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OCCUPATIONAL  PHYSIOLOGY

Examination of Muscle Oxygenation and Vascular Occlusion 
in the Tibialis Anterior Muscle with Isometric Dorsiflexion 

Using Near-Infrared Spectroscopy of the Ankle Joint

Yuuji Tanada,  Hiroshi Sumii

ABSTRACT
Objective: We aimed to observe isometric dorsiflexion of the ankle joint during occlusion and non-occlusion conditions of the 

arteriovenous blood flow of the tibialis anterior muscle using a tourniquet. 
Design: An experimental study.
Materials and Methods: We measured continuous changes in the muscle oxygenation and vascular occlusion of the tibialis 

anterior muscle during isometric dorsiflexion movement of the ankle joint. Using a paired Student-t test for analysis, changes in 
muscle oxygenation under occlusion and non-occlusion conditions at the end of the exercise and %MVC for 120 seconds were 
evaluated. The statistical relationship between oxygen dynamics, %MVC, and exercise time was calculated by one-way analysis 
of variance.

Results: In both the occlusion and non-occlusion condition, muscle oxygenation levels decreased linearly immediately after 
the start of the exercise. The decrease in StO2 was no longer observed when the MVC was about 35% or less under the non-oc-
clusion condition. StO2 plateaued after 60 seconds from the start of the exercise under the occlusion condition.

Discussions: When MVC was approximately 35% or higher and the exercise continued for 60 seconds or longer, aerobic 
energy production in the muscle was insufficient.

Conclusions: One of the factors defining muscle endurance of tibialis anterior muscle is sufficient oxygen must be supplied 
to muscles in order to produce aerobic energy more effectively.

KEY  WORDS
muscle oxygenation, near-infrared spectroscopy, tibialis anterior muscle, vascular occlusion

Received on January 5, 2019 and accepted on April 2, 2020
Program in Biological System Sciences, Graduate School of Comprehensive Scientific Research, Prefectural University of Hiroshima
5562 Nanatsuka-cho, Shobara City, Hiroshima Prefecture 727-0023, Japan
Correspondence to: Yuuji Tanada
(e-mail: yuujitanada@yahoo.co.jp)

595

INTRODUCTION

In general, increased oxygen consumption throughout the body 
during exercise may influence the increase in oxygen consumption in 
active muscles. This has been calculated by measuring arteriovenous 
muscle oxygenation and blood flow. Results indicate a strong correla-
tion between the oxygen uptake of the entire body, measured from the 
metabolism of expired gas, and the oxygen uptake of localized active 
muscles (Knight, Schaffartzik, Poole, Hogan, Bebout, Wagner, 1993). A 
previous study measured the oxygen consumption of the entire muscle 
group of the lower limb during cycling (Knight et al 1993). However, it 
is unclear whether the measured values reflect the oxygen consumption 
of the quadriceps muscle, thought to be the agonist muscle while 
cycling, or the oxygen consumption of the crural muscle group, which 
includes the gastrocnemius and soleus muscles. In addition, this method 
is invasive and there are limitations in conducting measurements in 
humans.

In recent years, near-infrared spectroscopy (NIRS) has been used as 
a method for non-invasive, continuous measurement and evaluation of 
muscle oxygenation during exercise, and it has been used in various set-
tings involving exercise. This NIRS can capture changes in oxidized 
hemoglobin (O2Hb), deoxidized hemoglobin (HHb), and total hemoglo-
bin (tHb) in muscle tissue. Jobsis measured oxygenation in the human 
brain and skeletal muscle using this method (Jobsis, 1977). However, 

since the optical path length of near-infrared light in muscle tissue is 
unclear, it was difficult to determine the absolute value. Changes in 
O2Hb and HHb in muscle during exercise are determined by oxygen 
consumption in muscle and oxygen supply through blood flow. De Blasi 
et al. reported no difference between O2Hb and HHb when maximum 
voluntary contraction (MVC) was exerted, regardless of the presence or 
absence of arterial vascular occlusion (De Blasi, Cope, Elwell, Safoue, 
Ferrari, 1993). One of the reasons is that the increase in intramuscular 
pressure during maximum muscle exertion severely restricts arterial 
blood flow. It is known that intramuscular pressure changes depending 
on both the exerted muscular strength and the duration of exercise. 
There are few reports comparing and examining blood flow levels as 
well as the submaximal % MVC where the difference in muscle oxygen 
utilization disappears, and in particular, the intensity where the change 
in O2Hb and HHb during exercise become comparable.

In this study, we aimed to observe isometric dorsiflexion of the 
ankle joint during occlusion and non-occlusion condition of the arterio-
venous blood flow of the tibialis anterior muscle using a tourniquet. We 
further aimed to evaluate the % MVC at which the difference in oxygen 
utilization of muscle during exercise, especially in the early stage of 
exercise, disappears.

