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Abstract. We examine the test–retest reliability of biceps brachii tissue oxygenation index 共TOI兲 parameters measured by near-infrared
spectroscopy during a 10-s sustained and a 30-repeated 共1-s contraction, 1-s relaxation兲 isometric contraction task at 30% of maximal
voluntary contraction 共30% MVC兲 and maximal 共100% MVC兲 intensities. Eight healthy men 共23 to 33 yr兲 were tested on three sessions
separated by 3 h and 24 h, and the within-subject reliability of torque
and each TOI parameter were determined by Bland-Altman± 2 SD
limits of agreement plots and coefficient of variation 共CV兲. No significant 共P ⬎ 0.05兲 differences between the three sessions were found for
mean values of torque and TOI parameters during the sustained and
repeated tasks at both contraction intensities. All TOI parameters were
within± 2 SD limits of agreement. The CVs for torque integral were
similar between the sustained and repeated task at both intensities 共4
to 7%兲; however, the CVs for TOI parameters during the sustained and
repeated task were lower for 100% MVC 共7 to 11%兲 than for 30%
MVC 共22 to 36%兲. It is concluded that the reliability of the biceps
brachii NIRS parameters during both sustained and repeated isometric
contraction tasks is acceptable. © 2010 Society of Photo-Optical Instrumentation
Engineers. 关DOI: 10.1117/1.3309746兴
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Introduction

Near-infrared spectroscopy 共NIRS兲 has been used in exercise
physiology and clinical medicine for noninvasive investigation of muscle oxygenation and hemodynamics during
exercise.1,2 NIRS directly measures the oxygen
共O2兲–dependent absorption of hemoglobin 共Hb兲 in the microcirculation blood vessels 共i.e., arterioles, capillaries, and
venules兲 and myoglobin 共Mb兲 in the muscle cytoplasm.3 The
muscle utilization of the oxidative metabolic system is represented by NIRS as concentration changes in oxy-Hb 共O2Hb兲,
deoxy-Hb 共HHb兲, and total Hb volume 共tHb= O2Hb+ HHb兲,
and as O2Hb saturation 共SmO2 = O2Hb/ tHb⫻ 100兲. SmO2
reflects the dynamic balance of O2 supply by the muscle microcirculation and O2 consumption/demand by the muscle.2,4
tHb is related to the changes in muscle microcirculation blood
volume and is considered a qualitative indicator of changes in
local muscle blood flow/O2 supply.1
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During exercise, skeletal muscle increases the metabolic
demand for O2, resulting in an increase in O2 supply and O2
consumption.1,2 In order to characterize muscle oxidative metabolism using NIRS, sustained and/or repeated isometric
contractions have been used.5–9 It has been reported that during sustained isometric contractions at 50% maximal voluntary contraction 共MVC兲, blood flow/O2 supply to the biceps
brachii is completely impeded due to increased intramuscular
pressure compressing blood vessels.10 The rate of decrease in
SmO2 and minimum SmO2 amplitude represent muscle O2
demand, which is considered as a measure of energy consumption for muscle force production.7,11 When repeated isometric contractions are performed, in which short periods of
muscle contraction alternate with periods of relaxation, reoxygenation is permitted during the relaxation phases. Consequently, amplitude and kinetic changes in SmO2 represent the
dynamics of O2 supply and O2 demand.9 Therefore, during
sustained isometric contractions above 50% MVC, the
changes in SmO2 primarily provide information about muscle
O2 demand, while during repeated isometric contractions, the
changes in SmO2 provide additional information about the
1083-3668/2010/15共1兲/017008/8/$25.00 © 2010 SPIE
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regulation of O2 supply to meet the muscle metabolic demand
for O2.9
Felici et al.7 have recently reported that changes in biceps
brachii SmO2, represented as tissue oxygenation index 共TOI兲
parameters, and tHb during 30-s sustained and 15-repeated
共1-s contraction, 1-s relaxation兲 isometric contractions of the
elbow flexors were related to the exercise intensity 共20, 40,
60, and 80% MVC兲. Although TOI could be used to quantify
oxygenation, tHb is only a qualitative indicator of
hemodynamics.2 However, currently no data are available regarding the reliability of biceps brachii TOI parameters during exercise. To use the TOI parameters as indicators of the
effects of an intervention such as exercise or medical therapy
on muscle metabolism/microcirculation, the test–retest reliability of the TOI parameters, especially within-subject reliability, needs to be established.
Therefore, the purpose of this study was to investigate the
test–retest reliability of biceps brachii TOI parameters during
sustained and repeated isometric contractions of the elbow
flexors on three separate occasions. Based on the previous
study by Felici et al.,7 the present study used two different
intensities 共30% MVC and 100% MVC兲 that were expected to
result in contrasting responses of biceps brachii TOI parameters during the sustained and repeated tasks.

