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Abstract

Previous studies have reported that the mirror neuron system plays a crucial role in social cogni-
tion. We examined whether the higher-order cognitive functions are involved in the activations in
the mirror neuron area when we perceive simplified pseudo-postures. We measured 14 partici-
pants’ brain activation during the posture-recognition task using near-infrared spectroscopy. The
participants’ task was to observe five sequentially presented target pseudo-postures and judge
whether a test pseudo-posture was identical to one of the preceding five target pseudo-postures.
The results in the majority of participants (n = 10/14) revealed that the activity in the inferior
frontal mirror neuron area is modulated by perception of human-likeness, but not in the remain-
ing four participants (n = 4/14). These results suggest that the degree of the activation of higher-
order cognitive functions, which may be engaged in the inhibitory and/or facilitative processing of
human body or bodily movement, leads to the distinctive activities in the inferior frontal mirror
neuron area.
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1. Introduction

Previous studies have reported that when we observe somebody else executing an action, many areas of our own
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motor systems are activated. Functional magnetic resonance imaging (fMRI) studies have reported such activa-
tions in the ventral and dorsal premotor cortices, inferior parietal lobule, and primary motor cortex [1]-[5].
Whereas there is no doubt that motor areas are activated during action observation, it is still not clear whether
these activations are either in part or entirely due to mirror neurons [6] [7]. Mirror neurons were first found in
the macaque monkey F5 area in premotor cortex and discharge when an action of the same type is either ex-
ecuted or observed [8]-[10]. Subsequent studies confirmed homologous human activity in the rostral part of the
inferior parietal lobule [Brodmann’s area (BA) 40] and the lower part of the precentral gyrus (BAS6, i.e., premo-
tor area) plus the posterior part of the inferior frontal gyrus (BA44, i.e., Broca’s area) [3] [4]. This network is
known as the mirror neuron system (MNS) in human. However, the causal relationship between MNS and the
other brain regions that have higher-order cognitive functions remain controversial [7] [11]-[14].

Recent studies indicate that some inhibitory mechanism is required to control automatic activity of MNS
[15]-[17]. The activities in human MNS are modulated by the degree of intervention from other brain regions
that have some higher-order cognitive functions, such as the cognitive control that inhibits unwanted behavior
[15] [16]. For example, Cross et al. [16] investigated the interactions between the cognitive control and mirror
neuron systems by using an “imitation-inhibition task” in which participants have to execute their index or mid-
dle finger movement, respectively, in response to the observed congruent (i.e., the same) or incongruent (i.e., the
different) finger movement of a video-taped hand. In the incongruent trials, the stimulus and response were dis-
similar. This conflict yielded more activation in the prefrontal neural network, specifically in the anterior insula
associated with cognitive control system. Cross et al. [16] suggested that anterior insula suppresses the automat-
ic activity in MNS in response to the observed incongruent actions.

Thus, some studies have reported that the activation of these higher-order cognitive functions leads to differ-
ences in activities of MNS when the stimuli are not ambiguous such as grasping actions. However, it is still con-
troversial whether the activities in MNS more sensitively reflect degree of engagement of higher-order cognitive
functions when stimuli are ambiguous such as incomplete human-like objects. The first aim of the present study
was to investigate the influence of higher-order cognitive functions on the activities in the fronto-parietal mirror
neuron circuit during perception of more abstract and ambiguous postures (i.e., simplified pseudo-postures) that
elicit a variety of interpretations.

Although it is widely acknowledged that the MNS is involved in action perception, it is not clear whether ac-
tivity within the MNS depends on a tight match between actor and observer in terms of their forms-human ver-
sus robot [18]. Some studies have reported that the MNS is activated by the observation of both human and ro-
bot actions, with no significant differences between these two agents [19]-[21], whereas others have argued that
the MNS either does not respond or weakly responds when the perceived actor is robot compared with human
[22]-[24]. The second aim of the present study was to examine whether the observation of sequentially presented
still images of human-like objects elicits the activation of MNS or not.

