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Abstract  
Living high-training low (LHTL) is performed by competitive 
athletes expecting to improve their performance in competitions 
at sea level. However, the beneficial effects of LHTL remain con-
troversial. We sought to investigate whether 21 days of LHTL 
performed at a 3,000 m simulated altitude (fraction of inspired 
oxygen [FIO2]=14.5%) and at sea level can improve hematologi-
cal parameters, exercise economy and metabolism, hemodynamic 
function, and exercise performance compared with living low-
training low (LLTL) among competitive athletes. All participants 
(age = 23.5 ± 2.1 years, maximal oxygen consumption [VO2max] 
= 55.6 ± 2.5 mLꞏkg-1ꞏmin-1, 3,000 m time trial perfor-
mance=583.7 ± 22.9 seconds) were randomly assigned to un-
dergo LHTL (n = 12) or LLTL (n = 12) and evaluated before and 
after the 21 days of intervention. During the 21-day intervention 
period, the weekly routine for all athletes included 6-day training 
and 1-day rest. The daily training programs consisted of >4 hours 
of various exercise programs (i.e., jogging, high-speed running, 
interval running, and 3,000 m or 5,000-m time trial). The LHTL 
group resided in a simulated environmental chamber (FIO2 = 
14.5%) for >12 hours per day and the LLTL group at sea level 
under comfortable conditions. The hematological parameters 
showed no significant interaction. However, LHTL yielded more 
improved exercise economy, metabolic parameters (oxygen con-
sumption=-152.7 vs 32.4 mLꞏkg-1ꞏ30min-1, η2 = 0.457, p = 0.000; 
tissue oxygenation index=6.18 vs .66%, η2 = 0.250, p = 0.013), 
and hemodynamic function (heart rate = -234.5 vs -49.7 
beatsꞏ30min-1, η2 = 0.172, p = 0.044; stroke volume = 136.4 vs -
120.5 mL/30 min, η2 = 0.191, p = 0.033) during 30 minutes of 
submaximal cycle ergometer exercise corresponding to 80% 
maximal heart rate before training than did LLTL. Regarding ex-
ercise performance, LHTL also yielded more improved VO2max 
(5.40 vs 2.35 mLꞏkg-1ꞏmin-1, η2 = 0.527, p = 0.000) and 3,000 m 
time trial performance (-34.0 vs -19.5 seconds, η2 = 0.527, p = 
0.000) than did LLTL. These results indicate that compared with 
LLTL, LHTL can have favorable effects on exercise performance 
by improving exercise economy and hemodynamic function in 
competitive runners. 
 

Key words: Living high-training low, erythropoietin, exercise 
economy, hemodynamic function, exercise performance, compet-
itive runner. 

 
 

Introduction 
 

Exercise performance is highly related to various factors 
that can be altered through altitude/hypoxic training, in-
cluding  erythropoiesis,  exercise  economy (defined  as  the 
amount  of  energy  spent  per  unit of  distance), metabolic  

response, aerobic exercise capacity, and capillary density 
(Levine and Stray-Gunderson, 1997; Park et al., 2017; 
Saunders et al., 2004). Therefore, many sports scientists 
have been studying various altitude/hypoxic training pro-
grams aiming to enhance the exercise performance of ath-
letes; currently, altitude/hypoxic training is recognized as 
a useful training method for athletes to improve their per-
formance potentially in subsequent competitions at sea 
level (Brocherie et al., 2015; Millet et al., 2013; Sinex and 
Chapman, 2015). 

Altitude/hypoxic training aiming to improve ath-
letic performance can be classified into four types: living 
high-training high (LHTH); living low-training high 
(LLTH), such as intermittent hypoxic exposure, continu-
ous hypoxic training, interval hypoxic training (IHT), and 
repeated sprint training in hypoxia (RSH); living high-
training low (LHTL); and living high-training low and high, 
such as LHTL + IHT or RSH (Brocherie et al., 2015; Millet 
et al., 2013; Wilber, 2007). To date, LHTL is widely rec-
ognized as a relatively effective altitude/hypoxic training 
method for improving athletic performance at sea level, de-
spite ongoing debate (Bonetti and Hopkins, 2009; 
Brugniaux et al., 2006; Garvican et al., 2011). 

The potential underlying mechanisms for improved 
exercise performance following LHTL include increase in 
erythropoiesis and blood oxygen transporting capacity 
(Hauser et al., 2017; Levine and Stray-Gunderson, 1997; 
Wehrlin et al., 2006). This translates into increased maxi-
mal oxygen consumption (VO2max) while residing in an 
altitude/hypoxic environment, and there is a possibility that 
the increased exercise intensity in competitions and en-
hanced VO2max will be maintained at sea level (Levine, 
2002; Schmitt et al., 2006; Wilber, 2007). LHTL improves 
the sea-level running performance of trained elite runners 
because of adaptation to hypoxia (increase in erythropoie-
sis and VO2max) and maintenance of training velocity at 
sea level, most likely accounting for the increase in running 
velocity at VO2max (Brugniaux et al., 2006; Garvican et al., 
2011). These benefits are primarily attributed to the in-
crease in erythropoiesis that occurs while residing in an al-
titude/hypoxic environment, provided that the “dose” of 
hypoxia is adequate (Dehnert et al., 2002; Levine and 
Stray-Gundersen, 2006; Wehrlin and Marti, 2006; Wehrlin 
et al., 2006). However, several studies have indicated that 
LHTL does not increase erythropoiesis or exercise perfor-
mance (Ashenden et al., 1999a; Clark et al., 2004; Hahn et 
al., 2001).  Ashenden et  al. (1999a) demonstrated  that 12  
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nights of exposure to moderate normobaric hypoxia (e.g., 
at an altitude of 2,650 m) is not sufficient to stimulate 
erythropoiesis. Hahn et al. (2001) reported that failure of 
moderate hypobaric hypoxia (e.g., at an altitude of 2,500 
m) for 23 days to stimulate erythropoiesis and VO2max im-
provement is probably attributable to an insufficient dura-
tion of exposure (8–11 hours daily). In addition, Clark et al. 
(2004) reported that exercise economy, muscle markers of 
lactate metabolism, and pH regulation were unchanged af-
ter 20 consecutive nights of normobaric hypoxic exposure 
(fraction of inspired oxygen [FIO2], 16.27%). These previ-
ous studies have indicated that LHTL is affected not only 
by enhanced erythropoiesis but also by improved exercise 
economy, increased storage of glycogen, utilization of fatty 
acids, muscle buffer capacity, skeletal muscle oxygenation, 
and cardiovascular function (Garvican et al., 2011; Gore et 
al., 2001; Park and Nam, 2017; Saunders et al., 2004). 
Therefore, to assess the effectiveness of LHTL in improv-
ing athletic performance, various physiological mecha-
nisms, such as exercise economy, muscle buffer capacity, 
skeletal muscle oxygenation, cardiovascular function, and 
erythropoiesis, must be considered. 

