diseases (CVDs) (Keith et al., 1990; Crisafulli et al., 2015;
Pagliaro and Penna, 2015). As said, preconditioning is
composed of an immediate/early (hours) and a delayed (days)
phase. While the first is caused by rapid posttranslational
modifications of existing proteins, the latter provides sustained
protection as a result of the de novo synthesis of additional
proteins (Qian et al., 1999; Bolli, 2000). Also I-Hypo-C, is
under scrutiny for CVD prevention (Sprick et al., 2019). In
principle, I-Hypo-C is thought to drive responses similar to
those induced by rIPC. For example, I-Hypo-C was shown to
increase exercise tolerance in elderly men with and without
coronary artery disease (Burtscher et al., 2004) and to improve
several metabolic and cardiovascular parameters in patients (del
Pilar Valle et al., 2006; Serebrovskaya and Xi, 2016). Moreover,
I-Hypo-C benefits not only the cardiovascular, but the nervous,
digestive, and pulmonary systems as well (Burtscher et al.,
2009; Milano et al., 2011; Faulhaber et al., 2015; Estrada et al.,
2016; Serebrovska et al., 2016; Glazachev et al., 2017). Most
likely, the reoxygenation of hypoxic tissues plays a crucial role
in developing protection during I-Hypo-C, but the underlying
mechanisms are not yet fully understood.
Here we decided to perform a rIPC protocol after a first
hypoxic exercise to add the effects of short intermittent
ischemia, namely rIPC, to those of alternating hypoxia/
normoxia and to analyze the effects of these protocols in a time
window (the first window of protection) in which it is still likely
that there will be the effects of the conditioning induced by the
rIPC. Intermittent hypoxia was chosen, alternating hypoxia
and normoxic washout, since it is at the time of reintroduction
of oxygen that reactive oxygen species-dependent and other
protective mechanisms are likely to be evoked (Burtscher et
al., 2009; Milano et al., 2011; Faulhaber et al., 2015; Estrada
202

et al., 2016; Serebrovska et al., 2016; Glazachev et al., 2017).
We therefore chose to superimpose the mechanisms induced by
rIPC to those induced by intermittent hypoxia.
Our data suggest that performing exercise in hypoxia and
recovery in normoxia does not induce per se an improvement
of cardiovascular parameters during the time window of the
early protection. Actually, it delays the complete recovery of
cardiovascular parameters. Consequently, the second exercise
has an impaired cardiovascular response. This is in agreement
with the observed alterations in repeated-sprint ability (i.e.
with earlier and larger performance decrements) occurring
under hypoxic conditions (Girard et al., 2017). The novelty
of our study is in the addition of a rIPC protocol during the
initial part of the post-exercise recovery, which accelerates
the recovery of cardiovascular parameters and allows a better
cardiorespiratory performance during the second exercise under
hypoxic conditions. Actually the main differences are in terms
of HR, as VCO2 and VO2 are similar among groups and during
the two exercises. Yet, VE parameters are slightly improved
in the second exercise of the rIPC group, whose physiological
relevance may be negligible. Indeed, breathing efficiency (VE/
VCO2) was not different between groups.
We do not know the mechanisms responsible for
cardiovascular parameters worsening after switching from
hypoxic exercise to normoxic recovery and hypoxic exercise
again, and we do not know the mechanism of limitation in
impairment by rIPC. We can speculate that the mechanisms may
reside in different acid-base responses in the sham and rIPC
group. It is well known that acidosis is necessary for inducing
cardioprotection by conditioning protocols (Cohen and Downey,
2011; Inserte et al., 2011; Pagliaro and Penna, 2015). Exercise
at high altitude (or in hypoxia) is characterized by tissue
hypoxemia, which may therefore represent a sort of ischemiareperfusion stress. However, hypoxia-drives the hyperventilation
response mediated by the carotid bodies and aimed at restoring
normal oxygenation. This necessarily implies excessive
washout of carbon dioxide, which shifts the acid-base balance
toward alkalosis (Samaja et al., 1997). Therefore, this balance
may limit the potential to trigger protective mechanisms. The
addition of rIPC might re-establish tissue acidosis, which may
help to trigger a stronger protection response and to improve
subsequent cardiorespiratory performance. Indeed, recovery
from hypoxic exercise is modifiable by rIPC, which has the
potential to improve exercise performance via both local and
Conditioning Medicine 2021 | www.conditionmed.org
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Figure 2. A: Values of HR (bpm) before and 2-h after the 1st exercise. B: Values of HR (bpm) during the 1st and 2nd exercises at 60% and
70% of TET. C: Values of time (seconds) at 75-80% of HRmax-pred during the 1st and 2nd exercises. Points connected by lines are the mean
adjusted values estimated by the models (acronyms as in the text).