2

Methods

2.1 Subjects
Eight healthy men participated in this study, and their mean
共 ⫾ SD兲 age, height, and body mass were 27.1⫾ 3.1 yr,
176.8⫾ 5.0 cm, and 78.3⫾ 7.0 kg, respectively. All subjects
had no known health problems 共e.g., metabolic or neuromuscular disorders兲 or any upper extremity muscle or joint injuries. Subjects were asked not to perform any strenuous exercise for at least 48 h prior to and during the experimental
period, not to take any medication or nutritional supplements
during the experimental period, and not to consume any caffeine at least 1 h prior to any testing session. The study conformed to the recommendations of the local Human Research
Ethics Committee in accordance with the Declaration of Helsinki. A written informed consent form was signed by each
subject.
2.2 Study Design
All subjects performed a sustained and a repeated isometric
contraction task at two intensities 共30% MVC and 100%
MVC兲 with the same arm over three sessions; two sessions on
the same day separated by 3 h 共sessions I, II兲, and one session
24 h later 共session III兲. The use of the dominant or nondominant arm was counterbalanced among subjects. The 30%
MVC tasks were performed prior to the 100% MVC tasks,
and the sustained tasks prior to the repeated tasks, in order to
minimize the influence of the previous task on the next task,
since it was expected that metabolic demand was greater for
the 100% MVC tasks than for the 30% tasks, and for the
repeated task than for the sustained task at 100% MVC.
2.3 Protocol
Each subject was seated on a preacher arm curl bench, which
placed the upper arm at 45-deg shoulder flexion and aligned
Journal of Biomedical Optics

the elbow joint with the axis of rotation of an isokinetic dynamometer 共Cybex6000, Lumex, Inc., Ronkonkoma, New
York, with HUMAC-2004 software, Computer Sports Medicine, Inc., Sloughton, MA兲. The lever arm of the dynamometer was secured to the subject’s wrist in a supinated position
with an elbow joint angle of 90 deg.
All subjects performed two 3-s MVCs with a 45-s rest
between contractions, and the peak torque of the two contractions was used to set the 30% MVC torque values for the
sustained and repeated tasks. A line representing 30% MVC
target torque level was displayed on the computer screen
along with the actual torque output, which ensured real-time
feedback on torque levels to the experimenter and subject.
After 90 s of recovery, subjects performed a 10-s sustained
isometric contraction task at 30% MVC followed by a 10-s
sustained isometric contraction at 100% MVC separated by a
90-s rest. After a 180-s rest, subjects performed a 30-repeated
共1-s contraction, 1-s relaxation兲 isometric contractions task
共60-s duration兲 at 30% MVC. Following a 150-s rest, subjects
performed a 30-repeated 共1-s contraction, 1-s relaxation兲 isometric contraction task at 100% MVC. Torque was indicated
visually on the computer screen, and the tone from the computer was used to indicate the timing of the contraction and
relaxation. Torque signals were collected onto a data acquisition system 共PowerLab16/30 with Chart 5.5.5 software, AD
Instruments, Bella Vista, Australia兲 at a sampling rate of
200 Hz.

2.4 Near-Infrared Spectroscopy
This study used a NIRO-200 oximeter 共Hamamatsu Photonics
K.K., Hamamatsu, Japan兲, which measures concentration
changes in O2Hb, HHb, and tHb expressed in M · cm, and
SmO2 as tissue oxygenation index 共TOI兲 expressed in %.兲12
The optical probe, consisting of one emitter and one detector
4 cm apart supported by a rubber shell, was firmly attached to
the skin at the medial side over the midbelly of the biceps
brachii muscle, parallel to the major axis of the arm by a
double-sided adhesive tape, which ensured no sliding of the
probe on the skin. The rubber shell was covered by a soft
black cloth, and all wires were taped down to minimize movement during exercise. The position of the NIRS probe was
marked on the skin with a semipermanent ink marker to obtain consistent measures over the subsequent two testing sessions.
A B-mode ultrasound apparatus fitted with a 7.5-MHz linear probe 共SSD-1000, Aloka Co. Ltd., Tokyo, Japan兲 was used
to measure the subcutaneous fat layer thickness of the area
over which the NIRS probe unit was placed. The adipose
tissue thickness 共2.7⫾ 0.6 mm兲 did not change over sessions,
and considering that the penetration depth of the NIRS signal
is approximately half of the emitter–detector distance 共4 cm兲,
the changes in TOI and tHb reflected mainly the muscle metabolic and hemodynamic changes, respectively, of the superficial muscle volume of the biceps brachii.7
Prior to each testing session, an initialization procedure on
the NIRO-200 was carried out, which set each laser power
automatically to establish the optimum measurement conditions. The zero set procedure was adopted to return tHb to the
zero value. This procedure does not affect the TOI values,
since TOI is measured as absolute values instead of a change
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Fig. 1 Typical changes in elbow flexor torque and biceps brachii tissue oxygenation index 共⌬TOI兲 and total hemoglobin volume 共⌬tHb兲
during 10-s sustained isometric contraction at 共a兲 30% MVC and 共b兲
100% MVC. The vertical lines represent the onset and the end of the
contraction phase. ⌬TOIslope: ⌬TOI desaturation slope; ⌬TOImin: minimum ⌬TOI amplitude; ⌬TOImax: maximum ⌬TOI amplitude; and
⌬TOI1/2RT: ⌬TOI half resaturation time.

with respect to the arbitrary initial zero value. NIRS signals
were sampled at 6 Hz by the NIRO-200 and collected simultaneously with torque data onto the PowerLab system and
stored on the computer for later analysis using the analysis
software.