Previous studies have shown that the fronto-parietal mirror neuron circuit responds not only to full displays of
body actions, but also to point-light displays of human actions [25] and to static images implying a body action
[26]-[28]. The premotor cortex is activated by the presentation of sequential events that represent human body
postures not implying an action [29]-[32], or those that do not represent human figures (e.g., round) [33]. For
example, Saito and his colleagues have reported that the inferior frontal mirror neuron area (the lower part of the
precentral gyrus and the posterior part of inferior frontal gyrus) may be activated when observers infer a kine-
matic relation between sequentially presented artificial human postures depicted with three-dimensional com-
puter graphics [29]. The kinematic relation is subject to the flexibility of joints of the human body. This result
suggests that our perceptual system could function to perceive observed objects as human by means of concep-
tually driven processing [34] [35]. It is important to note that the still images of the human body postures are not
purely linked by “apparent motion”. In this study, the inter-stimulus interval (ISI) between the two postures was
1 s, because the apparent motion studies suggest that viewing human posture becomes linked by apparent mo-
tion in less than 750 ms 1SI [36]-[38].

However, it is still not clear how higher-order cognitive functions such as cognitive control or a tendency of
retrieving the conceptual knowledge of human body posture or bodily movement affect activity in the MNS. The
present study was designed to address this issue by using the posture recognition task similar to Ito et al. [29]
and more abstract and ambiguous objects, i.e., simplified pseudo-postures that could have many individual in-
terpretations rather than human postures. Figure 1 illustrates a human posture used in Ito et al. [29] and a pseu-
do-posture (i.e., wrists, head and legs removed) used in the present study. The participant’s task was to observe a



H.Ito et al.

@ (b)

Figure 1. Sample stimuli. (a) Human posture used in Ito et al. [26]; (b)
Pseudo-posture used in this study.

list of five asymmetrical face-to-face target pseudo-postures sequentially presented and to judge whether a test
pseudo-posture was identical to one of these preceding target postures. In the posture recognition task, complex-
ities of the kinematic relation between the neighboring pseudo-postures were manipulated as a function of the
number of joints responsible for a postural change between the neighboring pseudo-postures. The stimulus lists
consisted of five target pseudo-postures that varied in the number of joints (one vs. four), named 1-step and
4-step conditions. The 1-step condition produced a smaller number of postural changes between a preceding
pseudo-posture and a subsequent pseudo-posture, while the 4-step condition produced a larger number of post-
ural changes. In the 4-step condition, the four joints varied simultaneously between a preceding pseudo-posture
and a subsequent pseudo-posture. If the five target pseudo-postures are processed independently, there should be
no difference in the recognition performances and brain activities between the 1-step and 4-step conditions.

We used this posture recognition task in order to investigate the influence of higher-order cognitive functions
on the activities in the fronto-parietal mirror neuron circuit during the perception of the pseudo-postures. In the
present study, we measured brain activation during the posture recognition task using near-infrared spectroscopy
(NIRS). Our main aim in the experiment was to investigate whether the activity in MNS is affected by the de-
gree of the activation of higher-order cognitive functions that are involved in visual perception of human body
postures and bodily movement. In order to determine this, we examined the activities in the frontal mirror neu-
ron area (the lower part of the precentral gyrus and the posterior part of the inferior frotal gyrus) during the per-
ception of sequentially presented pseudo-postures.

In this experiment, we also focused on the intrusion of verbal encoding, i.e., the activations in the inferior
frontal mirror neuron area might be caused by subvocalization during the observation of pseudo-postures. In or-
der to test the effects of subvocalization, the observation of pseudo-postures was contrasted with two types of
novel contour shapes that were covertly easy versus difficult to name as a control condition. We predict that a
relatively higher activation in the posterior part of the left superior temporal gyrus and the angular gyrus (agree-
ing with the location of Wernicke’s area) may be observed due to the covert naming when the novel contour
shapes are likely to be easily named [39] [40], while there will be little or no activation in the posterior part of
the left inferior frontal gyrus (agreeing with the location of Broca’s area) and the sensory-motor cortex. In con-
trast, during the observation of pseudo-postures, we predict that a relatively higher activation in Broca’s area
and the sensory-motor cortex may be observed, while there will be little or no activation in the auditory cortex.

We employed multichannel NIRS to measure the brain activity in the left frontal, left temporal, and occipital
cortices. NIRS is a noninvasive neuroimaging method that measures cortical haemodynamic responses by using
near-infrared light emitted from the emitter optodes placed on a person’s head [41]-[43] (for a review see [44]).
Although NIRS has limitations such as a relatively low spatial resolution, it has an advantage—few physical
constraints on the participants—in comparison to fMRI, PET, and MEG. Specifically, it has been reported that
participants in a restricted hand condition retrieved and subsequently recalled significantly less words or events
than participants whose hands were unrestricted [45] [46]. Taking into account the relation between physical
constraints and memory load, in this experiment we actively used NIRS that imposed relatively few physical
constraints on the participants.

