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Abstract
Background: In this research inactivity was simulated by immobilizing the forearm region in a plaster cast. Changes in
skeletal muscle oxidative function were measured using near-infrared spectroscopy (NIRS), and the preventative effect
of the training protocol on deterioration of skeletal muscle and the clinical utility of NIRS were examined.
Methods: Fourteen healthy adult men underwent immobilization of the forearm of the non-dominant arm by plaster
cast for 21 days. Eight healthy adult subjects were designated as the immobilization group (IMM) and six were designated
as the immobilization + training group (IMM+TRN). Grip strength, forearm circumference and dynamic handgrip exercise
endurance were measured before and after the 21-day immobilization period. Using NIRS, changes in oxidative function
of skeletal muscles were also evaluated. Muscle oxygen consumption recovery was recorded after the completion of 60
seconds of 40% maximum voluntary contraction (MVC) dynamic handgrip exercise 1 repetition per 4 seconds and the
recovery time constant (TcVO2mus) was calculated.
Results: TcVO2mus for the IMM was 59.7 ± 5.5 seconds (average ± standard error) before immobilization and
lengthened significantly to 70.4 ± 5.4 seconds after immobilization (p < 0.05). For the IMM+TRN, TcVO2mus was 78.3
± 6.2 seconds before immobilization and training and shortened significantly to 63.1 ± 5.6 seconds after immobilization
and training (p < 0.05).
Conclusions: The training program used in this experiment was effective in preventing declines in muscle oxidative
function and endurance due to immobilization. The experimental results suggest that non-invasive monitoring of skeletal
muscle function by NIRS would be possible in a clinical setting.
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Background
Long periods of inactivity, brought about by hospitalization or broken limbs, influence the body in a variety of
ways. Among the effects related to the musculoskeletal
system, decline in bone mineral content and skeletal muscle atrophy have been observed [1,2]. The continuous
assessment of these changes is thought to be useful in
many ways, including the evaluation of courses of treatment. Conventional invasive methods [3,4] are a great
burden to patients and, as they are not repeatable measurements, their use in the clinical setting is difficult. Thus,
a convenient and non-invasive method to monitor oxidative metabolism function in muscle is desirable.
Magnetic resonance spectroscopy (MRS) is one method
currently in use to directly measure local oxidative metabolism in skeletal muscle. The recovery time constant (Tc)
for phosphocreatine (PCr), as measured by MRS, is
known to be clearly correlated with the data of mitochondrial enzyme activity in skeletal muscle gained from the
conventional biopsy techniques [5]. MRS is thus widely
used as the gold standard in non-invasive measurement of
muscle oxidative function. However, as MRS is costly and
cumbersome and requires much time for maintenance, it
is not a simple measurement process. As another method
for measuring oxygen dyanamics, beginning with the
research of Millikan [6] in 1937 and continuing with Jobsis [7] and Chance [8], visible light in the long wavelength
region and near-infrared (NIR) light have been used successfully to measure oxygenation in the human brain as
well as in the human skeletal muscle. Furthermore, oxygen dynamics in localized regions of skeletal muscle during exercise and recovery has also been made clear by the
use of NIR light [9-11]. NIR spectroscopy (NIRS) is comparatively low in cost, portable and lightweight, thus well
positioned to be practically useful in the clinical setting.
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ment of muscle oxidative function in subjects whose forearms where immobilized by plaster cast in a simulation of
inactivity. Additionally, the possibility of using NIRS to
evaluate the results of a training protocol to prevent
decline in skeletal muscle function was also examined
using the TcVO2mus index. We also measured Tr, grip
strength, exercise endurance time and forearm circumference, as in our past research, and made comparative
investigations.