remote mechanisms (Kuzuya et al., 1993; de Groot et al., 2010).
For instance, it has been reported that rIPC improves maximal
performance in highly trained swimmers (Jean-St-Michel et al.,
2011). Recently, it has been shown that rIPC induces a sort of
"vascular conditioning," which is likely to be attributed to the
upregulation of some cardio-protective microRNAs (such as
miR-150, -21, -208), to the reduction of oxidative stress, and to
the production of oxides of nitrogen (Ikonomidis et al., 2021).
It has also been suggested that preconditioning may provide
Conditioning Medicine 2021 | www.conditionmed.org

an immediate and effective strategy to enhance high-intensity
endurance performance at moderate altitude (Paradis-Deschênes
et al., 2018). Here we suggest that rIPC may represent a way for
a better recovery of cardiorespiratory parameters from an effort
in hypoxia.
Methodological considerations and limitations of the study
Our study data was acquired in laboratory settings of supine
exercise and in normobaric hypoxia that do not represent the
203
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Table 5. Mixed effect models for time (s) at HR 75 and 80% of HRmax. In square brackets is reported the reference category (acronyms
as in the text).
At 75% of HRmax
Predictors

At 80% of HRmax

Estimates

CI

p

Estimates

CI

p

(Intercept)

633.87

455.09 – 812.66

<0.001

771.00

566.12 – 975.88

<0.001

Group [Sham]

-78.75

-331.58 – 174.08

0.542

-86.00

-375.74 – 203.74

0.561

Time

-29.25

-104.15 – 45.65

0.444

-1.63

-74.76 – 71.51

0.965

Group [Sham] * Time

-80.75

-186.68 – 25.18

0.135

-104.37

-207.80 – -0.95

0.048

Random Effects
σ2

5842.12

5569.42

τ00

60720.75

ICC

0.91

0.94

N

16 id

16 id

Observations

32

32

Marginal R2 / Conditional R2

0.074 / 0.919

0.068 / 0.941

81846.93

id

id

Table 6. Mixed effect models for VE, VO2 and VCO2 at 60% of TET. In square brackets is reported the reference category (acronyms as in
the text).
VE at 60% of TET
Predictors

VO2 at 60% of TET

VCO2 at 60% of TET

Estimates

CI

p

Estimates

CI

p

Estimates

CI

p

(Intercept)

53.67

47.76 – 59.57

<0.001

24.14

20.95 – 27.33

<0.001

1686.59

1455.14 – 1918.05

<0.001

Exercise [2nd]

-0.25

-1.01 – 0.51

0.521

0.15

-0.13 – 0.42

0.295

56.31

35.30 – 77.31

<0.001

Group [Sham]

-5.05

-13.39 – 3.30

0.236

-1.34

-5.85 – 3.17

0.560

-26.99

-354.35 – 300.37

0.872

-0.88

-2.01 – 0.25

0.125

-0.15

-0.56 – 0.27

0.488

-10.12

-41.40 – 21.15

0.526

Exercise [2nd]
Group [Sham]

