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Analysis of Oxygenation in the Tibialis Anterior Muscle during 
Ankle Dorsiflexion Using Near-Infrared Spectroscopy

Yuuji Tanada,  Hiroshi Sumii

ABSTRACT
Objective: This study aimed to (1) investigate the oxygenation of the tibialis anterior muscle during ankle dorsiflexion using 

near-infrared spectroscopy (NIRS), and (2) to elucidate the relationship between movement and re-oxygenation recovery time.
Design: Within-subjects experimental study. 
Materials and Methods: Plasma oxygenation and muscle fatigue of the tibialis anterior muscle were examined during isomet-

ric contraction due to ankle dorsiflexion. For the measurements, NIRS was used to measure tissue oxygenation of the tibialis 
anterior muscle when the subject was at rest and performing movements. The maximum isometric exercise of ankle dorsiflexion 
was measured continuously in 30-and 60- sec durations. The paired student-t test was used for the analysis. P-values less than 
0.05 and 0.01 were considered statistically significant.

Results: Increased continued movement time was shown to decrease △O2Hb (changes in oxygenation) and dorsiflexion force, 
and increase △HHb (changes in deoxygenation) (ps < 0.05).

Discussions: The level of oxygenation in the anterior tibial muscle during ankle dorsiflexion decreased with increased contin-
ued movement time, causing an increase in muscle fatigue and thus a decrease in grip force towards the ankle dorsiflexion direc-
tion. Therefore, time was required for recovery.

Conclusions: The intramuscular oxygen supply and oxygen utilization in active muscles differ depending on the duration of 
exercise.
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INTRODUCTION

The maximum tension of skeletal muscles is known to gradually 
decrease with successive movements due to muscle fatigue. The meth-
ods used to assess muscle fatigue include electromyogram (Petrofsky 
JS, et al, 1975) and serum lactate concentration (Wasserman K, et al, 
1973). Recently, near-infrared spectroscopy (NIRS) has been used to 
measure brain and intramuscular tissue oxygenation. This optical meth-
od measures plasma oxygen in a blood-less manner, and is based on the 
fact that the absorption characteristics of near-infrared light differ 
according to the state of hemoglobin binding to oxygen in tissues 
(Jobsis FF, 1977). Further, it can be used to examine the changes in oxy-
hemoglobin (△O2Hb) and deoxyhemoglobin (△HHb) observed during 
exercise to assess muscle oxygenation. These measurements can be per-
formed noninvasively as there is no need for direct blood sampling. In 
recent years, many methods of measuring muscle oxygenation have 
been developed and applied in research and clinical practices.

This article investigated the oxygenation of the tibialis anterior 
muscle during ankle dorsiflexion based on the results of plasma oxygen-
ation measurements performed using NIRS. Additionally, this study 
aimed to analyze the effect of re-oxygenation recovery time after move-
ment to elucidate the relationship between movement time and recovery 
time.

MATERIALS  AND  METHODS

We examined plasma oxygenation and muscle fatigue in the tibialis 
anterior muscle when the muscle was in an isometric contraction during 
ankle dorsiflexion. For the measurements, the NIRO-200NX 
(Hamamatsu Photonic K.K., Iwata, Japan) was used to measure the tis-
sue oxygenation of the tibialis anterior muscle when the subject was at 
rest and performing movements. The T.K.K.5811 (Takei Scientific 
Instruments Co., Ltd., Tokyo, Japan) was used to observe the 
torque-generating capacity of ankle dorsiflexion. This study included 
women (N = 36) who were between the ages of 18 and 22 because, as 
reported by Petrofsky JS, et al (1975), women exhibit less individual 
differences in muscles and have more muscle endurance than men. The 
maximum isometric exercise of ankle dorsiflexion was measured con-
tinuously in 30- and 60- sec durations. After excluding women (n = 7) 
whose measurements were difficult to obtain, 29 women were included 
in the study (mean age: 20.00 ± 1.56 years (mean ± standard deviation) 
). The mean height and body weight were 158.34 ± 5.25 cm and 52.93 ± 
7.97 kg, respectively. The right and left thigh circumference, 15 cm 
superior to the patella, were 45.09 ± 3.95 cm and 44.72 ± 4.47 cm, 
respectively. The maximum right and left calf circumferences were 
34.59 ± 2.65 cm and 34.53 ± 2.63 cm, respectively. Further, the right 
and left calf length from the lateral knee joint space to the lateral malle-
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olus were 38.31 ± 1.61 cm, respectively. 
At the start of the experiment, each subject sat in a chair with their 

knee flexed at a 90º angle. To eliminate variable effects in the upper 
body, each subject's upper body was secured to the back of the chair. 
Their forefoot was placed on the measurement board of the dorsiflexion 
measurement device, while the bases of the metatarsals were held in 
place with a stabilizing belt. After immobilizing the dorsum of the foot 
using a belt for fixation, 1 min rest and 1- min baseline times were set 
after initiating measurements by NIRS. The subjects then performed 
ankle dorsiflexion for 30- and then for 60- sec at a fixed intensity. After 
performing the movements, the subjects rested for 5- min.