Methods
Subjects
The experiment was administered after undergoing a
review by the National Space Development Agency of
Japan (NASDA) ethics committee and receiving informed
consent from 14 healthy adult men. Subjects were 23 ±
2.6 years of age (average ± standard deviation), weighed
70.7 ± 10.6 kg and were 176.0 ± 5.0 cm in height. For all
subjects, the forearm of the non-dominant arm from the
fingers to the point two-thirds up the upper arm was
immobilized in a natural position by plaster cast for 21
days. Each subject was then placed into one of two groups
randomly, one group to undergo immobilization only
(IMM, 8 subjects) and one group to undergo immobilization + training (IMM+TRN, 6 subjects). Measurements
were made for both IMM and IMM+TRN before and after
the 21-day immobilization period, and change due to the
immobilization of skeletal muscle and the effect of training during the immobilization period were examined. For
the IMM group, the same measurements were made for
both the immobilized non-dominant arm and the free
dominant arm, with the dominant arm acting as control
(CON) for changes due to immobilization.

In previous research using NIRS to evaluate muscle oxidative function in muscle, the decrease in muscle oxygenation level at the onset of exercise and the time to recovery
of muscle oxygenation level (Tr) have been used as evaluation indices [9,11,12]. In other previous research also
using the Tr index, it has been found that patients with
bone fractures immobilized by plaster cast displayed a significant lengthening of Tr [13].

NIRS device
In order to measure multiple subjects simultaneously, two
NIRS were used in this research (OMRON, HEO 200 and
Shimadzu, OM-100A). The NIRS used to measure
VO2mus and Tr, respectively, following the completion of
exercise is a device able to measure the oxygenation in
biological tissue in vivo by utilizing the absorption characteristics of oxygenated and deoxygenated hemoglobin
(Hb) and myoglobin (Mb). The NIRS device projects light
from the near-infrared wavelength region, the region
between visible and infrared light, into the body.

In our previous research, a correlation was found between
the TcPCr measured by MRS and the recovery time constant for muscle oxygen consumption (TcVO2mus) following the completion of handgrip exercise as measured
by NIRS [14]. This result shows that through the use of
NIRS the convenient and non-invasive evaluation of muscle oxidative function is possible. In the current research,
we used TcVO2mus at the completion of exercise as an
index to examine the possibility of convenient measure-

The device is composed of probe and main computer
body, and the probe is equipped with emitter and detectors for near-infrared light of 760 nm and 840 nm wavelengths. The emitted light passes through the skin and,
while scattering, reaches tissue where a portion is
absorbed by Hb and Mb and then returns to the detectors.
With the 803 nm wavelength region – the region of equal
absorption for oxygenated and de-oxygenated Hb – as the
isosbestic point, deoxygenated Hb and Mb cause an
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increase in absorption in the shorter wavelengths, while
oxygenated Hb and Mb cause an increase in absorption in
the longer wavelengths. It thus follows that light from the
emitter of 760 nm in wavelength is more easily taken up
by de-oxygenated Hb and Mb, while light of 840 nm in
wavelength is more easily taken up by oxygenated Hb and
Mb. The amount of light that then returns to the detectors
can be measured and in this way it is possible to measure
approximately the oxygenation and de-oxygenation states
of Hb and Mb based on the Beer-Lambert Law [11].
The mean penetration depth of NIRS in living tissue is
approximately one-half of the distance between the emitter and detector as verified directly and by Monte Carlo
simulation [12,15,16]. The distance between the emitter
and the detector is conventionally set from 30–40 mm
[17]; for this research the distance was set at 30 mm, and
the penetration depth was approximately 15 mm from the
skin surface. VO2mus was measured using the OMRON
HEO 200; Tr was measured using the Shimadzu OM100A.
Forearm Circumference Measurement
Forearm circumference was measured at the point of
greatest circumference in the region of the forearm. The
site of the initial measurement was marked, and care was
taken to measure at the same site following
immobilization.
Maximum Voluntary Contraction (MVC) Measurement
MVC was measured early in the morning before exercise
was performed. Three measurements were made, and the
largest was used as MVC value.
NIRS Measurement
Subjects were seated, and after measuring MVC, the NIRS
probe was placed over the forearm finger flexor muscles
and the sphygmomanometer cuff was placed around the
upper arm. With the subject in a resting condition, measurements were thus begun.
VO2mus Measurement
VO2mus measurement was carried out in the following
fashion: one minute of rest, one minute of cuff occlusion
at 300 mmHg, 5 minutes of recovery after occlusion, one
minute of dynamic hand grip exercise by grip ergometer at
40%MVC 1 repetition per 4 seconds as measured before
immobilization. Brief arterial occlusions were repeated
every 10 seconds at post-exercise recovery.

