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Abstract. To elucidate the role of the prefrontal cortex in cognitive control of reaching movements, by multichannel
near-infrared spectroscopy we examine changes in oxygenated hemoglobin (oxy-Hb) as an indicator of changes
in regional cerebral blood flow in the bilateral dorsolateral (DLPFC), ventrolateral prefrontal cortex (VLPFC), and
frontopolar cortex (FPC) during a reaching task with normal visual feedback (a consistent task) and a reaching task
with flipped horizontal visual feedback (an inconsistent task). Subjects first perform 12 trials of the consistent task,
and then perform six blocks of the inconsistent task, each of which consists of six trials. During the consistent task,
oxy-Hb is increased only in the right VLPFC. During the first block of the inconsistent task, increases in oxy-Hb
are observed in the bilateral DLPFC and the right VLPFC, whereas the increased oxy-Hb was gradually reduced
as the block proceeded, which was accompanied by an improvement in the task performance. Eventually, there
were no differences in the degree of change in oxy-Hb between the consistent and inconsistent tasks in the DLPFC
and VLPFC. These findings suggest that the DLPFC is engaged in higher order cognitive control, while the right
VLPFC is engaged in both higher and lower order cognitive controls. © 2011 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.3658757]
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1 Introduction

The task of reaching for something, although simple and auto-
matic, actually involves complex neural mechanisms; the motor
output is guided by integration of visual and proprioceptive
feedback.!"> Reaching movements, which are defined as fast
ballistic voluntary movements toward a given target, have been
used as approaches to elucidate mechanisms of motor control
and learning in computational neuroscience," however, little
attention has been paid to the prefrontal cortex (PFC), at the
summit of the perception-action cycle.* The role of the PFC in
motor behavior, which is not restricted to reaching movements,
has been investigated in primates by using electrophysiological
methods.>” These studies have shown that the dorsolateral pre-
frontal cortex (DLPFC) is engaged in a range of aspects of the
cognitive control of motor behavior, such as processing sensory
inputs and planning of future actions.

Neural mechanisms corresponding to human reaching move-
ments have been investigated by using neuroimaging techniques.
Studies of human adults with positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI) have
demonstrated that reaching tasks are accompanied by activation
of the motor cortex, somatosensory cortex, basal ganglia, cere-
bellum, premotor cortex, supplementary motor area, cingulate
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cortex, and parietal cortex.®"19 However, only a few studies have
reported that the PFC is activated during reaching tasks.'®!!
Fuster* has argued that the PFC plays a critical role in the
meditation of contingencies of action across time based on the
interplay of sensory and motor working memories; whereas,
when a behavior has become automatic, it is not involved in
the processing of action. This is consistent with observations
from neuroimaging and electrophysiological studies where the
PFC, especially the DLPFC, was activated during learning of
a new motor behavior and the degree of activation declined as
learning progressed.'® Because the majority of daily human mo-
tor behaviors, including reaching movements, are well acquired
during childhood, it may be presumed that the PFC is rarely
engaged in reaching movements in adults. This can account for
the fact that only a few neuroimaging studies have reported PFC
activation during reaching tasks.

Relationships between visual and proprioceptive infor-
mation can be transformed within behavioral settings us-
ing prism lenses,'* computer-generated tasks,'®> and reversing
spectacles.'® It is presumed that reaching tasks under these cir-
cumstances are accompanied by activation of the PFC because
adaptation to transformed visuomotor relationships involves ex-
ecutive functions, such as inhibition and working memory. The
neural correlates of sensorimotor adaptation have been investi-
gated from various viewpoints, such as sensorimotor plasticity
and motor learning.!”~'° Contrary to our expectations, most of
these studies have proposed the importance of the cerebellum
and the parietal cortex for sensorimotor adaptation. Too little
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has been reported on the involvement of the PFC.20-21 Qverall,
the findings thus far suggest that the PFC may be engaged only
in the early stage of sensorimotor adaptation like other forms of
motor learning.

