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Abstract
Exercise is proved to have impacts on cerebral hemodynamic changes. Cerebral hemodynamic changes

with exercise have been shown in an intensity-dependent from the mild intensity (about 40 % VO
2
max) during

a graded cycling exercise. However, its association with brain activation is still unknown. In this paper,
the relationship between hemodynamic and EEG-changes with exercise was examined at different intensities
from low to moderate. The regional cerebral blood volume (rCBV) and the brain waves were monitored
by using NIRO 300 and EEG simultaneously with exercise. Nine healthy volunteers performed a 10-minute
of cycling with 30-minute rest intervals at the intensity of 20 %, 40 % and 60 % VO

2
max. The EEG resulted

in a significant increase in their percentage changes of alpha at 20 % and 40 % VO
2
max and beta at 40 %

and 60 % VO
2
max. A significant positive correlation between rCBV and beta wave was also reported (r=0.53,

P < 0.01). These results show that changes in rCBV with exercise have a significant correlation with
high frequency brain wave and implicate that exercise-enhanced rCBV in the prefrontal cortex might
be associated with brain arousal.

Keywords: Electroencephalography (EEG), Near-infrared spectroscopy (NIRS), Prefrontal cortex, Regional
cerebral blood volume (rCBV), Brain arousal
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Introduction
Impacts of mental and physical tasks on regional

cerebral blood volume (rCBV) have been well stated
in both human and animals (1-3). An increase of CBV,
which exceeds a smaller increase in oxygen consumption,
occurs accompanying the cerebral activation (4). There
have been attempts to investigate the impacts of exercise
on brain function using various existing methods.
Previous studies reported that hemodynamic increases
varied with the exercise intensity (5,6). Incremental
cycling exercise was also found to enhance the rCBV
in the frontal cortex as monitored by near-infrared
spectroscopy (NIRS). The pattern of rCBV has been
shown in a threshold-like manner. An exercise at about
40 % VO

2
max, which is lower than of lactate threshold

level, has been designated to be the cerebral blood
volume threshold (CBVT) (6), suggesting a possible
role of mild exercise in enhancing CBV.

One of the widely used methods on monitoring
the human brain function is the electroencephalography
(EEG). The EEG used in studies on physical exercise
has been able to detect the changes in each brain
wave depending on the condition of exercise (7-8). Kubitz
& Mott (1996) found an increase in beta wave but
decrease in alpha wave at moderate intensity of cycling
exercise. In addition, Oda et al. (1999) reported that
after an intermediate exercise in water, the percentage
change of alpha wave increased. The results suggested
that high frequency or fast waves increased with
intensity. The arousal level, estimated from the analysis
of change in contingent negative variation (CNV) during
S1-S2 reaction time task, also altered as a function
of exercise intensity in an inverted-U relationship
(i.e., arousal level increased from low to moderate
intensity whereas decreased from moderate to high
intensities)(9). Although the EEG has been widely
used as a physiological indicator of brain activation
with a high temporal resolution, its spatial resolution

is very poor. NIRS, on the other hand, is a useful
noninvasive real-time monitoring tool for the tissue
oxygenation. It has a high temporal resolution in less
than one second (10). Combination the merits of each
instruments might explain clearer about the physiological
change phenomena, thus the synchronous multi-modal
imaging has been an increase in interest since the mid
1990s (11). Recently, The simultaneous NIRS-EEG
recording has been studied and suggested the usefulness
for correlating hemodynamic responses to neural
activity during right median nerve electrical stimulation
and in a simple functional activation in motor
cortex (12,13). It is of interesting to use NIRS-EEG
recording during the exercise session. We hypothesized
that hemodynamic changes would increase in parallel
with the high frequency brain waves. The purpose
of this study was to assess the association between
hemodynamic change and EEG activity (i.e., brain
waves) during low to moderate exercise intensity.
The hemodynamic change and EEG were
simultaneously monitored.

Materials and methods
Subjects
Nine students (8 male and 1 female, with

the average age of 25.7 ± 3.6 yrs, average weight
63.6 ± 7.8 kg, and average VO

2
max 48.6 ± 5.6 ml/kg/min:

mean ± SD) were recruited from the University
of Tsukuba. All participants were in good physical
and mental health conditions with no history of
any major psychiatric or neurological disorders.
None of them has a history of substance abuse, head
injury, or major physical illness and were not on
any psychotropic medications at the time of the study.
The study was approved by the Ethics Committee
for Research on Human Subjects of the University
of Tsukuba, according to standards established in
the Declaration of Helsinki.
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Experimental protocol
A few days prior to the exercise, maximal oxygen

consumption (VO
2
max) was determined during

a continuous graded exercise test on a cycle ergometer
(StrengthErgo 240, Mitsubishi, Japan). Subjects pedaled
without load for the first minute, and then the load
was increased by 15 watts per minute until they could
not keep the pedaling rate of 60 rpm longer than few
minutes, or they reached volitional exhaustion. Expired
gas was analyzed through an AE300S Aero Monitor
(Minato Medical Science Co., Ltd., Osaka, Japan)