TcVO2mus was obtained from the repetitive brief arterial
occlusions following the completion of exercise. The
occlusion of arterial blood flow was terminated soon after
total amount of Hb reached an almost uniform, constant
level (fig. 1a). It has been shown in previous research that
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the percentage of de-oxygenated Hb/Mb at the time of
arterial occlusion is a direct index of VO2mus [18], and
this value of VO2mus is shown as a fraction of the resting
value. TcVO2mus was calculated from the VO2mus value
following the completion of exercise according to the formula shown below and fit to a mono-exponential curve:
y = a [(1-exp (i-kt) )]
For this equation, y represents the relative value of
VO2mus during arterial occlusion in the rest period following exercise, a represents the total amount of change in
VO2mus from the value at the completion of exercise to
the value at recovery, k is a rate constant (1/k = Tc), and t
is time. An example of the result of the TcVO2mus analysis
is shown in Fig. 1b.
Tr Measurement
Tr was obtained from the full time necessary for muscle
oxygenation to recover from the level following the completion of the dynamic handgrip exercise – 1 minute of
rest followed by 1 minute of 40%MVC at 1 repetition per
4 seconds – to the peak value at recovery. This time was
taken as a full scale, and Tr was measured as one-half of
the full scale (fig. 2).
Grip Exercise Endurance Measurement
Grip exercise endurance was measured after the completion of NIRS measurement and a sufficient period of rest.
Following skeletal muscle recovery, dynamic hand grip
exercise was carried out at 30%MVC, 1 repetition per second, until the point of exhaustion. Two intensities were
used: 30% of premaximum grip strength (absolute load)
and 30% of the day-maximum grip strength (relative
load). The time to exhaustion was recorded as the endurance measurement. It was not possible to measure grip
exercise endurance for two subjects of the IMM group due
to matters of personal convenience.
Endurance Training
Endurance training was carried out for the subjects of the
IMM+TRN twice a week. The training consisted of
dynamic handgrip exercise at 30%MVC, 1 repetition per
second, until exhaustion. This grip exercise training
method was the same as the one utilized in previous
research that reported an average 39% improvement in
muscle oxidative function [19].
Data Analysis
Paired t-test was used in the comparison of pre- and postimmobilization values of grip exercise endurance time,
forearm circumference, grip strength, Tr and TcVO2mus
for each of the IMM and IMM+TRN. Standard of significance was established as an uncertainty of less than 5% (p
< 0.05) and an uncertainty of less than 1% (p < 0.01).
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Figure
a. Schematic
1 representation of VO2 mus and typical changes in muscle oxygenated Hb/Mb
a. Schematic representation of VO2 mus and typical changes in muscle oxygenated Hb/Mb. Schematic representation of VO2mus and typical changes in muscle oxygenated Hb/Mb at rest, during exercise, and recovery. VO2mus was calculated from the rate of the decline of the oxygenated Hb/Mb during arterial occlusion at rest (Slope rest) and recovery period
(Slope recovery). b. Typical kinetics of VO2 mus recovery after exercise. Typical kinetics of VO2mus recovery after
exercise. Time constant for this subject was 55.8 s (pre) → 54.7 s (post).
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Figure 2to determine muscle oxygenation level and Tr
Method
Method to determine muscle oxygenation level and Tr. Method to determine muscle oxygenation level and Tr, the
time required to reach the value halfway between the muscle oxygenation level immediately after exercise and that at peak
hyperemia during recovery. The m-O2 value during exercise was defined as the minimum relative oxygenation level during
exercise.