2.5 Data Analysis
Typical torque, TOI, and tHb changes during the sustained
task at 30% MVC and 100% MVC are shown in Fig. 1. The
contraction onset was identified as the torque value 4% MVC
above the baseline, and the end of contraction was identified
as the time when the torque value became lower than 4%
MVC. The 4% MVC 共 ⬃ 3 Nm兲 was the minimum threshold
of torque level necessary to determine the contraction onset
and offset criteria by the Chart data analysis software 共AD
Instruments, Bella Vista, Australia兲. The torque integral was
determined as area under the torque traces during the contraction phase. The baseline of TOI and tHb was determined as
the mean value over 30 s before the onset of contraction.
Since the baseline was stable, the TOI and tHb baselines were
expressed as zero, and the TOI and tHb parameters are presented as the magnitude of change from the respective baseline in the figures. As shown in Fig. 1, ⌬TOI desaturation
slope 共⌬TOIslope兲 was determined as the negative slope of the
least-squares regression line of ⌬TOI during the contraction
Journal of Biomedical Optics

Fig. 2 Typical changes in elbow flexor torque and biceps brachii tissue oxygenation index 共⌬TOI兲 and total hemoglobin volume 共⌬tHb兲
during 30 repeated isometric contractions at 共a兲 30% MVC and 共b兲
100% MVC. The vertical lines represent the onset and the end of the
30 contractions. ⌬TOI1/2DT: ⌬TOI half desaturation time; ⌬TOImin:
minimum ⌬TOI amplitude during the 30 contractions; and ⌬TOI1/2RT:
⌬TOI half resaturation time.

phase. A higher ⌬TOIslope would represent a greater muscle
O2 demand, and consequently a greater energy
consumption.7,11,13 Minimum ⌬TOI amplitude 共⌬TOImin兲 was
the difference between the minimum TOI value reached during the contraction phase and TOI baseline. Lower ⌬TOImin
values represent greater O2 demand relative to O2 supply.7,14
Maximum ⌬TOI amplitude 共⌬TOImax兲 was the difference between the maximum TOI value reached during the relaxation
phase and TOI baseline. Higher ⌬TOImax values indicate increased O2 supply relative to O2 demand.14 ⌬TOI half recovery time 共⌬TOI1/2RT兲 was determined as the time to reach
50% of the difference between ⌬TOI at the end of the contraction phase and ⌬TOImax in the recovery period.
⌬TOI1/2RT has previously been used as an index to evaluate
muscle oxidative capacity.2,15–17
Figure 2 shows typical torque, TOI, and tHb changes during the repeated task at 30% MVC and 100% MVC. The
mean torque integral was determined as the sum of the area
under the torque traces during each of the 30 contractions. In
addition to the TOI parameters described earlier for the sustained contractions, the following parameters were included
for the repeated contractions. TOImin was the difference between the minimum TOI value reached during the 30 contractions and TOI baseline. A given ⌬TOImin value represents the
dynamic balance of O2 supply to match O2 consumption.9
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Fig. 3 Bland-Altman plots of TOI parameters for the sustained task at 共a兲 30% MVC and 共b兲 100% MVC, and repeated task at 共c兲 30% MVC and
共d兲 100% MVC. Every plot represents the difference vs mean value measured in three separate testing sessions 共I, II, III兲. 쎲: Session I vs session II
共the straight lines represent mean difference 关central line兴 and mean± 2 SD 关upper and lower lines兴兲. 䊊: Session I vs session III 共the dashed lines兲.
䉱: Session II vs session III 共the dotted lines兲. ⌬TOImin: minimum ⌬TOI amplitude; ⌬TOIslope: ⌬TOI desaturation slope; ⌬TOI1/2DT: ⌬TOI half
desaturation time; ⌬TOImax: maximum ⌬TOI amplitude; and ⌬TOI1/2RT: ⌬TOI half resaturation time. For further details, see Sec. 2.

⌬TOI half desaturation time 共⌬TOI1/2DT兲 was the time difference between contraction onset until TOI reached 50% of
the difference value between TOI baseline and minimum TOI
value reached during the first 15 contractions. At the restexercise transition 共i.e., initial 30 s兲, a longer duration
⌬TOI1/2DT for a similar minimum ⌬TOI amplitude would
indicate a slower desaturation rate, indicating that O2 demand
was better matched by O2 supply.2

test–retest reliability.19 A paired t-test was also used to compare between the sustained and repeated conditions for the
torque integral and common TOI parameters 共TOImin,
⌬TOI1/2RT, and ⌬TOImax兲 on the combined values over the
three sessions 共i.e., 8 subjects⫻ 3 sessions= 24 measurements兲. Significance was set at P ⬍ 0.05. Data are presented
as mean⫾ SD.