Another issue that has been raised regarding the ef-
fectiveness of LHTL in improving exercise performance is 
the optimal dose of hypoxia. Levine and Stray-Gundersen 
(2006) recommended using hypoxic environments at alti-
tudes ranging from 2,000 to 3,000 m to stimulate erythro-
poiesis and to avoid any detrimental effects, such as acute 
mountain sickness, leukocyte count alteration, ventilator 
response impairment, and desaturation. Brugniaux et al. 
(2006) sought to determine the influence of factors, such as 
range and duration of residence in/exposure to the alti-
tude/hypoxic environment, on the balance between the 
beneficial effects and potentially detrimental effects of 
LHTL. They suggested that during LHTL, the altitude 
should not exceed 3,000 m; residence should be continued 
for at least 18 days; and exposure should be at a minimum 
of 12 hours per day. 

Based on previous findings, we established the fol-
lowing hypothesis: 21 days of LHTL involving more than 
12 hours per day of residence at 3,000 m (FIO2 = 14.5%) in 
a normobaric hypoxic environment and more than 4 hours 
per day of training at sea level will improve exercise per-
formance by enhancing erythropoiesis, exercise economy 
and metabolism, and hemodynamic function during sub-
maximal exercise compared with LLTL in moderately 
trained competitive runners. 

 

Methods 
 

Participants 
The participants were male, competitive, moderately 
trained, middle- and long-distance runners (n = 24) regis-
tered with the Korea Association of Athletics Federations. 
They were randomly assigned to perform either LLTL (n = 
12) or LHTL (n = 12) according to their body composition, 
VO2max, and 3,000 m time trial performance (Table 1). All 
12 participants in the LHTL group resided together in en-
vironmental chambers comprising a 14.5% oxygen normo-
baric hypoxic environment. The 12 participants in the 
LLTL group resided together in a room at sea level. Other 
than oxygen concentration, the remaining environmental 
conditions during residence were the same (temperature = 
24 ± 2°C; humidity = 60 ± 2%) for the LHTL and LLTL 
groups. During the 21-day intervention period, the weekly 
routine for all athletes included 6 days of training and 1 day 
of rest. The participants received information on the study 
purpose and methods. They provided written consent for 
participation after receiving sufficient explanations regard-
ing the experiment and understanding the possible adverse 
effects prior to the start of the study. This study was ap-
proved by our Institutional Review Board (7001355-
201510-HR-090) and was conducted in accordance with 
the provisions of the Declaration of Helsinki. 

 
Study design 
The experimental design is shown in Figure 1 and con-
sisted of the following: 7-day preintervention period (i.e., 
3 testing days and 2 rest days between testing days) at sea 
level, during which baseline testing was performed; 21-day 
living and training session in the assigned environmental 
condition; and 7-day postintervention period at sea level. 
During the 3-day testing sessions, hematological parame-
ters, exercise economy and metabolism, hemodynamic 
function, and exercise performance were evaluated. 

On the first testing day, hematological parameters, 
including erythrocyte count, hemoglobin (Hb) concentra-
tion, hematocrit (Hct), reticulocyte count, erythropoietin 
(EPO) concentration, mean corpuscular volume (MCV), 
mean corpuscular Hb (MCH), and MCH concentration 
(MCHC), were measured between 7:00 and 8:00 AM in the 
rested state. Thereafter, the body composition was meas-
ured. Subsequently, the VO2max was measured to evaluate 
exercise performance in the afternoon. On the second test-
ing day, the following parameters were measured during a  

 
         Table 1. Participant characteristics. 

Variables LLTL group LHTL group 
Measurement point Before training After training Before training After training 

n 12 12 

Exposure %O2 
Living 20.9% (sea level) Living 14.5% (simulated 3,000 m) 

Training 20.9% (sea level) Training 20.9% (sea level) 
Age (y) 20.7 (1.2) 20.4 (1.4) 
Height (m) 1.74 (0.05) 1.74 (0.04) 
Weight (kg) 57.6 (6.4) 57.9 (6.3) 61.6 (7.0) 60.8 (6.3) 
Free fat mass (kg) 46.3 (4.2) 46.2 (4.2) 50.9 (5.7) 50.2 (5.2) 
Body fat (%) 12.1 (1.9) 12.4 (1.5) 12.6 (1.4) 12.7 (1.5) 

            LLTL, living low-training low; LHTL, living high-training low. Data are presented as means (±standard deviations). 
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Figure 1. Study design. LLTL, living low-training low; LHTL, living high-training low; HRmax, maximal heart rate; FIO2, fraction of inspired 
oxygen. 

 
30-minute bout of submaximal cycle ergometer exercise: 
exercise economy; metabolism indicators, including oxy-
gen consumption (VO2) and blood lactate concentration; 
skeletal muscle oxygenation, including oxygenated Hb and 
myoglobin (O2Hb), deoxygenated Hb and myoglobin 
(HHb), and tissue oxygenation index (TOI); and hemody-
namic function, including heart rate (HR), stroke volume 
(SV), end-diastolic volume (EDV), end-systolic volume 
(ESV), and cardiac output (CO). Exercise intensity was set 
at individual cycle ergometer exercise load values corre-
sponding to 80% maximal HR (HRmax) obtained during 
the preintervention period. On the third testing day, perfor-
mance in a 3,000 m time trial was measured. 

