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Cortical tissue oxygenation during static handgrip
exercise and postexercise muscle ischemia
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Abstract

The present study examined the time course of cerebral oxygenation in
sensorimotor (SM) and prefrontal (PF) cortices during right hand exercise and
postexercise muscle ischemia by near-infrared spectroscopy (NIRS). Fourteen
healthy volunteers performed a 3-min sustained handgrip exercise (SHG) fol-
lowed by a 6-min recovery period (Control). Subjects also underwent the ex-
periment of postexercise muscle ischemia (PEMI) experiment in which arterial
blood flow in the right upper arm was arrested immediately after SHG. The
oxygenated hemoglobin (oxyHb), deoxygenated hemoglobin (deoxyHb) and
total hemoglobin (totalHb) were measured from the left PF and SM areas by
NIRS. Mean arterial blood pressure (MAP) and heart rate were simultaneously
measured by a Finometer and ECG recordings. During SHG, the oxyHb and
totalHb increased significantly from preexercise levels in PF and SM with a re-
ciprocal decrease in deoxyHb. The time course of oxyHb and totalHb was simi-
lar to that observed in the MAP responses during SHG. After SHG, the oxyHb
and totalHb sustained the increased levels during PEMI in both PF and SM
whereas those in Control returned to the preexercise level. These results sug-
gested a significant increase in the regional cerebral blood flow resulting from
neuronal activation in both PF and SM during SHG and PEMI.

Key words: near-infrared spectroscopy sensorimotor cortex, prefrontal cortex,
regional blood flow

Kleinschmidt et al. 1996 ; Rostrup et al. 2002).

Introduction

It is widely accepted that the increase of arte-
rial inflow couples with the increased meta-
bolic demand due to neuronal activation in the
cerebral tissues (Fox & Raichle 1986 ; Hoshi et al.
2001 ; Huppert et al. 2006 ; Kato et al. 1993;

Positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI) tech-
niques have directly demonstrated increases in
regional cerebral blood flow over cortical areas
such as sensorimotor (SM) and prefrontal (PF)
cortices during motor tasks (Benwell et al. 2005 ;
Friedman et al 1991 ; Fox and Raichle 1996 ; Kato
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et al. 1993 ; Liu, et al. 2003) ; however, these
techniques do not allow the time courses of cor-
tical oxygenation during sustained handgrip
exercise. Near infrared spectroscopy (NIRS)
can provide a non-invasive and continuous
measurements of cerebral oxygenation during
exercise. This technique is based on the differ-
ential absorption properties of chromospheres
in the near infrared region, i.e. between 700
and 1000 nm. The validity of NIRS in evaluat-
ing changes of cerebral oxygenation and blood
volume has been established under a variety of
experimental conditions including : jugular
bulb venous oxygen saturation which is consid-
ered an index of mixed cerebral oxygenation
(Pollard et al. 1996), blood oxygen level depend-
ent (BOLD) changes measured by functional
MRI (Kleinschmidt et al. 1996).

Doppler ultrasound measurements of mean
flow velocity in the middle cerebral artery
(MCA) revealed a significant increase of flow
velocity in MCA during static and rhythmic
handgrip exercise (Ide et al. 1998 ; Giller et al.
2000 ; Pott et al. 1997 ; Sadamoto et al. 2005), The
blood volume flow in internal carotid artery
(ICA), locating in the upstream artery of MCA,
also increased from the preexercise resting
level during static handgrip exercise (SHG) in
our previous study (Pott et al. 1997 ; Sadamoto et
al. 2005). In addition, these increases in arterial
inflow of MCA and ICA were shown to be sus-
tained during postexercise muscle ischemia
(PEMI) (Sadamoto et al. 2005). However, we do
not know the time course of cerebral oxygena-
tion during SHG and PEML. In addition, it has
not yet been identified where the increased ar-
terial flow directed to the cerebral tissues.
Thus, a limitation of the previous finding was
no identification of the localized cerebral oxy-
gen status in the brain. Neurophysiologic stud-
ies with transcranial magnetic stimulation

(Gandevia et al. 1996) and fMRI (Benwell et al.
2005 ; Fox and Raichle 1996 ; Kato et al. 1993 ; Liu,
et al. 2003) and PET (Friedman et al. 1991) stud-
ies indicated cortical activation in SM and PF
areas during sustaining handgrip contraction.