   C   2020 Japan Health Sciences University
             & Japan International Cultural Exchange Foundation



Tanada Y. et al.596

MATERIALS  AND  METHODS

Subjects
Consent to participate in this study was obtained from 36 women 

between the ages of 18 and 22 years. Excluding the subjects whose data 
could not be obtained, 28 people (average age 19.89 ± 1.55 years) were 
selected for analysis. Basic attributes included height (157.74 ± 4.92 
cm) and weight (52.12 ± 7.47 kg).

Procedure of exercise test
In this study, we measured continuous changes in the muscle oxy-

genation and vascular occlusion of the tibialis anterior muscle during 
isometric dorsiflexion movement of the ankle joint. For the occlusion 
condition, pressure of approximately 300 mmHg was applied to the 
right thigh 15 cm above the patella using an electric digital air tourni-
quet (MT-870, Mizuho Medical Co., Ltd., Tokyo, Japan) to occlude 
arteriovenous blood flow in the right tibialis anterior muscle. The left 
tibialis anterior muscle was used as a control where arterial and venous 
blood flow was not occluded. Under these two conditions, dorsiflexion 
of the ankle for 120 seconds was measured.

At the start of the experiment, the subjects sat upright with their 
knees bent at 90 degrees. During this time, their upper body was secured 
to the back of the chair in order to keep it immobile. Their forefeet were 
attached to a stationary plate, and the base of the metatarsal was fixed 
with a belt. After a one-minute rest, NIRS measurement was initiated 
while the tibialis anterior muscle was relaxed, and a baseline measure-
ment lasting one minute was taken. Then, in the non-occlusion condi-
tion, pressure in the tourniquet on the right thigh was increased to 300 
mmHg for two minutes to induce vascular occlusion and maintain pres-
sure during measurement, and exercise was performed for 120 seconds. 
This value was maintained by continuous monitoring of the pressure 
during exercise. After two minutes of exercise, the subjects rested for 5 
minutes before the measurement was concluded. In the non-occlusion 
condition of the left tibialis anterior muscle, isometric dorsiflexion of 
the ankle joint was performed for 120 seconds simultaneously with the 
dorsiflexion of the right ankle joint.

Measurement of muscle oxygenation of the tibialis anterior 
muscle using near-infrared spectroscopy (NIRS)

A tNIRS-1 (Hamamatsu Photonic K.K., Hamamatsu, Japan.) was 
used to measure the muscle oxygenation of the tibialis anterior muscle. 
The tNIRS-1 used in this study consisted of a probe and a non-invasive 
oxygen monitor. Near-infrared light at three wavelengths (755 nm, 816 
nm, and 850 nm) emitted from the light-transmitting portion of the 
probe reaches the skeletal muscle tissue while scattering through the 
skin. It is then absorbed by hemoglobin in blood and myoglobin in mus-
cle present in arterioles, venules, and capillary networks, which then 
return it to the sensor of the light-receiving unit. The distance between 
the sensor of the near-infrared light transmitter and the light receiver 
was fixed at 3 cm. The recording was performed by attaching a probe 
with a near-infrared light-transmitting section and a light-receiving sec-
tion to the middle of the muscle belly of the tibialis anterior muscle per-
pendicular to the muscle fibers. O2Hb, HHb, and tissue oxygen satura-
tion (StO2) were measured. The measurement frequency of tNIRS-1 was 
6 Hz/minute, the measurement started at zero seconds, and the arithme-
tic mean of the measured values at 5-second intervals was shown.

Measurement of muscle activity
The left and right tibialis anterior muscle was measured using a 

wireless multi-channel telemeter system (WEB-7000, Nihon Kohden 
Co., Ltd., Tokyo, Japan) to record electromyograms (EMG). The EMG 
transmitter (ZB150H, Nihon Kohden Co., Ltd., Tokyo, Japan) was 
attached with special EMG adhesive tape at the center of the muscle 
belly, and the entire transmitter was fixed with Kinesio tape. When 
deriving the EMG, the measurement site was wiped with alcohol swabs. 
In addition, the radio signal derived from the EMG was amplified in the 
5 to 1000 Hz band via a transmitter bio repeater (ZB150H, Nihon 
Kohden Co., Ltd., Tokyo, Japan), transmitted to the receiver (ZR150H, 
Nihon Kohden), and taken into the computer at a sampling frequency of 
1 kHz. After recording, digital filter processing (upper limit 500 Hz, 
lower limit 20 Hz) was performed using the analysis software and the 

integrated electromyogram (IEMG) was calculated every five seconds. 
In order to normalize this amount of muscle activity, the highest IEMG 
of each subject during dorsiflexion was assumed to be the MVC, and 
the %MVC was calculated.