After the preintervention period, the participants 
were randomly assigned to one of two groups according to 
their initial body composition, VO2max, and 3,000 m time 
trial performance (Table 1): LHTL group (21-day LHTL, 
which included >12 hours per day of living in a normobaric 
hypoxic environment at an altitude of 3,000 m and training 
at sea level [n=12]) and LLTL group (21-day LLTL, which 
included living and training at sea level [n=12]). The ath-
letes in the LHTL group stayed in a 10×14×3 m3 environ-
mental chamber (Submersible Systems, Huntington Beach, 
CA, USA). The 3,000 m altitude (FIO2=14.5%) normobaric 
hypoxic environment was simulated by introducing nitro-
gen into the environmental chamber using a nitrogen gen-
erator (Separation & Filter Energy Technology Coopera-
tion, Siheung, Korea). The athletes in the LLTL group re-
sided at sea level under comfortable conditions otherwise 
similar to those for the LHTL group. The daily schedule of 
the 21-day program is shown in Table 2. The training pro-
gram was created by coaches based on their experience and 

does not conform to regular practice. The daily training 
programs consisted of >4 hours of exercises, including in-
terval rests performed at various intensities, which were 
expressed as percentages of HRmax. As shown in Table 3, 
the daybreak exercise consisted of a 20-minute warm-up at 
45–50% HRmax, 60-minute jogging at 70–80% HRmax, 
and 20-minute cool-down at 45–50% HRmax. The morn-
ing exercise consisted of a 20-minute warm-up at 45–50% 
HRmax, six bouts of high-speed running over a distance of 
150 m at 90–95% HRmax, four bouts of interval running 
over a distance of 1,200 m at 85–95% HRmax, and 20-mi-
nute cool-down at 45–50% HRmax. Finally, the afternoon 
exercise consisted of a 20-minute warm-up at 45–50% 
HRmax, five bouts of high-speed running over a distance 
of 300 m at 90–95% HRmax, 3,000 m or 5,000 m time trial, 
and 20-minute cool-down at 45–50% HRmax. During the 
study period, three training managers (a coach, trainer, and 
researcher) supervised all training courses. However, the 
subjects were not able to complete the exercise training at 
the prescribed intensity in our study for 21 days. 

All participants received oral liquid iron supple-
mentation (FeoSol; 120 mg elemental iron/mL) with the 
dose adjusted on the basis of the plasma ferritin concentra-
tion (range, 5–45 mLꞏday-1). 

 
Measurement 
Body composition (i.e., height, weight, fat-free mass, and 
percent body fat) was evaluated after an overnight fast us-
ing bioelectrical impedance analysis, which measures the 
body’s resistance (impedance) to the flow of alternating 
electrical current (at a designated frequency) between two 
points  of   contact  on  the  body. Because the water in the  
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                Table 2. Schedule of training. 

Time Activity schedule 
Environment 

LLTL LHTL 

06:00 Wake up Sea level 
14.5% FIO2 

(simulated 3,000 m) 

06:00‒06:30 
Conditioning check 

(Urine analysis, %SPO2, blood pressure, body 
composition, body temperature, HR, etc.) 

Sea level Sea level 

06:30‒08:00 Daybreak exercise Sea level Sea level 

08:00‒09:00 Breakfast Sea level 
14.5% FIO2 

(simulated 3,000 m) 

09:00‒10:00 Morning break Sea level 
14.5% FIO2 

(simulated 3,000 m) 

10:00‒12:00 Morning exercise Sea level Sea level 

12:00‒13:00 Lunch Sea level 
14.5% FIO2 

(simulated 3,000 m) 

13:00‒15:00 Afternoon break Sea level 
14.5% FIO2 

(simulated 3,000 m) 

15:00‒17:30 Afternoon exercise Sea level Sea level 

17:30‒18:30 Dinner Sea level 
14.5% FIO2 

(simulated 3,000 m) 

18:30‒22:00 Special lecture and evening break Sea level Sea level 

22:00‒06:00 Sleeping Sea level 
14.5% FIO2 

(simulated 3,000 m) 
LLTL, living low-training low; LHTL, living high-training low; SPO2, peripheral capillary oxygen saturation; HR, heart rate; 
FIO2, fraction of inspired oxygen 

 
                        Table 3. Exercise training program and exercise intensity for 21 days of intervention. 

Time Exercise training program Exercise intensity 

Daybreak 

20 minutes of warm-up 45‒50% HRmax 

60 minutes of jogging 70‒80% HRmax 

20 minutes of cool-down 45‒50% HRmax 

Morning 

20 minutes of warm-up 45‒50% HRmax 

Six bouts of high-speed running over a distance of 150 m 90‒95% HRmax 

Four bouts of interval running over a distance of 1,200 m 85‒95% HRmax 

20 minutes of cool-down 45‒50% HRmax 

Afternoon 

20 minutes of warm-up 45‒50% HRmax 

Five bouts of high-speed running over a distance of 300 m 90‒95% HRmax 

3,000 m or 5,000 m time trial - 

20 minutes of cool-down 45‒50% HRmax 
                            HRmax, maximal heart rate 
 
body tissues is conductive, the measurement of body im-
pedance can indirectly provide information on the content 
of various tissues, including total body water, fat-free mass, 
and skeletal muscle mass (Talma et al., 2013). All partici-
pants wore lightweight clothing and were asked to remove 
any metal items. An Inbody 770 device (Inbody, Seoul, 
Korea) was used to measure body composition. 

