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Abstract 
As a method to prevent lifestyle diseases, normobaric hypoxic training has been attracting attention. 
However, its exercise load and safety in non-athletes remain unclear. In this study, 20 healthy university 
students underwent a 15-min exercise test in a normobaric hypoxic room set at two different oxygen 
concentrations (O2: 20% and 16%), and the exercise load and safety were evaluated. The test comprised 
walking within the upper and lower limits of the heart rate (HR) calculated via the Karvonen method. 
The results showed that in case of 16% O2, the same energy was consumed despite significantly lower 
walking speed and distance than those in case of 20% O2. Therefore, it is suggested that the Karvonen 
method is effective in setting the load for hypoxic training. In addition, real-time monitoring of arterial 
oxygen saturation (SpO2) could be used to evaluate the safety of hypoxic training. Based on these results, 
we have developed a wearable pulse oximeter that can measure both HR and SpO2 from the earlobe and 
a dedicated smartphone application for analysis. If these can be practically applied, hypoxic training can 
be conducted safely that will contribute to the prevention of lifestyle diseases and the consequent 
extension of healthy life expectancy. 
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1. Introduction 
In 2018, the World Health Organization estimated that 71% of all deaths worldwide are attributed to lifestyle 
diseases (World Health Organization, 2018). Lifestyle diseases are a general term for diseases caused by lifestyle 
and are a major cause of serious diseases. Diet and exercise therapies are recommended for the prevention of 
lifestyle diseases (Budreviciute et al., 2020) and for improvement of lifestyle. Currently, hypoxic training, 
wherein exercise is performed in a hypoxic environment, is gaining attention as an effective method of exercise 
therapy (Lizamore & Hamlin., 2017; Millet et al., 2016). When an exercise is performed in a hypoxic environment, 
the oxygen-carrying capacity of the muscles is improved by increasing the hemoglobin concentration and the 
number of red blood cells (Hauser et al., 2016). Additionally, exercise in a hypoxic environment is considered to 
be an effective therapy for people with low physical fitness and obesity because it may possibly have sufficient 
effects even with a low exercise load in comparison with exercise in a normal oxygen environment (Fernández 
Menéndez et al., 2018; Katayama et al., 2010). 
 
Traditionally, hypoxic environments have been used for high altitude training in the field of competitive sports. 
Live-high/train-high involving going to high altitudes to train, is often used, and training is often conducted in a 
hypobaric hypoxic environment. However, training in hypobaric hypoxic environments leads to typical altitude 
sickness symptoms such as headache and dizziness. As a result, athletes cannot train routinely owing to the 
physical conditions. Therefore, live-high/train-low, wherein people live at high altitudes and train at low altitudes, 
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is now the mainstream (Saugy et al., 2014). However, since most of the time is spent in a hypoxic environment, 
it is difficult for everyone, except competitive athletes, to safely benefit from the hypoxic environment. Therefore, 
a method of training in a normobaric hypoxic room at a normal altitude is gaining attention. Under normal 
pressure, the risks of headache and dizziness are lower than those at high altitudes (Saugy et al., 2014). In addition, 
a hypoxic room allows users to set the oxygen concentration based on their individual needs, making it safer than 
training at high altitudes. However, the response of non-athletes to the hypoxic load is estimated to vary widely 
among individuals, unlike competitive athletes who routinely undergo cardiopulmonary load exercise. Even 
though Adequate knowledge of exercise intensity and safety in non-athletes would provide a variety of benefits 
for hypoxic training, the physiological measures to assess the exercise load and safety of hypoxic training in non-
athletes is still unclear (Millet et al., 2016; Mourot L., 2018). 
 