Statistical analysis
The data of tNIRS-1 and %MVC obtained from the measurement 

were shown as an average and standard deviation. Using a paired 
Student-t test for analysis, changes in muscle oxygenation under occlu-
sion and non-occlusion conditions at the end of the exercise and %MVC 
for 120 seconds were evaluated. In addition, the statistical relationship 
between oxygen dynamics, %MVC, and exercise time was calculated by 
one-way analysis of variance. In each case, the significance level was 
5% or 1%.

Ethical Considerations
All subjects provided written informed consent after receiving a suf-

ficient explanation of the study in both written and oral forms. The per-
sonal information of the subjects was anonymized to protect their priva-
cy. All study data were statistically analyzed and were presented in a 
manner that does not allow for individual subjects to be identified. The 
subjects' information was not used for any purposes unrelated to the 
objective of the study. Experiment data was only used for the study, and 
confidentiality has been strictly maintained. This study was approved by 
the Institutional Review Board of Prefectural University of Hiroshima 
(approval no. 18MH005).

RESULTS

Changes in %MVC due to vascular occlusion
Figure 1 shows the change in %MVC during exercise. From the 

start to the end of exercise, measurements of all subjects were averaged 
for comparison. The %MVC of the right tibialis anterior muscle with 
the occlusion condition was 33.32 ± 6.78%. The %MVC of the left tibi-
alis anterior muscle with the non-occlusion condition was 33.32 ± 
7.58%. It was no statistically significant difference.

Changes in oxygenated hemoglobin during dorsiflexion of 
ankle

Figure 2 compares the changes in O2Hb during maximal isometric 
dorsiflexion of the ankle for 120 seconds with the occlusion condition 
(right tibialis anterior muscle) and the non-occlusion condition (left tibi-
alis anterior muscle). O2Hb in the group with the occlusion condition 
decreased immediately after the start of exercise to 65 seconds later (p < 
0.01, p < 0.05). Following this, there was no significant difference until 
the end of the exercise. O2Hb in the non-occlusion condition decreased 
from the start of exercise to 40 seconds later (p < 0.01, p < 0.05). It 
increased temporarily from 25 to 30 seconds and thereafter was almost 
stable from 40 to 55 seconds, increasing significantly from 55 seconds 
(p < 0.01, p < 0.05). Comparing the groups with and without occlusion 
at each measurement time, the group with occlusion had significantly 
lower O2Hb after 100 seconds (p < 0.01, p < 0.05).

Changes in deoxygenated hemoglobin during dorsiflexion of 
ankle

Figure 3 compares the changes in HHb during maximal isometric 
dorsiflexion of the ankle for 120 seconds with the occlusion condition 
(right tibialis anterior muscle) and with the non-occlusion condition (left 
tibialis anterior muscle). HHb in the occlusion condition increased from 
immediately after the start of exercise to 50 seconds later (p < 0.01, p < 
0.05). Following this, there was no significant difference until the end of 
the exercise. HHb in the non-occlusion condition increased from the 
start of exercise to 40 seconds later (p < 0.01, p < 0.05). It decreased 
from 10 to 15 seconds, and thereafter decreased significantly from 3 to 
30 seconds (p < 0.01, p < 0.05). It was almost stable from 40 to 90 sec-
onds, and then gradually decreased from 95 seconds. Comparing the 
occlusion and non-occlusion conditions at each measurement time, the 
HHb was significantly higher (p < 0.05) in the occlusion condition 
between 5 and 10 seconds, and was lower between 30 and 105 seconds, 
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but this was not statistically significant.

Changes in tissue oxygen saturation during dorsiflexion of 
the ankle

Figure 4 compares the changes in StO2 during isometric dorsiflexion 
of the ankle for 120 seconds with the occlusion condition (right tibialis 
anterior muscle) and with the non-occlusion condition (left tibialis ante-
rior muscle). StO2 in the occlusion condition decreased immediately 
after the start of the exercise to 55 seconds later (p < 0.01, p < 0.05). 
Thereafter, there was no significant difference until the end of the exer-
cise. StO2 in the non-occlusion condition decreased from 10 to 40 sec-
onds after the start of exercise (p < 0.01, p < 0.05). Thereafter, it gradu-
ally increased from 40 to 90 seconds and increased significantly from 
95 seconds (p < 0.01, p < 0.05).