*

Random Effects
σ2

21.40

2.86

16469.29

τ00

71.87 id
0.77

21.11 id
0.88

111076.72 id
0.87

N

16 id

16 id

Observations

1064

1062

16 id
1062

Marginal R2 /
Conditional R2

0.075 / 0.788

0.020 / 0.883

0.007 / 0.872

ICC

high altitude environment. However, our setting allows us to
easily shift from hypoxia (during exercise) to normoxia (during
recovery from exercise). Nevertheless, the wash-out time dictated by the duration of the first window of protection was insufficient for a full HR recovery, especially for sham
group participants. Moreover, we had a low sample size, due
to the Covid-19 lockdown, which could have compromised the
statistical significance of some of the analyzed parameters. Yet,
we cannot rule out that a stronger ischemic preconditioning
stimulus (e.g. intermittent ischemia of two limbs) may
achieve different results, as dose response studies achieved
contradictory results in terms of cardioprotection (Whittaker
and Przyklenk, 2014; Gaspar et al., 2018) and the concept of
‘hyperconditioning’ was introduced (Whittaker and Przyklenk,
2014). Finally, to have mechanistic assumptions on how rIPC
can affect the cardiorespiratory system, in future studies,
autonomic nervous system factors, such as acetylcholine,
epinephrine, or norepinephrine could be analyzed, at the
different time points.
Clinical implications
In various pathological and clinical conditions, including CVDs,
intermittent hypoxic interventions have been shown to be
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effective as therapeutic approaches (Burtscher et al. 2004; Millet
et al., 2016; Serebrovskaya et al., 2008; Fernandez et al., 2018;
Kayser et Verges, 2013). In particular, for respiratory diseases,
evidence is accumulating that intermittent hypoxia may be
effective as a treatment in chronic obstructive pulmonary
disease, improving both exercise tolerance and decreasing
adrenergic reactivity, thereby improving respiratory control
(Haider et al., 2009; Burtscher et al., 2009; Burtscher et al.,
2010). With due caution, it could also be useful in some patients
who have suffered from COVID-19 (Millet et al., 2021).
Nevertheless, we are aware that there is an extraordinary need
to better understand conditioning mechanisms and to obtain
their benefits by other means, for example pharmacologically
and through an integrated and multitargeted approach in some
multifactorial conditions (Davidson et al., 2019).
In conclusion, physical performance and cardiorespiratory
parameters in normobaric hypoxia are appreciably compromised
in cases of incomplete recovery from a previous submaximal
exercise. Remote ischemic preconditioning, performed under
normoxic conditions, is able to accelerate recovery from
an exercise performed under hypoxic conditions, allowing
faster recovery of HR and, possibly, better cardiorespiratory
Conditioning Medicine 2021 | www.conditionmed.org
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Figure 3. Values of VE (l/min), VO2 (ml/min/kg), and VCO2 (ml/min) during the 1st and 2nd exercises. Points connected by lines are the mean
adjusted values estimated by the models (acronyms as in the text).

performance during a second effort (Kim et al., 2019). Thus
rIPC may allow better execution of an effort performed after
an alternation of hypoxia/normoxia. Therefore, we suggest that
rIPC could mitigate the impairment of physical performance
due to incomplete recovery from a previous effort in normobaric
hypoxia.
An interesting and lively debate, which goes beyond the
scope of the present work, has long been underway among
researchers on whether or not hypobaric hypoxia induces
responses other than normobaric hypoxia, especially in the
Conditioning Medicine 2021 | www.conditionmed.org

context of exercise physiology. For a more in-depth analysis on
this point, the reader is redirected to the review by Viscor et al.
(2018).
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Table 7. Mixed effect models for VE, VO2 and VCO2 at 70% of TET. In square brackets is reported the reference category (acronyms as in
the text).
VE at 70% of TET
Predictors

VO2 at 70% of TET

VCO2 at 70% of TET

Estimates

CI

p

Estimates

CI

p

Estimates

CI

p

(Intercept)

61.18

53.64 – 68.72

<0.001

26.13

22.53 – 29.73

<0.001

1887.05

1600.24 – 2173.86

<0.001

2nd exercise

0.55

-0.10 – 1.21

0.096

0.55

0.29 – 0.80

<0.001

84.35

64.36 – 104.34

<0.001

Group [Sham]

-6.64

-17.30 – 4.02

0.222

-1.39

-6.48 – 3.70

0.593

-31.84

-437.46 – 373.79

0.878

-3.32

-4.30 – -2.34

<0.001

-0.64

-1.03 – -0.26

0.001

-54.82

-84.75 – -24.89

<0.001

nd

2 exercise
Group [Sham]