From these considerations, the present study
is designed to examine the time course of the
regional oxygenation in PF and SM areas in
cortices during SHG and PEMI by using NIRS
technique.

Methods

Subjects.

The fourteen female volunteers whose mean
age was 21 +0.2 yr participated in the present
study. Their average weight and height and
maximum voluntary contraction of handgrip
were 56 =2 (SD) kg, 159+2 cm, and 32.2+1.2
kp, respectively. None had any significant
medical problems, and all were considered to
have normal cardiovascular functions on the
basis of normal medical history and physical
examinations. All subjects gave informed writ-
ten consent to participate in this study before
the start of experiments. Volunteers abstained
from caffeine for 18 hours before the study. All
subjects were familiarized with the testing ap-
paratus of experiments. The aim and protocols
in the present study were approved by the
Guiding Principles for Human Studies of Ethi-
cal Committee in the Japan Women's College of
Physical Education”.

Study protocols.

Experimental protocol followed our previous
study in which arterial flow velocity of MCA
and blood flow volume of ICA was determined
by ultrosonogrphy (Sadamoto et al. 2005). The
subjects reported to our laboratory on three
days for control and occlusion experiments

separated by 2-7 days. All experiments were
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conducted in a well-ventilated laboratory regu-
lated at 24 =1C. On the first day, the subject
performed maximum voluntary contraction
(MVC) of handgrip of the right hand. The MVC
was determined as the highest value of three
trials of 3s. Thereafter, subjects practiced to sus-
tain handgrip exercise used in the present
study and experienced measurements of NIRS.
On the second or third day, control (CON) or
occlusion (OCCL) experiment was conducted.
Subjects rested in a sitting position for 10-15
min while preexercise baseline levels of all pa-
rameters were measured. Then, the subject per-
formed a sustained handgrip exercise (SHG)
with a ramp load increasing from 10% to 30%
of MVC for 3 min followed by a 6-min recovery
period in CON experiment. After 20- to 30-min
rest, OCCL experiment was conducted. The
subject performed the same exercise and arte-
rial blood flow in the right upper arm was ar-
rested for 3 min in the recovery period. The
postexercise muscle ischemia (PEMI) was initi-
ated by inflating a previously placed arm cuff
to 250 mmHg immediately before the handgrip
exercise was ended. The target force, ramp load
from 10 to 30% MVC, was displayed on a
cathode-ray tube display placed in front of the
subject. The subject could easily adjust the gen-
erating force to the target force during SHG be-
cause of the practice done on the first day.
Near-infrared spectroscopy (NIRS).

We used an NIRO-300 spectrometer (Hama-
matsu Photonics, Hamamatsu) to monitor oxy-
genated (oxyHb), deoxygenated (deoxyHb),
and total hemoglobin (totalHb) in the left pre-
frontal (PF) area. The method is explained else-
where in detail (Cope and Delpy 1988). The
multi-channel NIRS topography system (OMM
3000, Shimazu, Kyoto) was also used to moni-
tor oxyHb, deoxyHb, and totalHb in the left

sensorimotor (SM) area, of which optodes

Measurement sites for cerebral tissue

Fig. 1
oxygenation
Near-infrared spectroscopy (NIRS) probes
were placed at left prefrontal [F (L)] and left
sensorimotor areas (9-11-12-14) according to
the international 10-20 system for EEG elec-
trode placement.

placed tightly on the skull using a holder cap
fabricated from custom-made thermoplastic
resin (Fig. 1). The center of the 4 light source
optodes was located in the C3 portion which
was determined according to 10-20 system for
EEG. Four light sources (No 9, 11, 12, 14)
around one detector optode (C 3) were placed
of which interoptode distance was set to 3.0
cm.