To analyze hematological parameters, blood sam-
ples were obtained before and after intervention at rest at 
sea level. A 6-mL sample of venous blood was collected in 
a heparin tube for whole blood (5 mL) and a serum separa-
tion tube for serum (1 mL). The heparin tube for whole 
blood was inverted gently several times immediately after 
blood collection to ensure anti-coagulation, and the tube 
was stored in a refrigerator (-20°C) until the time of the 
assay. The blood sample in the serum separation tube was 

centrifuged at 3,500 rpm for 10 minutes. The serum ob-
tained was also stored at -70°C until the time of the assay. 
To analyze the erythrocyte count, Hb concentration, Hct, 
and reticulocyte count, an XE2100D hematology analyzer 
(Sysmex, Kobe, Japan) was used. The erythrocyte count 
and Hct were measured using an impedance-based method; 
Hb concentration, cyanide-free Hb spectrophotometry; re-
ticulocyte count, flow cytometry; and EPO concentration, 
Immulite 2000 XPI analyzer (Siemens, Eschborn, Ger-
many) via the chemiluminescent immunoassay method. 
The MCV, MCH, and MCHC were calculated using the 
following formulas: MCV = (Hct/erythrocyte) × 10; MCH 
= (Hb/erythrocyte) × 10; and MCHC = (Hb/Hct) × 100. 

To evaluate exercise performance and intensity, the 
VO2max was measured before and after the intervention 
using the McArdle protocol (McArdle et al., 1973) for 
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graded exercise testing on a cycle ergometer (Monark Ex-
ercise AB, Vansbro, Sweden) using a Vmax-229 breath-
by-breath auto metabolism analyzer (SensorMedics, Yorba 
Linda, CA, USA). It starts at 900 kg∙m∙min-1 (~150 W) and 
increases by 180 kg∙m∙min-1 (~30 W) every 2 minutes until 
exhaustion. The pedal frequency was set at 60 rpm. The 
VO2max was the highest VO2 obtained during the conclud-
ing period of the exercise test. The graded exercise test was 
completed when the following three items were satisfied: 
1) VO2 plateau - no further increase in oxygen use per mi-
nute even with an increase in work performed, 2) HR 
within 10 beats of the age-predicted HRmax - this is the 
basis for using participants’ HRmax as a surrogate for the 
VO2max when designing personal training programs, and 
3) plasma (blood) lactate concentrations of >7 mmol/L. 

The 3,000 m time trial performance was measured 
on a 400-m track at sea level in Seoul between 9:00 and 
10:00 AM (temperature=22–24°C; humidity=60–80%; 
wind=0–10 km/h). To avoid the effect of racing strategies, 
all starts were staggered by at least 2 minutes. 

Exercise economy, metabolism response, and he-
modynamic function were measured before and after train-
ing while the participants performed submaximal cycle er-
gometer exercise for 30 minutes at sea level. The VO2 was 
measured using the Vmax-229 breath-by-breath auto me-
tabolism analyzer and a breathing valve in the form of a 
facemask. To analyze the blood lactate concentration, 
blood (80 μL) was collected in a capillary tube using the 
fingertip method, and the sample was analyzed using the 
YSI-1500 lactate analyzer (YSI Inc., Yellow Springs, OH, 
USA). Skeletal muscle oxygenation profiles of the right 
vastus lateralis were evaluated using a commercially avail-
able near-infrared spectroscopy (NIRS) system (Hamama-
tsu NIRO-200; Hamamatsu Photonics, Hamamatsu, Japan) 
(Park et al., 2018). The intensities of incident and transmit-
ted light were recorded continuously and used for online 
estimation of the changes from baseline (Δ%) of the con-
centrations of the O2Hb, HHb, and total Hb 
(HbTOT=Hb+myoglobin) along with the relevant specific 
extinction coefficients. TOI values were calculated using 
the following formula: 100×O2Hb/HbTOT. The HR, SV, 
EDV, ESV, and CO were assessed noninvasively using a 
thoracic bioelectrical impedance device (PhysioFlow PF-
05, Paris, France). 

All variables were measured every minute, except 
for the blood lactate concentration, which was measured at 
10, 20, and 30 minutes into the exercise. In the subsequent 
analysis, the total value was used for the VO2, HR, SV, 
EDV, ESV, and CO, while the average value was used for 
the O2Hb, HHb, TOI, and blood lactate concentration. 

 
Statistical analysis 
All statistical analyses were conducted using the SPSS 
software version 23.0 (IBM Corp., Armonk, NY, USA) for 
Windows. Data were presented as means ± standard devi-
ations. To determine the sample size, we focused on iden-
tifying meaningful differences in the VO2 during submax-
imal exercise, as previously suggested (Park et al., 2017). 
The a priori power analysis, which was performed using 

G-power, indicated that a minimum sample size of 20 par-
ticipants (10 participants per group) is required to provide 
80% power at an α level of 0.05. Anticipating a dropout 
rate of >10%, we aimed for a starting sample size of 24 
participants. Normality of distribution of all outcome vari-
ables was verified using the Kolmogorov-Smirnov test. A 
two-way analysis (time × group) of variance with repeated 
measures of the “time” factor was used to analyze the ef-
fects of the training programs on each dependent variable. 
If a significant interaction effect was found, the Bonferroni 
post-hoc test was used to identify within-group changes 
over time. Additionally, the paired t-test was used to com-
pare between the post-training and pre-training values of 
the dependent variables in each group separately. The level 
of significance was set a priori at 0.05. 

 
Results 
 
Hematological parameters 
As shown in Table 4, there was no significant interaction 
regarding all hematological parameters. The 21-day LHTL 
performed in our study did not affect the hematological pa-
rameters, such as erythrocyte count, Hb concentration, Hct, 
reticulocyte count, EPO concentration, MCV, MCH, and 
MCHC, compared with LLTL in the competitive runners. 
 
Exercise economy and metabolism 
No significant interaction was observed regarding the 
O2Hb, HHb, and blood lactate concentration; however, the 
VO2 (η2 = 0.457, p < 0.001) and TOI (η2 = 0.250, p = 0.013) 
showed significant interactions. After the intervention, the 
post-hoc analyses indicated that the LHTL group showed a 
significant decrease in VO2 (mean change = -152.7; 95% 
confidence interval [CI] = -237.2, -68.1; p < 0.05) and a 
significant increase in TOI (mean change = 6.18; 95% 
CI=3.14, 9.21; p < 0.05) during the 30-minute bout of sub-
maximal cycle ergometer exercise corresponding to 80% 
HRmax obtained during the preintervention period (Table 
4). 

