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Interval training under hypoxia (IHT) is commonly used to enhance endurance exercise
performance. However, previous studies examining hematologic changes related to the
immune system that affect health and conditioning are lacking. This study aimed to
evaluate the effects of IHT for 6-weeks on hematological parameters, hemodynamic
function, and endurance exercise performance in amateur Korean female runners. Twenty
healthy amateur Korean female runners (age: 24.85 + 3.84 years) were equally assigned to
normoxic training group (NTG) for interval training under normoxia (760 mmHg) and
hypoxic training group (HTG) for interval training under hypobaric hypoxia (526 mmHg,
3000 m simulated altitude) according to their body composition and endurance exercise
performance. All participants performed 120-min of training sessions, consisting of 20-min
of warm-up, 60-min of interval training, and 20-min of cool-down. The training program
was performed 3-days per week for 6-weeks. Warm-up and cool-down were performed
for 20-min at 60% maximal heart rate (HRmax). The interval training sessions comprised 10
repetitions of interval exercise (5-min of exercise corresponding to 90-95% HRmax and 1-
min of rest) on a treadmill. All participants underwent measurements of hematological
parameters, hemodynamic function, and endurance exercise performance before and
after training. Both groups showed a significant increase in erythropoietin (EPO) level and a
decrease in monocyte abundance, with EPO showing a greater increase in the HTG thanin
the NTG. B cell abundance significantly increased in the NTG; hematocrit and neutrophil
counts significantly increased, and lymphocyte counts significantly decreased in the HTG.
The HTG showed a significant improvement in oxygen uptake, stroke volume index, and
end-diastolic volume index compared to the NTG. In addition, both groups showed
significant improvements in heart rate, end-systolic volume index, and cardiac output
index. The maximal oxygen uptake and 3000m time trial record were significantly
improved in both groups, and the HTG showed a tendency to improve more than the
NTG. In conclusion, the IHT was effective in enhancing endurance exercise performance
through improved hemodynamic function. Furthermore, hematological parameters of
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immune system showed a normal range before and after training and were not negatively

affected.

Keywords: hypoxia, interval training, immune function, hemodynamic function, endurance exercise performance,

amateur female runners

INTRODUCTION

Hypoxic training is often used to improve endurance exercise
performance; however, a previous study reported that adding
hypoxia as an additional stressor led to no additional benefit in
50% of studies (Millet et al., 2010). Faiss et al. and McLean et al.
confirmed that the enhancement
performance following hypoxic training was more strongly
related to exercise training performed using the high-intensity
anaerobic interval method (Faiss et al., 2013; McLean et al., 2014).
Therefore, the exercise protocol for improving endurance
exercise performance mainly utilizes high-intensity interval
exercises rather than moderate-intensity continuous exercises
(McLean et al., 2014; Sinex and Chapman, 2015; Czuba et al.,
2017; Park et al., 2018; Jung et al.,, 2020).

Among the various hypoxic training methods, the interval
training under hypoxia (IHT) protocol is composed of repeated
exposure to 5-7 min of steady or progressive hypoxia during a
high-intensity training session, interrupted by equal periods of
recovery (Bernardi, 2001; Jung et al.,, 2020). IHT may enhance
erythropoietic, metabolic, and hemodynamic functions, which
stimulate serum erythropoietin synthesis, elevate red blood cell
volume, improve exercise economy, and increase blood flow,
leading to enhanced blood supply and utilization of tissues
(Geiser et al., 2001; Hamlin et al., 2010; Czuba et al., 2011).
Additionally, it is known to enhance endurance exercise
performance by improving capillary and mitochondrial
density, oxidative enzyme activity, metabolic functions, such as
anaerobic glycolysis and lactate tolerance, hemodynamic
function, vascular endothelial growth factor, and nitric oxide
levels (Geiser et al., 2001; Hamlin et al., 2010; Czuba et al., 2017;
Park and Lim, 2017; Zebrowska et al., 2019; Chacén Torrealba
et al, 2020; Jung et al.,, 2020). However, the enhancement of
endurance exercise performance following IHT under normoxia
is controversial. Furthermore, a few previous studies have not
supported the enhancement of endurance exercise performance
following IHT (Katayama et al., 2004; Rodriguez et al., 2007;
Roels et al., 2007; Beidleman et al., 2009). These conflicting results
may be due to methodological differences, such as athletes’
training status; type, volume, and intensity of training; hypoxic
stimulus dose; and time point in the measurement of athletic
performance following the hypoxic training procedure (McLean
et al., 2014; Sinex and Chapman, 2015; Park et al., 2018). These
previous studies used a relatively low exercise intensity during
training and short exposure periods under hypoxia. In other
words, IHT should consist of an appropriate training modality
with a high-intensity and anaerobic interval method to maximize
its effectiveness (McLean et al., 2014).

Exercise training-induced stress under hypoxia changes
physiological and metabolic functions more than that under

in endurance exercise

normoxia (Mazzeo et al., 2001), affecting the nervous and
endocrine systems, as well as the immune system (Mazzeo,
2008). Hypoxic exposure stimulates the release of
catecholamines, such as epinephrine and norepinephrine, in
the adrenal medulla, activates the sympathetic nervous system
(SNS), and increases the concentration of cortisol and
corticosteroids in plasma (Mazzeo et al, 2000; Beidleman
et al, 2006). The most notable changes in immune system
following hypoxic exposure include a decreased lymphocyte
count, T cell count, and T cell activation and proliferation,
and increased upregulation of inflammatory cytokines, such as
interleukin (IL)-1, IL-6, C-reactive protein (CRP), and tumor
necrosis factor (TNF)-a by hypoxic inducible factors (Hartmann
et al.,, 2000; Pedersen and Steensberg, 2002; Thake et al., 2004;
Mazzeo, 2008; Jung et al, 2020; Chen and Gaber, 2021). In
particular, the elevation of IL-6 following hypoxic exposure is
indicated by an increase in epinephrine release due to an increase
in the activity of the f-adrenergic pathway in acute conditions
and by an increase in the release of norepinephrine due to an
increase in the activity of the a-adrenergic pathway in chronic
conditions (van Gool et al., 1990; Mazzeo et al., 2001). Elevated
IL-6 levels lead to enhanced blood supply and utilization to
tissues via expression of vascular endothelial growth factor
(VEGF) mRNA, increase in erythropoietin (EPO) level, and
improved reticulocyte production (Faquin et al, 1992; Cohen
et al, 1996). As mentioned above, hypoxic exposure induces
hematological changes related to immune system, revealed by
various changes in the physiological, metabolic, and
neuroendocrine systems. However, there are few previous
studies that have verified the changes of hematological
parameters including oxygen transporting capacity and
immune system following exercise training under hypoxia.

Hypoxic training may enhance endurance exercise
performance under normoxia due to hematological and non-
hematological changes; therefore, it is important to investigate the
effect on hematological parameters including immune function
regarding health and conditioning (Camacho-Cardenosa et al.,
2017; Jung et al, 2020; Camacho-Cardenosa et al, 2021).
Moreover, the World Anti-Doping Agency is concerned that
exercise training regimens under hypoxic conditions can have a
potentially negative effect on health (Wilber, 2007). For the
general use of hypoxic training in various participants (e.g.,
elite athletes, healthy participants, women, the elderly, and
adolescents), it is essential to investigate the effects of exercise
training under hypoxia on hematological parameters, including
oxygen transport capacity and immune system, and establish the
efficacy and safety of hypoxic training.

Therefore, the present study aimed to investigate the effects of
6-weeks interval training under moderate hypobaric hypoxia
(526 mmHg, 3000m simulated altitude) and normoxia
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TABLE 1 | Participants’ characteristics.

Variables NTG
Number (n) n=10
Environmental condition (mmHg) Sea level (760 mmHg)
Age (year) 245 + 3.8
Height (cm) 164.8 £ 0.9
Weight (kg) 52.0 + 3.4

BMI (kg/m?) 191 1.2

FFM (kg) 35.6 2.3
Percent body fat (%) 20.7 £ 0.9

Interval Training Under Hypoxia

HTG t-value p-value
n=10 - -
3000-m simulated altitude (526 mmHg) - -
252 +4.0 -0.398 0.695
163.2 + 3.9 1.243 0.243
512 £ 4.7 0.409 0.687
192+ 1.6 -0.140 0.890
35.5+32 0.057 0.955
20.6 + 1.1 0.090 0.929

Note. Values are expressed as mean + standard deviation. NTG, normoxic training group; HTG, hypoxic training group; BMI, body mass index; FFM, free fat mass.