3
2.6 Statistical Analyses
A Shapiro-Wilk test was used to confirm that all dependent
variables were normally distributed 共P ⬍ 0.01兲. To test the
within-day and between-day reproducibility of the mean values of torque and TOI parameters, a one-way ANOVA with
repeated measurements over the three sessions 共I, II, and III兲
was performed. As an indication of within-subject variation in
the form of absolute measurement error, Bland and
Altman⫾ 2 SD limits of agreement plots were calculated18 on
all torque and TOI parameter data to demonstrate the distribution of measurement error between the three sessions 共I, II,
and III兲. Furthermore, a coefficient of variation 共CV兲 was calculated for each subject across the three sessions, and the
mean value of the subjects was used as an indicator of the
Journal of Biomedical Optics

Results

All variables passed the Shapiro-Wilk normality test. No significant difference in MVC was found among sessions I
共71.6⫾ 9.4 Nm兲,
II
共69.2⫾ 9.2 Nm兲,
and
III
共69.0⫾ 10.3 Nm兲. The CV of the MVC over the three sessions was 3.1⫾ 1.9%.
All torque and TOI parameters were within the⫾ 2 SD
limits of agreement. Figure 3 shows the Bland-Altman plots
of five TOI parameters over the three sessions during the sustained and repeated isometric contraction tasks at 30% MVC
and 100% MVC.
The mean torque integral and TOI values measured over
the three sessions of the sustained isometric contraction tasks
and their CVs are presented in Table 1. The torque integral
during the 30% MVC and 100% MVC did not change signifi-

017008-4

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 19 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

January/February 2010

쎲

Vol. 15共1兲

Muthalib et al.: Reliability of near-infrared spectroscopy for measuring biceps brachii oxygenation…
Table 1 Torque integral and biceps brachii tissue oxygenation index 共⌬TOI兲 parameters during 10-s
sustained isometric contraction over three testing sessions 共I, II, III兲 at 30% MVC and 100% MVC intensity, and their coefficient of variation 共CV兲. Mean± SD 共n = 8兲.
Session
I

II

III

CV 共%兲

228.9± 38.4

219.0± 33.2

217.6± 40.2

7.2± 5.6

TOI baseline 共%兲

57.5± 5.9

57.9± 4.3

58.3± 4.9

3.0± 1.5

⌬TOIslope 共% · s−1兲

−1.9± 0.6

−1.9± 0.9

−1.6± 0.5

21.9± 13.1

⌬TOImin 共%兲

−8.3± 6.8

−8.8± 7.0

−8.2± 7.0

36.0± 17.5

⌬TOI1/2RT 共s兲

5.0± 1.9

4.5± 1.0

4.9± 0.9

20.4± 13.7

⌬TOImax 共%兲

7.0± 2.5

7.5± 1.9

6.1± 1.2

24.6± 10.9

625.2± 100.6

616.5± 100.0

4.6± 1.7

30% MVC
Torque integral 共Nm·s兲

100% MVC
Torque integral 共Nm·s兲

651.1± 92.2

TOI baseline 共%兲

58.4± 4.8

59.1± 4.4

58.0± 5.4

4.4± 2.1

⌬TOIslope 共% · s−1兲

−6.1± 1.3

−5.8± 0.8

−6.1± 1.3

11.1± 7.6

−47.6± 7.1

−46.7± 9.2

6.9± 4.1

8.6± 4.1

7.5± 2.1

7.9± 2.7

13.8± 7.3

15.9± 4.2

16.5± 2.5

16.7± 3.5

13.4± 5.7

⌬TOImin 共%兲
⌬TOI1/2RT 共s兲
⌬TOImax 共%兲

−47.8± 10.1

Note: See Sec. 2 and Fig. 1 for details of the TOI parameters.

cantly across the three testing sessions, and the CV was less
than 7%. The ANOVA did not show significant changes in the
TOI parameters 共TOI baseline, ⌬TOIslope, ⌬TOImin,
⌬TOI1/2RT, and ⌬TOImax兲 over the three sessions for the sustained task at both 30% MVC and 100% MVC. The CV for
TOI baseline was low for both 30% MVC and 100% MVC.
The CV values for ⌬TOIslope, ⌬TOImin, ⌬TOI1/2RT, and
⌬TOImax in 100% MVC 共6.9 to 13.8%兲 were smaller than
those in 30% MVC 共20.4 to 36.0%兲.
Table 2 shows the mean torque integral and TOI values
over the three sessions for the repeated isometric contraction
tasks and their CV. The torque integral during the 30% MVC
and 100% MVC task did not change significantly over the
three sessions, and the CV was less than 5%. No significant
differences were found for the TOI parameters 共TOI baseline,
⌬TOI1/2DT, ⌬TOImin, ⌬TOI1/2RT, and ⌬TOImax兲 across the
three sessions at both 30% MVC and 100% MVC. The CV
values of TOI baseline were low for 30% MVC 共2.4%兲 and
100% MVC 共3.2%兲; however, the CV values of ⌬TOI1/2DT,
⌬TOImin, ⌬TOI1/2RT, ⌬TOImax were greater than 25% for
30% MVC 共Table 2兲.
Table 3 shows the comparison between the sustained and
repeated tasks at 30% MVC and 100% MVC. When we compared the common TOI parameters between the sustained and
repeated tasks at 30% MVC, ⌬TOImin, ⌬TOI1/2RT, and
⌬TOImax were significantly 共P ⬍ 0.05兲 smaller for the susJournal of Biomedical Optics

tained than for the repeated task. When comparing the sustained and repeated tasks at 100% MVC, changes in ⌬TOImin
were significantly 共P ⬍ 0.05兲 smaller for the repeated than for
the sustained task. During the recovery period, ⌬TOImax was
significantly greater for the repeated than for the sustained
task, but ⌬TOI1/2RT was not significantly different between
conditions.