*

Random Effects
σ2

18.87

2.89

17657.15

τ00

117.79 id

26.91 id

170843.81 id

ICC

0.86

0.90

0.91

N

16 id

16 id

16 id

Observations

1237

1238

1238

Declaration of conflicting interests
The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be perceived as a potential conflict of interest.
References
Banks L, Wells GD, Clarizia NA, Jean-St-Michel E (2016)
Short-term remote ischemic preconditioning is not
associated with improved blood pressure and exercise
capacity in young adults. Appl Physiol Nutr Metab
41:903–6. https://doi.org/10.1139/apnm-2016-0024
Baxter GF, Goma FM, Yellon DM (1997) Characterisation of
the infarct-limiting effect of delayed preconditioning:
Timecourse and dose-dependency studies in rabbit
myocardium. Basic Res Cardiol 92:159–67. https://doi.
org/10.1007/BF00788633
Berger MM, Macholz F, Lehmann L, Dankl D, Hochreiter M,
Bacher B, Bärtsch P, Mairbäurl H (2017) Remote ischemic
preconditioning does not prevent acute mountain sickness
after rapid ascent to 3,450 m. J Appl Physiol 123:1228–
34. https://doi.org/10.1152/japplphysiol.00505.2017
Bolli R (2007) Preconditioning: A paradigm shift in the
biology of myocardial ischemia. Am J Physiol - Hear
Circ Physiol 292(1):19–27. https://doi.org/10.1152/
ajpheart.00712.2006
Burtscher M, Gatterer H, Szubski C, Pierantozzi E, Faulhaber
M (2010) Effects of interval hypoxia on exercise
tolerance: Special focus on patients with CAD or COPD.
Sleep Breath 14:209–220. https://doi.org/10.1007/s11325009-0289-8
Burtscher M, Haider T, Domej W (2009) Intermittent hypoxia
increases exercise tolerance in patients at risk for or
with mild COPD. Respir Physiol Neurobiol 165:97–103.
https://doi.org/10.1016/j.resp.2008.10.012
Burtscher M, Pachinger O, Ehrenbourg I (2004) Intermittent
hypoxia increases exercise tolerance in elderly men with
and without coronary artery disease. Int J Cardiol 96:247–
54. https://doi.org/10.1016/j.ijcard.2003.07.021
Bushell AJ, Klenerman L, Taylor S, Davies H, Grierson
I, Helliwell TR, Jackson MJ (2002) Ischaemic
206

preconditioning of skeletal muscle. 1. Protection against
the structural changes induced by ischaemia/reperfusion
injury. J Bone Joint Surg Br 84:1184-8. https://doi.
org/10.1302/0301-620x.84b8.9361
Cohen M, Downey J (2011) Ischemic postconditioning: from
receptor to end-effector. Antioxid Redox Signal 14:821–
31. https://doi.org/10.1089/ars.2010.3318
Crisafulli A, Mancardi D, Marongiu E, Rastaldo R, Penna C,
Pagliaro P (2015) Preconditioning cardioprotection and
exercise performance: a radical point of view. Sport Sci
Health 11:137–151. https://doi.org/10.1007/s11332-0150225-1
Crisafulli A, Tangianu F, Tocco F, Concu A, Mameli O,
Mulliri G, Caria MA (2011) Ischemic preconditioning
of the muscle improves maximal exercise performance
but not maximal oxygen uptake in humans. J
Appl Physiol 111:530–6. https://doi.org/10.1152/
japplphysiol.00266.2011
Davidson SM, Ferdinandy P, Andreadou I, Bøtker HE, Heusch
G, Ibáñez B, Ovize M, Schulz R, Yellon DM, Hausenloy
DJ, Garcia-Dorado D CARDIOPROTECTION COST
Action (CA16225) (2019) Multitarget Strategies to
Reduce Myocardial Ischemia/Reperfusion Injury: JACC
Review Topic of the Week. J Am Coll Cardiol 73:89-99.
https://doi.org/10.1016/j.jacc.2018.09.086
de Groot PCE, Thijssen DHJ, Sanchez M, Ellenkamp R,
Hopman MTE (2010) Ischemic preconditioning improves
maximal performance in humans. Eur J Appl Physiol
108:141–6. https://doi.org/10.1007/s00421-009-1195-2
del Pilar Valle M, García-Godos F, Woolcott O (2006)
Improvement of myocardial perfusion in coronary patients
after intermittent hypobaric hypoxia. J Nucl Cardiol
13:69–74. https://doi.org/10.1016/j.nuclcard.2005.11.008
Estrada J, Williams AJ, Sun J (2016) δ-Opioid receptor (DOR)
signaling and reactive oxygen species (ROS) mediate
intermittent hypoxia induced protection of canine
myocardium. Basic Res Cardiol 111:17. https://doi.
org/10.1007/s00395-016-0538-5
Faulhaber M, Gatterer H, Haider T, Linser T, Netzer N,
Burtscher M (2015) Heart rate and blood pressure
responses during hypoxic cycles of a 3-Week intermittent
hypoxia breathing program in patients at risk for or
Conditioning Medicine 2021 | www.conditionmed.org