2. Methods
2.1. Participants

Fourteen healthy right-handed (under) graduate students (6 males and 8 females; age: 18 to 27 years) from Na-
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goya University (Nagoya, Japan) participated in the experiment for pay. Written informed consent was obtained
from all participants. All participants were native Japanese and naive to the purpose of the study, which was ap-
proved by the local ethics committee of the department of cognitive informatics at Nagoya University.

2.2. Materials and Design

Endo, Saiki, Nakao, and Saito [47] designed the 100 novel contour shapes and clarified what geometrical prop-
erties contributed to complexity and similarity judgments of the novel contour shapes. We selected the top 30
shapes which are easy to name due to a high association value between a contour shape and an object, and the
bottom 30 shapes which are difficult to name in the 100 novel contour shapes. Figure 2 illustrates examples of
the novel contour shapes used in this study. The novel contour shapes were presented as white line-drawings on
a black background.

Endo and his colleagues estimated the association values of the 60 novel contour shapes in their preliminary
study [48]. In order to confirm the difference of association values between easy-to-name and difficult-to-name
shapes, we conducted a one-way repeated-measures analysis of variance (ANOVA) with the picture-naming of
novel contour shapes (easy-to-name vs. difficult-to-name). It showed a significant main effect of the picture-
naming. This result indicated that the averaged association value in the easy-to-name condition (mean value =
83.7) was higher than that in the difficult-to-name condition (mean value = 65.8) (F(1, 58) = 441.62, p < 0.01).
This suggests that participants would be more likely to subvocalize easy-to-name as compared to difficult-to-
name shapes.

The target lists used in this experiment consisted of five novel contour shapes that were selected on the basis
of the combinations of the easy-to-name shapes or the combinations of the difficult-to-name shapes. These easy-
to-name and difficult-to-name shapes were not mixed within a target list. We designated the two picture-naming
conditions for easy-to-name and difficult-to-name shapes as easy and difficult conditions, respectively.

The human posture used in lIto et al. [29] was replaced by five cylinder arms and one ellipsoid body. We pro-
duced 100 pseudo-postures based on the combinations of left/right shoulder orientations (0°, 45°, 90°, 135°, and
180°) defined by clockwise or counterclockwise rotations from the upright position in the vertical plane, and
left/right elbow orientations (0° and 90°) defined in the same manner as the shoulder. We then excluded 32
pseudo-postures due to their high discriminability. That is, 19 pseudo-postures had the limbs twisted in a bio-
mechanically impossible manner. Nine pseudo-postures were symmetrical with respect to the median line, and
four pseudo-postures were symmetrical with respect to a point. We finally used 68 basic pseudo-postures. These
pseudo-postures were designed using a three-dimensional computer graphics software (Shade R5; E-Frontier
Inc., Tokyo, Japan). Figure 3 illustrates examples of the pseudo-postures used in this study.

The number of joints functioning during the changes between a preceding pseudo-posture and the subsequent
pseudo-posture was calculated for any combination of 2 pseudo-postures from 68 basic pseudo-postures. The
minimum number of joints was one, while the maximum number was four. We obtained 720 combinations of
one joint, and 1024 combinations of four joints. The target lists consisted of five pseudo-postures that were se-
lected from the combinations of one or four joints. We designated the joint conditions for one joint and four
joints as the 1-step and 4-step conditions, respectively.

The novel contour shapes and pseudo-postures were displayed on a 17-inch monitor located at a distance of
approximately 50 cm. All stimuli fit within the area of 8.5 x 7 cm on the monitor. None of the stimuli in a target
list were used twice in the same target list.
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Figure 2. Examples of novel contour shapes. The novel contour shapes
used in the easy and difficult conditions are shown in the top and bottom

rows, respectively.
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Figure 3. Examples of pseudo-postures. The pseudo-postures used in
the 1-step and 4-step conditions are shown in the top and bottom rows,
respectively.

The participants were presented two kinds of visual stimuli, i.e., novel contour shapes and pseudo-postures.
Each stimulus type was run in a separate block. We used the ease of picture-naming in the novel contour shape
condition (i.e., easy and difficult) and the number of steps in the pseudo-posture condition (i.e., one and four
steps) as the independent variables.

2.3. Procedure

The participants were tested individually. They were seated comfortably and asked to observe sequentially pre-
sented stimuli (novel contour shapes or pseudo-postures) and to judge whether a test stimulus was identical to
one of the preceding five target stimuli. One experimental trial consisted of three experimental phases, i.e., study
phase, test phase, and confidence judgment phase.

