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Abstract
To determine the alterations in optical characteristics and cerebral blood oxygenation (CBO) during activation and deactivation, we evaluated
the changes in mean optical pathlength (MOP) and CBO induced by a verbal fluency task (VFT) and driving simulation in the right and left
prefrontal cortex (PFC), employing a newly developed time-resolved near infrared spectroscopy, which allows quantitative measurements of the
evoked-CBO changes by determining the MOP with a sampling time of 1 s. The results demonstrated differences in MOP in the foreheads with
the subjects and wavelength; however, there was no significant difference between the right and left foreheads ( p > 0.05). Also, both the VFT and
driving simulation task did not affect the MOP significantly as compared to that before the tasks ( p > 0.05). In the bilateral PFCs, the VFT caused
increases of oxyhemoglobin and total hemoglobin associated with a decrease of deoxyhemoglobin, while the driving simulation task caused
decreases of oxyhemoglobin and total hemoglobin associated with an increase of deoxyhemoglobin; there were no significant differences in
evoked-CBO changes between the right and left PFC. The present results will be useful for quantitative measurement of hemodynamic changes
during activation and deactivation in the adults by near infrared spectroscopy.
D 2005 Elsevier Inc. All rights reserved.
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Introduction
Blood oxygenation level dependent (BOLD) contrast
functional MRI (fMRI) detects neuronal activity by measuring
changes in BOLD signal (i.e. T2* signal), which is caused by
concentration changes of deoxyhemoglobin (HHb) in the
cerebral vessels (Ogawa et al., 1990, 1992). It is believed that
an increase in BOLD signal reflects a focal increase of
neuronal activity, while a decrease in BOLD signal, so-called
‘‘deactivation’’, reflects a focal suppression of neuronal activity
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(Fransson et al., 1999; Reynolds et al., 1988). However, near
infrared spectroscopy (NIRS) studies on newborn infants have
demonstrated that neuronal activation causes an increase of
HHb concentration associated with increases of oxyhemoglobin (O2Hb) and total hemoglobin (tHb) (Meek et al., 1998;
Sakatani et al., 1999a,b,c,d). Such atypical evoked cerebral
blood oxygenation (CBO) changes were observed in the
activated motor cortex of patients with brain disorders
(Fujiwara et al., 2004; Murata et al., 2002, 2004; Sakatani et
al., 1988). In addition, the BOLD signal decreases in these
areas (Born et al., 1996; Murata et al., 2004). These findings
suggest that the BOLD signal could decrease not only in
deactivated areas but also in activated areas, which BOLD –
fMRI alone cannot distinguish from one another.
NIRS is an optical method for measuring concentration
changes of oxyhemoglobin (O2Hb) and HHb in the cerebral
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vessels by means of the characteristic absorption spectra of
hemoglobin in the near infrared range (Jöbsis, 1977; Reynolds
et al., 1988). Changes in total hemoglobin (sum of O2Hb and
HHb; tHb) indicate cerebral blood volume changes and
correlate with regional cerebral blood flow (rCBF) changes
under conditions of constant hematocrit and perfusion pressure
(Ferrari et al., 1992; Pryds et al., 1990). In addition, it was
demonstrated that changes in O2Hb correlated with changes in
rCBF in the perfused rat brain model (Hoshi et al., 2001). NIRS
thus provides more information about the evoked-CBO
changes than does BOLD-fMRI, although the spatial resolution
of NIRS is poor due to light scattering within the tissues. NIRS
has been applied for the evaluation of evoked-CBO changes in
normal adults (Hock et al., 1995; Hoshi and Tamura, 1993;
Hoshi, 2003; Kato et al., 1993; Kleinschmidt et al., 1996;
Sakatani et al., 1988; Tanida et al., 2004), newborn infants
(Meek et al., 1998; Sakatani et al., 1999a,b,c,d) and patients
with brain disorders (Fujiwara et al., 2004; Murata et al., 2002,
2004; Sakatani et al., 1988, 1999a,b,c,d).
NIRS is based on the modified Beer-Lambert law, in
which changes in hemoglobin chromophore concentrations
are assumed to be proportional to changes in light absorbance
divided by the extinction coefficients of the chromophores
and the mean optical pathlength (MOP) in the tissue, which is
the average distance that light travels between the source and
detector through the tissue (Delpy et al., 1988). For the
measurement of absolute values of the hemoglobin chromophore concentration changes, it is necessary therefore to
determine the MOP, which can be estimated by a timeresolved or frequency domain NIRS. In many activation
studies employing continuous wave NIRS, the MOP has been
assumed to be constant among the subjects (Fujiwara et al.,
2004; Hock et al., 1995; Kato et al., 1993; Kleinschmidt et
al., 1996; Meek et al., 1998; Murata et al., 2002, 2004;
Sakatani et al., 1988, 1999a,b,c,d; Tanida et al., 2004);
however, the MOP may vary among the subjects because of
individual differences in thickness of the extracranial and
intracranial tissues. Indeed, a time-resolved NIRS has
demonstrated differences in MOP with the subjects, regions
of the head, and wavelength (Zhao et al., 2002). In addition,
hemodynamic changes in the cerebral tissue during activation
and deactivation could alter the MOP. It is not yet clear,
however, whether the MOP does change or not during
activation and deactivation because the time-resolved NIRS
does not permit real time measurements of the MOP due to
their slow data collection rate and long computation time
(Hoshi, 2003; Zhao et al., 2002).
In the present study, we evaluated the changes in CBO and
optical pathlength during activation and deactivation in the
prefrontal cortex (PFC), using a newly developed timeresolved NIRS, which allows measurements of O2Hb and
HHb changes by determining the MOP with a high time
resolution (i.e. 1 s). We employed a verbal fluency task (VFT)
for activation of the PFC. BOLD-fMRI demonstrated increases
of the BOLD signal in the PFC during the VFT (Binder et al.,
1997), while NIRS has demonstrated an increase of O2Hb and
tHb associated with a decrease of HHb in the PFC during the
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VFT (Fallgatter et al., 1997; Herrmann et al., 2003; Sakatani et
al., 1988, 1999b). Recently, time-resolved NIRS demonstrated
similar evoked-CBO changes in the PFC (Quaresima et al.,
2005). In addition, we employed the driving simulation task for
deactivation of the PFC. Although NIRS has not been
employed to evaluated the evoked-CBO changes during
driving simulation, BOLD-fMRI demonstrated negative BOLD
signal changes in several brain regions including the PFC
(Calhoun et al., 2002).
Subjects and methods
Subjects
We investigated seven normal adult subjects (six men and
one woman; mean age, 33.1 T 8.6 years (mean T SD); range,
22– 47 years) in the present study. The subjects were highly
educated in Japanese with an average of 16.8 T 1.0 years of
schooling (range, 16– 18 years). All of the subjects were
accustomed to driving a car, with an average of 12.8 T 8.5 years
of driving experience (range, 3 –28 years); however, they had
only limited experience of playing computer games. The study
was approved by the Committee for Clinical Trials and
Research on Humans of Nihon University School of Medicine,
and informed consent to participate in the study was obtained
from each subject.
Tasks
We used a commercially available PC game (SIDE-by-SIDE
Special, TAITO Co., Tokyo) for the driving simulation. The
course consisted of circling through a virtual island in the
absence of any traffic, with the road and scenery along the
roadside changing continuously. A joystick was employed to
control the car movements; the subjects could adapt to the use
of the joystick after a brief training period. During the driving
simulation, subjects were instructed to drive safely but as fast
as possible.
We chose the VFT, which entails naming as many animals
or fruits as possible, as the language task; the VFT is a wellestablished neuropsychological test of frontal lobe function
(Lezak, 1995) that has been shown to activate the PFC in
several activation studies using fMRI (Binder et al., 1997),
PET (Parks et al., 1988) and NIRS (Fallgatter et al., 1997;
Herrmann et al., 2003; Sakatani et al., 1988, 1999b).
After a baseline measurement lasting 120 s, the subjects
performed the VFT for 60 s followed by 120 s recovery. They
then performed driving simulation for 60 s followed by 120 s
recovery.
NIRS
Our new system was essentially a multi-channel timeresolved spectroscopic system employing pulsed-laser diodes
and time-correlated single photon counters as shown in Fig. 1.
Three semiconductor laser diodes (NLP, nanosecond light
pulsers) were used as the light source. They emit near-infrared
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Fig. 1. Block diagram of the time-resolved NIRS. PMT = photomultiplier tube, AMP= amplifier, CFD = constant fraction discriminator, TAC = time-to-amplitude
converter.