Conditioning Medicine | 2021,

4(4):198-208

with mild COPD. Int J COPD 10:339–45. https://doi.
org/10.2147/COPD.S75749
Fernandez Menendez A, Saudan G, Sperisen L, Hans D,
Saubade M, Millet GP, Malatesta D (2018) Effects
of short-term normobaric hypoxic walking training
on energetics and mechanics of gait in adults with
obesity. Obesity (Silver Spring) 26:819–827. https://doi.
org/10.1002/oby.22131
Foster GP, Giri PC, Rogers DM, Larson SR, Anholm JD (2014)
Ischemic preconditioning improves oxygen saturation
and attenuates hypoxic pulmonary vasoconstriction at
high altitude. High Alt Med Biol 15:155–61. https://doi.
org/10.1089/ham.2013.1137
Gaspar A, Lourenço A, Pereira M (2018) Randomized
controlled trial of remote ischaemic conditioning in STelevation myocardial infarction as adjuvant to primary
angioplasty (RIC-STEMI). Basic Res Cardiol 113:14.
https://doi.org/10.1007/s00395-018-0672-3
Girard O, Brocherie F, Millet G (2017) Effects of Altitude/
Hypoxia on Single- and Multiple-Sprint Performance: A
Comprehensive Review. Sport Med 47:1931–49. https://
doi.org/10.1007/s40279-017-0733-z.
Glazachev O, Kopylov P, Susta D, Dudnik E, Zagaynaya E
(2017) Adaptations following an intermittent hypoxiahyperoxia training in coronary artery disease patients:
a controlled study. Clin Cardiol 40:370–6. https://doi.
org/10.1002/clc.22670
Griffin PJ, Ferguson RA, Gissane C, Bailey SJ, Patterson
SD (2018) Ischemic preconditioning enhances critical
power during a 3 minute all-out cycling test. J Sports Sci
36:1038–43. http://dx.doi.org/10.1080/02640414.2017.13
49923
Gross GJ (2005) Remote preconditioning and delayed
cardioprotection in skeletal muscle. Am J Physiol Regul
Integr Comp Physiol 289:R1562–R1563. https://doi.
org/10.1152/ajpregu.00627.2005
Haider T, Casucci G, Linser T, Faulhaber M, Gatterer H, Ott
G, Linser A, Ehrenbourg I, Tkatchouk E, Burtscher M,
& Bernardi L (2009) Interval hypoxic training improves
autonomic cardiovascular and respiratory control in
patients with mild chronic obstructive pulmonary disease.
J Hypertens 27: 1648–1654. https://doi.org/10.1097/
HJH.0b013e32832c0018
Hittinger EA, Maher JL, Nash MS, Perry AC, Signorile JF,
Kressler J, Jacobs KA (2014) Ischemic preconditioning
does not improve peak exercise capacity at sea level or
simulated high altitude in trained male cyclists. Appl
Physiol Nutr Metab 40:65–71. https://doi.org/10.1139/
apnm-2014-0080
Horiuchi M (2017) Ischemic preconditioning: Potential impact
on exercise performance and underlyingmechanisms.
J Phys Fit Sport Med 1:15–23. https://doi.org/10.7600/
jpfsm.6.15.
Ikonomidis I, Vlastos D, Andreadou I, Gazouli M, Efentakis
P, Varoudi M, Makavos G, Kapelouzou A, Lekakis J,
Parissis J, Katsanos S, Tsilivarakis D, Hausenloy DJ,
Alexopoulos D, Cokkinos DV, Bøtker HE, Iliodromitis
EK (2021) Vascular conditioning prevents adverse left
ventricular remodeling after acute myocardial infarction: a
randomised remote conditioning study. Basic Res Cardiol
116:9. https://doi.org/10.1007/s00395-021-00851-1.
Inserte J, Ruiz-Meana M, Rodríguez-Sinovas A, Barba I,
Garcia-Dorado D (2011) Contribution of delayed
intracellular pH recovery to ischemic postconditioning
protection. Antioxid Redox Signal 14:923–39. https://doi.
Conditioning Medicine 2021 | www.conditionmed.org