(760 mmHg) on hematological parameters, hemodynamic
function, and endurance exercise performance in amateur
Korean female runners. We hypothesized that ITHT would
enhance endurance exercise performance because of
hematological and non-hematologic changes and would not
adversely affect hematological parameters related to immune
system in these runners.

MATERIALS AND METHODS

Participants

The present study included 20 amateur Korean female runners
(age: 19-29 [24.85 + 3.84] years) who has continuously
participated in track and field competitions at least 4 times a
year for at least 5-years. An a priori power analysis was performed
with G-power 3.0 for the endurance exercise performance
(VO,max and 3000 m time trial) based on previous research
(Jung et al., 2020), indicating that a sample size of 16 participants
(8 participants per group) would be required to provide 85%
power at an a-level of.05. We anticipated a more than 10%
dropout rate and aimed for a starting population of 20. The
criteria for exclusion of participants are as follows: exposure to
hypoxia in the 6 months prior to the present study; intake of any
medication or nutritional supplements during the 3 months prior
the present study; smoking; any kind of hypertension, diabetes,
hyperlipidemia, = or  cardiovascular,  pulmonary, or
musculoskeletal diseases.

They were equally assigned to a normoxic training group
(NTG) for interval training under normoxia (760 mmHg) or a
hypoxic training group (HTG) for interval training under
hypoxia (526 mmHg, simulated altitude of 3000 m) according
to their body composition and endurance exercise performance.
All participants received information about the purpose and
process of the study, including possible side effects, and
consent was obtained. All participants completed the study;
thus, all data were used in the analyses. As shown in Table 1,
there were no significant differences in physical characteristics
between the groups. All procedures were in accordance with the
ethical standards of the responsible committee on human
experimentation and with the Declaration of Helsinki. The
study was approved by the Institutional Review Board of
Konkuk University (7001355-2020002-HR-359) in Korea and
was conducted according to the Declaration of Helsinki.

Study Design

The present study design is illustrated in Figure 1 and was similar
to that of Jung et al. (2020). Our study design included a 5-days
pre-test period (i.e., 3 testing days and 2 rest days between testing
days) under normoxia (e.g., 3 testing days and 1 resting day
between testing days), a 6-weeks interval training session period
under each environmental condition (normoxia or hypoxia), and
a 5-days post-test period (e.g., 3 testing days and 1 resting day
between testing days).

The pre-test period was completed before the start of 5-days
training, and the post-test period began 5 days after the last training
session. On the first test day, all participants fasted for >8 h, and body
composition was measured after stabilization. Thereafter, a venous
blood sample was collected to analyze hematological parameters,
including red blood cell (RBC) count, hemoglobin (Hb)
concentration,  hematocrit  (Hct), erythropoietin ~ (EPO)
concentration, white blood cell (WBC) count, monocytes,
eosinophils, neutrophils, basophils, lymphocytes, B cells, T cells,
and natural killer (NK) cells, which were measured between 7:00 and
9:00 AM in the resting state. After sufficient rest and meals, maximal
oxygen uptake (VO,max) and maximal heart rate (HRmax) were
measured to evaluate endurance exercise performance in the
afternoon. On the second test day, hemodynamic function
parameters, including heart rate (HR), oxygen consumption
(VO,), stroke volume index (SVi), end-diastolic volume index
(EDVi), end-systolic volume index (ESVi), and cardiac output
index (COi), were measured during a 30min bout of
submaximal cycle ergometer exercise. Exercise intensity during
submaximal exercise was set at individual cycle ergometer
exercise load values corresponding to 70% VO,max obtained
during the pretest period. On the third test day, a 3000 m time
trial record was recorded in an authorized stadium.

During the interval training session, all participants performed
120 min training sessions consisting of warm-up, interval
training, and cool-down under each environmental condition
(NTG: normoxic condition, 760 mmHg; HTG: hypobaric
hypoxic condition, 526 mmHg, a 3000 m simulated altitude).
The training program was performed 3 days per week for
6 weeks. Warm-up and cool-down were performed for 20 min
at an intensity of 60% HRmax. The interval training sessions
comprised 10 repetitions of interval exercise (5 min of exercise
corresponding to 90-95% HRmax and 1min of rest) on a
treadmill. All training sessions were supervised by the
investigators.
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FIGURE 1 | Study design. Difference in hemorheological function (mean + SD) between non-obese and obese. Note. NTG = normoxic training group, HTG =
hypoxic training group, HRmax = maximal heart rate, VO,max = maximal oxygen uptake.

Before and after the 6-weeks interval training session under
each environmental condition, all participants underwent body
composition (e.g., weight, body mass index [BMI], free fat mass,
and percent body fat), hematological parameter (e.g., RBC count,
Hb concentration, Hct, EPO concentration, WBC count,
monocytes, eosinophils, neutrophils, basophils, lymphocytes,
B cells, T cells, and NK cells), hemodynamic function (HR,
VO,, SVi, EDVi, ESVi, and COi), and endurance exercise
performance (VO,max and 3000m time trial record)
assessments.

All testing procedures and training sessions were performed in
a 9-m (width) x 7-m (length) x 3-m (high) chamber at a
temperature of 22 + 1°C and humidity of 50 + 5%, regulated
by an environmental control chamber (NCTC-1, Nara control,
Seoul, Republic of Korea).

Measurements

Body Composition

Body composition parameters including height, weight, BMI, free
fat mass, fat mass, and body fat percentage of all participants were
estimated using a stadiometer (YM-1, KDS, Seoul, Korea) and a
bioelectrical impedance analyzer (Inbody 770; Inbody, Seoul,
Korea). All participants wore lightweight clothing and were
asked to remove all metallic items from their bodies.

Hematological Parameters

For hematological parameters, 6-ml venous blood samples were
obtained before and after the training session at rest under
normoxia. A 5-ml venous blood sample was collected in an
ethylenediaminetetraacetic acid (EDTA) tube for whole blood,
and a 1-ml blood sample was collected in a serum separation tube
for serum. The EDTA tube for whole blood was inverted gently
several times immediately after venous blood collection to ensure
anti-coagulation, and the tube was stored in a refrigerator (—20°C)
until the time of the assay. The venous blood sample in the serum

separation tube was centrifuged at 3,500 rpm for 10 min. Serum
was stored at —70°C until the time of the assay. Thereafter, frozen
or refrigerated serum was commissioned by the Clinical
Laboratory of Green Cross Medical Foundation and analyzed
using the method described below.

RBCs, Hb, Hct, WBCs, neutrophils, eosinophils, and basophils
were measured using an XE2100D hematology analyzer (Sysmex,
Kobe, Japan) by flow cytometry using a cellpack kit (Sysmex,
Kobe, Japan). EPO was analyzed using an Immulite 2000 XPI
analyzer (Siemens, Eschborn, Germany) via chemiluminescent
immunoassay. B, T, and NK cells were analyzed using FC500
(Beckman Coulter, CA, United States) and measured via flow
cytometry using a CD19-PE kit (Beckman Coulter, Paris, France),
CD3-PC5 kit (Beckman Coulter, Paris, France), and NK cell kit
(Beckman Coulter, Paris, France), respectively.

All analyses were performed in duplicate, and the average
value was used as the measurement value.

Hemodynamic Function

Hemodynamic function was measured while the participants
performed a 30min bout of submaximal cycle ergometer
exercise corresponding to 70% VO,max obtained during the
pre-test period under normoxia. In hemodynamic function
parameters, VO, was measured using the K5 auto metabolism
analyzer (Cosmed, Rome, Italy) and a breathing valve in the form
of a facemask. HR, SVi, EDVi, ESVi, and COi were assessed
noninvasively using a thoracic bioelectrical impedance device
(PhysioFlow PF-05, Paris, France). All parameters were measured
every minute, and the total summation value for 30 min was used
as the measurement value.

Endurance Exercise Performance

Regarding endurance exercise performance, VO,max was
measured before and after the training sessions with the
modified BRUCE protocol for graded exercise test on a
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TABLE 2 | Changes in body composition parameters before and after 6 weeks exercise training in each environmental condition.