pulsed light with a pulse duration at each wavelength of about
1 ns, and driven at a frequency of 5 MHz. Their wavelengths
were 760, 800, and 830 nm, respectively. The outputs of these
three pulse lasers were first integrated by an optical fiber
coupler, and then split by the optical fiber coupler according to
the number of sites that must be irradiated. The average power
of the irradiation light for all of the light wavelengths at the
irradiation sites was about 140 AW.
The diffuse reflected light from the target was picked up by
a coaxial bundle fiber and photo-detector unit. The structure of
the coaxial fiber was such that the irradiation light passed
through the inner fiber and the detected light returned via the
fiber in the annulus. The diameter of the bundle fiber was
3 mm. Employment of a fiber optic switch which could select
the light source position on the object, enabled multi-point
measurement for the reconstruction image. The detector
system had 16 completely independent channels of timecorrelated single photon counting for time-resolved measurements. These channels were synchronized. One channel
consisted of an optical attenuator, a highly sensitive and fast
PMT (photomultiplier tube), a fast AMP (amplifier), a CFD
(constant fraction discriminator), a TAC (time-to-amplitude
converter), an A/D converter, and a signal acquisition unit. The
CFD picked up the photon pulses from the PMT, and the TAC
generated a voltage proportional to the time of flight of the
photons. The signal acquisition unit produced a histogram
showing the rate of occurrence of photon pulses falling within
a specified time range. The time resolution of the system was
about 25 ps.
Employing the two channels of the system, we measured
changes in the evoked CBO and MOP in the bilateral PFC
simultaneously. The optodes were placed at a distance of 3 cm
on the bilateral forehead; the center of the 2 optodes was
identical to the Fp2 position of the internal EEG 10 – 20 system.
MRI with the use of vitamin E capsules confirmed that the
optodes were placed over the PFC.