The PFC is cytoarchitectonically and functionally consid-
ered a heterogeneous region, and in monkeys, the ventral and
dorsal regions of the lateral PFC play different roles in cognitive
control of motor behavior.?? In humans, the role of each sub-
region of the PFC in reaching movements remains to be fully
understood. PET and fMRI have contributed to elucidating as-
pects of the functional anatomy of the human brain; however,
there are technical difficulties in applying these techniques to
reaching movement studies. For example, the range of reaching
tasks that can be performed in a PET and/or fMRI measurement
environment are limited. Unlike PET and fMRI, near-infrared
spectroscopy (NIRS) enables continuous measurements of brain
activity-related changes in cerebral hemoglobin (Hb) in real
time, in everyday environments,?*2> making it an attractive op-
tion for investigating the role of the PFC during reaching move-
ments. Thus far, only a few NIRS studies on reaching movements
have been reported where the frontopolar cortex (FPC) and the
dorsal PEC have been examined,2-28 but not the lateral PFC.

In this study, the role(s) of three subregions of the PFC
[the FPC, the ventrolateral prefrontal cortex (VLPFC), and the
DLPFC] in cognitive control of reaching movements were exam-
ined. A multichannel NIRS instrument was employed to mea-
sure cerebral Hb changes in the three subregions of the PFC
during two reaching tasks: (i) a reaching task with a normal
visual feedback (a consistent task) and (ii) a reaching task with
inconsistent visual and proprioceptive feedback (an inconsis-
tent task). Because adults can automatically perform reaching
movements with normal visual feedback, it was hypothesized
that the PFC, especially the DLPFC, would not be activated dur-
ing the consistent task. It was further hypothesized that the PFC
was engaged only in the early stage of adaptation of reaching
movements to visuomotor transformations.

2 Methods

For this study, the PFC was divided into the DLPFC, VLPFC,
and FPC. The anatomical extent of the FPC is not generally
agreed on; however, in this study it is defined as the lateral
portion of Brodmann area 10 (BA 10) and the interim areas on
the lateral borderline of BA 10.2° The bilateral DLPFC (BAs
9/46) and VLPFC (BAs 45/47) were examined in experiment 1,
and the FPC in experiment 2.

2.1 Experiment 1
2.1.1 Subjects

Ten right-handed healthy adults (four males and six females;
ages from 19 to 29 years, mean age 24.4 years) participated in
the study. None had a history of neurological illness, head injury,
or substance abuse. Written informed consent was obtained from
all the subjects. The experiments were performed according to
the policies and principles in the Declaration of Helsinki.

2.1.2  Apparatus for reaching tasks

Figure 1(a) shows the scheme of the experimental apparatus for
reaching tasks. Subjects sat in front of a table and attached a
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Fig. 1 (a) Scheme of the experimental apparatus for reaching tasks and
(b) virtual images of on the screen.

receiver coil to the tip of the right index finger. The subjects
had a head-mounted display (HMD) (PLM-S700, Sony, Japan)
attached to their heads, and the head was restrained by a chin
rest. When performing reaching movements on the table, the
position of the receiver coil was followed by a three-dimensional
magnetic sensor (3SPACE FASTRAK, Polhemus, Vermont) at a
sampling rate of 100 Hz and a spatial resolution of 0.8 mm. The
position of the cursor was calculated every 0.01 s with software
developed in house. A target and a cursor that represented the
position of the index finger position were displayed in realtime as
virtual images on a screen that was placed 20 cm above the table
by using a liquid-crystal projector (ELP-3500, Epson, Japan)
[Fig. 1(b)]. The diameters of the cursor, the starting point, and
the target were 20, 16, and 16 mm, respectively. A screen that
prevented the subjects from directly viewing their fingers was
captured by a video camera (CCD-MC100, Sony, Japan), and the
visual images on the screen were also simultaneously displayed
on the HMD. The starting point and cursor were illuminated
throughout the duration of the experiment. In a few seconds
(1-2 s) after the subjects put the cursor on the starting point,
the target appeared and remained there until the cursor reached
and overlapped it. After reaching the target, the subjects were
instructed to move the cursor back toward the starting point.

2.1.3  Experimental design

Two reaching tasks were investigated: (i) a reaching task with
normal visual feedback (a consistent task) and (ii) a reaching
task with inconsistent visual and proprioceptive feedback (an
inconsistent task) (Fig. 2). In both the tasks, the target was
located at a distance of 15 cm from the starting position on the
right side at a 45-deg angle to the sagittal midline of the trunk of
the subject. Because in the inconsistent task the cursor did not
represent the right index finger position, but a left-right reversed
position, the subjects had to deal with conflicting visual and
proprioceptive information by combining the information into
an estimate of their actual index finger position. Thus, higher
order cognitive control and learning, which is hereafter referred
to as visuomotor transformation learning'® were required to
perform the inconsistent task. After a 1min resting period, each
subject first performed 12 trials of the consistent task (the first
block) and then performed six blocks of the inconsistent task,
each of which consisted of six successive trials. The last block

December 2011 * Vol. 16(12)



Goto et al.: Role of the prefrontal cortex in the cognitive control...