 
Hemodynamic function 
There was a significant interaction for the HR (η2 = 0.172, 
p = 0.044) and SV (η2 = 0.191, p = 0.033). Compared with 
the LLTL group, the LHTL group showed a significant de-
crease in HR (mean change = -234.5; 95% CI = -346.7, -
122.3; p < 0.05) and a significant increase in SV (mean 
change = 136.4; 95% CI = 22.6, 295.5; p < 0.05) during the 
30-minute bout of submaximal cycle ergometer exercise 
corresponding to 80% HRmax obtained during the prein-
tervention period. However, no significant interaction was 
observed regarding the EDV, ESV, or CO (Table 4). 

 
Exercise performance 
There was a significant interaction for the VO2max (η2 = 
0.527, p < 0.001) and 3,000 m time trial performance (η2 = 
0.217, p = 0.022). The post-hoc analyses found significant 
improvements in both groups for the VO2max (LHTL: 
mean change = 5.40; 95% CI = 4.32, 6.48; p < 0.05, LLTL: 
mean  change = 2.35;  95% CI = 1.54, 3.17; p < 0.05) and  
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Table 4. Before- and after-training data for all outcome measures with main analyses of variance results 

Measures 

LLTL group LHTL group ANOVA p (η2) values

Before After 
Mean 

change 
(95% CI)

Before After 
Mean 

change 
(95% CI)

Time Group Interaction

Hematological parameters

Erythrocyte 
count (×106/μL) 

4.9 (0.3) 4.9 (0.3) -.01
(-.09, .07)

4.8 (0.2) 4.9 (0.2) .078
(-.04, .19)

.290 
(.051) .204 (.072) .186 (.078)

Hemoglobin con-
centration (g/dL) 

14.7 (0.7) 14.7 (0.7) -.06
(-.37, .26)

14.2 (0.8) 14.4 (0.8)
.21

(-.10, .52)
.451 

(.026) .158 (.088) .201 (.073)

Hematocrit (%) 45.2 (2.4) 45.6 (2.1) .43
(-.38, 1.22)

44.2 (2.7) 45.1 (2.7)
.82

(-.87, 2.51)
.158 

(.089) .406 (.032) .643 (.010)

Reticulocyte 
count (%) 

0.9 (0.2) 0.8 (0.1) -.15
(-.29, -.02)

1.0 (0.2) 0.9 (0.2) -.14
(-.25, -.03)

.001 
(.375)* .114 (.110) .862 (.001)

Erythropoietin 
concentration 
(mU/mL) 

8.8 (2.3) 8.5 (4.0) -.30 
(-2.38, 1.77)

12.1 (2.8) 10.4 (3.3)
-1.75 

(-3.64, .14) 
.122 

(.105) .028 (.201) .268 (.055)

MCV (μm2) 91.5 (3.6) 92.5 (2.1) 1.00
(-0.34, 2.35)

92.6 (2.3) 92.8 (2.7)
.18

(-1.68, 2.04)
.268 

(.056) .510 (.020) .440 (.027)

MCH (μμg) 29.9 (1.2) 29.8 (1.0) -.069
(-.30, .16)

29.7 (0.8) 29.6 (0.9)
-.04

(-.23, .15)
.420 

(.030) .694 (.007) .851 (.002)

MCHC (g/dL) 32.6 (0.6) 32.2 (0.7) -.43
(-.82, -.05)

32.1 (0.5) 32.0 (0.9)
-.10

(-.79, .59)
.153 

(.091) .087 (.128) .358 (.039)

Exercise economy and metabolism parameters 

VO2  
(mL/kg/30 min) 

1425.7 
(77.9) 

1458.1 
(56.4) 

32.4 
(-12.3, 75.1)

1529.6 
(114.4) 

1376.9 
(89.3)  

-152.7†
(-237.2, -

68.1)

.011 
(.262)* .692 (.007) .000 (.457)*

O2Hb (mU) .7 (5.9) 1.4 (3.7) .69
(-3.47, 4.84)

1.4 (2.4) 3.3 (3.0) 1.83
(-.01, 3.67) 

.236 
(.063) .315 (.046) .586 (.014)

HHb (mU) 7.6 (4.5) 7.3 (3.1) -.21
(-3.12, 2.71)

6.8 (3.5) 5.2 (2.2) -1.60
(-3.96, .76) 

.301 
(.048) .210 (.071) .423 (.029)

TOI (%) 50.5 (4.5) 51.1 (4.6) .66
(-2.64, 3.95)

48.0 (2.9) 54.2 (3.3)
6.18†

(3.14, 9.21)
.003 

(.339)* .809 (.003) .013 (.250)*

Blood lactate 
level (mmol) 

3.4 (1.2) 2.8 (.9) -.61
(-1.52, .30)

3.5 (1.4) 2.4 (.9) -1.05
(-1.70, -0.39)

.004 
(.325)* .641 (.010) .395 (.033)

Hemodynamic function parameters 

HR  
(beats/30 min) 

4685.4 
(452.4) 

4635.7 
(490.3) 

-49.7
(-203.4, 
104.0) 

4360.8 
(204.9) 

4126.3 
(274.6)  

-234.5†
(-346.7,  
-122.3) 

.003 
(.329)* 

.010 
(.268)* .044 (.172)* 

SV (mL/30 min) 
2696.2 
(267.1) 

2575.7 
(204.6) 

-120.5
(-311.1, 70.1)

2402.1 
(206.2)

2538.5 
(381.4) 

136.4†
(22.6, 295.5)

.889 
(.001) .101 (.118) .033 (.191)*

EDV  
(mL/30 min) 

3106.9 
(305.8) 

3413.0 
(243.5) 

306.1
(104.1, 
508.1) 

3484.5 
(509.3) 

3729.3 
(405.0) 

244.8 
(76.4, 413.1)

.000 
(.491)* 

.024 
(.211)* .613 (.012)