Cardiovascular measurements.

Mean arterial blood pressure (MAP) was re-
corded continuously from the third finger on
the left arm by non-invasive plethysmography
with a Finometer (Finapres Medical Systems
BV, Amsterdam). Electrocardiogram (ECG)
was recorded continuously through lead II (68
M2, NEC-Sanei, Tokyo). A force transducer
(Kyowa-Dengyo, Tokyo) was used to measure
the force of muscle contractions. The analog

data of the Finometer, HR, and muscle force
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were continuously recorded on a computer
hard disk through a 16-bit A/D board with a
sampling rate of 100 Hz (Arco-10, Arcosystem,
Chiba), and later fed to calculation for the beat-
to-beat systolic (SAP) and diastolic arterial
blood pressure (DAP) and heart rate (HR).
Mean arterial blood pressure (MAP) was calcu-
lated from the equation of (SAP-DAP)/3+
DAP.

Data treatment and statistical analysis.

The average of HR, MAP, and oxyHb, de-
oxyhb, and totalHb obtained for 3 min before
start of exercise during rest was defined as the
preexercise level for each parameter. The con-
tinuous data in these variables were averaged
for every 10s during SHG as well as PEMI and
used for the following statistics. A two-way
analysis of variance with repeated measures
was used to see the effect of time and experi-
mental condition for HR, MAP, oxyHb, de-
oxyHb, and totalHb. When a significant F-
value in the main effects and/or in the interac-
tion effect (time x experimental condition),
Dunnett's post hoc test was applied to see
whether the average at individual time was sig-
nificantly different from the preexercise level.
Similarly, Turkey's post hoc test was used to see
a significant difference between CON and
OCCL experiments in the average at individual
time. Data are presented as means*SD. The
level of significance was set at P<0.05.

Results

Fig. 2 shows time courses in HR and MAP
during SHG and PEMI averaged from 14 sub-
jects in CON and OCCL experiments. During
SHG, HR increased significantly from the pre-
exercise level in CON and OCCL whereas the
OCCL, performed after CON experiment,
showed rather a higher increase than CON. Af-

ter the end of SHG, HR in both CON and
OCCL returned quickly to the resting level and
the level of OCCL was also higher than that of
CON. MAP began to increase approximately
30s after the onset of SHG and then progres-
sively increased till the end of SHG in both
CON and OCCL. After SHG, the MAP in CON
rapidly returned to the preexercise level while
MAP in OCCL sustained a higher level during
PEMI. Statistical difference was observed in
MAP between CON and OCCL during PEML

Figs. 3-5 represents, respectively, the time
courses in oxyHb, deoxyHb and totalHb ob-
tained from the left PF and SM areas. In PF
area, the oxyHb (Fig. 3) during SHG showed a
gradual and apparent increase in both CON
and OCCL from 30 s after the onset of SHG to
the end of SHG. The time course of increase in
oxyHb in CON and OCCL followed a similar
pattern of the increase in MAP (Fig. 2). The in-
crease in oxyHb during SHG was accompanied
by a slight decrease in deoxyHb (Fig. 4) in both
CON and OCCL. Thus the time course of de-
oxyHb showed a reciprocal change of oxyHb
during SHG. The totalHb (Fig. 5) showed a sig-
nificant increase resulting from the significant
increase in oxyHb and the slight decrease in
deoxyHb in both CON and OCCL. Similar time
courses in oxyHb, deoxyHb and totalHb in PF
area was observed in SM areas (no 9, 11, 12, 14
in Figs. 3-5) that there was a significant in-
crease in oxyHb and totalHb with a slight de-
crease in deoxyHb in response to SHG.