In the study phase, each trial was begun by presenting a white fixation point on a black background for 1 s,
followed by a blank interval of 1 s with the presentation of the first target stimulus. The first target stimulus was
presented for 1 s. A blank screen was displayed for 1 s, followed by the second target stimulus presented for the
same duration as the first. Thus, both the stimulus duration and the stimulus onset asynchrony were 1 s. The fix-
ation point and the target stimuli were displayed 8.5 cm to the left of the center of the screen. The participants
were instructed to observe the sequentially presented stimuli and memorize them.

In the test phase, the fixation point was displayed for 1 s, followed by a blank interval of 1 s. Then, a test sti-
mulus was presented until the participants responded. The fixation point and test stimulus were displayed 8.5 cm
to the right from the center of the screen in order to eliminate the effect of the afterimage of the target stimuli on
the screen. The task of the participants was to make a recognition judgment (yes or no) for the test stimulus.
They were asked to press the “Y” key with the right index finger when the test stimulus was presented in the
study phase, and to press the “N” key with the left index finger when it was not presented. They were encour-
aged to respond as quickly and accurately as possible. Participants were not given feedback on whether their re-
sponse was correct or not.

In the confidence judgment phase, the participants were asked to rate the degree of their confidence in recog-
nizing the answer being correct on a 4-point scale (from 1 = the least confident to 4 = the most confident). This
confidence judgment was used for motivation to attend to the recognition task. After responding, participants
were given an inter-trial interval of 10 s.

Prior to participating in the experimental trials, each participant completed a block of 12 practice trials. In the
practice trials, the participants were asked to perform recognition after the presentation of digits from one to
nine instead of novel contour shapes or pseudo-postures. The experimental session consisted of two blocks.
Each stimulus type was run in a separate block. The two experimental blocks were fixed in an order of the novel
contour shape and then pseudo-posture condition across participants. The first and second experimental blocks
consisted of 12 trials in each block. The order of the easy and difficult conditions was counterbalanced across
participants. In each picture-naming condition, half of the trials were assigned to the positive set in which a pos-
itive response was required, and the other half were assigned to the negative set in which a negative response
was required. The positive/negative set was randomized within each picture-naming condition across partici-
pants. The order of the 1-step/4-step conditions and the number of positive/negative sets in the pseudo-posture
condition were prepared in the same manner as those in the novel contour shape condition. After each experi-
mental block there is a 2 minute rest period. The experimental session lasted for approximately 30 minutes.

After the recognition task, participants were given a questionnaire to report whether they had considered the
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pseudo-postures as the human postures or not. And then they were interviewed by one of the authors.

2.4. NIRS Data Acquisition

A 24-channel NIRS unit operated at 780 and 830 nm wavelengths (ETG-100; Hitachi Medical Co., Tokyo, Ja-
pan) was used to measure the temporal changes in oxygenated haemoglobin (oxy-Hb), deoxygenated haemoglo-
bin (deoxy-Hb), and total haemoglobin (total-Hb) concentrations. Nine optodes were placed on the left temporal
and occipital regions in a lattice pattern to form 12 channels for each region (6 x 6 cm). The middle optode in
the lowest line on the left side was located on the nearby T3 position (according to the international 10 - 20 sys-
tem for electroencephalogram recording). The center column of the optodes on the occipital region was adjusted
to align with the inion (Figure 4). Each channel consisted of 1 emitter optode and 1 detector optode located at a
distance of 3 cm from the emitter optode. The sampling rate at each channel was 100 ms.

We focused on the oxy-Hb concentration changes during the recognition task because oxy-Hb is the most
sensitive parameter of regional cerebral blood flow [41] [49]. The average oxy-Hb concentration change for
each channel was obtained for the measurement periods. The time course of concentration changes in oxy-Hb
consisted of the following periods: pre-task (2 s), first-fixation (2 s), target-presentation (divided into 5 periods:
5 x 2 s =10 s), second-fixation (2 s), test-presentation (approximately 1 s), confidence-judgment (approximately
3's), and post-task (divided into 2 periods: 2 x 4 s = 8 s). The raw data of oxy-Hb in response to the recognition
task in each trial and on each channel were converted into z-scores that were calculated using the mean value
and the standard deviation of oxy-Hb changes during the pre-task period [50] [51]. We finally obtained group-
averaged z-scores for each condition.