(a) consistent task (b) inconsistent task

\ / \
\ / \
\ / A \
\ / 0 \
\ / (X \
v / 0 \
' i . '
L ; L h
T H T
i i
'
| \ |
\
\ /

Fig. 2 Schematic illustration of the (a) consistent and (b) inconsistent
reaching task. The solid and dotted arrows denote the finger and cursor
path, respectively. In the inconsistent task, the cursor is displayed at its
left-right reversed position.

(the seventh block) was followed by a last resting period. The
interblock interval of 1 min was regarded as a resting period for
the following block of tasks. A normal reaching is, in general,
well acquired. However, in our previous study, we found that
some subjects got nervous and did not perform the first few
trials (one or two trials) of the consistent task smoothly. To
avoid these data from influencing statistical results, the number
of trials for the consistent task was determined to be 12. The
subjects were instructed to reach the target using their dominant
hand (right hand) as quickly and accurately as possible soon
after the target appeared, and to move the cursor back toward
the starting point after reaching the target. The subjects were also
instructed to look at a white cross hair presented at the center of
the screen during resting periods until the target appeared, and
were informed that visual information about the finger position
would not necessarily agree with proprioceptive information in
some blocks. The receiver coil was attached to each subject’s
finger tip 10 min prior to the measurement, but no practice was
permitted.

2.1.4 Task performance

Task performance was evaluated by three behavioral measures:
trajectory error (TE), initial movement direction (IMD), and
movement time (MT). The TE was calculated by subtracting
the start-to-target distance in a straight line from the length of
the trajectory traced by the movement. The IMD was expressed
by an angle with the start-to-target line as the base, at 0 deg
(Fig. 3). The MT was defined as the duration of the movement
from the starting position to the target, which was calculated by
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Fig. 3 Initial movement direction and trajectory.
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Fig. 4 (a) Positions of light guides in experiment 1. Hb changes were
measured at 48 regions between each pair of source and detector. We
termed these regions as channels (ch) and tentatively decided their
nomenclature, as shown in the figure. (b) The brain area beneath the
light guides for one subject is shown by a shaded square. In this sub-
ject, channels 16-19-23 (right VLPFC), 40-44-47 (left VLPFC), 17-21-24
(right DLPFC) and 39-43-46 (left DLPFC), were selected.

using a timer function. The task performance for each block of
trials was expressed as an average of task performance on each
trial in one block.

2.1.5 Near-infrared spectroscopy and data analysis

A multichannel NIRS imaging system (OMM-3000, Shimadzu
Company, Kyoto, Japan) was employed to measure Hb changes
related to brain activity. The NIRS system used three wavelength
semiconductor laser diodes (780, 805, and 830 nm) and calcu-
lated changes in the Hb based on the modified Beer—Lambert
law.>* Because the NIRS apparatus of this type does not provide
absolute values of Hb concentration changes, Hb changes are
expressed by arbitrary units.>! The NIRS signals were sampled
every 145 ms. The illuminating and detecting light guides, which
were bundle fibers (2-mm diam), were symmetrically placed on
the lateral frontal region (an area of 9 x 9 cm) of both sides with
a source-detector separation of 3 cm by using C3 and C4 of the
international 10-20 system for electroencephalography (EEG)
electrode placement as landmarks, and a total of 48 regions
(channels) were measured [Figs. 4(a) and 4(b)]. The NIRS mea-
surements were continuously performed from 2 or 3 min before
the first resting period to the end of the last resting period (total
duration, about 20 min.). On completion of the study, the sub-
jects underwent MRI measurement to confirm the brain regions
beneath each light guide. An electromagnetic tracking device
(FASTRAK, Polhemus, USA) was used to digitize light guide
positions. Digitized light guide positions were marked on the
head surface and registered to 3-D surface rendered MR images
of the brain.