Variables NTG (n = 10) Cohen’s d HTG (n = 10) Cohen’s d p-value (qz)
Pre Post (95% Cl) Pre Post (95% Cl) Group Time Interaction

Weight (kg) 520+34 51.7x33 -0.07 51247 511+44 -0.03 0.697 (0.009) 0.057) 0.659 (0.011)
(-0.90, 0.78) (-0.87, 0.81) (0.187)

BMI (kg/m?) 191 +12 19.0=+141 -0.07 192+16 19.2+16 0.00(-0.83,0.84)  0.829 (0.003) 0.191) 0.119 (0.130)
(-0.91, 0.77) (0.093)

FFM (kg) 356 +23 354=+24 -0.07 355+32 355+32 0.00(-0.84,0.84) 1.000 (0.000) 0.539) 0.590 (0.016)
(-0.90, 0.78) (0.021)

Percent body 207 +0.9 20.6=+0.8 -0.09 206 +1.1 204 +1.4 -0.15 0.806 (0.003) 0.150) 0.476 (0.029)

fat (%) (-0.93, 0.75) (-0.99, 0.70) (0.112)

Note. Values are expressed as mean + standard deviation. NTG, normoxic training group; HTG, hypoxic training group; Cl, confidential interval; BMI, body mass index; FFM, free fat mass.

treadmill (S25TX, SFET, Seoul, Korea) using a K5 breath-by-
breath auto metabolism analyzer (K5, Cosmed, Rome, Italy) and a
breathing valve in the form of a facemask. The VO,max had the
highest VO, obtained during the concluding period of the graded
exercise test. The graded exercise test was completed when the
following four criteria were satisfied: 1) VO, plateau, no further
increase in oxygen use per minute even with an increase in work
performed; 2) HR within 10 beats of the age-predicted HRmax; 3)
respiratory exchange ratio >1.5; and 4) plasma lactate
concentration >7 mmol/L.

The 3000 m time trial record was measured in an authorized
stadium under normoxia in Seoul between 8:00 and 10:00 a.m.
(temperature = 20-24°C; humidity = 50-60%; wind = 0-10 km/
h). To avoid the effect of racing strategies, all running starts were
staggered for at least three minutes.

Statistical Analysis

Means and standard deviations were calculated for all dependent
parameters. The normality of the distribution of all outcome
parameters was verified using the Shapiro-Wilk W-test prior to
parametric tests. A two-way analysis of variance (“time” x
“group”) with repeated measures on the “time” factor was
used to analyze the effects of training program on each
dependent parameter. If a significant interaction was found, a
paired t-test was performed to compare the post-training and
pre-training values of the dependent parameters in each group
separately. We used Cohen’s d (effect size), which reflects the
value of a statistic calculated from a sample of data and
standardized mean differences. Statistical differences in the
means (effect size, Cohen’s d) were determined at a
significance level of p < 0.05 and 95% confidence interval (CI).
All analyses were performed using SPSS (version 25.0; IBM Corp.,
Armonk, NY, United States).

RESULTS

Body Composition

The body composition results for the NTG and HTG before and
after the training sessions are presented in Table 2. No significant
interaction was observed for any of the body composition
parameters. Body composition did not affect changes in

hematological ~parameters, hemodynamic function, or

endurance exercise performance.

Hematological Parameters

Table 3 shows the pre- and post-training hematological
parameter data. There was a significant interaction in Hct
(* = 0320, p = 0.009), EPO (° = 0246, p = 0.026),
neutrophils (4> = 0.317, p = 0.010), and B cells (4> = 0.236,
p =0.030). In addition, there was a significant main effect within
time in monocytes (> = 0.715, p < 0.001), basophils (1> = 0.253,
p = 0.024), and lymphocytes (1> = 0.334, p = 0.008). In the post-
hoc analysis, EPO showed a significant increase (Cohen’s d: NTG
0.93, 95% CI: 0.00, 1.97; HTG 1.84, 95% CI: 0.76, 2.76, p < 0.05),
and monocytes showed a significant decrease (Cohen’s d:
NTG -1.20, 95% CI: -2.06, -0.23; HTG -0.93, 95%
CIL: -1.77, -0.01, p < 0.05) in the NTG and HTG. B cells were
significantly increased (Cohen’s d: 1.31, 95% CI: 0.33, 2.18,
p < 0.05) in the NTG. Hct (Cohen’s d: 0.67, 95% CI: -0.22,
1.51, p < 0.05) and neutrophils (Cohen’s d: 0.74, 95% CI: -0.16,
1.58, p < 0.05) significantly increased, and lymphocytes
significantly decreased (Cohen’s d: —0.54, 95% CI: -1.37, 0.34,
p < 0.05) in the HTG.

Hemodynamic Function

Figure 2 depicts the pre- and post-training session hemodynamic
function parameter data during a 30 min bout of submaximal
cycle ergometer exercise corresponding to 75% HRmax. There
was a significant interaction in VO, (1 = 0.259, p = 0.022), SVi
(" = 0.385, p = 0.003), and EDVi (> = 0.284, p = 0.016). In
addition, there was a significant main effect of time on the HR
(7 = 0.648, p < 0.001), ESVi (11> = 0.360, p = 0.005), and CQOi (* =
0.223, p < 0.001). In the post-hoc analysis, HR (Cohen’s d: NTG
-0.58, 95% CI: —-1.41, 0.30; HTG -0.92, 95% CI: -1.76, 0.00, p <
0.05) and COi (Cohen’s d: NTG -0.33, 95% CI: —1.16, 0.53; HTG
1.84, 95% CI: —1.20, 0.49, p < 0.05) showed a significant decrease,
and ESVi showed a significant increase (Cohen’s d: NTG 0.67,
95% CI: —0.22, 1.50; HTG 0.91, 95% CI: —0.01, 1.75, p < 0.05) in
the NTG and the HTG. In addition, VO, showed a significant
decrease (Cohen’s d: —0.26, 95% CI: —1.09, 0.59, p < 0.05), and
SVi (Cohen’s d: 0.41, 95% CIL: —0.45, 1.24, p < 0.05) and EDVi
(Cohen’s d: 0.78, 95% CI: —0.12, 1.62, p < 0.05) showed significant
increases in the HTG.
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TABLE 3 | Changes in the hematological parameters before and after 6 weeks exercise training in each environmental condition.

Variables NTG (n = 10) Cohen’s d HTG (n = 10) Cohen’s d p-value (:12)
Pre Post (95% Cl) Pre Post (95% Cl) Group Time Interaction
RBC (10°/uL) 45+03 44+x03 -0.28 50+03 50=+05 -0.08 0.003 (0.402) 0.356 (0.047) 0.730 (0.007)
(-1.11, 0.58) (-0.92, 0.76)
Hb (g/dl) 142+08 140+ 141 -0.12 149+07 149+06 0.02 0.031 (0.232)t 0.488 (0.027) 0.427 (0.035)
(-0.96, 0.72) (-0.82, 0.85)
Hct (g/dl) 434 £23 431 2.1 -0.13 445+13 460+23 0.67 (-0.22, 0.031 (0.232)t 0.065 (0.177) 0.009 (0.320)t
(-0.96, 0.72) 1.51)
EPO (mIU/ml) 100+ 12 121 +27 0.93(0.00,1.77)* 107+33 164+30 1.84(0.76,2.76* 0.015(0.285t  0.000 (0.608)t  0.026 (0.246)t
WBC (108/uL) 5.0+03 50=+0.5 0.15 52 +09 53+1.0 0.16 0.474 (0.029) 0.107 (0.138) 0.430 (0.035)
(-0.70, 0.99) (—0.68, 1.00)
Monocyte (%) 10.2+19 80=+1.7 -1.20 (-2.06, 1156+28 90=x26 -0.93 (-1.77, 0.249 (0.073) 0.000 (0.745)t 0.552 (0.020)
-0.23)* -0.01)*
Eosinophil (%) 28 +1.1 24+10 -0.41 3.0+16 31+25 0.04 0.500 (0.026) 0.453 (0.032) 0.248 (0.073)
(-1.24, 0.46) (-0.80, 0.88)
Neutrophil (%) 643 +5.1 57.0+7.5 0.37 494 +92 57.4+107 0.74 (-0.16, 0.543 (0.021) 0.000 (0.655)t  0.010 (0.317)t
(-0.50, 1.20) 1.58)*
Basophil (%) 11+02 09=x02 -0.75 12+04 1104 -0.25 0.195 (0.091) 0.024 (0.253)t 0.825 (0.003)
(-1.58, 0.15) (-1.08, 0.61)
Lymphocyte 379+49 333+88 -0.61 400+40 357x7.0 -0.54 (-1.37, 0.380 (0.043) 0.008 (0.334)1 0.914 (0.001)
(%) (-1.45, 0.27) 0.34)*
B-cell (%) 11.6+15 134+156 1.31(0.33,218)* 162+25 1563+26 0.05 0.004 (0.380)t  0.015(0.288)F  0.030 (0.236)F
(-0.79, 0.89)
T-cell (%) 81.4+6.7 80.8 6.1 -0.09 747 +47 719+59 -0.51 0.006 (0.353) 0.081 (0.159) 0.241 (0.075)
(-0.92, 0.76) (-1.34, 0.36)
NK cell (%) 187 +6.2 122+50 -0.22 16617 191 +64 0.51 0.030 (0.237)t 0.611 (0.015) 0.066 (0.176)
(-1.05, 0.63) (-0.37, 1.34)

Note. Values are expressed as mean + standard deviation. NTG, normoxic training group; HTG, hypoxic training group; RBC, red blood cell, Hb = hemoglobin, Hct = hematocrit, EPO,
erythropoietin; WBC, white blood cell; NK cell = natural killer cell; Cl, confidence interval; Significant interaction or main effect: tp < 0.05; Significant difference between the pre- and post-

tests: *p < 0.05.