3. Results
3.1. Behavioral Performance

All statistical analysis was carried out by Statistical Packages for Social Sciences (SPSS 19; IBM, Tokyo, Japan).
The overall average hit rate in the novel contour shape condition (easy: 86%; difficult: 81%) and that in the
pseudo-posture condition (1-step: 76%; 4-step: 83%) were higher than the 50% chance level. The proportions of
hits were entered into a one-way ANOVA with the ease of picture-naming in the novel contour shape condition
(easy and difficult) as the within-subject factor, and the number of steps in the pseudo-posture condition (1-step
and 4-step) as the within-subject factor, independently. There were no significant main effects for the ease of
picture-naming (F < 1) or the number of steps (F(1, 13) = 1.27, ns).

Left temporal region Occipital region

nasion

OEmitter ODetector 1-24: Channel

Figure 4. Location of the optodes placed on the left temporal and
occipital regions. The distance between each emitter and the cor-
responding detector was set at 3 cm. T3 was located in the region
between channels 11 and 12 on the left temporal region. The
center column of the optodes on the occipital region was adjusted

to align with the inion.
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The overall average correct rejection rates in the novel contour shape condition (easy: 88%; difficult: 95%)
and that in the pseudo-posture condition (1-step: 67%; 4-step: 90%) were higher than the 50% chance level. The
proportions of correct rejections were entered into a one-way ANOVA with the ease of picture-naming in the
novel contour shape condition (easy and difficult) as the within-subject factor, and the number of steps in the
pseudo-posture condition (1-step and 4-step) as the within-subject factor, independently. There was no signifi-
cant main effect for the ease of picture-naming (F(1, 13) = 1.01, ns). On the other hand, there was a significant
main effect for the number of steps (F(1, 13) = 6.19, p < 0.05). This main effect of the number of steps was due
to the high correct rejection rate under the 4-step condition as compared to that under the 1-step condition. These
results in the step condition are consistent with the results in Ito et al. [29] showing that the target postures are
not processed independently.

3.2. NIRS Data in the Novel Contour Shape Condition

The experimental trials associated with incorrect responses (i.e., miss or false alarm) were excluded from further
analysis. We analyzed the experimental trials associated with correct responses (i.e., hit or correct rejection). We
analyzed the group-averaged values of the z-scores for oxy-Hb concentration changes during each period except
the pre-task period, that is, from the first-fixation period to the second-post-task period (the 11 measurement pe-
riods). To compare the brain activity in the easy and difficult conditions, we conducted a two-way repeated-
measures ANOVA [2 (easy and difficult) x 11 (measurement periods)] of the z-scores for each channel. To
avoid the effect caused by multiple comparisons, an o level of <0.05 after Shaffer’s modified sequentially rejec-
tive Bonferroni correction for multiple comparisons (hereafter, Shaffer’s modified Bonferroni correction) was
used to identify significant associations. We focused on the channels that showed a significant main effect of the
ease of picture-naming, and an interaction between the picture-naming condition and the period because we
presumed that the cortical haemodynamic responses would be modulated by the ease of picture-naming.

In the left temporal region, we found significant main effects of the ease of picture-naming in channels 5, 7,
and 10 (F(1, 13) = 14.44, p < 0.01; F(1, 13) = 6.40, p < 0.05; F(1, 13) = 8.92, p < 0.05, respectively), and sig-
nificant interactions between the picture-naming condition and period in channels 1 and 9 (F(10, 130) = 2.05, p <
0.05; F(10, 130) = 2.39, p < 0.05, respectively). Post-hoc comparisons using Shaffer’s modified Bonferroni cor-
rection revealed that these interactions were due to the large responses under the easy condition as compared to
those under the difficult condition during the target-presentation period (p < 0.05).