Because the head shape and size were different for each sub-
ject, channels corresponding to four regions of interest (ROIs)—
the bilateral DLPFC (BAs 9/46, middle frontal gyrus) and
VLPFC (BAs 45/47, inferior frontal gyrus)—were individually
identified based on the MR images for a subject. All channels
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within each ROI were selected for further analysis. In the present
study, oxy-Hb, which is the most sensitive indicator of changes
in CBF,*? was analyzed. For a given subject and channel, taking
the value of oxy-Hb at the beginning of the first trial in each
block of tests as O (the baseline), changes in oxy-Hb were recal-
culated for every block. Averaged “trial” oxy-Hb values were
calculated by averaging all data during the test block period.
Averaged “first-resting” oxy-Hb values were calculated by av-
eraging 30 s of data, prior to the start of the consistent task (the
first block) in the same manner. These values were averaged
across all selected channels.

2.1.6 Statistical analysis

The averaged task performance and oxy-Hb change in each
block for all the subjects were analyzed by using a one-way re-
peated measures analysis of variance (ANOVA). Then, a paired
t-test was performed on comparisons of the task performance
and changes in oxy-Hb between the consistent task and the
first block of the inconsistent task, the first and last blocks of
the inconsistent task, and the consistent task and the last block
of the inconsistent task. A paired t-test was also used to com-
pare changes in oxy-Hb between the first resting period and
the consistent task. In the present study, P < 0.01 (Bonfer-
roni correction, 0.05/4) was chosen as the level of significance.
The relationship between changes in oxy-Hb and task perfor-
mances was examined by Pearson product-moment correlation
coefficients.

2.2 Experiment 2

Except for measured brain regions and subjects, the method of
experiment 2 was the same as that of experiment 1. To avoid the
effect of adaptation to the inconsistent visual and proprioceptive
feedback, experiment 2 was performed by subjects who did not
participate in experiment 1.

2.2.1 Subjects

Twelve right-handed healthy adults (six males and six females;
ages from 19 to 30 years, mean age 24.6 years) participated in
this study. None had a history of neurological illness, head injury,
or substance abuse. Written informed consent was obtained from
all the subjects. The experiments were performed according to
the policies and principles in the Declaration of Helsinki.

2.2.2  Near-infrared spectroscopy and data analysis

Fourteen illuminating and detecting light guides were placed on
the anterior frontal region (an area of 9 x 18 cm) with a source-
detector separation of 3 cm by using the Fpz of the international
10-20 system for EEG electrode placement as a landmark [Figs.
5(a) and 5(b)]. According to MRI measurements, it was con-
firmed that the measured brain area included the FPC in all the
subjects. Patterns of changes in oxy-Hb in the channels included
in the FPC were similar within an individual subject. Compared
to the VLPFC and DLPFC measurement (experiment 1), inter-
subject variations of the channel locations were relatively small.
For further analyses, thus, channels 28-34-35-41 and 31-37-38-
44, which measured the right and left FPC, respectively, were
selected.
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Fig. 5 (a) Positions of light guides in experiment 2. Hb changes were
measured at 45 regions between each pair of source and detector. (b)
The brain area beneath the light guides for a subject different from one
in Fig. 4(b) is shown by a shaded square.

3 Results
3.1 Task performance

Because there were no differences in all the three behavioral
measures between experiments 1 and 2 (TE, F(1) = 0.24,
P = 0.625; IMD, F(1) = 1.89, P = 0.172; MT, F(1)
= 0.931, P = 0.352), we combined data of both experiments.
Figures 6(a) and 6(c)- show the TE, IMD, and MT during the
consistent and inconsistent tasks, respectively. There were sig-
nificant main effects of the block in task performances between
blocks [TE, F(1.26) =36.35, P < 0.001; IMD, F(3.11) =23.37,
P < 0.001; MT, F(1.38) = 27.65, P < 0.001]. During the con-
sistent task, the TE, IMD, and MT were 19.14 £+ 13.10 mm
(mean £ SD), 6.20 £ 1.55 deg and 1.68 £ 0.11 s, respec-
tively. Compared to the consistent task, the task performance
was much poorer during the first block of the inconsistent task
[TE, #(21) = 6.15, p < 0.001; IMD, #21) = 9.18, p < 0.001;
MT, #(21) = 7.0, p < 0.001]. However, the task performance
was gradually improved with block repetitions, and it became
much better in the last block than it had been in the first block of
the inconsistent task (TE, #(21) = 6.11, p < 0.001; IMD, #(21)
=9.84,p <0.001; MT, #(21) =7.01, p < 0.001). And there were
no significant differences in the TE, IMD, and MT between the
last block of the inconsistent task and the consistent task.

