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An intriguing application of neuroimaging is directly measuring actual

human brain activities during daily living. To this end, we investigated

cortical activation patterns during apple peeling. We first conducted a

pilot study to assess the activation pattern of the whole lateral cortical

surface during apple peeling by multichannel near-infrared spectros-

copy (NIRS) and detected substantial activation in the prefrontal region

in addition to expected activations extending over the motor, premotor

and supplementary motor areas. We next examined cortical activation

during mock apple peeling by simultaneous measurement using

multichannel NIRS and functional magnetic resonance imaging (fMRI)

in four subjects. We detected activations extending over the motor,

premotor and supplementary motor areas, but not in the prefrontal

cortex. Thus, we finally focused on the prefrontal cortex and examined

its activation during apple peeling in 12 subjects using a multichannel

NIRS. We subsequently found that regional concentrations of oxygen-

ated hemoglobin significantly increased in the measured region, which

encompassed portions of the dorsolateral, ventrolateral and frontopolar

areas of the prefrontal cortex. The current study demonstrated that

apple peeling as practiced in daily life recruited the prefrontal cortex but

that such activation might not be detected for less laborious mock apple

peeling that can be performed in an fMRI environment. We suggest the

importance of cortical study of an everyday task as it is but not as a

simplified form; we also suggest the validity of NIRS for this purpose.

Studies on everyday tasks may serve as stepping stone toward

understanding human activities in terms of cortical activations.
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Introduction

It is intriguing to explore human brain activities during

various daily operations. Cortical activity during daily oper-
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ations may be deduced from fundamental mechanisms of

human brain functions, but an a priori prediction does not

always guarantee an accurate conclusion. Thus, to find cortical

activity of a given everyday task, it is best to measure it

directly.

Most everyday tasks are difficult to perform in restricted

conditions of conventional functional imaging techniques, such

as functional magnetic resonance imaging (fMRI) and positron

emission tomography (PET). The most promising alternative,

noninvasive neuroimaging method, may be near-infrared spectros-

copy (NIRS) (reviewed in Villringer and Chance, 1997). NIRS

monitors regional relative changes of hemoglobin concentration to

measure cortical activation, utilizing the tight coupling between

neural activity and regional cerebral blood flow (Villringer and

Dirnafl, 1995). NIRS requires only compact experimental systems

and is less restrictive (Fig. 1A), allowing subjects to engage in

many daily human activities during measurement. Moreover, NIRS

is more robust to body motion than other neuroimaging modalities

and has proven to be effective in evaluating motor functions

(Colier et al., 1999; Hirth et al., 1996; Maki et al., 1995; Obrig

et al., 1996; Watanabe et al., 1996). In the most extreme conditions,

NIRS was able to measure cortical activity of subjects walking on a

treadmill (Miyai et al., 2001). The recent advent of a multichannel

version of NIRS has expanded its technical potential for human

brain mapping (Hoshi et al., 2000; Isobe et al., 2001; Miyai et al.,

2001; Noguchi et al., 2002; Takahashi et al., 2000; Watanabe et al.,

1996).

Thus, using the multichannel NIRS, we examined cortical

activity during apple peeling with a knife as an example of an

everyday task. We basically adopted a multimodal approach.

fMRI enables whole-brain functional scanning but possesses poor

task flexibility for the study of everyday tasks. In contrast, NIRS

analysis is confined to only a small region of interest in the

lateral cortical surface (Hoshi et al., 2000; Isobe et al., 2001;

Miyai et al., 2001; Noguchi et al., 2002; Takahashi et al., 2000;

Watanabe et al., 1996) but allows more flexible task selection

than fMRI (Miyai et al., 2001). Since the two neuroimaging

techniques are rather complementary, their combination should

provide different perspectives on the study of everyday tasks.



Fig. 1. Experimental conditions. (A) Instrument setting of NIRS, and a subject peeling an apple with a cooking knife. Six NIRS detector– illuminator pairs

placed on the subject’s forehead using a holder made of thermoplastic resin are connected to the main controlling unit via optic cables. (B) Experimental

environment for simultaneous measurement using NIRS and fMRI. A subject, lying supine in an fMRI environment, performs a mock-peeling task while

observing his hands, an apple and a plastic knife model through a mirror.
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Several groups have succeeded in simultaneous measurements

using fMRI and NIRS (Benaron et al., 2000; Cannestra et al.,

2001; Kleinschmidt et al., 1996; Toronov et al., 2001a,b) includ-
Fig. 2. NIRS channel setting. Illuminators are represented by green squares; detecto

for midline placements. (B) 17 � 2 NIRS channels for bilateral placements. Only c

motor area study. The international 10–20 standard positions and other positional

(D) 7 � 2 NIRS channels for the prefrontal study. The international 10–20 standar

the left hemisphere are shown.
ing quantitative comparison between fMRI and NIRS signals

(Strangman et al., 2002), but more applied study has yet to be

performed.
rs, by orange squares; and NIRS channels, by circles. (A) 24 NIRS channels

hannels in the left hemisphere are shown. (C) 12 � 2 NIRS channels for the

information are indicated. Only channels in the left hemisphere are shown.

d positions and other positional information are indicated. Only channels in



Fig. 3. Sequential whole-head examination by NIRS. Degree of activation in each NIRS channel during apple peeling task is shown as indicated in the color bar

(D[oxyHb]). Directions are indicated when necessary. Average data for 10 replicated cycles (allowing for missing data) in a subject are overlaid on a

normalized brain image of the subject. (A) Frontal view. (B) Occipital view. (C) Right temporal view. (D) Left view. (E) Top view.
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Hence, we conducted five-step sequential multimodal studies to

assess cortical activations during apple peeling as an example of an

everyday task. First, we surveyed cortical activity during actual

apple peeling by extensive sequential examination over the whole
Fig. 4. Scatter plots of DBOLD versus D[oxyHb], and DBOLD versus D[deoxyH

channels in the motor area of all the time series points of fMRI measurement (i.e.,

correlation functions were indicated by R. Probabilistic values against correlation w

versus D[deoxyHb].
lateral cortical surface using multichannel NIRS in a pilot study.