Data analysis
The mean time of flight bt was obtained by subtracting
the gravity of the instrumental function bti from those of the
observed temporal profiles bto (Zhang et al., 1998). If we
assume the speed of photons c is constant in the tissue
(refractive index of the tissue was assumed to be 1.3.), the
mean optical pathlength MOP can be calculated as follows:
MOP ¼ cIbt ¼ cIðbto  bti Þ
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where N is the total number of time steps in the time axis of
the temporal profile, O(k) is the photon count of the observed
temporal profile at the kth time interval, and T is the time
interval, which was about 25 ps for the present system. I(k) is
the photon count of the instrumental function at the kth time
interval.
The calculation of the hemoglobin concentrations was based
on the modified Beer-Lambert law and can be written as
DODk ¼  log

I2k
I1k



¼ ekO2 Hb D½O2 Hb þ ekHHb D½HHb MOPk

ð2Þ

where k is the NIR light wavelength used in the measurement,
DOD is the change of optical density, which is the logarithm of
the ratio between the two intensities before (I 1) and after (I 2)
the change, and ( O2Hb and å HHb are the extinction coefficients
of O2Hb and HHb, respectively (Cope, 1991).
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Table 1
Mean optical pathlength at 760, 800, and 830 nm before and during the verbal
fluency task (VFT) and driving simulation task in the right and left PFC
Left

Right

760 nm

800 nm

830 nm

760 nm

800 nm

830 nm

a

Control
17.3 T 0.1 17.3 T 0.1 15.2 T 0.2 17.0 T 0.1 17.1 T 0.1 14.9 T 0.2b
VFT
17.3 T 0.1 17.2 T 0.1 15.4 T 0.2a 17.0 T 0.1 16.9 T 0.1 14.7 T 0.2b
Driving
17.3 T 0.1 17.3 T 0.1 15.3 T 0.2a 17.1 T 0.1 17.1 T 0.1 14.9 T 0.2b
simulation
Data are expressed as the means T SD (cm).
a
p < 0.01 vs. 760, 800 nm ( F = 7).
b
p < 0.02 vs. 760, 800 nm ( F = 7).