3.2 Changes in brain activity
3.2.1 DLPFC

Figure 7 shows the changes in the oxy-Hb in each block in the
bilateral DLPFC for all the subjects. Significant main effects of
the block in oxy-Hb changes between task blocks were observed
in both sides of the DLPFC [left, F(2.76) = 15.0, P < 0.001;
right, F(2.03) = 9.13, P < 0.005]. Compared to the first resting
period, the consistent task was not accompanied by significant
increases in oxy-Hb in the bilateral DLPFC. By contrast, in
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Fig. 6 Behavioral data: (a) Average trajectory error in each block for
all the subjects. C, the consistent task; /-n, block number of the incon-
sistent task and (b) Average initial movement direction in each block
for all the subjects, and (c) average movement time in each block for
all the subjects.

the first block of the inconsistent task, oxy-Hb increased bilat-
erally in comparison to the consistent task [left, #(9) = 4.65,
P < 0.003; right, #9) = 4.92, P < 0.002] and the increased
oxy-Hb gradually decreased with block repetitions. Eventually,
there were no differences in changes in oxy-Hb between the

0.07 1 right DLPFC
W left DLPFC

Relative changes (a.u.)

block

Fig. 7 Variations in mean oxy-Hb changes in the bilateral DLPFC for
all the subjects across seven blocks. Changes in oxy-Hb were expressed
as an arbitrary unit (a.u.). Vertical bars represent the standard deviation
(c, the consistent task; /-n, block number of the inconsistent task).

Journal of Biomedical Optics

127003-5

012
S 01t
LU/
% 008 f ‘
[o)]
C
8 0.06 right VLPFC
g mleft VLPFC
2 004
©
g o002

0
c I-1 -2 I-3 I-4 I-5 I-6
block

Fig. 8 Variations in mean oxy-Hb changes in the bilateral VLPFC for
all the subjects across seven blocks. Changes in oxy-Hb were expressed
as an arbitrary unit (a.u.). Vertical bars represent the standard deviation
(c, the consistent task; /-n, block number of the inconsistent task).

consistent task and the last block of the inconsistent task in
both sides of the DLPFC. The degree of oxy-Hb changes in
both sides of the DLPFC during the inconsistent task was sig-
nificantly correlated with task performance [TE: left, »r = 0.96,
P < 0.005; right, » = 0.96, P < 0.005; IMD: left, r = 0.98,
P < 0.0001; right, r = 0.97, P < 0.0005; MT: left, r = 0.99,
P < 0.00005; right, r = 0.97, P < 0.0005).

3.2.2 VLPFC

Figure 8 shows changes in the oxy-Hb in each block in the bilat-
eral VFPFC for all subjects. There were significant main effects
of the block in oxy-Hb changes between blocks in the right
VLPFC [F(2.15) = 22.40, P < 0.001] but not in the left VLPFC
[F (3.10) = 1.55, P = 0.223], though the relation between oxy-
Hb changes and each block in the left VLPFC was similar to that
in the right VLPFC. Compared to the “first resting” values, sig-
nificant increases in oxy-Hb were observed during the consistent
task in the right VLPFC [#(9) = 4.56, P < 0.01]. The increase in
oxy-Hb in the first block of the inconsistent task was greater than
that during the consistent task in the right VLPFC [#(9) = 5.33,
P < 0.001]. The increased oxy-Hb in the right VLPFC gradu-
ally decreased as the block proceeded, which was significantly
correlated with task performance [TE, r = 0.94, P < 0.005;
IMD, r=0.91, P < 0.005; MT, r =0.89, P < 0.01]. There were
no significant differences in the degree of changes in oxy-Hb
between the consistent task and the last block of the inconsistent
task in the right VLPFC.

3.2.3 FPC

In the FPC, the direction of change in oxy-Hb during perfor-
mance of the consistent and inconsistent tasks varied with each
block within a single subject. The patterns of changes in oxy-Hb
also varied with each subject. In addition, oxy-Hb tended to in-
crease during the resting periods rather than during performance
of the tasks. Grouped data analysis showed that there were no
changes in oxy-Hb during the consistent task in comparison to
the first resting period [left, #(11) = — 1.74, P = 0.142; right,
t(11) = —1.92, P =0113], and there were no significant differ-
ences in oxy-Hb changes between task blocks in both sides of the
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Fig. 9 Variations in mean oxy-Hb changes in the bilateral FPC for all
the subjects across seven blocks. Changes in oxy-Hb were expressed
as an arbitrary unit (a.u.). Vertical bars represent the standard deviation
(c, the consistent task; /-n, block number of the inconsistent task).