During PEMI in CON, the oxyHb in PF area
returned to the preexercise level (Fig.3),
whereas the oxyHb in OCCL sustained a
higher level during PEMI, resulting a signifi-
cant difference between CON and OCCL in the
oxyHb in PF area. The deoxyHb in PF area
(Fig. 4) showed a reciprocal change in oxyHb,
showing a significantly lower deoxyHb in
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Fig. 2 Cardiovascular responses to static handgrip exercise (SHG) and postexercise
muscle ischemia (PEMI) in control (CON) and occlusion (OCCL) experiments.
Values are mean+SD in 14 subjects. HR, heart rate: MAP, mean arterial blood pres-

sure ; %, * %, significant main effect of experiments obtained in analysis of vari-
ance ; #, # # #, significant interaction effect of experiment x time obtained in
the analysis of variance ; T ; significant difference in mean values between CON

and OCCL obtained in post hoc test.

OCCL than that in CON during PEMI. The to-
talHb in PF area (Fig. 5), therefore, followed a
similar pattern in the change of oxyHb. In SM
area (channel no 9, 11, 12, 14) during PEMI, the
oxyHb and totalHb in CON returned to preex-
ercise levels, whereas the deoxyHb in CON
sustained the slightly lower level as seen dur-
ing SHG (Fig. 4). On the contrary, the oxyHb
and totalHb in OCCL sustained a higher level
during PEMI with a decrease in deoxyHb as
similarly seen during SHG. Thus, there was a
significant difference in oxyHb and totalHb be-
tween CON and OCCL during PEMI, whereas
there was no difference in deoxyHb between
CON and OCCL in SM area.

Discussion

This study found a significant increase in
oxyHb and totalHb during SHG with a recipro-
cal decrease in deoxyHb over the PF and SM
areas, indicating that SHG activated PF and SM
areas in the cortex. These findings agreed with
the report that neuronal activation in the brain
induced an increase in both oxyHb and totalHb
with a slight decrease in deoxyHb, (Bhambhani
et al. 2006 ; Colier et al. 1999 ; Hoshi et al. 2001 ;
Hoshi and Tamura 1993 ; Obrig et al. 1996;
Quaresima et al. 2004).

One may explain that the increase in oxyHb
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Fig. 3 Changes in oxygenated hemoglobin (OxyHb) in the left prefrontal and sen-

sorimotor cortices during static handgrip (SHG) and postexercise muscle ischemia
in control (CON) and occlusion (OCCL) experiments.
Values are mean+SD in 14 subjects. F (L) : the left prefrontal area, 9, 11, 12, 14 ;
the left sensorimotor areas, * | significant main effect of experiments obtained in
the analysis of variance, # #, # # # | significant interaction effect of experiment
x time obtained in the analysis of variance, T ! significant difference in mean val-
ues between CON and OCCL obtained in post hoc test.
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Fig. 4 Changes in deoxygenated hemoglobin (DeoxyHb) in the left prefrontal and
sensorimotor cortices during static handgrip (SHG) and postexercise muscle ische-
mia in control (CON) and occlusion (OCCL) experiments.
Values are mean+SD in 14 subjects. F (L) : the left prefrontal area, 9, 11, 12, 14 ; the
left sensorimotor areas, *, significant main effect of experiments obtained in the
analysis of variance, # # # | significant interaction effect of experiment x time ob-

tained in the analysis of variance, T significant difference in mean values between
CON and OCCL obtained in post hoc test.
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Fig. 5 Changes in total hemoglobin (Total Hb) in the left prefrontal and sensori-

motor cortices during static handgrip (SHG) and postexercise muscle ischemia in
control (CON) and occlusion (OCCL) experiments.
Values are mean+SD in 14 subjects. F (L) ; the left prefrontal area, 9, 11, 12, 14 ;
the left sensorimotor areas, *, * * ;| significant main effect of experiments ob-
tained in the analysis of variance, ¥ #, # # # | significant interaction effect of ex-
periment x time obtained in the analysis of variance, T : significant difference in
mean values between CON and OCCL obtained in post hoc test.
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and totalHb during SHG was caused by an in-
creased perfusion pressure during SHG since
the time courses in oxyHb and totalHb were
similar to those in MAP responses and further
there was a report that diastolic blood pressure
during posture change affect the frontal cortical
oxygenation (Mehagnoul-Schipper et al. 2003).
However, the cerebral autoregulation was ef-
fective during exercise to counteract pressure
changes over the wide range of MAP from 50—
60 to 150-175 mmHg (Lassen 1959 ; Scheinberg
1949), it was, therefore, unlikely that the in-
creased oxyHb and totalHb was byproduct of
the increased MAP.