DISCUSSION

In this study, we used NIRS to measure and examine muscle oxy-
genation during exercise. In both the occlusion and non-occlusion con-
ditions, muscle oxygenation levels decreased linearly immediately after 
the start of the exercise. This is likely related to demand exceeding sup-
ply, due to a decrease in blood volume caused by mechanical compres-
sion accompanying muscle contraction, as well as an increase in oxygen 
consumption in the mitochondria. However, without occlusion, the 
decrease in StO2 was no longer observed when the MVC was about 35% 
or less, while in the occlusion condition, StO2 plateaued after 60 seconds 
from the start of the exercise. Based on the above, in this study, when 
the MVC was approximately 35% or higher and the exercise continued 
for 60 seconds or longer, aerobic energy production in the muscle was 
insufficient. The above suggests that this could be a factor involved in 
the decrease in endurance of tibialis anterior muscle. In general, the 
duration of exercise decreases as the intensity of exercise increases 
(Jobis, 1977). It is believed that oxygen supply to active muscles is one 
of the important factors that determines the duration of exercise 
(Belardinelli, Barstow, Porszasz, Wasserman, 1995). Therefore, it is 

necessary to ensure sufficient blood flow to muscles. Petersen et al. 
examined the blood flow and duration of exercise during isometric exer-
cise at different intensities (Petersen, Mork, Nielsen, 1975). At the max-
imum muscle strength of 15 to 20% MVC, sufficient blood flow to the 
muscles is ensured and exercise can be continued for a long time. 
However, increasing the intensity will shorten the exercise time, and 
blood flow to the muscles significantly decreases at an intensity of 60% 
MVC or higher. The same study also states that the duration of exercise 
radically decreases as the situation nears vascular occlusion (Petersen et 
al, 1975). It has also been reported that, in dynamic exercise such as 
forearm gripping exercise, blood flow is inhibited at an intensity of 
about 25% MVC (Bystrom, Kilborn, 1990). In this study, when observ-
ing the muscle oxygenation of the tibialis anterior muscle without appli-
cation of occlusion, a decrease in O2Hb could not be observed at about 
35% MVC or less. In the same time period, the decrease of StO2 slowed 
down, and then plateaued and increased. This suggests that blood flow 
to the tibialis anterior muscle may be occluded at an intensity of about 
35% MVC or higher. Blood vessels in the active muscles are com-
pressed due to muscle contraction as the exercise intensity increases. 
Therefore, it was believed that exercise could not be continued because 
the blood flow to the active muscles was inhibited, causing insufficient 
oxygen supply. This was attributed to the increase in the fatigue factor 
due to the increased energy demand. Conversely, with the application of 
occlusion, the dorsiflexion exercise was performed with vascular occlu-
sion before the start of the exercise, so it had almost plateaued after 60 
seconds from the start of the exercise. With application of the tourni-
quet, the oxygen supply from the incoming arterial blood flow is 
occluded, so that only the oxygen in the muscle is used. In order words, 
the exercise is carried out without oxygen supply. One of the important 
factors defining muscle endurance is the ability to sustain aerobic ener-
gy production in muscle. In order to produce aerobic energy more effec-
tively, sufficient oxygen must be supplied to muscles. Previous studies 
have reported that those with higher blood flow to active muscles, or 
those with higher oxygen supply capacity to muscles, have better mus-
cle endurance (Taguchi, 1996). Therefore, the quality of blood flow to 

Figure 1. Changes in %MVC with the occlusion condition (right 
tibialis anterior muscle) and with the non-occlusion 
condition (left tibialis anterior muscle)

 MVC, maximum voluntary contraction

Figure 2. Changes in O2Hb with the occlusion condition (right 
tibialis anterior muscle) and with the non-occlusion 
condition (left tibialis anterior muscle)

 O2Hb, oxidized hemoglobin

Figure 3. Changes in HHb with the occlusion condition (right tib-
ialis anterior muscle) and with the non-occlusion condi-
tion (left tibialis anterior muscle)

 HHb, deoxidized hemoglobin

Figure 4. Changes in StO2 with the occlusion condition (right tib-
ialis anterior muscle) and with the non-occlusion condi-
tion (left tibialis anterior muscle)

 StO2, tissue oxygen saturation
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muscles is related to energy production, and further, to muscle endur-
ance. This study was clearly highlighted in that it addresses a question 
about the maximal voluntary muscle contraction which produces arterial 
occlusion, which was not previously known.

CONCLUSIONS

We used NIRS to measure and examine muscle oxygenation during 
exercise. In this study, when the MVC was approximately 35% or high-
er and the exercise continued for 60 seconds or longer, aerobic energy 
production in the muscle was insufficient. The above suggests that this 
could be a factor involved in the decrease of the endurance of the tibia-
lis anterior muscle. The above suggests that this could be a factor 
involved in the decrease in endurance of tibialis anterior muscle. One of 
the factors defining muscle endurance of tibialis anterior muscle is suffi-
cient oxygen must be supplied to muscles in order to produce aerobic 
energy more effectively.
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