Endurance Exercise Performance
The endurance exercise performance parameters are shown in

Figure 3; no significant interaction was found. However, there
was a significant main effect within time in VO,max (1> = 0.803,
p<0.001) and 3000 m time trial records (#° = 0.754, p < 0.001). In
the post-hoc analysis, VO,max (Cohen’s d: NTG 0.94, 95% CI:
0.02, 1.79; HTG 1.15, 95% CI: 0.19, 2.00, p < 0.05) and 3000 m
time trial records (Cohen’s d: NTG -0.78, 95% CI: —1.61, 0.12;
HTG -1.19, 95% CI: -2.05, —0.23, p < 0.05) were significantly
improved in both groups, and the HTG showed a tendency to
improve VO,max (NTG: 8.2 vs. 13.6%) and 3000 time trial
records (3.4 vs. 4.9%) more than the NTG.

DISCUSSION

Our study demonstrated that the IHT regimen is an effective
training method for enhancing endurance exercise performance
due to its effects on hematological parameters regarding oxygen
transporting capacity and hemodynamic function. Hematological
parameters regarding immune system showed a normal range
before and after training, which indicates the safety of hypoxic
training.

Hematological Parameters
The hematological parameters related to oxygen transport
capacity show that hypoxic exposure with an effective hypoxia

dose (e.g., appropriate exposure level, duration, and time)
stimulates erythropoiesis (e.g., an increase in Hb mass and
RBC count) and improves the oxygen transport capacity of the
blood, thus leading to enhanced VO,max and endurance exercise
performance in individuals under normoxia (Levine and Stray-
Gundersen, 1997; Dehnert et al., 2002; Gore et al., 2006; Robach
et al., 2006; Schmitt et al., 2006; Gore et al., 2013). Most previous
studies reporting increased red cell volume, red cell mass, and Hb
mass caused by erythropoiesis following hypoxic training have
utilized the living-high training-low (LHTL) regimen (Levine and
Stray-Gundersen, 1997; Robach et al., 2006; Wehrlin et al., 2006).
Several previous studies using the LHTL regimen reported mean
increases of 5-9% in red cell volume and >8% in Hb
concentration (Levine and Stray-Gundersen, 1997; Rusko
et al., 1999; Hahn et al, 2001; Stray-Gundersen et al., 2001).
In a previous study (Sinex and Chapman, 2015), an LHTL regime
residing at 2000-2,500 m or lower for 3-4 weeks with over 12 h of
continuous altitude exposure per day appeared to be sufficient to
activate an EPO response and RBC production.

However, our study examined hematological parameters
related to oxygen-transporting capacity using the IHT regime
instead of the LHTL regime in amateur Korean female runners. In
general, the IHT regime does not have sufficient hypoxic
stimulation due to shorter hypoxic exposure (e.g., two-five
sessions per week of <3h during four to 6 weeks) and thus
does not induce hematological changes related to oxygen
transporting capacity such as erythropoiesis (McLean et al,
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FIGURE 2 | Changes in hemodynamic function parameters during 30 min of submaximal exercise before and after 6 weeks exercise training in each environmental
condition. (A) Change in HR. (B) Change in VO.. (C) Change in SVi. (D) Change in EDVi. (E) Change in ESVi. (F) Change in COi. Note. NTG = normoxic training group,
HTG = hypoxic training group, HR = heart rate, VO, = oxygen uptake, SVi = stroke volume index, EDVi = end-diastolic volume index, ESVi = end-systolic volume index,
COi = cardiac output index. Significant interaction or main effect: tp < 0.05; Significant difference between the pre- and post-tests: *p < 0.05.
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FIGURE 3 | Changes in endurance exercise performance parameters before and after 6 weeks exercise training in each environmental condition. (A) Change in
VO,max. (B) Change in 3 km time trial. Note. NTG = normoxic training group, HTG = hypoxic training group, VO.max = maximal oxygen uptake. Significant interaction or
main effect: Tp < 0.05; Significant difference between the pre- and post-tests: *p < 0.05.

2014; Park et al, 2018; Park et al, 2020). Regarding the IHT  (n = 18) were divided into an intermittent hypoxia training group
regime and hematological changes, Ramos-Campo et al. analyzed ~ (IHTG) that conducted a normoxic training plus an intermittent
modifications in hematological and aerobic performance  training under hypoxia (inspired oxygen fraction; FiO, =
parameters after a 7-weeks intermittent hypoxia training  14.5-15%) and a control group (CG) that performed only a
(IHT) program (Ramos-Campo et al, 2015). All participants  normoxic training. They reported higher Hb and RBC values
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in the IHTG than in CG but did not clearly elucidate the
mechanism for erythropoiesis following IHT. Kasperska and
Zembon-Lacny evaluated changes in EPO levels and
hematological parameters in wrestlers after intermittent
hypoxic exposure (IHE) (Kasperska and Zembron-Lacny,
2020). Twelve wrestlers were assigned to a hypoxic group
(training combined with IHE, n = 6) and control group
(training, n = 6), and the hypoxic group was exposed to
hypoxia (FiO, = 12-13.5%) for 10 days, with one day off after
6 days, once a day for about an hour. They concluded that 10-days
THE with wrestling training improves the oxygen transporting
capacity by the release of EPO and reticulocytes in circulation.
Camacho-Cardenosa et al. verified the effects of a new dose of
maximal-intensity interval training in hypoxia on hematological
parameters in active twenty-four university student volunteers
(Camacho-Cardenosa et al., 2017). The participants divided into
a control group, a normoxia group, and a hypoxic group, and the
eight training sessions consisted of 2 sets of 5 repeated sprints of
10 s with a recovery of 20 s between sprints and a recovery period
of 10 min between sets. They reported that hypoxic group showed
a significantly higher Hct and Hb concentration. Camacho-
Cardenosa et al. evaluated changes in Hct and Hb in healthy
participants following repeated-sprint training in hypoxia and
they reported that repeated sprint training in hypoxia
significantly increased Hct and Hb concentration (Camacho-
Cardenosa et al.,, 2021).

In the present study, we confirmed a significantly increased
EPO concentration (53.3%) and Hct (3.4%) in the HTG using the
IHT regimen. EPO is a glycoprotein hormone secreted by the
kidneys and is the most influential factor in hematological
changes that rapidly increase in the secretion phase in
response to exposure to hypoxia (Park et al., 2016; Kasperska
and Zembron-Lacny, 2020). Exposure to hypoxia sharply
increases EPO secretion and reaches maximal secretion within
about 48-72 h, and new erythropoiesis by EPO stimulation takes
approximately 5 days under persistent hypoxia (Ge et al., 2002;
Gore et al., 2006). Exercise training under hypoxia is effective in
improving the oxygen transport capacity of the blood because it
increases the plasma volume and red blood cell production by
EPO, and this effect lasts for approximately 16 days after
exposure to hypoxia (Gore et al, 2013; Ploszczyca et al,
2018). However, the present study did not show an increase in
RBC and Hb concentrations, which confirms that our IHT
showed an increase in EPO but not a hypoxic dose sufficient
to induce erythropoiesis. In addition, the increase in Hct is
understood to be a result of insufficient hydration to
compensate for body water loss during the 6-weeks training
period, probably because RBC and Hb concentrations did not
change (Park et al., 2020).