In previous studies, the heart rate (HR) criterion has been used to assess the exercise load of hypoxic training 
(Gutwenger et al., 2015; Park & Lim., 2017). It has also been reported that the various positive effects of hypoxic 
training may be caused by the decrease in SpO2 during such training (Dinenno., 2016; Joyner & Casey., 2014; 
Manimmanakorn et al., 2013) even though a serious SpO2 decrease leads hypoxemia. From these findings, 
simultaneous measurement of HR and SpO2 during hypoxic training may contribute to evaluating exercise load 
and safety in non-athletes. In addition, development of a wearable monitoring system that measures HR and SpO2 
and evaluates the load with real-time calculation enables automated management of safe and efficient hypoxic 
training.  
 
In this study, a 15-min exercise test was conducted on a self-propelled treadmill in a normobaric hypoxic room 
set at two different oxygen concentrations (O2: 20% as a normoxia control, 16% as a hypoxic condition equivalent 
to 2,000 m altitude) in order to develop a wearable monitoring system with easy operation to evaluate exercise 
load and safety during normobaric hypoxic training. Based on the Karvonen method, we tested whether it is 
effective to control the exercise load in 20 subjects by setting the upper and lower limits of HR. We also examined 
whether the safety of hypoxic training could be evaluated based on SpO2. The potential for implementation into 
a wearable system of automated training management using real-time analysis of HR and SpO2 is shown with a 
prototype design. 

2. Materials and Methods 
 
2.1 Experimental procedure 
Twenty healthy university students with no cardiovascular and respiratory diseases were selected as the 
experimental subjects. In selecting the subjects, a checklist was used to confirm that there was no history of 
cardiovascular and respiratory disease. Informed consent for participation in the study was obtained from all the 
participants.  
 
The exercise test was performed on a self-propelled treadmill (Matrix S-Drive, Johnson Health Tech, Tokyo, 
Japan) with an inclination angle of 7° in a hypoxic room set at two different oxygen concentrations (20% and 
16%) using a hypoxia generator (YHS-C10, Hypotec, Tokyo, Japan). The exercise load was controlled based on 
the target heart rate (HRtgt) calculated using the Karvonen method (Karvonen & Voutilainen., 1988; Young-
McCaughan & Arzola., 2007). First, to calculate HRtgt, the maximum heart rate (HRmax) was calculated using 
Formula (1) (She et al., 2015). In Formula (1), age is the age of the subject. Next, the heart rate reserve (HRR) 
was calculated using Formula (2) (Kurl et al., 2021). In Formula (2), HRrest is the resting heart rate. Finally, HRtgt 
was calculated using Formula (3). EI in Formula (3) represents the exercise intensity. The American College of 
Sports Medicine recommends an EI range of 40%–85% for healthy individuals (American College of Sports 
Medicine, 2012). Furthermore, a previous study demonstrated that obese individuals start with an EI in the range 
40−60% and gradually increase their EI; in addition, to increase the maximal oxygen uptake, EI should be 
increased to 50−70% (Saris et al., 2003). In the present experiment, based on these recommendations approved 
by two experienced trainers, the lower and upper limits of HRtgt were calculated by setting EI to 60% and 75%. 

𝐻𝑅 = 220 − 𝑎𝑔𝑒, (1) 

𝐻𝑅𝑅 = 𝐻𝑅 − 𝐻𝑅 , (2) 

𝐻𝑅 = 𝐻𝑅𝑅 × 𝐸𝐼 + 𝐻𝑅 . (3) 
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First, the subjects were requested to sit for 3 min in a hypoxic room set at an appropriate oxygen concentration 
to determine whether they could perform the exercise test. Next, using LabChart Pro (ver. 8.1.17, ADInstruments, 
Dunedin, New Zealand), the average of the HR acquired during the last 1 min before the termination of the resting 
in sitting position, was calculated and used as HRrest. Formula (1–3) were subsequently used to calculate the upper 
and lower limits of HRtgt. Thereafter, using a self-propelled treadmill, the subjects walked for 15 min within the 
upper and lower limits of the HRtgt. Finally, the subjects were requested to sit for 3 min outside the hypoxic room, 
and if there were no problems with their physical condition, the procedure was completed. The protocol and the 
epochs definition are illustrated in Fig.1. 
 