On the other hand, in the occipital region, we found significant main effects of the ease of picture-naming in
channels 13, 15, 20, 21, and 24 (F(1, 13) = 6.00, p < 0.05; F(1, 13) = 6.37, p < 0.05; F(1, 13) = 5.99, p < 0.05;
F(1, 13) = 4.87, p < 0.05; F(1, 13) = 9.63, p < 0.01, respectively), and significant interactions between the pic-
ture-naming condition and period in channels 13, 15, 16, 20, 22, 23, and 24 (F(10, 130) = 2.09, p < 0.05; F(10,
130) = 2.25, p < 0.05; F(10, 130) = 2.34, p < 0.05; F(10, 130) = 2.00, p < 0.05; F(10, 130) = 2.07, p < 0.05;
F(10, 130) = 3.00, p < 0.01; F(10, 130) = 3.46, p < 0.01, respectively). Post-hoc comparisons using Shaffer’s
modified Bonferroni correction revealed that these interactions were due to the large responses under the easy
condition as compared to those under the difficult condition during the period from target-presentation to confi-
dence-judgment (p < 0.05). Taken together, in all the channels that showed significant differences between the
easy and difficult conditions, the oxy-Hb concentrations under the easy condition were higher than those under
the difficult condition. We found that higher activation occurs in the left temporal region (channels 5, 7, 9, and
10) and the occipital region (channels 13, 15, 16, 20, 21, 22, 23, and 24) during the observation of novel contour
shapes in the easy condition than in the difficult condition. Figure 5 shows the average time courses of the
changes in the oxy-Hb concentrations in three representative channels (for the entire results, see Appendix A).

Based on the three-dimensional probabilistic anatomical craniocerebral correlation [51], T3 was projected
onto the middle temporal gyrus. We presumed that the left channels 5, 7, 9, and 10 roughly cover the posterior
part of the left superior temporal gyrus and the angular gyrus. The above results suggest that the left auditory
cortex (the channels 9 and 10) and Wernicke’s area (the channels 5 and 7) are activated during the observation
of easy-to-name shapes. Due to the relatively low spatial resolution of the NIRS measurement, we could not de-
termine precisely whether the posterior part of the left superior temporal gyrus and the angular gyrus are the on-
ly regions involved in naming of novel contour shapes. However, considering that the auditory cortex and Wer-
nicke’s area are involved, our results lead to a speculation that the activations in these regions during the obser-
vation of easy-to-name shapes might be related to the production of auditory imagery [39] [40] and phonological



H.Ito etal

14 Targ Post
g:) 5 Period name | Pre [Fix 1] 1) [ @ [ @) [ @ [ 5) [Fix2] Test|conf] (1) | @
0 Period 123456789 [10]11]12
6 8 0 P
o 0
I8 s 10 11 12 == Easy
: iy
S 0 Ch 1 -@- Difficult

(a)

10 10
g 172
2_ 5 o 5
e &0
C Q =
ad 0 e 58 0
N 12 3 4 5 6 £ 123 456 78 910
¥ 5 >~ 5|

o

© Ch7 O Ch 13

-10 -10

(b) (c)

Figure 5. Average oxy-Hb concentration changes under the novel contour shape condition during the correct
responses. Three representative channels are presented for each picture-naming condition. (a) Channel 1; (b)
Channel 7; (c) Channel 13. The numbers inside a circle represent the measurement channels. Abbreviations: Pre,
pre-task; Fix 1, first-fixation; Targ, target-presentation; Fix 2, second-fixation; Test, test-presentation; Conf,
confidence-judgment; Post, post-task.

encoding [52] [53].
We presumed that the channels 13, 15, 16, 20, 21, 22, 23, and 24 roughly cover the occipital lobe. The results

in the novel contour shape condition showed that the occipital visual cortex is activated during the observation
of easy-to-name shapes. We can now interpret the activation of the occipital cortex as due to the visual pro-
cessing related to the picture-naming in which a visual representation of the object is computed from the visual

image.

3.3. NIRS Data in the Pseudo-Posture Condition

To compare the brain activity in the 1-step and 4-step conditions, we conducted a two-way repeated-measures
ANOVA [2 (1-step and 4-step) x 11 (measurement periods)] of the z-scores on each channel. We focused on the
channels that showed a significant main effect of the step number and interaction between the step condition and
the period because we presumed that the cortical haemodynamic responses would be modulated by the number
of steps.

In the left temporal region, we found significant main effects of the step number in channel 1 (F(1, 13) = 6.49,
p < 0.05), and interactions between the step condition and period in channels 6 and 8 (F(10, 130) = 2.16, p <
0.05; F(10, 130) = 2.87, p < 0.01, respectively). On the other hand, there were no significant main effects of the
step number and interactions in the occipital region. Post-hoc comparisons using Shaffer’s modified Bonferroni
correction revealed that these interactions were due to the large responses under the 4-step condition as com-
pared to those under the 1-step condition during the post-task periods both in channel 6 and 8 (p < 0.05), while
the interaction in channel 6 was also due to the large response under the 1-step condition as compared to that
under the 4-step condition during the target-presentation period (p < 0.05). Focusing on the brain activity during

&)
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the target presentation period, higher activation occurred under the 1-step condition in channel 6, but not in
channel 8. The activation under the 1-step and 4-step conditions in channel 8 showed a comparable level. These
results suggest that the brain activity in the left frontal region is modulated by the number of joints, and the brain
function in channel 6 is distinctly different from that in channel 8.