Second, we sought to establish a technical link between fMRI and

NIRS analyses using simultaneous measurement of cortical activity

during mock apple peeling by comparative signal correlation
b] during mock-peeling task. Data points were collected from all the NIRS

every 5 s). A regression line for the data points is drawn in blue. Spearman

ith R = 0 were indicated by P. (A) DBOLD versus D[oxyHb]. (B) DBOLD
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analysis focusing on the motor area. Third, we focused on the

prefrontal cortex and examined whether it is activated during the

mock-peeling task by simultaneous measurement. Fourth, we

examined the difference between fMRI and ordinary environments

and made a link between the simultaneous and stand-alone NIRS

measurements. As these experiments suggested prefrontal activa-

tion during apple peeling, we subsequently verified such activation

using multichannel NIRS for a larger subject group. With this

multimodal approach, we cultivated the possibility of examining

everyday tasks as a novel application of neuroimaging techniques.
Fig. 5. Simultaneous measurement targeting the motor area. The left column pre

column, top views. (A) SPM analysis of fMRI data. Activated voxels in fMRI d

activation foci around the primary motor cortices and arrowheads indicate those in

inserted at the same positions on the MR images in B, C and D to indicate the activ

DBOLD in the regions corresponding to putative NIRS channels are shown as indic

in the NIRS channels are shown as indicated in the color bar. (D) D[deoxyHb] ana

indicated in the color bar. Directions are indicated when necessary. Brain images

were determined by normalizing the DBOLD, D[oxyHb] and D[deoxyHb] data to
Methods

Subjects

The subjects in the whole-head examination by NIRS were two

healthy volunteers (33-year-old male and 25-year-old female). The

subjects in the simultaneous measurement by fMRI and NIRS were

four healthy volunteers (three males and one female, aged 24–52

years). Twelve healthy volunteers participated in the prefrontal

study (five males and seven females, aged 23–52 years). All were
sents right temporal views; middle column, left temporal views; and right

ata are shown in red (activation, P < 0.05, corrected). Arrows indicate the

the sensory cortices in both hemispheres. These arrows and arrowheads are

ation foci detected by the SPM analysis. (B) DBOLD analysis of fMRI data.

ated in the color bar. (C) D[oxyHb] analysis of NIRS data. D[oxyHb] values

lysis of NIRS data. D[deoxyHb] values in the NIRS channels are shown as

of a subject normalized to the MNI152 are shown. Scales of the color bars

their standard deviations.
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right-handed. Written informed consents and an approval from the

institutional ethics committee were obtained.

Materials

Apples (Malus domestica cultivar Fuji) of similar size (approx-

imately 8 cm in diameter) were purchased from a local market. An

ordinary 30-cm-long cooking knife with a 16-cm-long blade was

used for peeling. Since virtually all commercially available

cooking knives are magnetic, we made a nonmagnetic, full-scale
Fig. 6. Simultaneous measurement targeting the prefrontal area. In the left column,

P < 0.05, corrected). In the middle column, DBOLD in the regions corresponding to

column, D[oxyHb] in the NIRS channels are shown as indicated in the color bar. D

(allowing for missing data) in four subjects are overlaid on a normalized brain imag

Top view. (E) Occipital view (SPM analysis only).
model of the cooking knife, using wood and polyvinyl chloride

plastic for the fMRI experimental environment (Fig. 1B).

Experimental design

Two experimental paradigms, apple peeling and mock peeling,

were used in this study. The apple-peeling and mock-peeling

paradigms were block designs consisting of (1) resting, (2) task,

and (3) post-task resting periods. Each phase lasted 20 s. The

paradigm was replicated for 10 cycles. Subject behavior was
activated voxels in SPM analysis of fMRI data are shown in red (activation,

putative NIRS channels are shown as indicated in the color bar. In the right

irections are indicated when necessary. Average data for 10 replicate cycles

e of a subject. (A) Frontal view. (B) Right temporal view. (C) Left view. (D)
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monitored by an experimenter in stand-alone NIRS studies or by

video recording in simultaneous measurements, and the cycles

containing event-related noises such as coughing and sudden head

movement were removed for later analysis.

In the apple-peeling task paradigm, subjects were requested to

hold and turn an apple with their left hand while peeling it with a

cooking knife held in their right hand during the task period, and to

hold the apple with their left hand and the cooking knife with their

right hand without moving them during the rest periods (Fig. 1A).

We requested each subject to peel the apple at his/her own pace.

The subjects performed the paradigms with their eyes open

(spontaneous blinking was allowed).

In the mock-peeling task paradigm, subjects held an apple in

their left hand and turned it while sliding a knife held in their right

hand over its surface without actually peeling the apple. Before the

current study, we observed that the mock-peeling task was per-

formed slightly faster (4.1 F 0.8 rotation/min, N = 8) than the

apple-peeling task (3.3 F 0.4 rotation/min, N = 8). Since the

difference was approximately 20%, we requested the subjects to

perform the mock-peeling task at approximately the same speed as

they performed the apple-peeling task.

In the sequential whole-head examination by NIRS, subjects

performed an apple-peeling task paradigm. During the experiment,

the subjects sat on a chair in a relaxed position in a quiet room. We

performed six separate measurements with different optode place-

ments for each subject to cover the whole lateral cortical surface,
Fig. 7. Cortical activation during apple-peeling task detected by NIRS. An activatio

Directions are indicated when necessary. Average data for all cycles in all subjects

Right temporal view. (C) Left view. (D) Regional hemoglobin concentration chan

plotted versus time (s) for each NIRS channel. Task periods are highlighted with

cycles (allowing for missing data) are shown. The channels exhibiting significan
since there were 12 illuminators and detectors in this study. The

paradigm was replicated for 10 cycles for each measurement. We

did not extend the whole-head examination for more than two

subjects primarily because measurement of the optode locations in

reference to the international 10–20 system for electrode place-

ment (Jasper, 1958) took long and we could not avoid fatiguing the

subjects.