We analyzed the concentration changes in O2Hb, HHb,
and tHb by subtracting the mean control values (averaged
value during 60 s) from the mean activation values (averaged
value during 60 s). We employed a paired t-test for
comparison of the control values and activation values during
the VFT and driving simulation. In addition, we employed a
Wilcoxon signed-rank test for comparison of the activation
values during the VFT and driving simulation.
Results
Optical pathlength
The time-resolved NIRS could measure the MOP continuously before and during the tasks. Table 1 summarizes the
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average values of the measured MOP in the bilateral foreheads
before and during the tasks at 760, 800 and 830 nm. In the
control condition, the MOP of the left forehead varied from
15.0 to 19.2 cm at 760 nm, from 14.9 to 19.3 cm at 800 nm,
and from 12.9 to 17.2 cm at 830 nm, while the MOP of the
right forehead varied from 15.0 to 18.5 cm at 760 nm, from
14.7 to 18.3 cm at 800 nm, and from 12.4 to 16.2 cm at 830
nm. There was no significant difference in MOP between the
right and left foreheads ( p > 0.05). A wavelength dependence
of the MOP, involving a decrease by about 13% with an
increase in wavelength from 760 nm to 830 nm, was noted in
the bilateral foreheads.
Fig. 2 shows a typical example of the changes in MOP at
each wavelength during the course of the experiments.
Although fluctuations of the MOP were observed before
and during the tasks, the standard deviations of the MOP
changes were only less than 0.2 cm. Overall, both the VFT
and driving simulation task did not affect the MOP
significantly as compared to that before the tasks (Table 1).
CBO changes during the VFT and driving simulation
In all subjects, the VFT and driving simulation task
significantly altered the CBO in the bilateral PFC; however,
the pattern of NIRS parameter changes induced by the VFT
differed from that induced by the driving simulation task. The
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Fig. 2. Typical example of the changes in mean optical pathlength (MOP) at
760, 800, and 830 nm in the right (A) and left (B) foreheads during the course
of the experiments. The MOP at 760, 800, and 830 nm before the tasks was
16.3, 16.8, and 15.3 cm, respectively. Small fluctuations of the MOP
(SD < 0.2 cm) were observed before and during the tasks; however, both the
VFT and driving simulation task failed to affect the MOP significantly as
compared to that before the tasks.

Fig. 3. Typical example of the CBO changes the right (A) and left (B) PFC
during the course of the experiments (same subject as in Fig. 2). The
ordinates indicate the concentration changes of O2Hb (pink lines), HHb (blue
lines), and tHb (black lines) in ı̀M. The thick bars below the NIRS parameter
changes indicate the periods of the tasks. The VFT (black bar) caused
increases of O2Hb and tHb associated with a decrease of HHb, while driving
simulation task (gray bar) caused decreases of O2Hb and tHb associated with
an increase of HHb. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Table 2
CBO changes during the verbal fluency task (VFT) and driving simulation task in the right and left PFC
Left

VFT
Driving simulation

Right

O2Hb

HHb

tHb

O2Hb

HHb

tHb

4.1 T 5.7
1.4 T 2.3a

1.0 T 0.6
0.2 T 0.8b

3.1 T 5.1
1.2 T 1.6c

4.3 T 5.7
1.2 T 2.7d

1.0 T 0.6
0.3 T 0.7e

3.4 T 5.1
 0.7 T 2.2f

Data are expressed as the means T SD(AM).
a
p < 0.05 vs. VFT.
b
p < 0.01 vs. VFT.
c
p < 0.05 vs. VFT.
d
p < 0.05 vs. VFT.
e
p < 0.01 vs. VFT.
f
p < 0.05 vs. VFT.