The exercise protocol consisted of 7 minutes
of pre-exercise session, 10 minutes of exercise
session, and 2 minutes of post-exercise session.
Before the exercise session, the participants sat on
the cycle ergometer (StrengthErgo 240, Mitsubishi,
Japan) for 15 minutes while EEG electrodes, NIRO
300 optode, and a chest belt POLAR® heart rate
monitor were attached. The subjects were instructed
to close their eyes in pre-, during-, and post-exercise
session. Before and after the exercise, the subjects
were asked to sit quietly on the cycle ergometer for
adaptation. The subjects performed 3 sets of the exercise
at 20 %, 40 %, and 60 % of the VO

2
max with

30-minute rest between intensity consecutively in
the same day. A metronome was used to keep
the pedaling rate at 60 rpm. Chest belt POLAR® heart
rate monitor was administered to monitor heart
rate every minute throughout the session. The expired
gas was analyzed through the AE300S Aero Monitor
(Minato Medical Science Co., Ltd., Osaka, Japan).

Outcome measures
Cerebral oxygenation
The NIRO 300 (Hamamatsu Photonics,

Hamamatsu city, Japan) was used in this study. It uses
four wavelengths of near-infrared light at 775, 825,

850, and 904†nm, and the sensor contains a laser
diode and three detectors placed 4 or 5 cm from
the source of emitting light (14). The cerebral oxygenation
was defined as the changes in concentration of
oxyhemoglobin (O

2
Hb) and deoxyhemoglobin (HHb).

The position on the forehead, Fp1 according
to the international 10-20 system, was chosen from
the previous data which showed the highest tissue
oxygenation during graded cycling exercise with
the NIRS probe held in place with bandages and light
shielding tapes. The distance between the emitter
and the detector was 4-5 cm. Most of the cases we
used 5 cm, however, 4 cm of distance has been chosen
to obtain the good initialization in some subjects.
The O

2
Hb and HHb were monitored and obtained

at a sample rate of 6 Hz and recorded on-line using
custom-designed software (N300OL, Hamamatsu
Photonics, Japan) from pre- to post-exercise sessions
in all intensities. The changes in concentration of O

2
Hb

and HHb were calculated with respect to an arbitrary
zero baseline at the start of measurement. The O

2
Hb

change was calculated by compare the average of O
2
Hb

during 2 minutes before the exercise and 2 minutes
immediately after the exercise.

EEG
The EEG was recorded using surface Ag-AgCl

electrode (Electroencephalograph Model EEG 4314:
Nihon Kohden, Tokyo) at Fp1 according to the
international 10-20 system. The skin was cleaned with
alcohol and scrub gently with skinpure® to keep
the impedance below 5 kOhms. The recording electrode
was attached just next to the NIRO 300 optode,
whereas, the reference and the earth electrodes were
attached at the left ear lobe and the area between
eyebrows (frontal bone), respectively.  NIRS recording
was synchronized with EEG by external trigger.
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Data reduction / processing
Both EEG and NIRS signals were stored on

a magnetic tape and then converted into digital
data through an A/D converter installed in a personal
computer. The EEG signals were amplified and filtered
(0.24-29.7 Hz), then digitized at a sampling rate
of 128 Hz, and then recorded using data acquisition
program Sleepsign version 2.0 (Kissei Comtec,
Nagano). The mean power spectrum of delta
(0.24-3.91 Hz), theta (3.91-7.08 Hz), alpha
(7.08-12.94 Hz), and beta (12.94-29.79 Hz) bands
in every 10 second were analyzed by using Fast
Fourier transforms (FFT, Sleepsign). Six 10-s epochs
were taken at the sixth minute of pre-exercise
and the first minute of post-exercise to calculate
the percent change in each of exercise intensities.

Data analysis
The paired sample t-test was used to compare

the percentage change of EEG and O
2
Hb concentration

change at the post-exercise compared to the baseline.
The relationship between the O

2
Hb concentration

change and spectrum density power of each band
of the brain wave were analyzed using Pearson
correlation coefficients. The significance level was set
at P < 0.05.

Results
The rCBV at Fp1, as represented by the level of

O
2
Hb; 1.66 ± 2.25, 5.08 ± 2.96, and 8.73 ± 3.41 a.u.

in the exercise intensity at 20 %, 40 %, and 60 %
VO

2
max, respectively, showed a non-linear increase

with increasing intensity. The O
2
Hb was not increased

at the 20% VO
2
max intensity but increased significantly

at 40 % and 60 % VO
2
max (P < 0.01) (Figure 1).

Figure 1 The hemodynamic changes after exercise at 20 %, 40 %, and 60 % VO2max (1.66 ± 2.25,
5.08 ± 2.96, and 8.73 ± 3.41 a.u., respectively). Significant difference from pre-exercise,
** P-value < 0.01.

Figure 2 illustrated the power spectrum density
of EEG waves for the representative case (beta

wave at 60 % VO
2
max). The power spectrum as

a percentage change in all four EEG waves compared
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to baseline as shown in Table 1, increased significantly
in alpha wave at 20 % and 40 % VO

2
max whereas

increased in beta wave at 40 % and 60 % VO
2
max.