In simultaneous measurements using fMRI and NIRS, subjects

performed the mock-peeling task paradigm, since it was technically

difficult to perform the apple-peeling task in an fMRI environment

due to magnetism of cooking knives (Fig. 1B). The subjects

performed the mock-peeling task in a supine position, monitoring

their hand movement using a mirror.

In the NIRS-alone prefrontal studies, the subjects performed the

apple-peeling and mock-peeling task paradigms in a sitting posi-

tion as described above.

Placement of NIRS channels

NIRS channels were defined as the midpoint of corresponding

detector– illuminator pairs. In the sequential whole-head examina-

tion, there were six optode placements (three midline and three

bilateral placements) to cover the whole head for each subject. We

used a thermoplastic holder embedded with eight illuminators and

detectors, resulting in 24 channels for midline placements (Fig.

2A), and a pair of holders each embedded with six illuminators and
n map assessed by NIRS is shown as indicated in the color bar (D[oxyHb]).

are overlaid on a normalized brain image of a subject. (A) Frontal view. (B)

ges during apple-peeling task. D[oxyHb] (red) and D[deoxyHb] (blue) are

a gray background. Grand average data for 12 subjects and 10 replicated

t activation are indicated with asterisks.
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detectors, resulting in 17 channels (34 in total) for bilateral place-

ments (Fig. 2B). The inter-optode distance was set to 3 cm. Three

midline and three bilateral placements generated 174 channels

along the entire head. Locations of all channels on the subject’s

head surface were determined based on the international 10–20

system for electrode placement (Jasper, 1958).

In the simultaneous measurement by fMRI and NIRS, we used

a pair of thermoplastic holders, each embedded with four illumi-

nators and six detectors, resulting in 12 channels (24 in total) for

the motor area study (Fig. 2C). The inter-optode distance was set to

3 cm. In the left hemisphere, the channels were placed so that the

midpoint between channels 5 and 6 fit to C3 of the international

10–20 system and a line connecting channels 1 to 6 crossed at the

midpoint of T3 and F7 (Fig. 2C). Channels in the right hemisphere

were symmetrically set as well.

For the prefrontal study, we used a pair of holders, each

embedded with three illuminators and detectors, resulting in seven

channels for each holder (14 in total) (Fig. 2D). The inter-optode

distance was set to 2.5 cm. The channels in the left hemisphere

were placed so that the midpoint of channels 3 and 6 corresponded

to the midpoint of Fp1 and F7. The channels were symmetrically

placed in the right hemisphere as well. In the simultaneous

measurement using fMRI and NIRS, we prepared all NIRS optodes

and their holders using nonmagnetic materials. In the NIRS-alone

prefrontal study, we used the same 14-channel optode settings as in

the simultaneous fMRI and NIRS study (Fig. 2D).
Fig. 8. Cortical activation during mock-peeling task detected by NIRS. An activatio

Directions are indicated when necessary. Average data for all cycles in all subjects

Right temporal view. (C) Left view. (D) Regional hemoglobin concentration chan

plotted versus time (s) for each NIRS channel. Task periods are highlighted with

cycles (allowing for missing data) are shown. The channels exhibiting significan
NIRS measurement

We used an NIRS topography system, OMM-2000 Oxygen-

ation Multichannel Monitor (Shimadzu, Kyoto, Japan), to monitor

hemodynamic change (Fig. 1A). An illuminator fiber was

connected to three laser diodes with wavelengths of 780, 805

and 830 nm. Each laser diode emitted 5-ms pulses of light. After

10 ms of lag time, light emission progressed from one light-

source fiber to the next, preventing interference between light

sources. After one sequential scan, we set an additional lag time

of 10 ms. Illuminators that are separated more than 8 cm (e.g., I1

and I6 in Fig. 2A) are allowed to emit light simultaneously. Four

sequential light emissions in the 24-channel NIRS resulted in (5 +

10) � 4 + 10 = 70 ms in a scan. Similarly, scanning rates were

100 ms in the 17 � 2 channel NIRS, 70 ms in the 12 � 2

channel NIRS and 55 ms in the 7 � 2 channel NIRS. For each

channel, five consecutive time points were accumulated to

increase the signal-to-noise ratio, and their average was recorded.

Thus, effective time resolutions became 500 ms in the 17 � 2

channel NIRS, 350 ms in the 12 � 2 and 24 channel NIRS, and

275 ms in the 7 � 2 channel NIRS. Irradiated light was detected

at detector fibers connected to photomultiplier tubes sensitive to

these wavelengths.

Optical data from individual illuminator–detector pairs were

analyzed using the modified Beer–Lambert law (MBLL) for a

highly scattering medium (Cope et al., 1988). According to the

e 21 (2004) 1275–1288 1281
n map assessed by NIRS is shown as indicated in the color bar (D[oxyHb]).

are overlaid on a normalized brain image of a subject. (A) Frontal view. (B)

ges during apple-peeling task. D[oxyHb] (red) and D[deoxyHb] (blue) are

a gray background. Grand average data for 12 subjects and 10 replicated

t activation are indicated with asterisks.
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MBLL, the change of absorbance at a given wavelength (DAk) can

be represented as

DAk ¼ ekDPF L DC ð1Þ

where ek is the extinction coefficient at a given wavelength k, DPF
is the differential path length factor, L is the interoptode distance

and DC is the change in concentration. Considering multiple

measurements at three wavelengths, we rewrote Eq. (1) as
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where D[oxyHb] and D[deoxyHb] are the changes in concentra-

tions of oxygenated and deoxygenated hemoglobin. Using docu-

mented extinction coefficients (Matcher et al., 1995), we solved

Eq. (2) by the least-squares method as

D½oxyHb�

D½deoxyHb�

0
B@

1
CA ¼ 1

L DPF

�1:4887 0:5970 1:4847

1:8545 �0:2394 �1:0947

0
B@

1
CA

�

DA780

DA805

DA830

0
BBBBBB@

1
CCCCCCA

ð3Þ

For each wavelength, the absorbance at the start of the rest period

was selected as the initial absorbance. We assumed the DPF value

was constant and set to 6 (van der Zee et al., 1992).