Results
The results of the measurements for the CON, the IMM
and the IMM+TRN before and after immobilization are as
shown in Table 1. For all measurements made before
immobilization, there was no significant difference
observed among CON, IMM and TRN. No significant differences were found in variables after the 21 day period in
the CON. In the IMM, TcVO2mus following immobilization was found to be significantly longer (from 59.7 ± 5.8
to 70.4 ± 5.8 second, p < 0.01) than before immobilization. For the IMM+TRN, TcVO2mus was significantly
shorter (from 78.3 ± 6.2 to 63.1 ± 5.6 second, p < 0.05)
following the immobilization period. No significant difference was observed in Tr for either the IMM or
IMM+TRN. No significant difference was found in fore-

arm circumference for the IMM. However, a significant
difference was found for the IMM+TRN. This significant
change was an average of -3 mm, while the non-significant change for the IMM was an average of -2 mm.
At the absolute load, a trend of decrease in endurance
time (from 50.3 ± 2.0 to 40.5 ± 2.3 second, p = 0.05) was
found for the IMM. For the IMM+TRN, the decrease in
time was checked. At the relative load, no significant difference was found for the IMM, but a significant increase
in endurance time (from 46.3 ± 9.2 to 56.3 ± 5.2 second,
p < 0.05) was found for the IMM+TRN.
No correlation was found between TcVO2mus and grip
strength, between Tr and grip strength, or between Tr and
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Table 1: Results of measurements of Control group, IMM group and IMM+TRN group before and after immobilization. Data are
expressed as means ± S.E. Statistically significant differences from pre: *P < 0.05, **P < 0.01

TcVo2mus (sec.)

CON
IMM
IMM+TRN

Tr (sec.)

pre

post

pre

post

51.6 ± 4.7
59.7 ± 5.8
78.3 ± 6.2

56.8 ± 10.5
70.4 ± 5.8**
63.1 ± 5.6*

10.5 ± 3.2
9.8 ± 3.0
8.0 ± 1.4

7.7 ± 1.8
9.9 ± 3.2
7.2 ± 1.3

pre

post

pre

post

44.3 ± 2.0
40.6 ± 2.1
44.9 ± 2.4

44.7 ± 2.7
34.3 ± 2.3**
37.5 ± 2.7**

25.8 ± 0.5
25.0 ± 0.3
26.3 ± 0.7

25.7 ± 0.4
24.8 ± 0.3
26.0 ± 0.6*

grip strength (kg)

CON
IMM
IMM+TRN

pre
CON
IMM
IMM+TRN

52.2 ± 2.3
50.3 ± 2.0
46.3 ± 3.8

pre
CON
IMM
IMM+TRN

52.3 ± 5.1
50.3 ± 4.9
46.3 ± 9.2

arm circumferences (cm)

duration of grip exercise <absolute load> (sec.)
post
49.2 ± 2.7
40.5 ± 2.3
47.8 ± 4.8

P = 0.05

duration of grip exercise <relative load> (sec.)
post
49.1 ± 5.9
47.5 ± 11.3
56.3 ± 5.2*

grip exercise endurance time. However, a negative correlation trend (for absolute load, r = 0.55; p = 0.07, and for
relative load, r = 0.57; p = 0.05.) was found between the
change of TcVO2mus and the change of grip exercise
endurance duration (Figure 3, 4).

Discussion
In this research, an average decrease of 18% in TcVO2mus
of forearm skeletal muscle was confirmed by the use of
NIRS in subjects after a 21-day upper limb cast immobilization to simulate inactivity. Furthermore, a brief training
program has been shown to prevent a decline in oxidative
function due to cast immobilization. TcVO2mus, as stated
previously, has been proved in previous research to be
correlated with TcPCr as measured by MRS [14], and it has
been shown by the current research that TcVO2mus would
be a useful index for evaluating muscle oxidative function
in a clinical setting.
Upper limbs have less muscle mass in comparison to
lower limbs, and as upper limbs are not weight-bearing,
atrophy due to immobilization is difficult to observe. Due
to this difficulty, while there is previous research on the
immobilization of lower limbs [20,21] and IMM+TRN of