Figure 6 shows the average time courses of the changes in the oxy-Hb concentrations in channels 6 and 8.
Based on the three-dimensional probabilistic anatomical craniocerebral correlation [54], we presumed that the
left channels 6 and 8 roughly cover the lower part of the precentral gyrus (BAG) and the posterior part of the in-
ferior frontal gyrus (BA44), respectively. The data of present study, showing the different patterns of activation
in the channels 6 and 8, is consistent with the previous studies that have reported the distinct functions in the in-
ferior frontal mirror neuron area [55]-[60]. Thus, we carried out further analysis focused on channels 6 and 8.

Referring to the introspection sheets of 14 participants, they were divided into two groups according to
whether they perceived the pseudo-postures as the human postures or not: 10 of them marked that they per-
ceived the pseudo-postures as the human postures (High Sensitivity group, HS), while four of them did not (Low
Sensitivity group, LS). Figure 7 shows the activation patterns in channels 6 and 8 for each group. The HS group
demonstrated the same pattern of activation in channels 6 and 8 as did the 14-participants group. In the HS
group, we found significant interactions between the step condition and period in channels 6 and 8 (F(10, 90) =
2.75, p < 0.05; F(10, 90) = 2.18, p < 0.05, respectively). Post-hoc comparisons using Shaffer’s modified Bon-
ferroni correction revealed that the interaction in channel 6 was due to the large response under the 1-step condi-
tion as compared to that under the 4-step condition during the target-presentation period, and also due to the
large responses under the 4-step condition as compared to those under the 1-step condition during the post-task
periods (p < 0.05), while the interaction in channel 8 was only due to the large responses under the 4-step condi-
tion as compared to those under the 1-step condition during the post-task periods (p < 0.05). These results in the
HS group accord with the results of the 14 participants.
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Figure 6. Average oxy-Hb concentration changes under the pseudo-posture condition during the correct responses.
The changes in channels 1(a), 8(b), and 6(c) are presented for each step condition. Abbreviations: Pre, pre-task; Fix
1, first-fixation; Targ, target-presentation; Fix 2, second-fixation; Test, test-presentation; Conf, confidence-judgment;

Post, post-task.
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changes in channels 6 and 8 are presented for each step condition. Abbreviations: Pre, pre-task; Fix 1, first-fixation;
Targ, target-presentation; Fix 2, second-fixation; Test, test-presentation; Conf, confidence-judgment; Post, post-task.

The LS group did not show the same pattern of activation with the HS group in channel 8, while it showed the
same pattern of activation in channel 6. We did not find significant main effects and interactions in channels 6
and 8 in the LS group because of the small sample size lacking of statistical power within the LS group. Al-
though the relatively small sample size in the current study means that our results should be interpreted with
caution, in the LS group, both the 1-step and 4-step conditions in the channel 8 seemed to show activation on the
level of the base line during the target-presentation period, which is dissimilar to the activation patter in the
channel 8 in the HS group. Furthermore, the channel 6 in the LS group seemed to show relatively higher activa-
tion to the base line, which is similar to the activation pattern in channel 6 in the HS group.

These results in the HS group and the LS group might suggest that the perception of pseudo-postures as hu-
man postures, or the extraction of human-likeness from the sequentially presented pseudo-postures triggers the
posterior part of the inferior frontal gyrus (BA44: channel 8) to visualize the kinematic relation between sequen-
tially presented peudo-postures as a human bodily movement.

3.4. NIRS Data both in the Novel Contour Shape and Pseudo-Posture Conditions

We found a significant activation in the left frontal region (channel 1) both in the novel contour shape and the
pseudo-posture conditions. These results indicated that the average values of the z-scores for oxy-Hb concentra-
tion changes under the easy condition were higher than those under the difficult condition, while the group-av-
eraged values of the z-scores for oxy-Hb concentration changes under the 1-step condition were higher than
those under the 4-step condition.