To remove signal drift from time series NIRS data, we set a

linear base line with a slope. This was done primarily because the

Hb parameters of NIRS and the blood oxygenation level dependent

(BOLD) signal of fMRI often drifted in different directions for

unknown reasons. We averaged D[oxyHb] and D[deoxyHb] from

the 10th to the 20th second and from the 50th to the 60th second,

and obtained D[oxyHb] and D[deoxyHb] for the two reference time

points, i.e., 15th and 55th seconds. We then drew a baseline in the

coordinate plane with a D[Hb] and time as each axis, crossing the

D[Hb] values at the two reference points for both hemoglobin

species. All D[Hb] data were normalized to the thus-determined

baseline.

Statistical analysis of NIRS data

D[oxyHb] was evaluated statistically. We calculated the average

D[oxyHb] during rest and task periods for each channel. Data

obtained in the first 5 s were excluded to avoid transition period

effects. For each paradigm, we calculated the average D[oxyHb] of

a rest period by averaging the D[oxyHb] for the 5th to the 20th

second, and that of a task period from the 25th to the 40th second.

Values obtained in this way could not satisfy the criteria of equal

variance, a statistical prerequisite for parametric tests, so we

performed randomization tests (Edgington, 1995). For this pur-

pose, we developed a computer program based on the MATLAB

platform (The MathWorks, Inc.) (Dan et al., in press).
To compare activations during task and rest periods, we

performed a three-way analysis of variance (ANOVA) randomiza-

tion test, where the three ways consist of task or rest, subjects and

cycles in each channel. The number of random permutation trials

was set to 100,000, considering statistical validity for randomiza-

tion test trials (Manly, 1997). We examined the differences in

levels between task and rest. We performed 14 comparisons in the

region of interest, so we multiplied P values (probability against a

null hypothesis that there is no difference between effects) by a

factor of 14 according to the Holm correction to reduce the type I

error rate (Holm, 1979).

We compared degrees of activation among task kinds (e.g.,

between apple-peeling and mock-peeling tasks). For each task, we

calculated the degree of activation by subtracting the average

D[oxyHb] during the rest period (5th to the 20th second) from

that during the task period (25th to the 40th second) in each cycle.

We then performed repeated two-way ANOVA randomization

tests for repeated measurement, where the two ways consisted

of task kind (i.e., apple peeling or mock apple peeling) and

subject, with each cell including corresponding cycles of data. We

examined the differences in the levels between task kinds. The

number of random permutation trials was set to 100,000. The

obtained P value was corrected for multiple comparisons, as

described above.

fMRI data collection and preprocessing

For simultaneous studies using fMRI and NIRS, we acquired

functional and structural MRIs using a 1.5 T scanner (MAGNEX

Eclipse PD250, Shimadzu) at the ATR Brain Activity Imaging

Center (Kyoto, Japan). For functional imaging, we acquired T2*-

weighted images using a gradient echo-planar imaging sequence

(echo time 49 ms; repetition time 5000 ms; flip angle 90j). A
total of 50 contiguous axial slices covering the cerebral cortex

and cerebellum was acquired with a 3 � 3 � 3 mm voxel

resolution. Anatomical T1-weighted MRI scans were also ac-

quired for each individual with a 1 � 1 � 1 mm voxel

resolution.

The MR images were preprocessed using the SPM99 program.

The images were first motion-corrected and then spatially normal-

ized (2 � 2 � 2 mm) to a standard Montreal Neurological Institute

(MNI) 152 template. They were smoothed using an 8-mm FWHM

Gaussian kernel. Regional brain activity changes between task and

rest periods were assessed voxel by voxel using the SPM99

program. We adopted a fixed-effect model for both single subject

study and for group analysis. The data were modeled using a box-

car function convolved with the hemodynamic response function.

Global normalization, grand mean scaling and a high-pass filter

(minimum cutoff period of 120 s) were used. A statistical threshold

was set at P < 0.05 (corrected for multiple comparisons).

Registration of NIRS channels onto MR images

In sequential whole-head examination, locations of all channels

on the subjects’ structural images were determined based on the

international 10–20 standard positions. Since correspondence

between the 10–20 positions and their underlying cortical struc-

tures had been fully examined for the subjects, we registered the

NIRS channels on a structural MR image of each subject by

interpolation, based on the international 10–20 standard positions

using the MRIcro program (Rorden and Brett, 2000).
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In the simultaneous measurement using fMRI and NIRS, we

placed fatty pine nut markers on the NIRS optode holders, and

identified the location of NIRS optodes and channels in the MR

coordinate space via guidance of these markers. To project the

identified positions on the head surface to the cortical surface of a

structural MR image, we followed the method in our previous

study (Okamoto et al., 2004). Basically, we defined the cortical

projection point of an optode or channel as the closest point on the

cortical surface to its position on the head surface.