FPC [left, F(2.73) = 2.40, P = 0.116; right, F(1.27) = 0.521, P
= 0.539] (Fig. 9).

4 Discussion
4.1 Task performance

Three behavioral measures (TE, IMD, and MT) were examined
to evaluate task performance. Judging from the TE and IMD,
which were very small, as anticipated, the motor skill for the
consistent task was considered to have been well acquired. In
addition, in our pilot study, we examined the three behavioral
measures, while six subjects (two males and four females; rang-
ing in ages from 19 to 30 years, mean age 21.5 years), who
were not included in the present study, performed five blocks of
the consistent tasks without an interblock interval (a total of 60
trials). One-way repeated measures ANOVA showed that there
were no differences in the values of all three behavioral measures
between the blocks (in preparation). This finding also supported
the assumption that the consistent reaching task is well acquired
and automatically performed. The task performance in the first
block of the inconsistent task was the worst in terms of all three
behavioral measures, but it was gradually improved, and in the
last block it finally reached the same level as the consistent task.
It was thus considered that the subjects adapted themselves to
transformed visuomotor relationships in the last block and the
motor skill for the inconsistent task was acquired.

4.2 Changes in Brain Activity
4.2.1 DLPFC

It is now widely accepted that the lateral PFC plays a key role
in a wide range of executive functions in the control of cogni-
tion and behavior.”-3* Petrides** has proposed that there are two
executive processing systems within the lateral PFC in work-
ing memory: the DLPFC is involved in high-level executive
functions, whereas the VLPFC subserves the expression of var-
ious first-order executive processes. Our results did not clearly
show such hierarchical dichotomy but did reveal the existence
of functional segregation of the lateral PFC.

The bilateral DLPFC was activated during the first block of
the inconsistent task; whereas, unlike the VLPFC, both sides
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of the DLPFC were not activated during the consistent task or
during the last block of the inconsistent task. This indicated that
the DLPFC was bilaterally engaged in higher order cognitive
functions, such as mental rotation, sensorimotor transforma-
tions, and action planning, which occurred only during the early
stage of visuomotor transformation learning. This result was in
accordance with the previous neuroimaging studies on the other
form of motor learning, where the DLPFC was activated during
the early stages of explicit motor learning by trial and error.!?33
In these studies, right-left differences in the DLPFC activation
were commonly observed; however, which side of the DLPFC
was involved depended on the study. Examining the time course
of activation during the early, intermediate, and advanced stages
of visuomotor sequence learning, Sakai et al.® reported that
the initial pronounced activation occurred in the left DLPFC;
whereas the prolonged activation of the right DLPFC compared
to the left DLPFC was also observed. In contrast, Toni et al.,3’
who examined whole-brain activity throughout the course of
motor sequence learning, found that the right DLPFC was acti-
vated in the first half of learning but not when the task became
overlearned.

The inconsistent task, in which the subjects had to overcome
task-irrelevant information, required top-down attentional con-
trol and conflict resolution. Recent neuroimaging studies have
indicated that the DLPFC is involved in top-down attentional
control*®3° and conflict resolution.*” However, which side of
the DLPFC is involved in these cognitive processes remains
controversial, as in the case of motor learning. This controversy
has been accounted for by differences in control processes en-
gaged by different task paradigms used in the studies.*! Thus, it
is supposed that the right-left differences in the DLPFC activa-
tion during motor learning, including visuomotor transformation
learning, also depend on cognitive processes involved in each
motor task.

4.2.2 VLPFC

In the right VLPFC, oxy-Hb was significantly increased dur-
ing the consistent task compared to the first resting period and
increased further in the first block of the inconsistent task; how-
ever, the degree of augmentations of oxy-Hb gradually declined
with block repetitions and returned to the same level as one dur-
ing the consistent task. This meant that the right VLPFC was
engaged in the performance of reaching tasks not only during vi-
suomotor transformation learning, but also after the motor skills
were acquired, which was distinct from the DLPFC.