4

Discussion

This is the first investigation to report the test–retest reliability
of biceps brachii oxygenation 共TOI兲 during sustained and repeated isometric contraction tasks at submaximal 共30% MVC兲
and maximal 共100% MVC兲 intensity. The results showed no
significant differences in mean values of torque and TOI parameters during the sustained and repeated tasks at both intensities over the three testing sessions, suggesting that the
within-day and between-day reproducibility was good. The
absolute measure of within-subject variability as demonstrated by the Bland-Altman⫾ 2 SD limits of agreement plots
indicated that torque and TOI parameters during sustained and
repeated tasks at 30% MVC and 100% MVC intensity were
within acceptable limits 共Fig. 3兲. However, in order to be able
to detect any change caused by an intervention and/or treatment, any potential increases or decreases in TOI parameters
in subsequent testing sessions would have to be greater than
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Table 2 Torque integral and biceps brachii tissue oxygenation index 共⌬TOI兲 parameters during 30
repeated isometric contractions over three testing sessions 共I, II, III兲 at 30% MVC and 100% MVC intensity, and their coefficient of variation 共CV兲. Mean± SD 共n = 8兲.
Session
I

II

III

CV 共%兲

30% MVC
Torque integral 共Nm·s兲

696.7± 112.9

694.8± 113.1

691.9± 103.3

TOI baseline 共%兲

58.9± 5.0

60.7± 6.2

60.1± 6.6

⌬TOI1/2DT 共s兲

10.6± 6.3

12.5± 8.3

9.2± 6.4

−13.1± 10.7

−13.2± 10.1

⌬TOImin 共%兲

−11.5± 11.2

4.1± 3.0
2.4± 0.8
25.8± 16.4
31.5± 20.1

⌬TOI1/2RT 共s兲

3.2± 1.9

2.9± 1.5

2.6± 1.2

31.4± 17.9

⌬TOImax 共%兲

5.4± 2.6

5.2± 3.0

4.7± 1.3

37.7± 14.1

100% MVC
Torque integral 共Nm·s兲
TOI baseline 共%兲
⌬TOI1/2DT 共s兲
⌬TOImin 共%兲
⌬TOI1/2RT 共s兲
⌬TOImax 共%兲

1545.0± 275.7

1468.8± 215.6

1492.8± 198.9

5.3± 2.5

59.3± 4.8

60.8± 5.2

59.5± 6.9

3.2± 2.3

7.1± 0.9

7.6± 0.7

7.8± 1.1

10.1± 4.3

−35.2± 8.2

−35.9± 8.5

7.2± 4.3

7.4± 4.2

7.2± 4.4

11.9± 6.1

18.8± 5.1

17.7± 4.4

19.0± 4.4

11.3± 4.2

−37.7± 10.0

8.1± 2.9

Note: See Sec. 2 and Fig. 2 for details of the TOI parameters.

these limits. The CV values for TOI parameters during the
sustained 共⌬TOImin and ⌬TOIslope兲 and repeated 共⌬TOImin
and ⌬TOI1/2DT兲 task at 100% MVC were between 7 to 11%,
and the same TOI parameters at 30% MVC were higher 共22 to
36%兲. It is stated that a measure is considered to be reliable if
CV is less than 10%;20 therefore, the TOI parameters during
the sustained and repeated task at 100% MVC appear to be
reliable, but caution is necessary for the TOI parameters of the
30% MVC task. It should be noted that lower intensity tasks
are clinically relevant for patients, for example, with repetitive strain injury5 or complex regional pain syndrome,6 where
maximal intensity tasks are contraindicated.
Although NIRS has been extensively used in research,
little information about the reliability of the NIRS parameters
has been available. To the best of our knowledge, only one
previous study by Van Beekvelt et al.9 has reported the withinsubject reliability of muscle O2 consumption derived from
NIRS parameters during handgrip exercise over three testing
days. They reported that the CVs of muscle O2 consumption
during 30-repeated 共1-s contraction, 1-s relaxation兲 isomeric
contractions at seven different intensities 共10 to 90% MVC兲
ranged from 16% to 23%. Although the CV values of the TOI
parameters obtained in the present study for the 30% MVC
tasks were not largely different from those reported in the
previous study, the CV values for the high-intensity 共90%
MVC in the previous study, 100% MVC in the present study兲
Journal of Biomedical Optics