In the prefrontal study using NIRS, we referred to our

previous study to register NIRS channels on structural MR

images (Okamoto et al., 2004). Briefly, fatty positional markers

made of pine nuts were placed on the head surface according to

the international 10–20 system. MR images were acquired using

a 1.0-T MR scanner (MAGNEX EPIOS10, Shimadzu). A T1-

weighted, three-dimensional gradient-echo sequence was used to

produce 256 continuous axial 1-mm slices covering the entire

cerebrum and head-surface markers (repetition time 37 ms; echo

time 10 ms; flip angle 30j). The brain images were extracted

from the T1 images that had been normalized to the MNI152

template using the SPM99 program (Friston et al., 1995).

Meanwhile, the 10–20 markers on the head surface were

projected onto the cortical surface. These positions were also

normalized to the MNI152 template, and thus we obtained their

probabilistic distributions among subjects in the MNI space. The

standard deviation from the average 10–20 cortical projection to

those in the subjects was 4–7 mm in the MNI space among the

prefrontal regions examined. We anatomically labeled the cortical

projections of the 10–20 standard positions in each subject and

determined their probabilistic distributions. The anatomical cor-

respondence between the 10–20 positions and underlying corti-

cal structures was fairly good in the prefrontal regions. We

estimated the most likely anatomical locations of the 14 prefron-

tal channels according to Talairach and Tournoux (1988) as

shown in Table 1. We registered NIRS channels onto an MR

image of a subject that was normalized to the MNI152 template

as described above.

For presentation of hemodynamic data of NIRS and BOLD

signal data of fMRI on 3D MR images, we first drew a sphere

with a radius of 1 cm centering on the location of the registered

channel using a computer program previously described (Oka-

moto et al., 2004). We then overlaid the sphere with a 3D MR

image using the MRIcro program (Rorden and Brett, 2000) and
Table 1

Estimated anatomical locations of NIRS channels in the prefrontal study

Channel Gyrus Broadmann area

1, left The triangular part of the inferior BA45

14, right frontal gyrus

2, left The middle frontal gyrus BA46

12, right

3, left The orbital part of the inferior BA46–47 border

13, right frontal gyrus

4, left The middle frontal gyrus BA46–10 border

11, right

5, left The border region of the superior BA9–10–46 border

9, right and middle frontal gyri

6, left The anterior region of the middle BA10

10, right frontal gyrus

7, left The border region of the superior BA10

8, right and middle frontal gyri
determined the cross section of the sphere and brain surface.

Finally, we painted the cross section with a color showing the

degree of activation.

Quantitative comparison of NIRS and BOLD signals

To compare NIRS and MR signals, we extracted the BOLD

signal from voxels localized to the regions where each NIRS

channel (midpoint of illuminator–detector pair) was set. To set

regions of interest (ROI) corresponding to the NIRS channels, we

first projected NIRS optodes and channels onto the cortical surface

and identified their coordinates in T1-weighted structural MR

space as described in the previous section. We then coregistered

structural MR images to T2*-weighted MR images, and normal-

ized them to the MNI152 template using the program SPM99. The

identified positions of NIRS channels and optodes on the cortical

surface of a structural MR image were also coregistered and

normalized using the same parameters. We thus obtained their

coordinates in the normalized MNI space. We then drew ROI as a

sphere with a radius of 1 cm centering on the NIRS channel and

extracted raw BOLD signal time series from fMR images as an

average over the voxels localized in each ROI. Additionally, we

drew ROI as a cylindrical shape, by first drawing two spheres with

radii of 1 cm centering on the cortically projected points of optodes

and then horizontally connecting the spheres. To build up ROI and

extracting signals, we used MRIcro program (Rorden and Brett,

2000) and the MarsBaR toolbox for SPM99 (Brett et al., 2002).

The extracted BOLD signal was corrected for signal drift using the

same method as applied to NIRS data, and the change in BOLD

signal (DBOLD) was calculated as a value relative to that of the

baseline at each time series point.

We used signals obtained from simultaneous measurement by

NIRS and fMRI targeting the motor area for quantitative compar-

ison of NIRS and MR time series. To quantify the correspondence

between NIRS and fMRI signals, 5-s intervals of the NIRS time

series were averaged to reduce the oxyHb and deoxyHb signals to

the BOLD signal time base. These data were collected for all

channels, and DBOLD was then correlated with the computed

D[oxyHb] and D[deoxyHb]. Scatterplots of resulting DBOLD vs.

D[oxyHb] and vs. D[deoxyHb], and the corresponding Spearman

correlation coefficients (R) were obtained.

To depict the degree of task-related activation for NIRS data,

we subtracted an average of D[oxyHb] during the rest period (5th

to the 20th second) from that during the task period (25th to the

40th second) and averaged the obtained value across all replicated

cycles and subjects. For comparison, we also calculated DBOLD in

the same region as the NIRS study. We subtracted the average of

DBOLD during the rest period (5th to the 20th second) from that

during the task period (25th to the 50th second) and averaged the

obtained value across all replicated cycles and subjects. The

activation data thus obtained were presented on 3D MR images

as described above.
Results

Whole-head NIRS sequential examination during apple peeling

To find a global cortical activation pattern during actual apple

peeling, we first performed a pilot study where we sequentially

examined the whole lateral cortical surface by NIRS. Fig. 3
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presents the results of a whole-head NIRS examination study

showing the regional D[oxyHb] in 172 channels along the

lateral cortices of one subject during an apple-peeling task. As

expected for a task requiring elaborated motor coordination,

channels exhibiting activations with over 1.0 AM D[oxyHb]

increase are distributed on the primary motor, premotor, supple-

mentary motor and anterior parietal areas. Activations in visual

and sensory cortices were also detected. Moreover, prefrontal

channels also exhibited relatively high activation with about 0.5

AM D[oxyHb] increase. Whole-head examination on the other

subject resulted in a similar cortical activation pattern (data not

shown).