ORIGINAL RESEARCH ARTICLE
org/10.1089/ars.2010.3312.
Jean-St-Michel E, Manlhiot C, Li J, Tropak M, Michelsen
M M , S c h m i d t M R , M c C r i n d l e B W, We l l s G D ,
Redington AN (2011) Remote preconditioning improves
maximal performance in highly trained athletes. Med
Sci Sports Exerc 43:1280–6. https://doi.org/10.1249/
MSS.0b013e318206845d.
Kayser B, Verges S (2013) Hypoxia, energy balance and
obesity: from pathophysiological mechanisms to new
treatment strategies. Obes Rev 14:579-92. https://doi.
org/10.1111/obr.12034 .
Reimer KA, Murry CE, Jennings RB (1990) Editorial Comment
Cardiac Adaptation to Ischemia. Circulation 82:2266–9.
Kim CH, Sajgalik P, Van Iterson EH, Jae SY, Johnson BD
(2019) The effect of remote ischemic pre-conditioning
on pulmonary vascular pressure and gas exchange in
healthy humans during hypoxia. Respir Physiol Neurobiol
261:62–66. https://doi.org/10.1016/j.resp.2019.01.008.
Kuzuya T, Hoshida S, Yamashita N, Fuji H, Oe H, Hori M,
Kamada T, Tada M (1993) Delayed effects of sublethal
ischemia on the acquisition of tolerance to ischemia.
Circ Res 72(6):1293–9. https://doi.org/10.1161/01.
res.72.6.1293.
Lim SY, Yellon DM, Hausenloy DJ (2010) The neural
and humoral pathways in remote limb ischemic
preconditioning. Basic Res Cardiol 105:651–5. https://doi.
org/10.1007/s00395-010-0099-y.
Lisbôa FD, Turnes T, Cruz RSO, Raimundo JAG, Pereira GS,
Caputo F (2017) The time dependence of the effect of
ischemic preconditioning on successive sprint swimming
performance. J Sci Med Sport 20:507–11. https://doi.
org/10.1016/j.jsams.2016.09.008.
Marber MS, Latchman DS, Walker JM, Yellon DM (1993)
Cardiac stress protein elevation 24 hours after brief
ischemia or heat stress is associated with resistance to
myocardial infarction. Circulation 88:1264–72. https://
doi.org/10.1161/01.CIR.88.3.1264.
M i l a n o G , B i a n c i a r d i P, R o c h e m o n t V, Va s s a l l i G ,
Segesser LK, Corno AF, Guazzi M, Samaja M (2011)
Phosphodiesterase-5 inhibition mimics intermittent
reoxygenation and improves cardioprotection in the
hypoxic myocardium. PLoS One 6:1–8. https://doi.
org/10.1371/journal.pone.0027910
Millet GP, Debevec T, Brocherie F, Burtscher M, Burtscher J
(2021) Altitude and COVID-19: Friend or foe? A narrative
review. Physiol Rep 8:e14615. https://doi.org/10.14814/
phy2.14615
Millet GP, Debevec T, Brocherie F, Malatesta D, Girard O (2016)
Therapeutic use of exercising in hypoxia: Promises and
limitations. Front Physiol 7:224. https://doi.org/10.3389/
fphys.2016.00224.
Murry CE, Jennings RB, Reimer KA (1986) Preconditioning
with ischemia: A delay of lethal cell injury in ischemic
myocardium. Circulation 74:1124–36. https://doi.
org/10.1161/01.cir.74.5.1124.
P a g l i a r o P, P e n n a C ( 2 0 1 5 ) R e d o x s i g n a l l i n g a n d
cardioprotection: Translatability and mechanism. Br
J Pharmacol 172:1974–95. https://doi.org/10.1111/
bph.12975.
Paradis-Deschênes P, Joanisse DR, Billaut F (2018) Ischemic
preconditioning improves time trial performance at
moderate altitude. Med Sci Sports Exerc 50:533–41.
https://doi.org/10.1249/MSS.0000000000001473
Paull E (2018) Ischemic preconditioning improves maximal
207