VFT caused increases of O2Hb and tHb associated with a
decrease of HHb. In contrast, the driving simulation task
caused decreases of O2Hb and tHb associated with an
increase of HHb. These CBO changes induced by the tasks
returned to the control level during the recovery phase. Fig. 3
shows a typical example of the CBO changes during the
course of the experiments. There were significant differences
in O2Hb ( p < 0.05, T = 1 in the right and left PFC), HHb
( p < 0.01, T = 0 in the right and left PFC), and tHb ( p < 0.05,
T = 2 in the left PFC; p < 0.05, T = 4 in the right PFC) between
the VFT and driving simulation (Table 2). In contrast, there
were no significant differences in the CBO changes during
the VFT and driving simulation between the right and left
PFC.
Discussion
Optical pathlength before and during the tasks
The present results demonstrated differences in MOP in
the foreheads with the subjects and wavelength. The optical
differential pathlength factors (DPF) at 760, 800, and 830
nm, which were calculated from the measured MOP (i.e.
DPF = MOP/3 cm optode separation), were 5.8, 5.8 and 5.1,
respectively. These values and the wavelength dependence of
the DPF are consistent with results obtained previously by
time-resolved NIRS (Zhao et al., 2002) and frequencymodulated NIRS (Duncan et al., 1995). The individual
differences in the MOP indicate that continuous wave NIRS
which employs a uniform MOP may not allow accurate
quantitative measurements of CBO changes because the
MOP variation directly affects the calculation of the
hemoglobin concentration changes (Eq. (2)).
The present time-resolved NIRS allowed measurements of
the MOP changes during tasks with a sampling time of 1 s.
We observed no significant changes in MOP at each
wavelength during the tasks, although there were small
fluctuations of the MOP (SD < 0.2 cm). The MOP is
determined by scattering and absorption in the tissue; an
increase in scattering increases MOP while an increase in
absorption decreases MOP (Patterson et al., 1986). Therefore,
if both scattering and absorption in the brain tissue increase
simultaneously, or if they decrease simultaneously, there is a