Alternatively, a likely explanation is that the
increase in oxyHb and totalHb during SHG
was due to the increase in regional cerebral
blood flow resulting from neuronal activation
in PF and SM areas during SHG. The reciprocal
responses observed between oxyHb and de-
oxyHb in our data indicated an overcompen-
sated increase in blood flow in relative to the
oxygen demand for the neuronal activation
(Fox & Raichle 1986 ;). The increases in oxyHb
and totalHb accompanying with a decrease in
deoxyHb were widely accepted to be observed
in the activated areas in the brain (Fox & Raichle
1986 ; Hoshi et al. 2001 ; Huppert et al. 2006 ; Kato
et al. 1993 ; Kleinschmidt et al. 1996 ; Rostrup et al.
2002). Neurophysiologic studies with transcra-
nial magnetic stimulation (Gandevia et al. 1996)
and fMRI (Benwell et al. 2005 ; Liu, et al. 2003)
and PET (Friedman et al. 1991) studies also sup-
ported the significant activation in SM and PF
areas during sustaining handgrip contraction.
In addition, the blood flow data obtained in
MCA (Ide et al. 1998 ; Giller et al. 2000 ; Pott et al.
1997 ; Sadamoto et al. 2005) and/or flow volume
in ICA (Pott et al. 1997 ; Sadamoto et al. 2005)
supported to the aforementioned explanation.
Taken together, we considered that SHG pro-

duced the increase in cerebral tissue flow in PF
and SM areas resulting from neuronal activa-
tion.

During PEMI, there were significant in-
creases in oxyHb and totalHb in both PM and
SM areas whereas those in CON returned to
the preexercise level, suggesting that PEMI
produced neuronal activation due to the upper
arm occlusion and thereby the increase of re-
gional blood flow in PM and SM areas during
PEML. It has been well known that PEMI acti-
vates muscle unmyelinated afferent nerves in
the skeletal muscle, group III (A8 fiber) and IV
(C-fiber) fivers, and these afferent nerves are
known to play a major role in regulating the
cardiovascular response during exercise as
muscle metaboreflex (cf. Mitchell, 1990). The
stimulation in the IIl and IV afferents were
found to produce a significant activation in bi-
lateral SM cortex, pre-supplementary motor
area (Qiu et al. 2004 ; 2006 ; Tran et al. 2002) and
premotor cortex (Casey, 1999) and PF cortex
(Casey, 1999 ; Svensson P et al. 1997). From these
results, we considered that the increase in
oxyHb and totalHb was produced by neuronal
activation originating from the stimulation of
the group III and IV afferents in the occluded
upper arm muscles.

The meaning of data obtained from NIRS is
in still under discussion. In particular, whether
the NIRS signals reflect the intracerebral blood
volume of pial and/or, probably, also blood
volume of more superficial circulation. The
spatial resolution and cerebral penetration
depth are also limited in NIRS measurements.
Therefore, further studies are needed to exam-
ine the reasonability of the present study.

In conclusion, the present study provided the
time course of cerebral oxygenation in sensori-
motor (SM) and prefrontal (PF) cortices during
static handgrip exercise (SHG) and postexercise
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ischemia (PEMI),
infrared spectroscopy. A significant increase in

muscle using by near-

the regional cerebral blood flow indicated the
neuronal activation in both PF and SM during
SHG and during PEML

Acknowledgements : The authors are very grateful to

References

Ms. Horikiri, ]. and Ms. Yokoyama, M. for data collec-
tion and statistical analysis. The study was supported
by “Academic Frontier” Project for Private Universi-
ties : matching fund subsidy from MEXT (Ministry of
Education, Culture, Sports, Science and Technology in
Japan) 2004-2008.