ESV (mL/30 
min) 

563.1 
(270.7) 

770.0 
(254.8) 

206.9
(51.9, 362.0)

809.9 
(224.1)

922.7 
(291.0)

112.9
(15.1, 210.7)

.001 
(.401)* .054 (.158) .271 (.055)

CO (L/30 min) 
401.8 
(55.0) 

408.4 
(42.4) 

6.65
(-20.0, 33.3)

398.0 
(37.8) 

384.5 
(37.8) 

-13.5
(-39.5, 12.4)

.687 
(.007) .390 (.034) .245 (.061)

Exercise performance parameters 

VO2max 
(mL/kg/min) 

55.9 (2.0) 58.2 (2.1) 2.35†
(1.54, 3.17)

55.3 (3.0) 60.7 (2.4) 
5.40†

(4.32, 6.48)
.000 

(.878)* .325 (.044) .000 (.527)*

3000 m time trial 
(seconds) 

585.7 
(24.5) 

566.3 
(24.9) 

-19.5†
(-25.1, -13.8)

581.8 
(23.2) 

547.8 
(25.9)  

-34.0†
(-45.6, -22.4)

.000 
(.790)* .256 (.058) .022 (.217)*

*p < 0.05 significant interaction or main effect. †p < 0.05 versus before training. LLTL, living low-training low; LHTL, living high-training low; 
ANOVA, analysis of variance; CI, confidence interval; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpus-
cular hemoglobin concentration; VO2, oxygen consumption; O2Hb, oxygenated hemoglobin and myoglobin; HHb, deoxygenated hemoglobin and my-
oglobin; TOI, tissue oxygenation index; HR, heart rate; SV, stroke volume, EDV, end-systolic volume; ESV, end-systolic volume; CO, cardiac output; 
VO2max, maximal oxygen consumption. Data are presented as means (±standard deviations). 
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3,000 m time trial performance (LHTL: mean change=-
34.0; 95% CI = -45.6, -22.4; p < 0.05, LLTL: mean change 
= -19.5; 95% CI = -25.1, -13.8; p < 0.05). However, the 
LHTL group showed a greater improvement in exercise 
performance than did the LLTL group (Table 4). 

 
Discussion 
 
Hematological parameters 
If an effective hypoxia dose (appropriate exposure level, 
exposure time, and exposure duration in hypoxia) is pro-
vided, exposure to altitude/hypoxic environments en-
hances erythropoiesis, thus leading to increased VO2max 
and exercise performance (Dehnert et al., 2002; Levine and 
Stray-Gundersen, 2006; Robach et al., 2006; Schmitt et al., 
2006). Levine and Stray-Gunderson (1997) reported that 4 
weeks of LHTL improved the sea-level running perfor-
mance of trained runners owing to increased red cell mass, 
red cell volume, and VO2max compared to that with LLTL. 
Robach et al. (2006) demonstrated that 13 days of LHTL 
at simulated altitudes of 2,500 m and 3,000 m was suffi-
cient to elicit a substantial increase in red blood cell volume 
in highly trained swimmers; however, a clear improvement 
in aerobic performance was not reported. Wehrlin et al. 
(2006) concluded that living at 2,500 m and training at a 
lower altitude for 24 days increased Hb mass (Hbmass) and 
red cell volume compared with LLTL. Conversely, Hahn 
et al. (2001) analyzed six previous studies and concluded 
that living in a hypoxic environment at 2,650–3,000 m for 
up to 23 days may offer practical benefits to elite athletes; 
however, any observed effect is not likely attributed to in-
creased Hbmass or VO2max. Other previous studies also re-
ported no changes in reticulocyte volume or Hbmass after 12 
nights at 2,650 m (Ashenden et al., 1999a), 23 nights at 
3,000 m (Ashenden et al., 1999b), or 14 nights at 1,956 m 
(Dehnert et al., 2002). 

Although we did not measure the red cell volume 
and red blood cell mass in this study, 21 days of LHTL did 
not affect the hematological parameters compared with 
LLTL. Our finding is unique in this regard because other 
researchers have reported mean increases of 5–9% in red 
cell volume and >8% in Hb concentration (Hahn et al., 
2001; Levine and Stray-Gunderson, 1997; Rusko et al., 
1999; Stray-Gunderson et al., 2001). It is important to note 
that we found no difference in the hematological parame-
ters between LHTL and LLTL, despite the fact that the par-
ticipants in the present study received oral liquid iron sup-
plementation with the dose adjusted on the basis of the 
plasma ferritin concentration (120 mg elemental 
iron/mL/day). We consider that the reason for the absence 
of changes in the hematological parameters via LHTL is 
that the red cell volume and red blood cell mass, which rep-
resent erythropoiesis, were not measured. Therefore, our 
21 days of LHTL involving more than 12 hours per day of 
living in a 14.5% oxygen hypoxic environment and 4 hours 
per day of training at sea level did not improve the hema-
tological parameters. 

 
Exercise economy and metabolism 

The VO2max and exercise economy are widely known as 
determinants of exercise performance (velocity in human 
locomotion) (Rusko et al., 2004; Schmitt et al., 2006). In 
particular, exercise economy is highly correlated with ex-
ercise performance (Saunders et al., 2004) and is recog-
nized as an accurate predictive factor of exercise perfor-
mance (Gore et al., 2001; Green et al., 2000). 