 
Fig.1.Experimental protocol 

 
The exercise tests at each oxygen concentration were conducted on the same day. Ten of the 20 subjects performed 
the exercise test under the condition of 16% O2 after the performance of the exercise test under the condition of 
20% O2. The remaining 10 subjects performed the exercise test under the condition of 20% O2 after the 
performance of the exercise test under the condition of 16% O2. The exercise test was stopped when any of the 
following discontinuance criteria were met: 
 

• If the time exceeding the upper limit of HRtgt was more than 1 min and the experimenter decides to 

discontinue the exercise load.;  

• If the SpO2 displayed on the oxygen saturation monitor was less than 85% for more than 1 min and 

the experimenter decides to discontinue the exercise load.;  

• When the experimenter ascertained the considerable difficulty in continuance of the exercise load. 

 

Electrocardiograms (ECG) were measured from typical lead II using an electrocardiogram (BSM-3400, Nihon 
Kohden, Tokyo, Japan). SpO2 was measured from the subject's right earlobe using an ear clip sensor (MLT332, 
ADInstruments, Otago, New Zealand). The pulse signal corresponding to the rotation speed of the treadmill was 
measured using a length counter (CT1-3:10A, Line Seiki, Tokyo, Japan). Energy expenditure (EE) during walking 
was measured using a research activity meter (HJA-750C, Omron Healthcare, Kyoto, Japan) attached to the waist 
of the subject. ECG, SpO2, and pulse signals were collected using an eight-channel biological amplifier (PL3508, 
ADInstruments, Otago, New Zealand) and recorded using LabChart Pro. HR was continuously calculated from 
the R-wave intervals of the ECG using LabChart Pro. The walking velocity was continuously calculated from the 
pulse signal using LabChart Pro. ECG, HR, SpO2, and velocity were recorded in real-time during the entire 
exercise test. EE was recorded after the completion of the experiment using a dedicated software (ver. 2.2, Omron 
Healthcare, Kyoto, Japan). The walking distance was recorded as the value displayed on the monitor attached to 
the treadmill. The percentage of time that the lower limit of the HRtgt exceeded during the 15-min walk was 
calculated as the exercise achievement rate (AR). 
 
The study was conducted in accordance with the guidelines of the Declaration of Helsinki and approved by the 
Ethics Review Committee of the School of Advanced Science and Technology, Kumamoto University (protocol 
code R3-4).  
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2.2 Data Analysis 
The measured HR and SpO2 values contained outliers due to false detection of R-waves by LabChart Pro, motion 
artifacts during walking, and poor contact between the earlobe and ear clip. Therefore, referring to a previous 
study (Hampel., 1974; Pearson et al., 2015), outliers in HR and SpO2 were detected using a 30-s moving window. 
An outlier was defined as an element that was away from more than three times the median absolute deviation 
(MAD) of the data x within a 30-s moving window. The MAD was calculated using Formula (4). The detected 
outliers were replaced by previous non-outliers. 
 

𝑀𝐴𝐷 = 1.4826median (|𝑥 − median (𝑥)|) (4) 

 
In reference to a previous study (Horiuchi et al., 2019), we calculated HR, SpO2, and velocity as the mean value 
of the measured data 1 min before the end of each Epoch. Furthermore, we calculated EE, distance, and AR as 
the mean values of the 15 min data obtained after the exercise test. 
 
Based on previous studies (Ikeda, 2013a, b), we conducted comparison between the two groups using the 
Wilcoxon signed-rank test, each group comprising data measured at 20% and 16% O2. Furthermore, referring to 
published guidelines (Mizumoto & Takeuchi, 2008), we calculated the effect size (r) after the Wilcoxon signed-
rank test. The values of Epoch1 and Epoch4 were used for HR. SpO2 and velocity were collected from Epoch4. 
The significance level was set at 0.01. 