There was no significant change in delta and theta
waves. In addition, there was a significant positive
correlation between beta wave and rCBV at Fp1 area

(correlation coefficient, r = 0.53, P < 0.01) (Figure 3).
A positive correlation between alpha band and rCBV
at Fp1 also presented (r = 0.33, P = 0.05). The results
of hemodynamic change and EEG especially high
frequency brain waves showed similar way by increase
with the higher intensity of exercise.

Figure 2 The representative EEG power spectrum density of beta wave at 60 % VO
2
max of exercise intensity.

Grey line represents data in every second. Black line represents average data.

Table 1 The mean power spectrum of delta (0.24-3.91 Hz), theta (3.91-7.08 Hz), alpha (7.08-12.94 Hz),
and beta (12.94-29.79 Hz) obtained from at various intensities of cycling exercise as a percentage
compared to 100 % of baseline. Data were presented in mean ± SD. * P-value < 0.05.
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Figure 3 Scatter plot of percent change in O
2
Hb concentration vs percent change of EEG power spectrum

density immediately after 20 %, 40 %, and 60 % VO
2
max of exercise intensity. (A) Delta wave,

(B) Alpha wave, (C) Theta wave, and (D) Beta wave. Note; at left prefrontal area, beta wave
showed positive significant correlation with rCBV (as represented by O

2
Hb concentration), whereas

alpha wave showed mild to moderate positive correlation with rCBV.



89J Med Tech Phy Ther ë Vol.22 No.1 ë JANUARY-APRIL 2010

Discussion
The goal of this present study was to assess

the cortical activation as hemodynamic pattern change
at low to moderate exercise intensity. This was
accomplished by simultaneously using a noninvasive
hemodynamic imaging (oxygenation change) monitor,
NIRO 300, and electrophysiology monitor, the EEG.
The results showed that the hemodynamic response
increased with the increasing in exercise intensity.
To our knowledge, the present study is the first
attempt to correlate the hemodynamic response
with brain wave in a time-course pattern on various
exercise intensities.

Regarding the influence of skin blood flow
which may contaminate the NIRS signals, previous
studies (15,16) have been reported the minor effects
of skin blood flow on the NIRS-derived measurements.
In addition, we used a laser Doppler tissue flowmeter
(FLO-C1, Omegawave, Japan) to monitor the skin blood
flow at Fp2 during exercise. The data suggested
no significant influence of skin blood flow signal
on the NIR-derived signals (data not shown here).
These skin blood flow results provided supportive
data to shed light on the NIRO 300 signals that meas™
ure the rCBV in the cerebral cortex. In addition,
the increase of O

2
Hb after exercise at about 40 %

and 60 % VO2max in this study, verified our previous
study(6) about the possible role of mild exercise
in enhancing CBV in the prefrontal cortex.

The EEG results showed that the exercise intensity
of 20 %, 40 % and 60 % VO

2
max, induced changes

of the high frequency brain waves (alpha and beta)
with the greater proportion of high frequency waves
reflects increased brain activation. Our results were
consistent with previous studies of Kubitz and Mott
(1996) whose reported alpha and beta activity increased
during and after cycle ergometer (7), and Oda et al.
(1999) reported the increase of percent power of alpha
after the underwater exercise (8).

The positive correlation between the rCBV and
the high frequency wave activity (beta and alpha)
observed in this study corresponded with the previous
studies in patients with cerebral infarction (18-20).
In addition, not just in the increase direction, Nagata
et al. (1994) reported decrease of beta-percentage
power fraction was associated with reduction of rCBF
and rCMRO

2
 in frontal, central and parietal areas.

Low frequency wave, theta and delta negatively
correlated with the reduction of CBF and/or in patients
with cerebral infarction especially in chronic stage.
The correlation between hemodynamic response
and EEG has been analyzed by Kilner et al. (21) who
proposed that brain activation caused an acceleration
of temporal dynamics leading to (i) increased energy
dissipation; (ii) decreased effective membrane time
constants; (iii) increased effective coupling among
neuronal ensembles; and (iv) a shift in the EEG spectral
profile to higher frequencies.

There are some limitations of our study. First,
we monitored EEG and CBV only 2 minutes immediately
after exercise which limited us to describe the recovery
pattern of rCBV. However, based on observation
in each participant, the rCBV reached the maximum
value within 2 minutes immediately after exercise.
Second, regarding the protocol, we could not exclude
the carry over effect if it has occurred. Last, due
to technical limitations, although EEG has been
monitored through the exercise session, the EEG data
during exercise showed high noise to signal ratio
in most cases which hampered us to relate the NIRS
and EEG data during exercise session.

In the present study, we found an increase of rCBV
at the prefrontal cortex had significant correlation with
the increased beta-wave just after exercise, which has
been increased with exercise above 40 % VO

2
max,

suggesting that certain extent of increased hemodynamic
changes might be associated with brain arousal just
after exercise.

∼
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