Regarding hematological parameters related to immune
system, exercise training under hypoxia acts as a stressor and
thus induces changes in the nervous and endocrine systems,
consequently affecting immune-related parameters (Mazzeo
et al., 2001; Mazzeo, 2008; Jung et al., 2020; Park et al., 2020).
It is important to confirm its safety, because alterations in
immune system induced by hypoxic exposure can potentially
adversely affect health (Wilber, 2007). In previous studies related

Interval Training Under Hypoxia

to hypoxic training and immune system, Park et al. reported that
2 weeks of continuous and interval training under hypoxia
(596-526 mmHg, 2000-3000 m simulated altitude) in Korean
national cycling athletes with disabilities resulted in
significantly decreased leukocytes and natural killer cells and
increased eosinophils, B cells, and T cells; however, the effect of
hypoxic training on immune system is unclear because all
indicators are in the normal range (Park et al., 2020). Jung
et al. evaluated the effects of 6-weeks IHT (526 mmHg,
3000 m simulated altitude) on immune system in middle- and
long-distance runners (Jung et al., 2020). They reported that the
HTG showed a more significant increase in the WBC and
neutrophil counts and a significant decrease in the monocyte
count than the NTG; however, all immune system parameters
were stable within the normal range before and after training.
While the hypoxic training regime was different from that in the
present study, Brugniaux et al. investigated the effect of
13-18 days of the LHTL regime (training at 1,200m and
sleeping at 3000-3500 m) on leukocyte count in 41 athletes
from 3 federations (cross-country skiers, n = 11; swimmers,
n = 18; runners, n = 12) and reported that leukocyte count
was not affected except at 3,500 m (Brugniaux et al., 2006).
Tiollier et al. investigated the effect of the LHTL regime
(training at 1,200 m and residing at 2,500-3500 m) for 18 days
on secretory immunoglobulin A (sIgA) levels in 6 female and 5
male elite cross-country skiers (Tiollier et al., 2005). They
reported a downward trend in sIgA concentrations over the
study period, which was significant in the LHTL group. These
results strongly suggested a cumulative negative effect of LHTL
training on sIgA levels.

In the present study, we observed a significant increase in
neutrophils and decreased monocyte and lymphocyte counts in
the HTG, and B cells were significantly increased in the NTG.
However, hematological parameters related to immune system
were altered after 6 weeks of IHT and were clinically within the
normal range. These findings suggest that unlike the LHTL
regime wherein there was exposure to hypoxia for a long time,
the IHT regime did not negatively affect immune system, which is
consistent with the results of a previous study (Brugniaux et al.,
2006; Jung et al., 2020; Park et al., 2020).

Hemodynamic Function

Hemodynamic function represents the dynamics of blood flow
for oxygen delivery to the tissue under systemic conditions, and
the hemodynamic system continuously monitors and adjusts the
state of the body and environment changes during exercise
(Green et al.,, 2000; Park et al, 2018). Excise training under
hypoxia enhances endurance exercise performance by increasing
oxygen transport and utilization efficiency and energy
availability, which consequently improves the invigoration of
the parasympathetic nervous system via the activation of f3-
adrenergic receptors in the cardiac muscles and efficiently
changes cardiac function by increasing venous return (Park
et al, 2019). In other words, endurance exercise performance
is strongly related to hemodynamic function, which is a
parameter of oxygen transport and utilization capacity (Park
et al., 2018).
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In addition, previous studies have reported that exercise
training under hypoxia enhances endurance exercise
performance by increasing mitochondrial density, capillary
density, oxidative enzyme activity, motor unit activity,
glycolysis enzyme activity, glucose delivery capacity, lactate
tolerance, acid-base balance regulation, and oxygen utilization
capacity (Geiser et al, 2001; Hamlin et al., 2010; Czuba et al.,
2011; Park et al, 2016). In other words, IHT may enhance
endurance exercise performance by inducing various
physiological, biochemical, and structural adaptive alterations
in cardiac and skeletal muscles that favor oxidative energy
production and can enhance non-hematological parameters
(e.g., exercise economy, acid-base balance, and metabolic
response during exercise), ultimately leading to improved
oxygen delivery and utilization capacity (Hamlin et al., 2010;
Faiss et al., 2013; Girard et al., 2017; Park et al., 2018; Jung et al,,
2020). Exercise economy enhances endurance exercise
performance, which means improved oxygen inflow rate into
skeletal muscle tissue and oxygen utilization capacity in the
mitochondria (Green et al, 2000; Saunders et al., 2004).
Previous studies have reported that physiological adaptation to
high-intensity hypoxic training improves exercise economy and
endurance exercise performance by improving adenosine
triphosphate (ATP) resynthesis (e.g., per 1 mol of oxygen) and
decreasing ATP levels at a given exercise intensity (e.g., speed and
workload) performance (Green et al., 2000; Gore et al., 2001;
Truijens et al., 2003; Park et al., 2018).

In the present study, VO, significantly decreased, and SVi and
EDVi increased in the HTG. Additionally, HR and COi
significantly decreased, and ESVi increased in both groups;
however, the HTG showed a greater tendency to improve than
the NTG. These results are consistent with those of previous
studies, and the changes in hemodynamic function and exercise
economy during submaximal exercise indicate that the ability of
cardiac system to deliver blood (e.g., oxygen and nutrients) from
the heart to the skeletal muscle tissue has changed efficiently, and
the ability to use the oxygen delivered to the muscle tissue has
improved (Green et al., 2000; Gore et al.,, 2001; Katayama et al.,
2004; Saunders et al., 2004; Park et al., 2019).

Endurance Exercise Performance

Regarding endurance exercise performance, most generally,
oxygen transport system efficiency is most often evaluated by
VO,max (Czuba et al,, 2011; Park and Lim, 2017). IHT may
enhance endurance exercise performance under normoxia
through various physiological, biochemical, and structural
adaptive changes (Geiser et al., 2001; Hamlin et al., 2010;
Faiss et al., 2013). Researchers have confirmed that high-
intensity training under hypoxia enhances VO,max,
anaerobic threshold, maximal exercise intensity, and sports
event-specific performance (Roels et al., 2005; Dufour et al.,
2006; Czuba et al,, 2011; Park et al., 2018). However, several
previous studies failed to demonstrate an enhancement in
endurance exercise performance (Vallier et al, 1996;
Hendriksen and Meeuwsen, 2003). These conflicting results
may be due to methodological differences in hypoxic training,
such as participants’ training status, training type and
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intensity, dose of hypoxic stimulus, and time point of
endurance performance measurement following the IHT
procedure (Hamlin et al, 2010; Park et al, 2018). In
particular, exercise type and intensity may be key factors in
mediating the change in endurance exercise performance by
IHT (Millet et al., 2010; Faiss et al., 2013; McLean et al., 2014).
Hypoxic training using the high-intensity and anaerobic
interval method has been shown to enhance endurance
exercise performance by inducing peripheral adaptations
related to various metabolic functions (Sinex and Chapman,
2015; Park et al., 2018).

In the present study, amateur female runners performed
the high-intensity hypoxic training on a treadmill composed
of 20 min warm-up with 60% HRmax, 60 min high-intensity
of interval training under hypoxia with 90-95% HRmax, and
20 min cool-down with 60% HRmax. As a result, endurance
exercise performance (e.g., VO,max and 3000 m time trial)
was enhanced in both groups; however, we confirmed that
HTG showed a greater tendency to improve VO,max (HTG:
13.6% vs. NTG: 8.2%) and 3000 m time trial (HTG: 4.9% vs.
NTG: 3.4%) than NTG. Our results are consistent with those
of previous studies that demonstrated that hypoxic training
may enhance endurance exercise performance when sufficient
intensity and volume of exercise training are provided based
on high-intensity interval training and repeated sprint
training (Millet et al., 2010; Faiss et al, 2013; McLean
et al,, 2014; Park et al., 2018; Camacho-Cardenosa et al,,
2020).

Limitations

The present study has the following limitations: 1) the
participants of our study were amateur female runners, not
elite athletes, and there are limitations in the interpretation of
the effect of enhancing endurance exercise performance following
IHT; 2) individual responses to hypoxia, that is, exercise intensity
settings according to hypoxic ventilatory response, were not
performed in our study; 3) except for the exercise training
performed in our study, other physical activities were
restricted, but we did not investigate daily activity, dietary
intake, and hydration of participants during the training
period; 4) measurements of menstrual cycle and sex hormones
were not performed despite the participants being female; and 5)
The normality of distribution of all outcome parameters was
verified using the Shapiro-Wilk W-test prior to the parametric
tests, however the small sample size was a limitation to elicit the
effectiveness of IHT on hematological parameters, hemodynamic
function, and endurance exercise performance in amateur female
runners in Korea.