3. Results 
None of the subjects met the criteria for discontinuation of the experiment. Therefore, 20 subjects were 
included in the analysis (Age: 22.0±1.0 years, Height: 170±5.6 cm, Weight: 60.8±8.1 kg, Body mass index: 
21.0±2.4 kg/m2). 
 
The HR, SpO2, velocity, EE, distance, and AR are summarized for each epoch, as shown in Tables 1 and 2. The 
values in the table are the mean ± standard deviation. In this experiment, no subject exceeded the upper limit of 
the HRtgt for more than 1 min. In addition, the lowest SpO2 value during exercise was approximately 84%; 
however, it did not continue for more than 1 min and did not satisfy the discontinuation criteria. 
 

Table 1. Measurement Indices of each Epoch at 20% O2. 
Measurement Indices Epoch1 Epoch2 Epoch3 Epoch4 Epoch5 

HR [beat/min] 77±14  158±6.6 160±6.4 161±6.9 105±12 
SpO2 [%] 100±0.3 97±3.8 99±0.7 99±1.9 100±0.2 

Velocity [km/h] - 4.1±1.2 4.2±0.8 4.3±0.8 - 
Distance [m] - 1101±164 - 

EE [kcal] - 55±15 - 
AR [%] -  92±7.0 - 

 

Table 2. Measurement indices of each Epoch at 16% O2. * indicates that there was a significant difference between 
the values at 20% and 16% O2 at the 0.01 level of significance. 

Measurement Indices Epoch1 Epoch2 Epoch3 Epoch4 Epoch5 
HR [beat/min] 80±14 159±6.0 161±5.0 160±13 103±12 

SpO2 [%] 98±1.0 92±4.3 92±3.8 * 91±4.5 100±0.4 
Velocity [km/h] - 4.2±0.6 4.0±0.5 * 3.9±0.6 - 

Distance [m] - * 1011±125 - 
EE [kcal] - 54±14 - 
AR [%] -  91±7.6 - 
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Time series plots of HR and velocity during walking of subjects 3 and 9 are shown in Fig.2. The plot for subject 
3 shows typical response in HR and velocity. The plot for subject 9 shows noticeable difference between the HR 
and velocity from the other subjects. Figs.2(a) and (c) show that both subjects walked within the upper and lower 
limits of the HRtgt. Fig.2(b) shows that the velocity of subject 3 was in the range of approximately 4–5 km/h, 
except at the beginning of walking. Furthermore, Fig.2(d) shows that the velocity of subject 9 changed 
significantly throughout, except at the beginning of walking. 
 

 

Fig.2.Time series plots of HR and velocity during walking for subjects 3 and 9. (a) Time series plot of HR for 
subject 3. HRtgt (60%) and HRtgt (75%) lines represent HRtgt when EI is set to 60% and 75%, at 20% O2.  
(b) Time series plot of velocity for subject 3. (c) Time series plot of HR for subject 9, where the lines HRtgt 
(60%) and HRtgt (75%) represent HRtgt when EI is set to 60% and 75% at 20% O2. (d) Time series plot of 
velocity for subject 9. 
 

The results of the Wilcoxon signed-rank test showed that the HR values were not significantly different 
between the 20% and 16% O2 in both Epoch 1 and Epoch 4 (Epoch 1: p = 0.10, r = 0.37, Epoch 4: p = 0.35, r = 
0.21). The results also showed that SpO2 values at 16% O2 were significantly lower than those at 20% O2 (p = 
0.0019, r = 0.83). The values of the velocity and distance at 16% oxygen concentration were significantly lower 
than those at 20% O2 (velocity: p = 0.0012, r = 0.73, distance: p = 0.00020, r = 0.83). The values of EE and AR 
were not significantly different between 20% and 16% O2 (EE: p = 0.35, r = 0.20, AR: p = 0.25, r = 0.26). 