tasks were lower in the present study. Van Beekvelt et al.9
found a relatively high CV 共20.6%兲 for muscle O2 consumption at the highest intensity 共90% MVC兲, and mean values
were statistically different over three testing days, indicating
that the effects of fatigue and a greater contribution of other
forearm flexors for force development at the 90% MVC intensity might have been the reason for the high CV. In the
present study, there was no significant difference between the
three exercise sessions for mean values of TOI parameters,
and the CVs were less than 10%. The torque integrals during
100% MVC tasks were not significantly different over the
three sessions, and the CVs were low 共 ⬃ 5%兲. Therefore, it
appears that the fatigue level and the contribution of the biceps brachii muscle to elbow flexor torque development during the 100% MVC tasks were consistent over the three testing sessions in the present study. Other reasons for the
different CV results between the study by Van Beekvelt et al.9
and the present study could be due to the difference in the
muscle investigated 共flexor digitorum superficialis versus biceps brachii兲 and the method for determining NIRS parameters 共arterial occlusion immediately after the exercise versus
during exercise兲.
The CVs of TOI parameters were greater during the sustained and repeated tasks at 30% MVC than 100% MVC,
which cannot be explained by a measurement error. In the
present study, the placement of the probe was consistent
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Table 3 Comparison between sustained and repeated isometric tasks
performed at 30% or 100% MVC intensity for torque integral and
biceps brachii tissue oxygenation index 共⌬TOI兲 parameters.
Mean± SD of 24 measurements 共n = 8 ⫻ 3 sessions兲.

Torque integral
共Nm·s兲
⌬TOImin 共%兲

Intensity 共%兲

Sustained

30

221.8± 36.1

694.5± 105.0a

100

630.9± 94.5

1542.9± 237.2a

30

−8.4± 6.6

−12.6± 10.2a

−47.4± 8.5

−36.3± 8.6a

30

4.8± 1.3

2.9± 1.5a

100

8.0± 3.0

7.3± 4.1

30

6.9± 1.9

5.1± 2.3a

16.2± 3.1

18.5± 4.5a

100
⌬TOI1/2RT 共s兲

⌬TOImax 共%兲

100
a

Repeated

the repeated task is significantly 共P ⬍ 0.05兲 different from the sustained task.

Note: See Sec. 2 and Figs. 1 and 2 for details of the TOI parameters.

across three sessions, and adipose tissue thickness of the area
where the NIRS probe was placed did not change across sessions. It should be noted that the torque integral showed some
variability across the sessions 共4 to 7%兲, and this could partially explain the variability in the TOI parameters. However,
the CVs of the TOI parameters were always greater than that
of the torque integral for each task 共Tables 1 and 2兲. Thus, it
seems likely that other factors also contributed to the variability in the TOI parameters, especially in the 30% MVC tasks.
It could be argued that the 30% MVC tasks might have affected the 100% MVC tasks, since the order of testing was not
counterbalanced; however, it seems unlikely that the reason
for the greater variability of the 30% tasks was that the 30%
sustained task and repeated task were performed prior to the
100% sustained task and repeated task, respectively. If the
30% sustained task had created better reliability for the 100%
sustained task, we should have seen better CVs for the repeated task at 30% MVC, but this was not the case.
A possible reason for the larger CV of TOI parameters for
30% MVC than 100% MVC tasks could be related to the
differences in muscle O2 demand and O2 supply heterogeneity between the two intensities.21,22 It has been suggested that
submaximal isometric contractions are more prone to variations in blood flow/O2 supply 共i.e., reoxygenation兲, whereas
higher intensity contractions increase intramuscular pressure,
thereby cutting off the variations in O2 supply affecting NIRS
parameters.9,23 During the sustained task, tHb was generally
stable during 30% MVC 关Fig. 1共a兲兴, indicating that no reoxygenation was occurring during the task. In contrast, during the
100% MVC condition, the recovery of tHb did not affect
⌬TOIslope or TOImin, although tHb tended to increase during
the last 5 s of the contraction concomitantly to the torque
decrease 关Fig. 1共b兲兴. The relatively smaller changes in
⌬TOIslope and ⌬TOImin during 30% MVC than 100% MVC
could be due to the redistribution of blood volume, allowing
TOI parameters to be maintained above baseline levels for a
longer duration. Therefore, it is possible that during 30%
Journal of Biomedical Optics