CONCLUSIONS

In conclusion, the present study verified that the IHT was
effective in enhancing endurance exercise performance with
improved hemodynamic function, and hematological
parameters regarding immune system (e.g., WBC, monocyte,
eosinophil, neutrophil, basophil, lymphocyte, B-cell, T-cell,
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and NK cell) showed a normal range before and after training and
were not negatively affected.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board of Konkuk University.
The patients/participants provided their written informed
consent to participate in this study.

REFERENCES

Beidleman, B. A., Muza, S. R., Fulco, C. S., Cymerman, A., Staab, J. E., Sawka, M. N,
et al. (2006). White Blood Cell and Hormonal Responses to 4300 M Altitude
before and after Intermittent Altitude Exposure. Clin. Sci. (Lond) 111 (2),
163-169. doi:10.1042/cs20060012

Beidleman, B. A., Muza, S. R., Fulco, C. S., Jones, J. E., Lammi, E., Staab, J. E., et al.
(2009). Intermittent Hypoxic Exposure Does Not Improve Endurance
Performance at Altitude. Med. Sci. Sports Exerc 41 (6), 1317-1325. doi:10.
1249/MSS.0b013e3181954601

Bernardi, L. (2001). Interval Hypoxic Training. Adv. Exp. Med. Biol. 502, 377-399.
doi:10.1007/978-1-4757-3401-0_25

Brugniaux, J. V., Schmitt, L., Robach, P., Jeanvoine, H., Zimmermann, H., Nicolet,
G., et al. (2006). Living High-Training Low: Tolerance and Acclimatization in
Elite Endurance Athletes. Eur. J. Appl. Physiol. 96 (1), 66-77. doi:10.1007/
s00421-005-0065-9

Camacho-Cardenosa, A., Camacho-Cardenosa, M., Brazo-Sayavera, J., Timén, R,
Gonzalez-Custodio, A., and Olcina, G. (2020). Repeated Sprint in Hypoxia as a
Time-Metabolic Efficient Strategy to Improve Physical Fitness of Obese Women.
Eur. J. Appl. Physiol. 120 (5), 1051-1061. doi:10.1007/s00421-020-04344-2

Camacho-Cardenosa, M., Camacho-Cardenosa, A., Kemp, J., Brazo-Sayavera, J.,
Timon, R, and Olcina, G. (2021). Haematological Responses to Repeated
Sprints in Hypoxia across Different Sporting Modalities. Res. Sports Med.
18, 1-11. d0i:10.1080/15438627.2021.1917403

Camacho-Cardenosa, M., Camacho-Cardenosa, A. Martinez Guardado, I,
Marcos-Serrano, M., Timon, R., and Olcina, G. (2017). A New Dose of
Maximal-Intensity Interval Training in Hypoxia to Improve Body
Composition and Hemoglobin and Hematocrit Levels: a Pilot Study.
J. Sports Med. Phys. Fit. 57 (1-2), 60-69. doi:10.23736/50022-4707.16.06549-X

Chacén Torrealba, T., Aranda Araya, ]., Benoit, N., and Deldicque, L. (2020). Effects of
High-Intensity Interval Training in Hypoxia on Taekwondo Performance. Int.
J. Sports Physiol. Perform. 15, 1125-1131. doi:10.1123/ijspp.2019-0668

Chen, Y., and Gaber, T. (2021). Hypoxia/HIF Modulates Immune Responses.
Biomedicines 9 (3), 260. doi:10.3390/biomedicines9030260

Cohen, T., Nahari, D., Cerem, L. W., Neufeld, G., and Levi, B.-Z. (1996).
Interleukin 6 Induces the Expression of Vascular Endothelial Growth
Factor. J. Biol. Chem. 271 (2), 736-741. doi:10.1074/jbc.271.2.736

Czuba, M., Waskiewicz, Z., Zajac, A., Poprzecki, S., Cholewa, J., and Roczniok, R.
(2011). The Effects of Intermittent Hypoxic Training on Aerobic Capacity and
Endurance Performance in Cyclists. J. Sports Sci. Med. 10 (1), 175-183.

Czuba, M., Wilk, R., Karpinski, J., Chalimoniuk, M., Zajac, A., and Langfort, J.
(2017). Intermittent Hypoxic Training Improves Anaerobic Performance in
Competitive Swimmers when Implemented into a Direct Competition
Mesocycle. PLoS One 12 (8), e0180380. doi:10.1371/journal.pone.0180380

Dehnert, C., Hiitler, M., Liu, Y., Menold, E., Netzer, C., Schick, R,, et al. (2002).
Erythropoiesis and Performance after Two Weeks of Living High and Training

Interval Training Under Hypoxia

AUTHOR CONTRIBUTIONS

Conception and study design, H-YP, JK, and KL; statistical
analysis, W-SJ] and S-WK; investigation, H-YP; data
interpretation, W-SJ and S-WK; writing-original draft
preparation, H-YP; writing-review and editing, W-SJ and
S-WK; supervision, JK and KL. All authors have read and
approved the final manuscript.

FUNDING

This work was supported by the Ministry of Education of the
Republic of Korea and the National Research Foundation of
Korea (NRF-2019S1A5B8099542). This paper was supported
by the Konkuk University (KU) Research Professor Program.

Low in Well Trained Triathletes. Int. J. Sports Med. 23 (8), 561-566. doi:10.
1055/s-2002-35533

Dufour, S. P., Ponsot, E., Zoll, J., Doutreleau, S., Lonsdorfer-Wolf, E., Geny, B., et al.
(2006). Exercise Training in Normobaric Hypoxia in Endurance Runners. L.
Improvement in Aerobic Performance Capacity. J. Appl. Physiology 100 (4),
1238-1248. doi:10.1152/japplphysiol.00742.2005

Faiss, R., Girard, O., and Millet, G. P. (2013). Advancing Hypoxic Training in Team
Sports: from Intermittent Hypoxic Training to Repeated Sprint Training in Hypoxia:
Table 1. Br. J. Sports Med. 47 (Suppl. 1), 45-i50. doi:10.1136/bjsports-2013-092741

Faquin, W., Schneider, T., and Goldberg, M. (1992). Effect of Inflammatory
Cytokines on Hypoxia-Induced Erythropoietin Production. Blood 79 (8),
1987-1994. doi:10.1182/blood.V79.8.1987.1987

Ge, R-L,, Witkowski, S., Zhang, Y., Alfrey, C,, Sivieri, M., Karlsen, T., et al. (2002).
Determinants of Erythropoietin Release in Response to Short-Term Hypobaric
Hypoxia. J. Appl. Physiology 92 (6), 2361-2367. doi:10.1152/japplphysiol.00684.2001

Geiser, J., Vogt, M., Billeter, R., Zuleger, C., Belforti, F., and Hoppeler, H. (2001).
Training High - Living Low: Changes of Aerobic Performance and Muscle
Structure with Training at Simulated Altitude. Int. J. Sports Med. 22 (8),
579-585. doi:10.1055/s-2001-18521

Girard, O., Brocherie, F., and Millet, G. P. (2017). Effects of Altitude/Hypoxia on
Single- and Multiple-Sprint Performance: A Comprehensive Review. Sports
Med. 47 (10), 1931-1949. doi:10.1007/s40279-017-0733-z

Gore, C. ., Hahn, A. G., Aughey, R. J., Martin, D. T., Ashenden, M. J,, Clark, S. A.,
et al. (2001). Live High:train Low Increases Muscle Buffer Capacity and
Submaximal Cycling Efficiency. Acta Physiol. Scand. 173 (3), 275-286.
doi:10.1046/j.1365-201X.2001.00906.x

Gore, C. ], Rodriguez, F. A, Truijens, M. J., Townsend, N. E., Stray-Gundersen, J.,
and Levine, B. D. (2006). Increased Serum Erythropoietin but Not Red Cell
Production after 4 Wk of Intermittent Hypobaric Hypoxia (4,000-5,500 M).
J. Appl. Physiology 101 (5), 1386-1393. doi:10.1152/japplphysiol.00342.2006

Gore, C. J., Sharpe, K., Garvican-Lewis, L. A., Saunders, P. U., Humberstone, C. E.,
Robertson, E. Y., et al. (2013). Altitude Training and Haemoglobin Mass from the
Optimised Carbon Monoxide Rebreathing Method Determined by a Meta-Analysis.
Br. J. Sports Med. 47 (Suppl. 1), i31-i39. doi:10.1136/bjsports-2013-092840