However, the sequential whole-head examination put too much

burden on subjects, and we could not extend the pilot study to a

larger subject group. Therefore, we decided to assess the cortical

activation pattern by fMRI using a more simplified task, to

establish a technical link between fMRI and NIRS. We then

examined cortical activity during apple peeling by NIRS, focusing

on the prefrontal cortex.

Signal comparison by simultaneous fMRI and NIRS measurements

targeting motor area

To establish a technical link for the comparative fMRI and

NIRS study, we sought appropriate methods to compare signals of

the two modalities and examined the correlation between the

DBOLD detected by fMRI, and D[oxyHb] and D[deoxyHb]

measured by NIRS. Thus, we performed simultaneous measure-

ment using fMRI and NIRS that targeted on the motor area. Since

actual apple peeling could not be performed in an fMRI environ-

ment because of metallic interference, we examined cortical

activities during the mock-peeling task.

Fig. 4 depicts scatter plots of DBOLD vs. D[oxyHb] and

DBOLD vs. D[deoxyHb]. There was a small but significant

positive correlation between DBOLD and D[oxyHb] (R = 0.20,

P < 0.001). Also, a similar level of significant negative correlation

was found between the DBOLD and the D[oxyHb] concentration

(R = �0.19, P < 0.001). The small correlation could be due to

noise in D[oxyHb] and D[deoxyHb] measured by NIRS, since data

accumulation of 10 cycles that could reduce noise level resulted in

higher correlations (R = 0.35, P < 0.001 for D[oxyHb] and R =

�0.36, P < 0.001 for D[deoxyHb]).

The BOLD signal was extracted either as a sphere centering on

the midpoint of optode locations or as a cylindrical shape to better

mimic the optical path of near-infrared light. Since the cylindrical

methods resulted in similar levels of correlations (R = 0.24, P <

0.001 for D[oxyHb] and R = �0.22, P < 0.001 for D[deoxyHb],

without data accumulation), we extracted DBOLD from a region

defined by a sphere for the rest of the study.

Fig. 5 depicts the cortical activation pattern during the mock-

peeling task as examined by four different methods, SPM and

DBOLD analyses for fMRI data, and D[oxyHb] and D[deoxyHb]

analyses for NIRS data. Activation patterns expressed as D[oxyHb]

of NIRS and DBOLD of fMRI were fairly consistent. The SPM

method detected four activation foci, the primary motor cortices

(arrows) and the sensory cortices (arrowheads) in both hemispheres

in the region examined by the other three methods. The DBOLD

and D[oxyHb] methods yielded similar activation patterns except

that the former failed to detect the activation focus on the primary

motor cortex in the left hemisphere. The activation foci on the

motor cortex in the left hemisphere and the sensory cortex in the
right hemisphere were also detected by the D[deoxyHb] method,

but the other two activation foci were not clear.

Simultaneous fMRI and NIRS measurement on the prefrontal

cortex during mock-peeling task

We selected the prefrontal region as the target for NIRS analysis

to see whether a mock-peeling task evokes task-related activation

in this region. Fig. 6 displays the results of simultaneous measure-

ments for four subjects. SPM analyses consistently detected

significant cortical activation in motor, premotor and supplemen-

tary motor cortices. Also, activation was detected in the visual and

sensory cortices. In contrast, fMRI did not detect significant

activation in the prefrontal cortex of any of the subjects by SPM

analyses, and there was a little increase (less than 0.8%) in

DBOLD. Similarly, NIRS detected only a little (less than 0.1 AM
D[oxyHb] increase) or no activation in the prefrontal region. When

D[oxyHb] values between task and rest periods were statistically

tested, no channel exhibited significant activation (P < 0.05,

corrected for multiple comparisons).

Experimental link between fMRI and ordinary environments

Since it was technically difficult to perform a more realistic

apple-peeling task in an fMRI environment, we examined cortical

activation during actual apple peeling by stand-alone NIRS studies

using the same subject group. We first examined if a mock-peeling

task performed in a sitting position in an ordinary environment

with a metal cooking knife can be regarded as comparable to that

performed in a supine position in a fMRI environment with a

plastic cooking knife using the same subject group. The mock-

peeling task performed in an ordinary environment resulted in less

than 0.2 AM D[oxyHb] increase. Statistical analysis detected a

significant D[oxyHb] increase in channel 1 at P < 0.05 (data not

shown). However, when the degree of activation during the task

period was compared between the mock-peeling tasks performed in

the fMRI and ordinary environments, there was no significant

difference (P < 0.05, corrected).

Next, we examined the prefrontal activation during the apple-

peeling task using the same subject group. All the channels

examined exhibited D[oxyHb] increase of 0.2–0.7 AM, and the

increases were statistically significant at P < 0.01 (data not shown).

When the degree of activation during the task period was compared

between the two tasks performed in an ordinary environment, there

were significantly higher D[oxyHb] increases for the apple-peeling

task in most dorsal channels (2, 4, 5, 6, 7, 8, 9 and 10; P < 0.05,

corrected).

NIRS examination of prefrontal activity during apple peeling

Since the results presented above suggested involvement of

the prefrontal cortex in apple peeling, we extended the NIRS

prefrontal examination for larger subject group (N = 12). The

region of interest was set to the prefrontal region extending over

portions of the dorsolateral, ventrolateral and frontopolar areas.

As shown in Fig. 7, we detected substantial cortical activation in

all the channels examined. Some temporal channels, presumably

located on and near the triangular part of the inferior frontal gyri,

tended to exhibit smaller D[oxyHb] increases. At the beginning

of the task period, D[oxyHb] started to increase and remained

high until the end of the task period. At the beginning of the
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post-task resting period, D[oxyHb] started to decrease to the

basal level. However, the decline was overshot in some channels,

so its effect extended beyond the rest period and into the next

cycle. D[deoxyHb] changed little during the task period. In all the

channels, the increase of D[oxyHb] during the apple-peeling task

compared to that during the rest period was statistically significant

at P < 0.001. We also examined the trial-dependent change of the

prefrontal activations but we did not find any significant trial-

dependent decrease of prefrontal activations (data not shown).