MVC, TOI parameters were influenced by both O2 supply and
O2 demand, whereas during 100% MVC, O2 demand was the
primary factor influencing the TOI parameters and thus minimizing the variation in these parameters over testing sessions.
Another possible cause for the higher CV in TOI parameters at 30% MVC than 100% MVC might be related to the
difference in the muscle activation of the region evaluated by
the NIRS probe. It should be noted that NIRS detected the
changes in muscle O2 kinetics and hemodynamics for the superficial volume of the biceps brachii, and the contribution of
other elbow flexor muscles 共i.e., brachialis, brachioradialis兲
was not investigated in the present study. It could be that the
activation of the muscle fibers under the NIRS probe was not
the same across the three sessions for the 30% MVC tasks,
but similar for the 100% MVC tasks 共as discussed earlier兲.
Therefore, it seems likely that the activation of the elbow
flexor muscles and biceps brachii motor unit recruitment are
not different for the maximal intensity tasks over testing sessions, but they may be more variable for the submaximal task
over sessions, and this could explain the greater CVs for the
30% MVC tasks than the 100% MVC tasks. To fully understand the influence of these different muscle recruitment patterns on the variability of muscle O2 supply and O2 demand
heterogeneity, the utilization of multichannel NIRS could be
suggested in future studies.2,21,22,24
It was expected that the sustained and repeated tasks were
complementary for each other to investigate the regulatory
mechanisms of the oxidative metabolic system. It should be
noted that although TOImin, ⌬TOI1/2RT, and ⌬TOImax parameters were common variables measured during the sustained
and repeated tasks, the TOImin parameter was calculated differently. The TOI parameters during the sustained task at
100% MVC were considered to provide information about
muscle O2 demand, since blood flow to the biceps brachii
during contraction was likely to be completely prevented
based on a previous study,10 while TOI parameters during the
repeated task at 100% MVC were considered to provide information about both muscle O2 demand and O2 supply. During the sustained and repeated task at 100% MVC, the TOImin
value for the repeated task was significantly smaller than for
the sustained task 共Table 3兲. Since torque integral during the
repeated task was significantly greater than the sustained task,
it would be expected that the absolute metabolic demand for
O2 would have been greater for the former task. It could be
suggested that the smaller TOImin value attained during the
repeated than sustained tasks at 100% MVC were due to reoxygenation during the relaxation phases over the 30 contractions, maintaining TOI at an equilibrium 关Figs. 1共b兲 and 2共b兲兴.
If reoxygenation was not permitted during the repeated task,
such
as
when
intramuscular
pressure
prevents
reoxygenation,10,23 the TOImin values would have been expected to decrease to a similar level as that attained during the
sustained task.10 During the recovery period, ⌬TOI1/2RT was
similar and TOImax was slightly but significantly greater for
the repeated than sustained task at 100% MVC, suggesting
that O2 demand relative to O2 supply in the recovery period
was similar between tasks. Based on the paper by Chance et
al.,15 the similar ⌬TOI1/2RT for the repeated and sustained
tasks at 100% MVC would indicate a similar O2 deficit during
the respective exercise, which required a similar restoration
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time of PCr and ATP stores to pre-exercise resting levels.
Since the NIRS parameters during the contraction phase provide different metabolic and hemodynamic information than
when contraction and relaxation phases are alternated, utilizing both sustained and repeated tasks in a battery of assessments is recommended to characterize the regulatory mechanisms of oxidative metabolism.
In conclusion, the results of the present study demonstrated
that the test–retest reliability of TOI variables to assess biceps
brachii oxygenation in response to sustained and repeated isometric contractions of the elbow flexors at 100% MVC intensity is acceptable, but caution is necessary for the 30% MVC
intensity. However, the absolute measurement error, as represented by Bland-Altman plots, was within acceptable limits
for all conditions; thus, if any potential increases or decreases
in TOI parameters were caused by an intervention and/or
treatment, in subsequent testing sessions, TOI parameters
would have to be greater than these limits compared to the
initial preintervention testing session. Furthermore, the utilization of both sustained and repeated tasks will provide
complementary information on the regulation of muscle O2
supply and O2 demand. The ability of NIRS to identify acute
changes in local muscle oxidative metabolic responses for
muscle force production is beneficial for monitoring the effect
of exercise and rehabilitation training programs.

References

10.

11.

12.

13.

14.

15.

16.

17.

1. M. Ferrari, L. Mottola, and V. Quaresima, “Principles, techniques,
and limitations of near infrared spectroscopy,” Appl. Physiol. Nutr.
Metab. 29, 463–487 共2004兲.
2. T. Hamaoka, K. K. McCully, V. Quaresima, K. Yamamoto, and B.
Chance, “Near-infrared spectroscopy/imaging for monitoring muscle
oxygenation and oxidative metabolism in healthy and diseased humans,” J. Biomed. Opt. 12, 062105 共2007兲.
3. R. Boushel, H. Langberg, J. Olesen, J. Gonzales-Alonzo, J. Bulow,
and M. Kjaer, “Monitoring tissue oxygen availability with nearinfrared spectroscopy 共NIRS兲 in health and disease,” Scand. J. Med.
Sci. Sports 11, 213–222 共2001兲.
4. K. K. McCully and T. Hamaoka, “Near-infrared spectroscopy: what
can it tell us about oxygen saturation in skeletal muscle?” Exerc Sport
Sci. Rev. 28, 123–127 共2000兲.
5. J. J. Brunnekreef, J. Oosterhof, D. H. Thijssen, W. N. Colier, and C.
J. van Uden, “Forearm blood flow and oxygen consumption in patients with bilateral repetitive strain injury measured by near-infrared
spectroscopy,” Clin. Physiol. Funct. Imag. 26, 178–184 共2006兲.
6. J. J. Brunnekreef, J. Oosterhof, A. P. Wolff, B. J. Crul, O. H. WilderSmith, and R. A. Oostendorp, “No impaired hemoglobin oxygenation
in forearm muscles of patients with chronic CRPS-1,” Clin. J. Pain
25, 513–519 共2009兲.
7. F. Felici, V. Quaresima, L. Fattorini, P. Sbriccoli, G. C. Filligoi, and
M. Ferrari, “Biceps brachii myoelectric and oxygenation changes
during static and sinusoidal isometric exercises,” J. Electromyogr Kinesiol 19, e1–11 共2009兲.
8. R. Kime, T. Hamaoka, T. Sako, M. Murakami, T. Homma, T. Kat-

Journal of Biomedical Optics

9.