Green, H.J., Roy, B,, Grant, S., Hughson, R,, Burnett, M., Otto, C,, et al. (2000). Increases
in Submaximal Cycling Efficiency Mediated by Altitude Acclimatization. J. Appl.
Physiology 89 (3), 1189-1197. doi:10.1152/jappl.2000.89.3.1189

Hahn, A. G, Gore, C. ., Martin, D. T., Ashenden, M. J., Roberts, A. D., and Logan,
P. A. (2001). An Evaluation of the Concept of Living at Moderate Altitude and
Training at Sea Level. Comp. Biochem. Physiology Part A Mol. Integr. Physiology
128 (4), 777-789. doi:10.1016/s1095-6433(01)00283-5

Hamlin, M. J., Marshall, H. C,, Hellemans, J., Ainslie, P. N., and Anglem, N. (2010).
Effect of Intermittent Hypoxic Training on 20 Km Time Trial and 30 S
Anaerobic Performance. Scand. J. Med. Sci. Sports 20 (4), 651-661. doi:10.
1111/j.1600-0838.2009.00946.x

Hartmann, G., Tschop, M., Fischer, R., Bidlingmaier, C., Riepl, R., Tschop, K., et al.
(2000). High Altitude Increases Circulating Interleukin-6, Interleukin-1

Frontiers in Physiology | www.frontiersin.org

May 2022 | Volume 13 | Article 919008


https://doi.org/10.1042/cs20060012
https://doi.org/10.1249/MSS.0b013e3181954601
https://doi.org/10.1249/MSS.0b013e3181954601
https://doi.org/10.1007/978-1-4757-3401-0_25
https://doi.org/10.1007/s00421-005-0065-9
https://doi.org/10.1007/s00421-005-0065-9
https://doi.org/10.1007/s00421-020-04344-2
https://doi.org/10.1080/15438627.2021.1917403
https://doi.org/10.23736/S0022-4707.16.06549-X
https://doi.org/10.1123/ijspp.2019-0668
https://doi.org/10.3390/biomedicines9030260
https://doi.org/10.1074/jbc.271.2.736
https://doi.org/10.1371/journal.pone.0180380
https://doi.org/10.1055/s-2002-35533
https://doi.org/10.1055/s-2002-35533
https://doi.org/10.1152/japplphysiol.00742.2005
https://doi.org/10.1136/bjsports-2013-092741
https://doi.org/10.1182/blood.V79.8.1987.1987
https://doi.org/10.1152/japplphysiol.00684.2001
https://doi.org/10.1055/s-2001-18521
https://doi.org/10.1007/s40279-017-0733-z
https://doi.org/10.1046/j.1365-201X.2001.00906.x
https://doi.org/10.1152/japplphysiol.00342.2006
https://doi.org/10.1136/bjsports-2013-092840
https://doi.org/10.1152/jappl.2000.89.3.1189
https://doi.org/10.1016/s1095-6433(01)00283-5
https://doi.org/10.1111/j.1600-0838.2009.00946.x
https://doi.org/10.1111/j.1600-0838.2009.00946.x
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Park et al.

Receptor Antagonist and C-Reactive Protein. Cytokine 12 (3), 246-252. doi:10.
1006/cyt0.1999.0533

Hendriksen, I. J., and Meeuwsen, T. (2003). The Effect of Intermittent Training in
Hypobaric Hypoxia on Sea-Level Exercise: a Cross-Over Study in Humans. Eur.
J. Appl. Physiol. 88 (4-5), 396-403. doi:10.1007/s00421-002-0708-z

Jung, W.-S,, Kim, S.-W., and Park, H.-Y. (2020). Interval Hypoxic Training
Enhances Athletic Performance and Does Not Adversely Affect Immune
Function in Middle- and Long-Distance Runners. Ijerph 17 (6), 1934.
doi:10.3390/ijerph17061934

Kasperska, A., and Zembron-Lacny, A. (2020). The Effect of Intermittent Hypoxic
Exposure on Erythropoietic Response and Hematological Variables in Elite
Athletes. Physiol. Res. 69 (2), 283-290. doi:10.33549/physiolres.934316

Katayama, K., Sato, K., Matsuo, H., Ishida, K., Iwasaki, K.-i., and Miyamura, M.
(2004). Effect of Intermittent Hypoxia on Oxygen Uptake during Submaximal
Exercise in Endurance Athletes. Eur. J. Appl. Physiology 92 (1-2), 75-83. doi:10.
1007/s00421-004-1054-0

Levine, B. D., and Stray-Gundersen, J. (1997). "Living High-Training Low": Effect of
Moderate-Altitude Acclimatization with Low-Altitude Training on Performance.
J. Appl. Physiology 83 (1), 102-112. doi:10.1152/jappl.1997.83.1.102

Mazzeo, R. S,, Child, A., Butterfield, G. E., Braun, B., Rock, P. B,, Wolfel, E. E,, et al. (2000).
Sympathoadrenal Responses to Submaximal Exercise in Women after Acclimatization
to 4,300 Meters. Metabolism 49 (8), 1036-1042. doi:10.1053/meta.2000.7706

Mazzeo, R. S., Donovan, D., Fleshner, M., Butterfield, G. E., Zamudio, S., Wolfel, E.
E., et al. (2001). Interleukin-6 Response to Exercise and High-Altitude
Exposure: Influence of a-adrenergic Blockade. J. Appl. Physiology 91 (5),
2143-2149. doi:10.1152/jappl.2001.91.5.2143

Mazzeo, R. S. (2008). Physiological Responses to Exercise at Altitude. Sports Med.
38 (1), 1-8. doi:10.2165/00007256-200838010-00001

McLean, B. D., Gore, C. J., and Kemp, J. (2014). Application of ’live Low-Train
High’ for Enhancing Normoxic Exercise Performance in Team Sport Athletes.
Sports Med. 44 (9), 1275-1287. doi:10.1007/s40279-014-0204-8

Millet, G. P., Roels, B., Schmitt, L, Woorons, X., and Richalet, J. P. (2010).
Combining Hypoxic Methods for Peak Performance. Sports Med. 40 (1),
1-25. doi:10.2165/11317920-000000000-00000

Park, H.-y., Hwang, H.-j., Park, J.-h., Lee, S.-n., and Lim, K. (2016). The Effects of
Altitude/hypoxic Training on Oxygen Delivery Capacity of the Blood and
Aerobic Exercise Capacity in Elite Athletes - a Metaanalysis. J. Exerc Nutr.
Biochem. 20 (1), 15-22. doi:10.20463/jenb.2016.03.20.1.3

Park, H.-Y., Jung, W.-S,, Kim, J., Hwang, H., Kim, S.-W., An, Y., et al. (2020). Effects of
2-Week Exercise Training in Hypobaric Hypoxic Conditions on Exercise
Performance and Immune Function in Korean National Cycling Athletes with
Disabilities: A Case Report. Ijerph 17 (3), 861. doi:10.3390/ijerph17030861

Park, H.-Y., Shin, C,, and Lim, K. (2018). Intermittent Hypoxic Training for 6
Weeks in 3000 M Hypobaric Hypoxia Conditions Enhances Exercise Economy
and Aerobic Exercise Performance in Moderately Trained Swimmers. bs 35 (1),
49-56. doi:10.5114/biolsport.2018.70751

Park, H. Y., and Lim, K. (2017). Effects of Hypoxic Training versus Normoxic
Training on Exercise Performance in Competitive Swimmers. J. Sports Sci. Med.
16 (4), 480-488.

Park, H. Y., Park, W,, and Lim, K. (2019). Living High-Training Low for 21 Days
Enhances Exercise Economy, Hemodynamic Function, and Exercise
Performance of Competitive Runners. J. Sports Sci. Med. 18 (3), 427-437.