Bhambhani, Y., Maikala R, Farag, M., and Rowland, G. : ] R.R.D. 43 : 845-856, 2006.
Benwell, N.M., Byrnes, M.L., Mastaglia, F.L., and Thickbroom, G.W. : Primary sensorimotor cor-
tex activation with task-performance after fatiguing hand exercise. Exp. Brain Res. 167 :

160-164, 2005.

Casey, K.L. : Forebrain mechanisms of nociception and pain : analysis through imaging. Proc.

Natl. Acad. Sci. USA. 96 : 7668-7674, 1999.

Colier, W.N_].M., Quaresima, V., Oeseburg, B., and Ferrari. M. : Human motor-cortex oxygena-
tion changes induced by cyclic coupled movements of hand and foot. Exp. Brain Res.

129, 457-461, 1999.

Cope, M. and Delpy, D.T. : A system for long-term measurement of cerebral blood and tissue
oxygenation in newborn infants by near infrared transillumination. Med. Biol Eng Com-

put 26 : 289-294, 1988.

Fox, P.T., and Raichle, M.F. : Focal physiological uncoupling of cerebral blood flow and oxida-
tive metabolism during somatosensory stimulation in human subjects. Proc. Natl. Acad.

Sci. USA 83 : 1140-1144, 1986.

Friedman, D.B., Friberg, L., and Mitchell, |.H. and Secher, N.H. : Effect of axillary blockade on re-
gional cerebral blood flow during static handgrip. J. Appl. Physiol. 71 : 651-656, 1991.
Gandevia, S.C. Spinal and supraspinal factors in human muscle fatigue. Physiol. Rev. 81,

1725-1789, 2001.

Giller, C.A., Giller, A.M., Cooper, C.R., and Hatab, M.R. : Evaluation of the cerebral hemody-
namic response to rhythmic handgrip. J. Appl. Physiol. 88 : 2205-2213, 2000.

Hoshi, Y. and Tamura, M. : Dynamic multichannel near-infrared optical imaging of human
brain activity. J. Appl. Physiol. 75 : 1842-1846, 1993.

Hosh, Y., Kobayashi, N., and Tamura, M. : Interpretation of near-infrared spectroscopy signals :
a study with a newly developed perfused rat brain model. J. Appl. Physiol. 90 : 1657~

1662, 2001.

Huppert, T.J., Hoge, R.D., Diamond, S.G., Franceschini, M.A., and Boas, D.A. : A temporal com-
parison of BOLD, ASL, and NIRS hemodynamic responses to motor stimuli in adult hu-

mans. Neurolmage 29 : 368-382, 2006.

Ide, K., Pott, F., Van Lieshout, |.]., and Secher, N.H. : Middle cerebral artery blood velocity de-
pends on cardiac output during exercise with a large muscle mass. Acta Physiol. Scand.

162 : 13-20, 1988.

Jobsis, F.F. : Noninvasive, infrared monitoring of cerebral and myocardial oxygen sufficiency
and circulatory parameters. Science 198 : 1264-1267, 1977.

Kato, T., Kamei, A., Takashima, S., and Ozaki, T. : Human visual cortical function during photic
stimulation monitoring by means of near-infrared spectroscopy. ]. Cereb. Blood flow

Metab. 13 : 516-520, 1993.

Kleinschmidt, A., Obrig, H., Requardt, M., Merboldt, K.D., Dirnagl, U., Villringer, A. and Fraham,
J. : Simultaneous recording of cerebral blood oxygenation changes during human brain



Cortical tissue oxygenation during static handgrip exercise and postexercise muscle ischemia

activation by magnetic resonance imaging and near-infrared spectroscopy. ]. Cereb.
Blood Flow Metab. 16, 817-826, 1996.

Lassen, N.A. : Cerebral blood flow and oxygen consumption in man. Physiol Rev 39 : 183~
238, 1959.

Liu, JZ., Shang, Z.Y., Zhang, L.D., Sahgal, V., Brown, R.W. and Yue, G.H. : Human brain activa-
tion during sustained and intermittent submaximal fatigue muscle contractions: An
fMRI study. J. Neurophysiol. 90 : 300-312, 2003.