The following mechanisms may underlie the in-
crease in exercise economy: an increase in the amount of 
ATP produced per mole of oxygen and a decrease in the 
amount of ATP used during submaximal exercise at the 
same intensity (speed or load). Although they did not in-
clude a control group with the same physical activity at sea 
level, Green et al. (2000) reported a significant improve-
ment in the net mechanical economy of submaximal cy-
cling after a 21-day mountaineering expedition at 6,194 m. 
Gore et al. (2001) reported that in male athletes, LHTL in-
creased muscle buffer capacity and exercise economy dur-
ing exercise after intervention involving sleeping for 23 
nights at a moderate simulated altitude (3,000 m) and train-
ing near sea level (600 m). Katayama et al. (2003) also re-
ported that both prolonged and intermittent hypoxic expo-
sures increased exercise economy during submaximal ex-
ercise at sea level among 12 elite runners. Recently, Park 
et al. (2017) suggested that 4 weeks of LHTL effectively 
enhances 3,000 m and 5,000 m time trial performance by 
achieving enhanced exercise economy and metabolism 
(HR, VO2, VCO2, and blood lactate concentration) during 
submaximal exercise. LHTL may increase exercise econ-
omy via two possible underlying mechanisms (Levine, 
2002). First, acclimation to altitude/hypoxic environments 
causes increased use of carbohydrates with oxidative phos-
phorylation. Chronic exposure to altitude/hypoxic environ-
ments for 20 days was related to free fatty acid uptake de-
creases, whereas carbohydrate metabolism increased dur-
ing 50% VO2max cycle ergometer exercise in 11 nonsmok-
ing, untrained men living at sea level (Roberts et al., 1996; 
Saunders et al., 2004). Second, metabolic adaptation to an 
altitude/hypoxic environment may increase the muscular 
hemodynamic function (Green et al., 2000; Park et al., 
2017). 

To confirm the second mechanism, we measured 
skeletal muscle oxygenation profiles of the right vastus lat-
eralis during a 30-minute bout of submaximal cycle ergom-
eter exercise using a commercially available NIRS system 
(Kawaguchi et al., 2006; Park and Nam, 2017). The NIRS 
signal reflects the dynamic balance between muscle capil-
lary blood flow and muscular VO2 in the microcirculation 
(Wang et al., 2014). In a study of the changes in skeletal 
muscle oxygenation profiles (ΔO2Hb, ΔHHb, and TOI) af-
ter LHTL, Park and Nam (2017) reported that LHTL (liv-
ing at a simulated altitude of 3,000 m and training at an 
altitude of 700–1,330 m) did not significantly affect the 
ΔO2Hb, ΔHHb, or TOI in middle- and long-distance col-
lege runners. However, our study revealed that the TOI 
(100×O2Hb/HbTOT) enhancement was significantly more 
pronounced after LHTL than after LLTL. Taken together, 
these findings suggest that LHTL improves the dynamic 
balance between muscle capillary blood flow and muscular 
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VO2 in the microcirculation, potentially improving oxygen 
delivery and utilization capacity in the muscle. 

Thus, we confirmed that the 21-day LHTL regimen 
involving more than 12 hours per day of living in a 14.5% 
oxygen hypoxic environment and 4 hours per day of train-
ing at sea level has a positive effect on exercise economy 
(VO2 during submaximal exercise) and metabolism (dy-
namic balance between muscle capillary blood flow and 
muscular VO2 in the microcirculation). 

 
Hemodynamic function 
Previous studies have reported that LHTL involving resi-
dence in a hypoxic environment and intense training at sea 
level increases exercise economy and performance by im-
proving oxygen transport capacity in the blood and tissues 
(Brocherie et al., 2015; Katayama et al., 2003; Park et al., 
2017). Among the physiological factors that affect exercise 
performance, the oxygen delivery capacity of the blood has 
an important role in hemodynamic function (Park and 
Nam, 2017). Liu et al. (1998) reported that LHTL increases 
energy availability through the stimulation of the parasym-
pathetic nervous system, which is reflected in the activa-
tion of β-adrenergic receptors in the cardiac muscles and 
results in improved SV with enhanced left ventricular con-
tractility. Reeves et al. (1992) showed that adaptation to a 
hypoxic environment leads to an increase in blood pressure 
and vascular tone via α-adrenergic receptor stimulation in 
the cardiac muscle and an increase in norepinephrine con-
centrations in the blood and urine. Park and Nam (2017) 
reported that compared with LLTL, LHTL can yield favor-
able effects for cardiac function by improving the HR, SV, 
EDV, and ESV during submaximal exercise in athletes. 

Our study revealed that compared with LLTL, 
LHTL induced a significant decrease in HR and increase in 
SV during submaximal exercise. However, no significant 
changes in the EDV or ESV were noted, despite the sub-
stantial effect of LHTL on the SV. These findings may be 
partially explained by the greater tendency to increase in 
the ESV noted after LLTL than after LHTL (36.7% vs 
13.9%), although the EDV showed a similar tendency to 
increase in the two groups (LLTH vs LLTL, 7% vs 9.8%). 
Therefore, the more substantial increase in the SV noted 
after LHTL is likely related mainly to differences in the 
ESV. Our results are consistent with those of several stud-
ies that showed that improvements in ventricular contrac-
tility through the ESV and SV should result from activation 
of β-adrenergic receptors and increased energy efficiency 
in the cardiac muscles (Li et al., 1996; Liu et al., 1998). 
Furthermore, the decrease in the HR noted in the LHTL 
group might be related to decreased sympathetic nerve ac-
tivity and increased parasympathetic nerve activity, result-
ing in activation of α2-adrenergic receptors. However, our 
data do not provide a basis to infer sympathetic or para-
sympathetic activity. Therefore, it is difficult to conclude 
that the LHTL-induced decrease in the HR and increase in 
the SV during submaximal exercise are attributed to the ac-
tivity of the parasympathetic nervous system (via α2-adren-
ergic receptors) and sympathetic nervous system (via β-ad-
renergic receptors), as discussed in previous studies. More-
over, our data indicated that after LHTL, the CO did not 

improve with the HR and SV (Liu et al., 1998; Park and 
Nam, 2017). 