4. Discussion 
Tables 1 and 2 show that there was no significant difference between HR and AR during exercise and the 
values were almost the same. However, the values of the velocity and distance at 16% O2 were significantly 
lower than those in the 20% O2. The EE values are almost the same with no significant difference between 20% 
and 16% O2. Therefore, exercise under 16% O2 can be expected to provide the same energy expenditure with a 
significantly lower velocity and distance relative to 20% O2. These results support previous studies that show 
that exercise therapy in a normobaric hypoxic environment is effective for obese, diabetic, and elderly people 



Real-Time Physiological Monitoring for Management of Normobaric Hypoxic Training  
Toward Wearable System Implementation 

Kazuki Hisatsune, and Toshitaka Yamakawa 
 

Copyright: © SANKEI DIGITAL INC. 

6 

with low physical fitness (Fernández Menéndez et al., 2018; Haufe et al., 2008; Lizamore & Hamlin., 2017; 
Pramsohler et al., 2017; Wiesner et al., 2010). 
 
As shown in Figs.2(a) and (b), subjects whose HR value did not decrease significantly after exceeding the 
lower limit of HRtgt once exhibited almost no change in velocity. In contrast, subjects whose HR value was 
recovered during exercise, regardless of the oxygen concentration, exhibited an increase in velocity at 
approximately 5 min and 30 s, as shown in Figs.2(c) and (d), respectively. Furthermore, the HR value was 
controlled when it exceeded the upper limit of HRtgt, similar to that at 10 min and 20 s, by lowering the 
velocity. The HR value of other subjects was maintained within the upper and lower limits of HRtgt by adjusting 
their velocities. Monitoring the HR value of athletes and patients undergoing exercise therapy is very common 
and practically useful (Achten & Jeukendrup., 2003; Casillas et al., 2017). In this experiment, we used the 
Karvonen method to set the upper and lower limits of HRtgt, based on which subjects could easily judge the 
overload or underload of exercise by themselves and control their walking. Results suggested that the real-time 
monitoring of HR using the Karvonen method helped obtain a sufficient EE under adequate cardiac load even in 
a hypoxic environment. 
 
Table 2 shows that the mean value of SpO2 during exercise under the normoxic condition decreased by only 
approximately 3% from the mean value in Epoch1. The mean value under 16% O2 during exercise decreased by 
approximately 7% compared with Epoch1. Furthermore, the SpO2 values of Epoch4 in 16% O2 were 
significantly lower than those in 20% O2. This result is similar to that of a previous study in which exercise 
tests were performed in 20% and 15% O2 (Morishima et al., 2014). It has been reported that a decrease in SpO2 
due to the effects of hypoxic environment contributes to vasodilation, which facilitates the supply of blood and 
oxygen to muscles (Dinenno., 2016; Joyner & Casey., 2014). Results indicated that SpO2 reflected the hypoxic 
load and could be used as an index to evaluate the effect of hypoxic training. 
 
In this experiment, the minimum SpO2 was about 84%. However, it had recovered to 85% or higher without 
continuing for more than 1 min. Therefore, the discontinuation criteria for the experiment were not met. In 
addition, no cases of acute mountain sickness or respiratory failure were reported, and no adverse events 
requiring medical treatment were observed. A steep drop in SpO2 can lead to acute mountain sickness and poor 
physical condition (Saugy et al., 2014). These results suggest that maintaining a SpO2 of 85% or higher 
employing real-time monitoring is useful as a safety criterion for hypoxic training in non-athletes. 
 
One of the limitations of this study is that we compared only the acute effects of different oxygen 
concentrations during exercise. It is desired to verify the effects of long-term exercise with analyzing 
improvement of body composition indices in a future work. 