Mehagnol-Schipper, D.]., Vioet, L.C.M., Colier, W.N.].M., Hoefnagels, W.H.L., and Jansen, R W.M.
M. : Cerebral oxygenation declines in healthy elderly subjects in response to assuming
the upright position. Stroke 31, 16151620, 2000.

Mitchell, J.H. : Neural control of the circulation during exercise. Med. Sci. Sports Exerc. 22:
141-154, 1990.

Obrig, H., Hirth, C., Junge-Hulsing, ].G. ,Doge, C., Wolf, T., Dirnagl, U., and Villringer, A. : Cere-
bral oxygenation changes in response to motor stimulation. J. Appl. Physiol. 81 : 1174~
1183, 1996.

Obrig, H., Wenzel, R., Kohl, M., Horst, S., Wobst, P., Steinbrink, |., and Villringer, A.: Near-
infrared spectroscopy : does it function in functional activation studies of the adult
brain? Int. J. Psychophysiol. 35 : 125-142, 2000.

Pott, F., Ray, C.A., Olesen, H.L., Ide, K., and Secher, N.H. : Middle cerebral artery blood veloc-
ity, arterial diameter and muscle sympathetic nerve activity during post-exercise muscle
ischemia. Acta Physiol. Scand. 160 : 43-47, 1997.

Pollard, V., Prough, D.D., Demelo, A.E., Deyo, D.]., uchida, T., and Stoddart, H.F. : Validation in
volunteers of a near infrared spectroscope for monitoring brain oxygenation in vivo.
Anesth. Analg. 82 : 269-277, 1996.

Qiu, Y., Noguchi, Y., Honda, M., Nakata, H., Tamura, Y., Tanaka, S., Sadato, N., Wang, X., Inui,
K., and Kakigi, R. : Brain processing of the signals ascending through unmyelinated C fi-
bers in humans : An even-related functional magnetic imaging study. Cerebral Cortex.
16 : 1289-1295, 2006.

Qiu, Y., Inui, K., Wang, X., Nguyen, B.T., Tran, T.D., and Kakigi, R. : Effects of distraction on
magnetoencephalographic responses ascending through C-fibers in humans. Clin. Neu-
rophysiol. 115 : 636-646, 2004,

Quaresima, V., Mottola, L., and Ferrari, M. : Effects of muscle exercise on prefrontal cortex oxy-
genation monitored by near infrared spectroscopy. In Annual report of Academic Fron-
tier Project at JWCPE 2004 (Ed : Kagaya, A.). pp 54-62, 2004.

Rostrup, E., Law, 1., Pott, F., Ide, K., and Knudsen, G.M. : Cerebral hemodynamics measured
with simultaneous PET and near-infrared spectroscopy in humans. Brain Res. 954, 183~
193, 2002.

Sadamoto, T., Moriyama, M., and Sato, K. : Cerebral blood flow responses during static exercise
and postexercise muscle ischemia (in Japanese). In Annual report of Academic Frontier
Project at JWCPE 2004 (Ed : Kagaya, A.), pp. 1622, 2005.

Scheinberg, P. and Stead, E.A. : The cerebral blood flow in male subjects as measured by the ni-
trous oxide technique, normal values for blood flow, oxygen utilization, glucose utiliza-
tion, and peripheral resistance, with observations on the effect of tilting and anxiety. J.
Clin. Invest. 28 : 11631171, 1949.

Svensson, P., Minoshima, S., Beydoun, A., Morrow, T.]., and Casey, K.L. : Cerebral processing of
acute skin and muscle pain in humans.]. Neurophyiol. 78 : 450-460, 1997.

Tran, T.D., Inui, K., Hoshiyama, M., Lam, K., Qui, Y., and Kakigi, R. : Cerebral activation by the
signals ascending through unmyelinated C-fibers in humans:a magnetoencephalo-
graphic study. Neuroscience 113 : 375-386, 2002.

11

(Received 2007, 10, 1)