 
Exercise performance 
Several studies have indicated that the efficacy of LHTL in 
improving the exercise performance of collegiate and elite 
runners is based on enhancing oxygen transport ability 
(Brugniaux et al., 2006; Garvican et al., 2011; Robach et 
al., 2006; Sinex and Chapman, 2015). Most previous stud-
ies have suggested that enhanced oxygen transporting abil-
ity (e.g., erythrocyte volume and Hbmass) may affect exer-
cise performance (VO2max and time trial performance). 
Levine and Stray-Gunderson (1997) indicated that 4 weeks 
of LHTL increases sea-level running performance in 
trained runners by enhancing erythropoiesis (red cell mass) 
and aerobic exercise capacity (VO2max and velocity at 
VO2max). Regarding the efficacy of LHTL compared with 
LHTH, LHTL has a positive effect on exercise perfor-
mance by retaining training speed and oxygen flux during 
high-intensity interval training; however, LHTH lowers the 
VO2, HR, and peak lactate concentration during exercise 
with established intensity. Stray-Gunderson et al. (2001) 
studied 22 elite runners before and after 27 days of living 
at 2,500 m while performing high-intensity training at 
1,250 m and concluded that LHTL improves exercise per-
formance and maximal oxygen transport capacity even for 
elite runners; the improvement manifested in terms of en-
durance performance (3%), EPO concentration (×2), 3,000 
m time trial performance (1.1%), and personal best records 
(1/3 subjects). Wehrlin et al. (2006) concluded that living 
at 2,500 m and training at 500–1,600 m for 24 days in-
crease the Hbmass and red cell volume in elite orienteers and 
that such changes may enhance performance in elite endur-
ance athletes. Christoulas et al. (2011) reported that living 
at 1,550–2,050 m and training at 450–500 m for 21 days 
significantly increase the red cell mass and VO2max in 
cross-country skiers. 

Our study showed that the LHTL group had signif-
icantly more pronounced increases in the VO2max and 
3,000 m time trial performance than the LLTL group, 
whereas no hematological parameters showed improve-
ments attributable to LHTL; importantly, we could not 
conclude that LHTL improves oxygen transport capacity. 
In contrast with the favorable effects on exercise perfor-
mance (as reported in previous studies), exercise perfor-
mance may require improvement in the oxygen delivery 
capacity that relies not only on hematological parameters 
but also on other factors. Robach et al. (2006) reported that 
LHTL (training at 1,200 m while residing at 2,500 or 3,000 
m) for 13 days had a positive effect on the red blood cell 
volume in swimmers; however, this hematological re-
sponse was not associated with a clear concomitant im-
provement in aerobic performance. Similarly, Robertson et 
al. (2010) concluded that 21 days of LHTL (training below 
500 m while residing at 3,000 m) can induce a reproducible 
mean improvement in the Hbmass and VO2max in elite ath-
letes; however, this enhanced physiological capacity did 
not translate in improved 4–5-km time trial performance. 

 Our results indicate that the improvement in exer-
cise performance (e.g., VO2max and 3,000 m time trial per-
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formance) observed after 21 days of LHTL might be at-
tributed to the increase in exercise economy (e.g., VO2 and 
TOI) and hemodynamic function (e.g., HR and SV) during 
submaximal exercise. 

 
Limitations 
1) Our study has some limitations in its methodology. We 
measured the VO2max and HRmax using the graded exer-
cise test and exercise economy, metabolism, and hemody-
namic function during submaximal exercise using a bicycle 
in middle- and long-distance competitive moderately 
trained runners. First, when measuring cardiac function 
and skeletal muscle oxygenation using the PhysioFlow PF-
05 Lab1 and Hamamatsu NIRO-200 during exercise on a 
treadmill, the reliability of the data is reduced owing to the 
severe noise. Therefore, we employed the graded exercise 
test using a treadmill. The VO2max test can be further per-
formed using a treadmill; however, this puts a heavy bur-
den on the athletes, and we have to consider the match 
schedule before and after the study. Second, we attempted 
to measure the exercise economy, metabolism, and hemo-
dynamic function during 30 minutes of submaximal bicy-
cle exercise with exercise load values corresponding to 80% 
VO2max obtained at preintervention. To measure the exer-
cise intensity for submaximal bicycle exercise, we per-
formed the graded exercise test on a bicycle to determine 
the VO2max. The submaximal exercise test was performed 
with the same bicycle load (corresponding to 80% VO2max 
obtained at preintervention) before and after training. Fur-
ther, we have not identified a previous study that used a 
graded bicycle exercise test to measure competitive run-
ners’ exercise performance. Therefore, not measuring the 
VO2max and HRmax in a treadmill is an obvious limitation 
of this study. 

2) According to Chapman et al. (1998), to examine 
the changes in the EPO concentration by hypoxia, more 
time points (ideally baseline, 24 hours, 1 week, 2 weeks, 
and 21 days) must be considered. However, we conducted 
the analysis only before and after 21 days of intervention. 

3) We could not verify whether the prescribed train-
ing volume and intensity in all subjects were achieved. 

4) Despite the reported physiological differences 
between prolonged exposure to normobaric hypoxia (sim-
ulated altitude) and hypobaric hypoxia (simulated and ter-
restrial altitudes) (Debevec et al., 2015; Saugy et al., 2015), 
a normobaric hypoxic condition for living high was applied 
to the competitive runners. Compared with normobaric hy-
poxia, hypobaric hypoxia is known to induce a higher im-
provement in endurance performance by achieving greater 
oxidative stress and hypoxic stress at rest and during exer-
cise. 

5) Neither the athletes nor the experimenters were 
blinded to the intervention. 

     
Conclusion 
 
Our study demonstrated that 21 days of LHTL is very ef-
fective in enhancing exercise performance (VO2max and 
3,000 m time trial  performance) through improved exer- 

cise economy and hemodynamic function compared to that 
with LLTL in moderately trained, competitive, middle- and 
long-distance runners. 
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Key points 
 
 Twenty-one days of LHTL involving more than 12 

hours per day of residence at 3,000 m (FIO2=14.5%) 
in a normobaric hypoxic environment and more than 
4 hours per day of training at sea level improves exer-
cise performance compared with LLTL in moderately 
trained, competitive runners. 

 The improvement in exercise performance (e.g., 
VO2max and 3,000 m time trial performance) ob-
served after 21 days of LHTL might be attributed to 
the increase in exercise economy (e.g., VO2 and TOI) 
and hemodynamic function (e.g., HR and SV) during 
submaximal exercise compared with that in LLTL. 
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