18.
19.
20.
21.

22.

23.
24.

017008-8

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 19 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

sumura, and B. Chance, “Delayed reoxygenation after maximal isometric handgrip exercise in high oxidative capacity muscle,” Eur. J.
Appl. Physiol. 89, 34–41 共2003兲.
M. C. Van Beekvelt, B. G. Van Engelen, R. A. Wevers, and W. N.
Colier, “In vivo quantitative near-infrared spectroscopy in skeletal
muscle during incremental isometric handgrip exercise,” Clin.
Physiol. Funct. Imag. 22, 210–217 共2002兲.
T. Sadamoto, F. Bonde-Petersen, and Y. Suzuki, “Skeletal muscle
tension, flow, pressure, and EMG during sustained isometric contractions in humans,” Eur. J. Appl. Physiol. 51, 395–408 共1983兲.
C. J. de Ruiter, M. D. de Boer, M. Spanjaard, and A. de Haan, “Knee
angle-dependent oxygen consumption during isometric contractions
of the knee extensors determined with near-infrared spectroscopy,” J.
Appl. Physiol. 99, 579–586 共2005兲.
S. Suzuki, S. Takasaki, T. Ozaki, and Y. Kobayashi, “A tissue oxygenation monitor using NIR spatially resolved spectroscopy,” Proc.
SPIE 3597, 582–592 共1999兲.
R. D. Kooistra, C. J. de Ruiter, and A. de Haan, “Knee angledependent oxygen consumption of human quadriceps muscles during
maximal voluntary and electrically evoked contractions,” Eur. J.
Appl. Physiol. 102, 233–242 共2008兲.
V. Cettolo, M. Ferrari, V. Biasini, and V. Quaresima, “Vastus lateralis
O2 desaturation in response to fast and short maximal contraction,”
Med. Sci. Sports Exercise 39, 1949–1959 共2007兲.
B. Chance, M. T. Dait, C. Zhang, T. Hamaoka, and F. Hagerman,
“Recovery from exercise-induced desaturation in the quadriceps
muscles of elite competitive rowers,” Am. J. Physiol.: Cell Physiol.
262, C766–775 共1992兲.
S. Ichimura, N. Murase, T. Osada, R. Kime, T. Homma, C. Ueda, T.
Nagasawa, M. Motobe, T. Hamaoka, and T. Katsumura, “Age and
activity status affect muscle reoxygenation time after maximal cycling exercise,” Med. Sci. Sports Exercise 38, 1277–1281 共2006兲.
M. Motobe, N. Murase, T. Osada, T. Homma, C. Ueda, T. Nagasawa,
A. Kitahara, S. Ichimura, Y. Kurosawa, T. Katsumura, A. Hoshika,
and T. Hamaoka, “Noninvasive monitoring of deterioration in skeletal muscle function with forearm cast immobilization and the prevention of deterioration,” Dyn. Med. 3, 2 共2004兲.
J. M. Bland and D. G. Altman, “Statistical methods for assessing
agreement between two methods of clinical measurement,” Lancet 1,
307–310 共1986兲.
W. G. Hopkins, “Measures of reliability in sports medicine and science,” Sports Med. 30, 1–15 共2000兲.
G. Atkinson and A. M. Nevill, “Statistical methods for assessing
measurement error 共reliability兲 in variables relevant to sports medicine,” Sports Med. 26, 217–238 共1998兲.
S. Koga, D. C. Poole, L. F. Ferreira, B. J. Whipp, N. Kondo, T.
Saitoh, E. Ohmae, and T. J. Barstow, “Spatial heterogeneity of quadriceps muscle deoxygenation kinetics during cycle exercise,” J. Appl.
Physiol. 103, 2049–2056 共2007兲.
T. Saitoh, L. F. Ferreira, T. J. Barstow, D. C. Poole, A. Ooue, N.
Kondo, and S. Koga, “Effects of prior heavy exercise on heterogeneity of muscle deoxygenation kinetics during subsequent heavy exercise,” Am. J. Physiol. Regul. Integr. Comp. Physiol. 297, R615–621
共2009兲.
C. J. de Ruiter, J. F. Goudsmit, J. A. Van Tricht, and A. de Haan,
“The isometric torque at which knee-extensor muscle reoxygenation
stops,” Med. Sci. Sports Exercise 39, 443–453 共2007兲.
M. Wolf, M. Ferrari, and V. Quaresima, “Progress of near-infrared
spectroscopy and topography for brain and muscle clinical applications,” J. Biomed. Opt. 12, 062104 共2007兲.

January/February 2010

쎲

Vol. 15共1兲