Moreover, we examined whether such activation could also be

evoked by a less laborious, mock-peeling task for this subject

group. During the mock-peeling task, we detected only lower-

degree activation in all the channels (Fig. 8). D[oxyHb] during the

mock-peeling task was significantly higher than that during the rest

period at P < 0.001 in all channels. This higher statistical

significance could be attributed to the increase of statistical validity

achieved by using a larger subject group.

Comparing activation levels between the apple-peeling and

mock-peeling tasks, D[oxyHb] was 0.2–0.6 AM greater in the

apple-peeling task throughout the channels. Statistically comparing

D[oxyHb] between the apple-peeling and control tasks revealed

that D[oxyHb] was significantly higher in all 14 channels (P <

0.01, corrected).
Discussion

In the present study, we explored the possibility of applying

neuroimaging techniques to study cortical activities during daily

tasks of human beings. As a first step toward this goal, we

examined cortical activations associated with apple peeling with

emphasis on the prefrontal cortex using multichannel NIRS and

fMRI. We begin this discussion by examining the technical validity

of our approach with emphasis on technical bridge between the

two imaging modalities. Next, we consider the functional compat-

ibility of the present study with the known functions. Finally, we

suggest the role of everyday tasks as guideposts for understanding

various human activities in terms of cortical activations that

underlie them.

Technical considerations for simultaneous measurement

There have been several simultaneous measurements using

fMRI and NIRS (Benaron et al., 2000; Cannestra et al., 2001;

Kleinschmidt et al., 1996; Strangman et al., 2002; Toronov et al.,

2001a,b). However, methods to compare data obtained from the

two modalities are yet to be established. First, selection of the

hemoglobin species to represent NIRS cortical activation data is

still an issue to be discussed. Currently, the most elaborate

quantitative comparison by Strangman et al. (2002) revealed a

higher correlation between DBOLD and D[oxyHb] and suggested

this is due to a higher signal-to-noise ratio of the oxyHb than

deoxyHb parameter. A NIRS signal study using a perfused rat

brain model proposed that D[oxyHb] is the more sensitive param-

eter for activation study (Hoshi et al., 2001). Our simultaneous

study detected similar levels of correlation for both hemoglobin

parameters and could not provide a decisive conclusion on this

issue. However, given the similar degree of correlation and higher

signal-to-noise ratio of the oxyHb parameter, it is appropriate to

represent NIRS data by D[oxyHb] for comparative study with

fMRI. This view was supported by a comparison of activation
patterns in four methods presented in the current study showing a

slightly deviated pattern in the D[deoxyHb] method. We should

add here that this selection is only valid when the time resolution is

on the order of seconds and thus the early response, or localized

deoxygenation in the early phase of functional activation, is

negligible (Duong et al., 2000).

The next issue to be discussed is a data presentation method for

comparative study. Activation data of fMRI studies are generally

presented as probabilistic values rather than as DBOLD, and thus

are not suitable for comparison with D[oxyHb] of NIRS. To present

data from the two different modalities in comparable forms, we

used the spherical extraction method to extract the BOLD signal

from the voxels localized to the regions where each NIRS channel

(midpoint of an illuminator–detector pair) was set. We also

attempted the cylindrical extraction method to better mimic the

optical path. This resulted in slightly better correlation, but also

turned out to be too laborious for routine analysis. A BOLD signal

extraction method based on a simulation (Okada et al., 1997) might

better represent the actual optical path and thus might realize a

better correlation.

As shown in Fig. 4, DBOLD of fMRI and D[oxyHb] of NIRS

were positively correlated. A better correlation was obtained when

data of all the cycles were accumulated and averaged, probably due

to noise reduction. Therefore, comparison of the two parameters

should be fairly valid on a semiquantitative level for simultaneous

measurement. The SPM method was also consistent with D[oxyHb]

of NIRS, but the comparison is valid only on the qualitative level

since the two methods are based on different technical premises.

We expressed the D[oxyHb] data of NIRS and the DBOLD data

of fMRI in the same manner on the cortical surface and used a

topographic presentation to facilitate an intuitive grasp of the

activation patterns. However, we should mention that such topo-

graphic presentation is valid only to a limited degree. First, since

the cortical contribution to optical path length differs among

channels, the spatial activation pattern might not be represented

quantitatively among different channels (Boas et al., 2001). The

topographic presentation of NIRS data in the current study was

based on a modified Beer–Lambert law (Cope et al., 1988) with an

equal DPF assumption. For a more quantitative spatial analysis,

more elaborate examination for optical path length is necessary.

Second, there are problems of anatomical variability associated

with intersubject data integration. Our previous study revealed

variability associated with NIRS channel registration to MR

images and intersubject data integration. The variability from an

ideal brain in the MNI space was estimated to be 5 mm in terms of

the standard deviation of the reference point of the prefrontal NIRS

measurement (i.e., Fp1–F7 or Fp2–F8 midpoints). This means

that statistically 61% of the reference points fall within 5 mm of the

reference points of the ideal brain in the MNI space (Okamoto et

al., 2004). The estimations for the other peripheral channels were

slightly inaccurate but on similar orders. Taken together, we

suggest that a rough semiquantitative functional comparison with

a spatial resolution of 1 cm or so should be valid for the method we

used in the current study.

One possible concern for NIRS-alone prefrontal study is that

the significant increase of D[oxyHb] in all channels during the

apple-peeling task may be due to global signals, or due to the

contribution of noncortical blood flow change. Although we

cannot completely exclude this possibility from the current exper-

imental conditions, activation patterns observed in the whole-head

studies that correlated fairly well to known functional localizations
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suggest that multichannel NIRS detected the D[oxyHb] increase

associated with cortical activations.