Compared to the DLPFC, functions of the VLPFC are less
understood; although, a number of anatomical studies on nonhu-
man primates have revealed that the VLPFC is connected with
sensory,*>~* premotor,*>%® and other prefrontal circuitry.*’ Re-
cent neuroimaging studies have demonstrated that the VLPFC is
involved in a variety of high cognitive functions, such as motor
response control, attention, and working memory. It has been
suggested that the VLPFC is engaged in associating visual cues
with appropriate actions.*®*’ Hampshire et al.>® have reported
that the VLPFC responds only to the target and not to the nontar-
get during a simple visual attentional task. In the present study,
during the consistent and inconsistent tasks, the subjects had to
perceive the appearance of a target before moving the cursor
from the starting point. This meant that minimal visuomotor
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association was required in both tasks. Thus, one possible ex-
planation for the VLPFC activation during the consistent task
is that the VLPFC was engaged in simple visuomotor control
(lower order cognitive control) as well as detection of the target.

It has been reported that the VLPFC contributes to the main-
tenance of spatial information during spatial working memory
processing.®'>? It is also known that the VLPFC is engaged in
the suppression of motor responses to an irrelevant stimulus.3>
Performing the inconsistent task requires maintenance of spatial
information about the target and motor response inhibition, both
of which are hardly required during performance of the consis-
tent task. Thus, it is conceivable that the VLPFC was activated
more by additional loads of the working memory and motor
response inhibition, resulting in further increases in oxy-Hb in
the VLPFC during the first block of the inconsistent task. These
loads were expected to be reduced as learning progressed.

As is shown in Fig. 8, the relationship between changes in
oxy-Hb and each task block in the left VLPFC was similar
to that in the right VLPFC. However, the statistical analysis
indicated that the right VLPFC was exclusively engaged in both
lowerand higher order cognitive control of reaching movements.
The right VLPFC is thought to play an integral role in inhibiting
cognitive control of behavior;>>7 whereas several studies have
indicated that specific forms of cognitive control are associated
with the left VLPFC.*>3 It has also been reported that the
VLPEFC is bilaterally involved in a wide range of higher order
cognitive functions.’®>° Because of the weak detection power
of NIRS, it is hard to know whether the left VLPFC had been
activated during consistent and inconsistent reaching tasks.This
weak detection power is attributable to the fact that its spatial
resolution is poor and NIRS signals at one channel are not
independent but can be influenced by those at adjacent channels.

4.2.3 FPC

In contrast to the VLPFC and the DLPFC, oxy-Hb tended to
increase during the resting periods rather than the task periods
in the FPC. The group data analysis showed that there were
no significant changes in oxy-Hb during either the consistent
task or the inconsistent task in the FPC. Thus, it was concluded
that the FPC was not directly involved in cognitive control of
reaching movements.

The role of the FPC remains to be clearly described, while the
activation of this region has frequently been reported by func-
tional neuroimaging studies on complex cognitive tasks. After
reviewing articles, Ramnani and Owen® have proposed that the
role of the FPC is information processing and information trans-
fer between multiple operations across the supra modal cortex,
which combines and coordinates outcomes from multiple cogni-
tive tasks. Christoff and Gabrieli,?> who reviewed studies in the
domains of reasoning and episodic memory retrieval, concluded
that this region was selectively involved in active processing
performed on internally generated information. They also de-
scribed that the FPC might be activated by uncontrolled mental
processes occurring during resting conditions, which accounts
for the increases in oxy-Hb during the resting periods in the
present study. Thus, it was hypothesized that the FPC was more
preferentially engaged in anticipation and evaluation of reaching
movements during the resting periods than cognitive processes
during the reaching movements.
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5 Conclusions

In order to elucidate the role of the human PFC in cognitive con-
trol of reaching movements, we employed multichannel NIRS
to examine brain activity of three subregions (VLPFC, DLPFC,
FPC) of the PFC during reaching tasks with a normal visual feed-
back and with inconsistent visual and proprioceptive feedback.
The results indicated that functional segregation for reaching
movements exists in the PFC. It was suggested that the DLPFC
was engaged in higher order cognitive control of reaching move-
ments, which was required only during the early stage of visuo-
motor transformation learning. In contrast, the right VLPFC was
probably engaged in lower order cognitive control, which was
required even after the skills of reaching movements were ac-
quired, as well as higher order cognitive control. It was also
hypothesized that the FPC was more preferentially engaged in
anticipation and evaluation of reaching movements.
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