ORIGINAL RESEARCH ARTICLE
accumulated oxygen uptake and time to exhaustion in
NCAA division I middle-distance runners. Vol. 2626
Electronic theses and dissertations.
Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P
(1993) Regional ischemic “preconditioning” protects
remote virgin myocardium from subsequent sustained
coronary occlusion. Circulation 87:893–9. https://doi.
org/10.1161/01.cir.87.3.893
Qian YZ, Bernardo NL, Nayeem MA, Chelliah J, Kukreja RC
(1999) Induction of 72-kDa heat shock protein does not
produce second window of ischemic preconditioning in
rat heart. Am J Physiol - Hear Circ Physiol 276:224–34.
https://doi.org/10.1152/ajpheart.1999.276.1.h224
R Core Team (2020) R: A language and environment for
statistical computing. Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.
org/.
Riebe D, Ehrman JK, Liguori G, Magal M (2018) ACSM’s
guidelines for exercise testing and prescription (Tenth
edition.). American College of Sports Medicine.
Rieger MG, Hoiland RL, Tremblay JC, Stembridge M, Bain
AR, Flück D, Subedi P, Anholm JD, Ainslie PN (2017)
One session of remote ischemic preconditioning does
not improve vascular function in acute normobaric and
chronic hypobaric hypoxia. Exp Physiol 102:1143–57.
https://doi.org/10.1113/EP086441
Samaja M, Mariani C, Prestini A, Cerretelli P (1997) Acid-base
balance and O-2 transport at high altitude. Acta Physiol
Scand 159:249–56. https://doi.org/10.1046/j.1365201X.1997.574342000.x
Serebrovska TV, Portnychenko AG, Drevytska TI (2017)
Intermittent hypoxia training in prediabetes patients:
Beneficial effects on glucose homeostasis, hypoxia
tolerance and gene expression. Exp Biol Med 242:1542–
52. https://doi.org/10.1177/1535370217723578
Serebrovskaya TV, Xi L (2016) Intermittent hypoxia training
as non-pharmacologic therapy for cardiovascular
diseases: Practical analysis on methods and
equipment. Exp Biol Med 241:1708–23. https://doi.
org/10.1177/1535370216657614
Serebrovskaya TV, Manukhina EB, Smith ML, Downey
HF, Mallet RT (2008) Intermittent hypoxia: Cause of
or therapy for systemic hypertension? Exp Biol Med
233:627–650. https://doi.org/10.3181/0710-mr-267
Slysz JT, Burr JF (2019) Impact of 8 weeks of repeated
ischemic preconditioning on running performance. Eur J
Appl Physiol 119:1431–7. https://doi.org/10.1007/s00421019-04133-6
Sprick JD, Mallet RT, Przyklenk K, Rickards CA (2019)
Ischaemic and hypoxic conditioning: potential for
protection of vital organs. Exp Physiol 104:278–94.
https://doi.org/10.1113/EP087122.
Tocco F, Marongiu E, Ghiani G, Sanna I, Palazzolo G, Olla S,
Pusceddu M, Sanna P, Corona F, Concu A, Crisafulli A
(2015) Muscle ischemic preconditioning does not Improve
performance during self-paced exercise. Int J Sport Med
1:9–15. https://doi.org/0.1055/s-0034-1384546
Turnes T, de Aguiar RA, de Oliveira Cruz RS, Salvador AF,
Lisbôa FD, Pereira KL, Raimundo JAG, Caputo F
(2018) Impact of ischaemia–reperfusion cycles during
ischaemic preconditioning on 2000-m rowing ergometer
performance. Eur J Appl Physiol 118:1599–607. https://
doi.org/10.1007/s00421-018-3891-2
Viscor G, Torrella JR, Corral L, Ricart A, Javierre C, Pages T,
208

Conditioning Medicine | 2021,

4(4):198-208

Ventura JL (2018) Physiological and biological responses
to short-term intermittent hypobaric hypoxia exposure:
from sports and mountain medicine to new biomedical
applications. Front Physiol 9:814 https://doi.org/10.3389/
fphys.2018.00814)
Whittaker P, Przyklenk K (2014) From ischemic conditioning
to ‘hyperconditioning’: clinical phenomenon and basic
science opportunity. Dose-Response 12:650-63. https://
doi.org/10.2203/dose-response.14-035.
Wiggins CC, Constantini K, Paris HL, Mickleborough TD,
Chapman RF (2019) Ischemic preconditioning, O2
kinetics, and performance in normoxia and hypoxia. Med
Sci Sports Exerc 51:900–11. https://doi.org/10.1249/
MSS.0000000000001882

Conditioning Medicine 2021 | www.conditionmed.org