Functional compatibility

As demonstrated, we found that the prefrontal area is recruited

during the apple-peeling task. The activation was more apparent in

the dorso-anterior channels that were estimated to be on superior

and middle frontal gyri, but the ventral channels over the inferior

frontal gyrus were also significantly active. Thus, it seems appro-

priate to consider that the measured region, which encompassed

portions of the dorsolateral, ventrolateral and frontopolar areas of

the prefrontal cortex, is involved in apple peeling. The similar but

more automatic mock-peeling task evoked activations in motor-

related areas including the supplementary motor, premotor, prima-

ry motor and somatosensory cortices, but a lower degree of

prefrontal activation.

Complex, self-paced finger movements are known to recruit the

supplementary motor and somatosensory cortices in addition to the

premotor and primary motor cortices that are activated by simple

finger movements (Rao et al., 1993; Roland et al., 1982). The

cortical activation pattern associated with the mock-peeling task

observed in our fMRI study is consistent with those observations

considering the nature of the mock-peeling task involving coordi-

nated movement of fingers, thumbs and palms of both hands

executed at internally triggered paces.

In addition to the activations in the motor-related regions,

apple peeling recruited considerable activations in the prefrontal

cortex. The prefrontal activation associated with motor tasks is

intensively studied in motor learning. Learning of a novel motor

performance is known to activate prefrontal cortices (Jenkins et

al., 1994; Jueptner et al., 1997), but the activation disappears as

learning progresses and the task thus is performed automatically

(Passingham, 1996). However, the apple-peeling task does not

likely involve learning since all subjects had experience in

peeling apples and there was no apparent trial-dependent decrease

of prefrontal activations over replicated cycles. A longer period of

practice may enable automatic apple peeling, but such an occa-

sion rarely happens in ordinary daily life. It is more appropriate

to consider apple peeling as execution of already learned motor

sequences.

Jueptner et al. (1997) found activation of the left dorsolateral

prefrontal cortex when subjects were requested to pay attention to

what they were doing when performing prelearned motor sequen-

ces of key pressing. Stephan et al. (2002) detected bilateral

(somewhat right-oriented) activation of the dorsolateral prefrontal

cortex associated with attention to externally triggered finger

movement. Considering the substantial care for knife handling,

apple peeling should require attention to the ongoing action, and

thus the prefrontal activation observed in the current study is

compatible with these former observations.

Another factor that needs to be considered is working memory,

or the cognitive system that allows individuals to maintain and

manipulate information held temporarily in their minds (Baddeley,

1992). Functional imaging studies of motor working memory

based on delayed-response tasks revealed that the dorsolateral

prefrontal cortex was recruited for short-term sensory memory

and motor preparation (D’Esposito et al., 2000). How much

working memory the apple-peeling task involves is the question

that needs to be addressed. Studies on eye and hand movements

during everyday tasks such as tea preparation, hand washing and
sandwich making revealed that most eye fixations were related to

ongoing action while some were relevant only to future actions

(Hayhoe et al., 2003; Land et al., 1999; Pelz and Canosa, 2001).

These studies suggested the involvement of working memory to

provide continuity of perceptual experience. Considering the

ubiquitous aspect of the look-ahead eye-fixation associated with

these everyday tasks, the apple-peeling task that requires as much

dexterity as these tasks likely also requires some working memory

for its execution.

The prefrontal activation associated with apple peeling might

also be appreciated in terms of an executive control function.

Executive control functions are the coordinated operation of

various processes to accomplish a particular goal in a flexible

manner, and the prefrontal cortex is considered as their anatomical

substrate (reviewed in Royall et al., 2002). The concept of an

executive control function is broad in that it overlaps other

cognitive functions such as working memory and attention men-

tioned above. Lezak (1995) offered simple criteria to define

executive frontal system capacities, which include modification

of ongoing behavior in response to dynamic task requirements.

Apple peeling is not a fully automatic movement but a goal-

oriented adjustment based on visual and somatosensory feedback,

and thus should include executive control functions.

Everyday tasks as relay points for understanding complex human

behavior

As discussed above, the prefrontal activation associated with

apple peeling is compatible with the current view of the prefrontal

functions, but the everyday task that we used in this study has a

composite nature and therefore is not suitable for elaborate

functional dissections. Instead, our aim lies in describing a cortical

presentation of a composite everyday task as it is.

Most human activities are composite, and the cortical presen-

tation associated with them should reflect the complex nature of the

activities. One approach to understanding human activities in terms

of brain function may be dissection and reconstruction, namely,

deducing brain functions of a given activity from basic mecha-

nisms of the brain revealed by functional dissections. Another

plausible approach may be to describe cortical presentation for a

given task and use the description as an anchoring point to consider

human brain functions in various human behaviors.

Even formal neuropsychological tests do not represent a single

brain function but include multiple dimensions. For example, the

Wisconsin Card Sorting Test (Grant and Berg, 1948) is associated

with concept generation, inhibition, planning and working memory

(Malloy and Richardson, 1994). Although functional imaging

studies for the test did not fully dissect functional constituents of

the test in detail, the studies presented a neuroanatomical basis for

the test (Berman et al., 1995; Marenco et al., 1993). Similarly,

neuroimaging study of everyday tasks as we presented in the

current study might present a neuroanatomical relay point to

understand complex human activities in daily living in terms of

brain functions.

Cognitive examinations based on everyday tasks (also called

natural tasks) have been started in oculomotor behavioral studies

(Hayhoe et al., 2003; Land et al., 1999; Pelz and Canosa, 2001) but

have not been applied to neuroimaging analyses. Compact exper-

imental setting and high-resilience to body movement of NIRS

enabled functional examination of cortical activity during everyday

tasks and may extend the potential of neuroimaging applications.
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