the lower limbs [22-24], there are in comparison fewer
such reports on upper limbs. Therefore, obtaining results
like those stated above can be considered most significant.
A decrease in grip strength following immobilization was
observed for both IMM and IMM+TRN. Muscle oxidative
function was found to have decreased in IMM following
immobilization. For the IMM+TRN, a trend of increasing
muscle oxidative function was observed after
immobilization. However, when compared to changes in
skeletal muscle function, changes in muscle morphology
as supposed from the circumference measurement were
smaller, and in the case of the IMM, there was no significant change. Among reasons for this result, first it should
be considered that the immobilization region was an
upper limb, a region of comparatively less muscle mass.
Additionally, it has been reported in previous research
that while muscle cross-section area decreased by 1.9%
following cast immobilization of the forearm, muscle
power decreased in greater amounts, 29.3% for extension
and 32.5% for flexion [25]. So it should be considered
that the significant change of muscle oxidative function in
this current research, in the absence of observed muscle
morphology, may be caused by change in the nervous system, for example change in structures of nerve endings
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3
The relationship
between the changes of TcVO2 mus and grip exercise duration time (absolute load)
The relationship between the changes of TcVO2 mus and grip exercise duration time (absolute load). Representation of the relationship between changes over the course of immobilization in TcVO2mus and grip exercise duration time
(absolute load). A correlative trend (r = 0.55, p = 0.07) was observed between the two.

and neuromuscular junctions [26]. Furthermore, in
research that placed lower limbs in a non-load bearing
state, it has been reported that qualitative changes such as
changes in muscle fiber type were more remarkable than
quantitative changes in muscle fiber size and number
[20]. From this result it can be thought that qualitative
changes may precede quantitative changes in inactive
skeletal muscle.
The general influence of inactivity due to immobilization
on the structure and function of skeletal muscle can be
found, as stated above, in change in muscle morphology
(atrophy) or in change (decrease) in muscle function. It is
held that changes in skeletal muscle morphology and
function in conjunction with inactivity are more pronounced in continuous tension, slow-twitch muscle fibers

(type I), like those responsible for maintaining posture,
than in comparatively high strength, intermittently and
repetitively contracting fast-twitch fibers (type II) [27]. It
has been also reported that, independent of muscle fiber
type, large size muscle fibers are more easily influenced by
inactivity [26]. In previous research utilizing muscle
biopsy, decrease in activity of oxidative enzymes [28-34],
change in composition of muscle fiber type [35,36] and
the accompanying damage to protein synthesis [37] have
all been found due to cast immobilization. These changes
are possible factors of influence on muscle oxidative function. Skeletal muscle energy metabolism is also affected
by inactivity, giving rise to increased levels of glycolytic
enzyme activity. Mitochondria, responsible for a large role
in the synthesis of ATP, the energy source for muscle contraction, are known to suffer decreases in enzyme activity
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The
relationship
between the changes of TcVO2 mus and grip exercise duration time (relative load)
The relationship between the changes of TcVO2 mus and grip exercise duration time (relative load). Representation of the relationship between changes over the course of immobilization in TcVO2mus and grip exercise duration time
(relative load). A correlative trend (r = 0.57, p = 0.05) was observed between the two.

and mitochondria volume per cell due to inactivity [38].
This in turn leads to a decline in muscle endurance and
causes fatigue to occur more easily. It is thought that the
decline in muscle function due to immobilization in this
research occurred by this mechanism.
Tr, as a measure to evaluate muscle oxidative function,
was measured before and after immobilization in this
research and the values were compared. No significant
change was found for either the IMM or the IMM+TRN, a
departure from the result reported in previous research
[13] discussed above. Tr reflects the recovery of oxygen
supply and consumption following the completion of
exercise and is known to be related to the recovery of PCr
[10]. It has been reported that recovery of muscle oxygenation level following exercise in lower leg muscles of