The data obtained from NIRS measurements and the ankle dorsi-
flexion forces were represented in terms of mean and standard devia-
tion. Paired student t-tests were used for analysis, and the 30- and 60- 
sec measurements were compared. P-values less than 0.05 and 0.01 
were considered statistically significant in the oxyhemoglobin (O2Hb) 
and deoxyhemoglobin (HHb) levels during the respective dorsiflexion 
movement times, and grip force in the ankle dorsiflexion direction (dor-
siflexion force). All data were statistically analyzed using SPSS (IBM 
SPSS Statistics 19) software.

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

The changes in the △O2Hb and △HHb levels during the respective 
dorsiflexion movement times and dorsiflexion force are shown in Table 
1. The50% level of the maximum value of the oxygenated state during 
relaxation (at rest) from the minimum value of the oxygenated state 
during movement in tissue oxygenation index as set as the recovery 
time (half-time to recovery; Hamaoka T, et al, 1996). 

Comparisons between the 30- and 60-sec exercise durations showed 
that longer periods of exercise resulted in a significant decrease in
△ O2Hb (p < 0.01) and a significant increase in △ HHb (p < 0.01). 
Further, the longer duration of exercise (60-sec) resulted in a significant 
increase in recovery time (p < 0.05) and a decrease in ankle dorsiflexion 
(p < 0.01) compared with the 30-sec duration.

Figure 1 shows the changes in O2Hb and HHb from resting to recov-
ery for the 60-sec maximum isometric ankle dorsiflexion exercise. The 
O2Hb and HHb levels decreased from the start of the exercise to 20-sec. 
After that, the O2Hb level further decreased from the start of the exer-
cise to 30-sec, and then increased from 30-sec to the end of the exercise. 
From the start of the exercise, the HHb levelsincreased until 30-sec, and 
then decreased from 30-sec to the end of the exercise. Both the 
O2HbHHb levels rapidly increased after exercise. The O2Hb level fur-
ther increased from the end of the exercise to 42-sec. After that, the 

O2Hb level decreased slowly. The HHb level decreased from the end of 
the exercise to 46-sec. After that, the HHb levelincreased slowly. 

DISCUSSION

During the 60-sec duration of the isometricankle dorsiflexion exer-
cise, the O2Hb and HHb levels markedly decreased from the start of the 
exercise to 20 sec, which was likely due to reduced blood flow resulting 
from the mechanical compression associated with muscle contraction. 
Paterson et al (1975) found that if the load is approximately 15---20% of 
the maximum voluntary contraction, the muscle receives relativelysuffi-
cient blood flow; however, if the load is higher than 20%, the blood 
flow begins to decrease. In this study,the early increase of pressure in 
the tibialis anterior muscle prohibited sufficient blood flow to the mus-
cle, which explains why the oxygen supply from the blood exceeded the 
oxygen consumption in the muscle. For the exercise performed for 
60-sec, the O2Hb level gradually decreased from 20 sec onwards. After 
that, the O2Hb level increased from 30 sec to the end of the exercise. 
Mori et al (2017) assessed the erector spinae muscles using NIRS and 
found that muscle oxygenation decreased from the beginning of the 
exercise,gradually decreased from 40% of the maximal voluntary con-
traction after the start of exercise, and then plateaued. The plateau was 
due to increased cardiac output and metabolites causing arterioles to 
vasodilate, suggesting that the oxygen supply and consumption were 
balanced (Olsson RA, 1981). In the present study, the O2Hb HHb levels 
rapidly increased after exercise, likely because theblood flow, which 
was inhibited by intramuscular pressure during exercise, recovered in a 
short period of time as the intramuscular pressure rapidly decreased 
immediately after the end of exercise. 

An increase in continued movement time was shown to decrease 
△O2Hb and dorsiflextion grip force, and increase △HHb. Additionally, 
longer periods of continuous movement resulted in longer recovery 
times. Previous studies have shown that intramuscular oxygen supply 
and oxygen utilization in active muscles differ depending on exercise 
intensity (Homma S, 1922), and that O2Hb levels decrease with increas-
ing exercise intensity and duration (Okamoto T, 2000), similar to what 
was found in our study. Further, the level of oxygenation in the anterior 
tibial muscle during ankle dorsiflexion decreased with increased contin-
ued movement time. This caused a worsening of muscle fatigue, which 
in turn triggered a decrease in grip force towards the ankle dorsiflexion 
direction; therefore, time was requiredfor recovery. 

CONCLUSIONS

An increase in continued movement time was shown to decrease the 
O2Hb level and dorsiflexion grip force, and increase the HHb level and 
recovery time. Overall, the intramuscular oxygen supply and oxygen 
utilization in active muscles differ depending on the duration of exer-

Table 1. Oxygenation and ankle dorsiflexion grip force of the tib-
ialis anterior muscle after 30- and 60-sec of exercise.  

  30-sec 60-sec Significance
  (mean ± SD) (mean ± SD)

 △O2Hb (μM/L) -4.80 ± 3.45 -5.58 ± 3.52 **

 △HHb (μM/L) 1.18 ± 0.20 1.33 ± 0.28 **

 Recovery time (sec) 20.81 ± 8.96 27.03 ± 15.97 *

 Ankle dorsiflexion (kg) 8.31 ± 3.29 5.70 ± 2.22 **

Abbreviations: △O2Hb, changes in oxygenation; △HHb, changes in deoxygenation. *p < 

0.05, * *p < 0.01

Figure 1. Changes in O2Hb and HHb levels during 60-sec of exercise.
 Abbreviations: △O2Hb, changes in oxygenation; △HHb, changes in deoxy-

genation.
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cise.
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