Pedersen, B. K., and Steensberg, A. (2002). Exercise and Hypoxia: Effects on
Leukocytes and Interleukin-6-shared Mechanisms? Med. Sci. Sports Exerc. 34
(12), 2004-2012. doi:10.1097/00005768-200212000-00022

Ploszczyca, K., Langfort, J., and Czuba, M. (2018). The Effects of Altitude Training
on Erythropoietic Response and Hematological Variables in Adult Athletes: A
Narrative Review. Front. Physiol. 9, 375. doi:10.3389/fphys.2018.00375

Ramos-Campo, D., Martinez-Sanchez, F., Esteban-Garcia, P., Rubio-Arias, J., Clemente-
Suarez, V., and Jiménez-Diaz, J. (2015). The Effects of Intermittent Hypoxia
Training on Hematological and Aerobic Performance in Triathletes. Acta
Physiol. Hung. 102 (4), 409-418. doi:10.1556/036.102.2015.4.8

Robach, P., Schmitt, L., Brugniaux, J. V., Roels, B., Millet, G., Hellard, P., et al.
(2006). Living High-Training Low: Effect on Erythropoiesis and Aerobic
Performance in Highly-Trained Swimmers. Eur. J. Appl. Physiol. 96 (4),
423-433. doi:10.1007/s00421-005-0089-1

Rodriguez, F. A., Truijens, M. ]., Townsend, N. E., Stray-Gundersen, J., Gore, C. J.,
and Levine, B. D. (2007). Performance of Runners and Swimmers after Four

Interval Training Under Hypoxia

Weeks of Intermittent Hypobaric Hypoxic Exposure Plus Sea Level Training.
J. Appl. Physiology 103 (5), 1523-1535. doi:10.1152/japplphysiol.01320.2006

Roels, B., Bentley, D. J., Coste, O., Mercier, J., and Millet, G. P. (2007). Effects of
Intermittent Hypoxic Training on Cycling Performance in Well-Trained Athletes.
Eur. ]. Appl. Physiol. 101 (3), 359-368. doi:10.1007/s00421-007-0506-8

Roels, B., Millet, G. G. P., Marcoux, C.J. L., Coste, O., Bentley, D. J., and Candau, R.
B. (2005). Effects of Hypoxic Interval Training on Cycling Performance. Med.
Sci. Sports Exerc. 37 (1), 138-146. doi:10.1249/01.mss.0000150077.30672.88

Rusko, H. K., Tikkanen, H., Paavolainen, L., Hamalainen, I., Kalliokoski, K., and
Puranen, A. (1999). Effect of Living in Hypoxia and Training in Normoxia on
Sea Level VO2max and Red Cell Mass. Med. Sci. Sports Exerc. 31 (5), S86.
doi:10.1097/00005768-199905001-00277

Saunders, P. U,, Telford, R. D., Pyne, D. B., Cunningham, R. B., Gore, C. J., Hahn,
A. G, etal. (2004). Improved Running Economy in Elite Runners after 20 Days
of Simulated Moderate-Altitude Exposure. J. Appl. Physiology 96 (3), 931-937.
doi:10.1152/japplphysiol.00725.2003

Schmitt, L., Millet, G., Robach, P., Nicolet, G., Brugniaux, J. V., Fouillot, J.-P., et al.
(2006). Influence of "living High-Training Low" on Aerobic Performance and
Economy of Work in Elite Athletes. Eur. J. Appl. Physiol. 97 (5), 627-636.
doi:10.1007/s00421-006-0228-3

Sinex, J. A., and Chapman, R. F. (2015). Hypoxic Training Methods for Improving
Endurance Exercise Performance. J. Sport Health Sci. 4 (4), 325-332. doi:10.
1016/j.jshs.2015.07.005

Stray-Gundersen, J., Chapman, R. F., and Levine, B. D. (2001). "Living High-Training
Low" Altitude Training Improves Sea Level Performance in Male and Female Elite
Runners. J. Appl. Physiology 91 (3), 1113-1120. doi:10.1152/jappl.2001.91.3.1113

Thake, C. D., Mian, T., Garnham, A. W., and Mian, R. (2004). Leukocyte Counts
and Neutrophil Activity during 4 H of Hypocapnic Hypoxia Equivalent to
4000 M. Aviat. Space Environ. Med. 75 (9), 811-817.

Tiollier, E., Schmitt, L., Burnat, P., Fouillot, ].-P., Robach, P., Filaire, E., et al. (2005).
Living High-Training Low Altitude Training: Effects on Mucosal Immunity.
Eur. ]. Appl. Physiol. 94 (3), 298-304. doi:10.1007/s00421-005-1317-4

Truijens, M. J., Toussaint, H. M., Dow, J., and Levine, B. D. (2003). Effect of High-
Intensity Hypoxic Training on Sea-Level Swimming Performances. J. Appl.
Physiology 94 (2), 733-743. doi:10.1152/japplphysiol.00079.2002

Vallier, J. M., Chateau, P., and Guezennec, C. Y. (1996). Effects of Physical Training
in a Hypobaric Chamber on the Physical Performance of Competitive
Triathletes. Eur. J. Appl. Physiol. 73 (5), 471-478. doi:10.1007/bf00334426

van Gool, J., van Vugt, H,, Helle, M., and Aarden, L. A. (1990). The Relation Among
Stress, Adrenalin, Interleukin 6 and Acute Phase Proteins in the Rat. Clin. Immunol.
Immunopathol. 57 (2), 200-210. doi:10.1016/0090-1229(90)90034-n

Wehrlin, J. P., Zuest, P., Hallén, ]., and Marti, B. (2006). Live High-Train Low for 24 Days
Increases Hemoglobin Mass and Red Cell Volume in Elite Endurance Athletes.
J. Appl. Physiology 100 (6), 1938-1945. doi:10.1152/japplphysiol.01284.2005

Wilber, R. L. (2007). Application of Altitude/hypoxic Training by Elite Athletes.
Med. Sci. Sports Exerc 39 (9), 1610-1624. doi:10.1249/mss.0b013e3180de49¢6

Zebrowska, A., Jastrzebski, D., Sadowska-Krepa, E., Sikora, M., and Di Giulio, C.
(2019). Comparison of the Effectiveness of High-Intensity Interval Training in
Hypoxia and Normoxia in Healthy Male Volunteers: A Pilot Study. BioMed Res.
Int. 2019, 1-10. doi:10.1155/2019/7315714

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Park, Jung, Kim, Kim and Lim. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org

11

May 2022 | Volume 13 | Article 919008


https://doi.org/10.1006/cyto.1999.0533
https://doi.org/10.1006/cyto.1999.0533
https://doi.org/10.1007/s00421-002-0708-z
https://doi.org/10.3390/ijerph17061934
https://doi.org/10.33549/physiolres.934316
https://doi.org/10.1007/s00421-004-1054-0
https://doi.org/10.1007/s00421-004-1054-0
https://doi.org/10.1152/jappl.1997.83.1.102
https://doi.org/10.1053/meta.2000.7706
https://doi.org/10.1152/jappl.2001.91.5.2143
https://doi.org/10.2165/00007256-200838010-00001
https://doi.org/10.1007/s40279-014-0204-8
https://doi.org/10.2165/11317920-000000000-00000
https://doi.org/10.20463/jenb.2016.03.20.1.3
https://doi.org/10.3390/ijerph17030861
https://doi.org/10.5114/biolsport.2018.70751
https://doi.org/10.1097/00005768-200212000-00022
https://doi.org/10.3389/fphys.2018.00375
https://doi.org/10.1556/036.102.2015.4.8
https://doi.org/10.1007/s00421-005-0089-1
https://doi.org/10.1152/japplphysiol.01320.2006
https://doi.org/10.1007/s00421-007-0506-8
https://doi.org/10.1249/01.mss.0000150077.30672.88
https://doi.org/10.1097/00005768-199905001-00277
https://doi.org/10.1152/japplphysiol.00725.2003
https://doi.org/10.1007/s00421-006-0228-3
https://doi.org/10.1016/j.jshs.2015.07.005
https://doi.org/10.1016/j.jshs.2015.07.005
https://doi.org/10.1152/jappl.2001.91.3.1113
https://doi.org/10.1007/s00421-005-1317-4
https://doi.org/10.1152/japplphysiol.00079.2002
https://doi.org/10.1007/bf00334426
https://doi.org/10.1016/0090-1229(90)90034-n
https://doi.org/10.1152/japplphysiol.01284.2005
https://doi.org/10.1249/mss.0b013e3180de49e6
https://doi.org/10.1155/2019/7315714
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Effects of Interval Training Under Hypoxia on Hematological Parameters, Hemodynamic Function, and Endurance Exercise Perfor ...
	Introduction
	Materials and Methods
	Participants
	Study Design
	Measurements
	Body Composition
	Hematological Parameters
	Hemodynamic Function
	Endurance Exercise Performance

	Statistical Analysis

	Results
	Body Composition
	Hematological Parameters
	Hemodynamic Function
	Endurance Exercise Performance

	Discussion
	Hematological Parameters
	Hemodynamic Function
	Endurance Exercise Performance
	Limitations

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