possibility that MOP may not change. To clarify the activitydependent changes in scattering and absorption, it is
necessary to evaluate the reduced scattering and absorption
coefficients by fitting the analytical solution of the photon
diffusion equation to the measured time-resolved reflectance
curve (Gratton and Fabiani, 2003; Wolf et al., 2003). In the
present study, however, we did not employ this approach,
because it reduces the sampling time. Further studies are
necessary to clarify the activity-dependent changes in
scattering and absorption in the human brain.
CBO changes during activation in the PFC
Employing the time-resolved NIRS, we were able to
measure changes of O2Hb and HHb in the PFC quantitatively
by determining the MOP during the VFT. The time-resolved
NIRS revealed that the VFT caused increases of O2Hb and
tHb associated with a decrease of HHb, findings which are
consistent with those obtained by continuous wave NIRS
(Fallgatter et al., 1997; Herrmann et al., 2003; Sakatani et al.,
1988, 1999b) and time resolved NIRS (Quaresima et al.,
2005); the increase in O2Hb indicates rCBF rises in the
activated area, while the decrease in HHb is caused by a large
increase of rCBF which exceeds the increase in oxygen
consumption during activation (Fox and Raichle, 1986). The
changes in O2Hb, HHb and tHb were expressed as absolute
values; however, these NIRS parameter changes reflect the
average changes of the CBO within the illuminated area,
which is much larger than the voxel size of PET or fMRI.
Thus, the NIRS parameter changes indicated the average
CBO changes in that part of the PFC through which the NIR
light passed.
The VFT caused evoked-CBO changes in the bilateral
PFC, which is located outside the classical ‘‘Broca’s area’’.
fMRI studies have demonstrated similar activated areas
outside Broca’s area during language tasks, suggesting that
the activation induced by the VFT may reflect the executive
component of the VFT more than language specific
activation (Binder et al., 1997). Employing continuous wave
NIRS, VFT-induced CBO changes have been compared
between the right and the left PFC; the results obtained by
continuous wave NIRS were, however, controversial (Fallgatter et al., 1997; Herrmann et al., 2003). It remains
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unknown whether there were no significant differences in MOP
of the subjects examined in these studies. In the present study,
employing time-resolved NIRS, we measured quantitative
changes in the CBO during the VFT by determining the
MOP of the bilateral foreheads. On this basis, we were able to
conclude that there was no significant difference in the VFTinduced CBO changes in the right and left PFC.
CBO changes during deactivation in the PFC
In contrast to the VFT, the driving simulation task caused
an increase of HHb associated with decreases of O2Hb and
tHb; these changes were thus opposite in direction to those
induced by the VFT. As increase of HHb was evident during
the entire course of the task, so that it differed from the HHb
rise occurring within a few seconds after the start of neuronal
activation (Malonek and Grinvald, 1996), or the ‘‘poststimulus overshoot’’ of HHb occurring in the visual cortex
(Heekeren et al., 1997). The decreases of O2Hb and tHb
implied a decrease of rCBF in response to the task. These
findings strongly suggest that driving simulation caused
deactivation in the PFC, since an increase of HHb (which
is paramagnetic) give rise to a decrease of BOLD signal
(Ogawa et al., 1990, 1992). Indeed, Calhoun et al. have
demonstrated decreases of BOLD signals in the PFC during
driving simulation; the decrease in BOLD signal was
correlated with the driving speed and implicated with
vigilance (Calhoun et al., 2002). In contrast, Walter et al.,
employing BOLD fMRI, detected activated areas in multiple
brain regions such as the sensorimotor cortex, visual cortex
and cerebellum during driving simulation, but failed to
observe both activation and deactivation in the PFC (Walter
et al., 2001); however, deactivation can be overlooked when
activation maps are calculated using software which images
the activation areas by detecting only increases of the BOLD
signal (Fujiwara et al., 2004; Murata et al., 2002, 2004).
It should be emphasized that a decrease of BOLD signal
does not necessarily mean a decrease of the rCBF that is
caused by decrements in the focal neuronal activities. For
example, in the visual cortex of newborn infants, photic
stimulation induced sustained decreases of BOLD signal in
the visual cortex (Born et al., 1996), while NIRS revealed
increases of O2Hb and tHb during activation (Meek et al.,
1998). Recently, we have demonstrated similar CBO changes
associated with a decrease of BOLD signal in the activated
motor cortex of a patient with a brain tumor (Murata et al.,
2004). Such pseudo-deactivation cannot be distinguished from
true deactivation by BOLD-fMRI alone, since the BOLD
signal reflects mainly the concentration changes in HHb
(Ogawa et al., 1990, 1992).
The physiological mechanism of deactivation in the PFC
during driving simulation remains unclear. However, the
following mechanisms warrant consideration. First, a stealing
of blood from less active regions into the most CBFdemanding area could induce deactivation (Harel et al.,
2002). However, this seems unlikely because BOLD-fMRI
demonstrated no activated area in the PFC during driving
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simulation (Calhoun et al., 2002; Walter et al., 2001).
Second, a suppression of neuronal activities could reduce
the rCBF, resulting in an increase of HHb. Raichle et al.
proposed that such a reduction of neuronal activities might
be mediated through the action of diffuse projecting systems
like dopamine or a reduction in thalamic inputs to the cortex
during attention-demanding cognitive tasks (Raichle et al.,
2001). In addition, Hinterberger et al. reported that self
generation of positive slow cortical potentials caused a
decrease of BOLD signal in the PFC (Hinterberger et al.,
2003). These findings suggest that a depression of neuronal
activity in the PFC causes a decrease of BOLD signal.
Simultaneous measurements by NIRS, fMRI and electrophysiological monitoring may help to clarify the exact
physiological mechanism of deactivation in the PFC.
In summary, the present study demonstrated that the newly
developed time-resolved NIRS allowed measurements of
evoked-CBO changes and MOP changes in the bilateral PFC
with a sampling time of 1 s. The VFT caused an activation
pattern (i.e. increases of O2Hb and tHb with a decrease of
HHb), while driving simulation caused a deactivation pattern
(i.e. decreases of O2Hb and tHb with an increase of HHb).
There were no significant differences in evoked-CBO changes
between the right and left PFC. In addition, the VFT and
driving simulation caused no significant changes in the MOP in
the bilateral foreheads.
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