5. Development of a Wearable Real-time Monitoring System  
This study suggests that hypoxic training can be conducted with assessing HR and SpO2 to manage load and 
safety. Toward implementation into a small and user-friendly monitoring system, we developed a wearable 
pulse oximeter that can measure both HR and SpO2 from the earlobes using transmission-type 
photoplethysmography, as shown in Figs.3(a) and (b). A dedicated smartphone application (Fig.3(c)) was 
designed to achieve automated training management employing real-time HR and SpO2 analysis.  
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Fig.3.Developed wearable pulse oximeter and dedicated smartphone application. (a) Developed wearable pulse 
oximeter. (b) Wearing of the developed wearable pulse oximeter. (c) Screenshot of the dedicated smartphone 
application. 

 
The dimensions of the main body of the transmitter shown as the white rounded square case in Fig.3(a) are 38 
mm × 38 mm × 13 mm. The total weight of the entire device is less than 30 g. We achieved such 
miniaturization and weight reduction by leveraging flexible printed circuit technology to develop a frontend 
circuit for the ear clip (implemented in the black ear-clip case) and two circuit boards stacked vertically in the 
main body to realize signal processing and transmitter functions within a small and light form factor achieving 
good wearability in exercise activity. In addition, the use of measurements from the earlobes improves the 
motion artifact tolerance relative to measurements from the fingertips especially during exercise. It also has a 
clasp on the back of the main body to clip on the user's clothing, as shown in Fig.3(b). 
 
The developed device is equipped with a Bluetooth module that transmits the measured HR and SpO2 data to a 
smartphone for monitoring and recording. 
 
The dedicated smartphone application has several exercise programs with different ranges of EI, allowing users 
to select the program that best suits their purpose. During the exercise program, the screen shown in Fig.3(c) is 
displayed. This screen displays the upper and lower limits of HRtgt, current HR, SpO2, time remaining for 
exercise, and AR. If the HR is below the lower limit of HRtgt, an instruction to increase velocity is displayed. 
Conversely, if the HR is above the upper limit of HRtgt, an instruction to lower velocity is displayed. In 
addition, if the SpO2 is below 85% for more than 1 min, instructions to stop exercising and take a rest 
immediately will be displayed. In this manner, the dedicated smartphone application enables a user to exercise 
safely. 
 
Accuracy verification under the operation test combining the device and application is remained to be 
accomplished in future works. The monitoring system with the developed device and app can improve the 
safety of hypoxic training and reduce operational costs, thereby ensuring that hypoxic training becomes more 
prevalent. 

6. Conclusions 
In this study, 20 healthy subjects underwent an exercise test by walking for 15 min within the upper and lower 
limits of HRtgt calculated using the Karvonen method in a hypoxic room set at 20% and 16% O2. The results 
showed that exercise under the environmental condition of 16% O2 had significantly lower velocity and 
distance compared with those under the condition of 20% O2, even though HR and EE were almost equal. 
Therefore, it was suggested that real-time monitoring of HR and the Karvonen method contribute in obtaining a 
sufficient EE under the adequate cardiac load even in the hypoxic environments. These results based on the 
Karvonen method suggest that hypoxic training is effective for obese and elderly people with low exercise 
tolerance. In addition, SpO2 reflected the hypoxic load and could be used as an index to evaluate the 
effectiveness and safety of hypoxic training. These results showed that real-time monitoring of HR and SpO2 
can be used to evaluate the exercise load and safety of hypoxic training. Furthermore, the practical application 



Real-Time Physiological Monitoring for Management of Normobaric Hypoxic Training  
Toward Wearable System Implementation 

Kazuki Hisatsune, and Toshitaka Yamakawa 
 

Copyright: © SANKEI DIGITAL INC. 

8 

of the device developed that can measure HR and SpO2 from the earlobe and the dedicated application is 
expected to improve the safety of hypoxic training and lower the operational cost. This is expected to 
contribute to the widespread use of hypoxic training, thereby contributing to the prevention of lifestyle diseases 
and the extension of healthy life expectancy. 
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