peripheral vascular disease (PVD) patients is lengthened
by a decrease in oxygen supply due to inhibition of blood
flow [39-41]. Thus, Tr is considered a reflection of blood
flow and a useful index not restricted in application only
to the evaluation of oxidative function in skeletal muscle.
Furthermore, Tr values in this research (7–12 seconds) are
quite fast in comparison to PCr recovery, which should be
similar to the Tcmus values (60 seconds). This supports
the idea that Tr reflects oxygen delivery rather than oxidative metabolism. Blood flow was not measured in detail in
the current research. However, we suppose that the lack of
change of Tr in this research suggests that no changes in
blood flow or oxygen delivery were seen with
immobilization.
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Moreover, it has also been reported that there is no correlation between oxidative function in skeletal muscle and
Tr measured locally following exercise [42]. As in the current research, in the case that influence is anticipated on
both intra-muscle oxygen supply and oxygen consumption due to decline in skeletal muscle oxidative function
brought about by immobilization, it is difficult to interpret Tr as an index. Thus, although Tr measurement does
not require arterial occlusion and is suited to clinical use,
its use as an index in this research requires further study.
It is unclear how much pH decreased due to the protocol
in this research, but previous research has demonstrated
that Tr, unlike Pcr recovery, is not influenced by muscle
PH [10]. Thus, PH changes are not a reason to discount
the Tr measurement.
Concerning the difference of oxidative capacity between
dominant and non-dominant arms, previous research has
demonstrated that muscle oxidative capacity is higher in
the dominant arm than in the non-dominant arm [43]. In
this research, there was no significant difference found
between TcVO2mus measurements of non dominant and
dominant arms. However, a trend not quite reaching the
level of significant difference was found in the shortening
of TcVO2mus for the dominant arm.
Past research has reported on a program of 30%MVC, 1
repetition per second, grip exercise carried out five sessions per week for six weeks and the correlation found
between Pi/PCr and grip exercise endurance time [19]. In
this study we found a close correlation between the
change in endurance performance and the change in
TcVO2mus for both absolute workload and relative workload. We confirmed that grip exercise performance at 30%
MVC, 1 repetition per second is associated with oxidative
function. In the current research, exercise training was performed at the same intensity and same cadence as in the
previous research, but the frequency of training sessions
was changed to twice a week to reduce the burden on the
subjects. As a result, while previous research reported an
average change of +39% in the absolute load grip exercise
endurance time following training, in this research an
average change of +3% (absolute load) was found for the
IMM+TRN. An average change in grip exercise endurance
time of -19.5% (absolute load) was found for the IMM.
For relative load, no significant difference was observed in
the IMM; an average change of +21.5% in grip exercise
endurance time was observed for the IMM+TRN. Thus, the
preventative effect of the training program on the decrease
in grip exercise endurance time due to immobilization
was recognized. While the training method carried out in
the previous research was found to have a training effect
on endurance-type exercise such as grip exercise endurance time, there was no such training effect found to
increase MVC. In this research as well, it was not possible
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to check the decline in grip strength caused by immobilization through the training program. It is thought that
training at 70% MVC or greater is required to stop decline
in MVC.
As this research was carried out with healthy adult men as
subjects, it is recognized that consideration of healthy
strength and training of areas unaffected by bone fracture
is necessary in regard to patients with real broken bones.
However, it is possible to view the preventative effect of
training, as described in this research, on the decline in
endurance-type skeletal muscle function in long-term bed
hospitalization with hope. In this research, the exercise
protocol was only a protocol for bringing about an
increase in the oxidative function of the forearm, but in
the future, using NIRS, we will reconsider a training protocol that includes not just upper limbs but lower limbs as
well, a training protocol that can maintain not only oxidative function but also MVC.
The number of subjects for the current research was a limitation and increasing the number of subjects is a concern
worthy of future investigation. In addition, in future
research it is likely that the scale of changes in skeletal
muscle function can be further clarified through the extension of the immobilization period or through performing
measurements several days or weeks following the end of
the cast immobilization.

Conclusion
In this research, we were able to use NIRS to monitor the
decrease in skeletal muscle function due to immobilization and the effect of training on the decrease both noninvasively and conveniently. MRS, held as the gold-standard in the measurement of muscle metabolism, is
restricted in use due to large size and high cost. As used in
this research, NIRS is compact and easy to use, even portable. It is thought to be useful for the non-invasive monitoring of changes in muscle function due to the cast
immobilization of broken bones and long-term bed hospitalization, among other uses.
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