Based on the 3-dimensional probabilistic anatomical craniocerebral correlation [54], we presumed that the left
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channel 1 roughly covers the posterior frontal cortex, which is consistent with the dorsolateral premotor cortex
(dPMC). Some studies indicated that the dPMC retains cognitive functions (e.g., spatial and nonspatial working
memory or mental operation) as well as motor functions [61] [62]. Thus, the higher activity in that area may be
related to such cognitive load in the recognition memory task. Future studies are required for investigating the
functional relationship between the dPMC and the lower part of the precentral gyrus for the visual perception of
human-like body postures.

4. Discussion

The purpose of the present study was to investigate how higher-order cognitive functions affect the activities in
the fronto-parietal mirror neuron circuit during the perception of simplified pseudo-postures. In order to address
this issue, we examined brain activity during the observation of sequentially presented pseudo-postures.

First, in this study, we compared the brain activation during the observation of pseudo-postures and novel
contour shapes. The present data for the pseudo-postures demonstrated that distinct activation patterns are ob-
served in the frontal mirror neuron circuit consisting of the two cortical areas, while no activation related to the
number of steps is observed in the left superior temporal gyrus, left angular gyrus, or occipital cortex (i.e., the
areas related to the verbal encoding). This seems to imply that the MNS may respond to artificial human-like
objects [19]-[21]. In contrast, the data for the novel contour shapes demonstrated that the activation is observed
in the areas related to the verbal encoding, while no activation related to the ease of picture-naming is observed
in the frontal mirror neuron circuit.

Second, we verified that higher activation occurred under the 1-step condition in the left channel 6, but not in
the left channel 8 during the target presentation period, showing a different pattern of activation in the lower part
of the precentral gyrus (BAG6) and the posterior part of the inferior frontal gyrus (BA44), respectively. In order to
assess the effects of the higher-order cognitive functions, i.e., retrieving the conceptual knowledge of human
body posture for perceiving the pseudo-postures as human postures and inhibitory control of automatic response
tendencies evoked by human-like stimuli, we divided the 14 participants into a high sensitivity group (10 par-
ticipants) who perceived the pseudo-postures as the human postures and a low sensitivity group (four partici-
pants) who did not. The HS group demonstrated the pattern of activation in the left channels 6 and 8 as did the
14-participants group, while the LS group did not. In particular, it is worthy to note that the LS group showed
little or no activation in the left channel 8 (the posterior part of the inferior frontal gyrus; BA44), while the LS
group showed a similar activation pattern with the HS group in the left channel 6, even though it was not signif-
icant in the LS group. Thus, observers who do not detect the possibility of human body form during the observa-
tion of individual pseudo-postures seem to show no activation of the BA44. This could be explained by the in-
volvement of BA44 in mapping of an externally triggered representation of an observed pseudo-posture onto in-
ternally retrieved representations of human body postures by identifying the similarity between the particular
spatial configuration of limbs of the human body and that of the pseudo-posture. Therefore, this mapping
process would be suppressed in the LS group.

If the lower part of the precentral gyrus (BA6) is modulated by the number of joints functioning in a similar
structure to the human upper limbs in all participants regardless of the perception of a pseudo-posture as a hu-
man posture, presumably, the lower part of the precentral gyrus is involved in computing configurational
changes of sequentially presented pseudo-postures. The present data in the lower part of the precentral gyrus is
consistent with previous studies that have shown the involvement of the premotor area in the representation of
sequential information such as the motor plans [58]-[60].

Whereas the lower part of the precentral gyrus (BA6) is modulated by the number of joints responsible for a
postural change between the neighboring postures, the posterior part of the inferior frontal gyrus (BA44) is
modulated by the perception of a pseudo-posture as a human posture. Thus, the posterior part of the inferior
frontal gyrus seems to be activated when participants attended to the biological characters (humanlike appear-
ance) of the pseudo-postures, but might be normally under inhibitory control. One of the most promising brain
regions, which pertain to the inhibitory control of motoric embodiment, is the prefrontal cortex, i.e., the anterior
part of inferior frontal gyrus [10] [16] and/or anterior insula [19]. This prefrontal control network could suppress
the MINS activity in response to the degree of the configural similarity between observed objects and human
body postures stored as conceptual knowledge. This inhibitory control account predicts that activation of human
MNS arises first, quickly and automatically in response to not only a human body form but also an incomplete
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human-like object, but subsequently an inhibitory mechanism has to come into play, which allows us to detect
distinctions between human and other object representations. If the brain regions related to cognitive control
mechanism affect the activity of human MNS, further study will be needed to examine causal interactions be-
tween these regions and MNS and the time courses of the interactions. In terms of limitations, the relatively
small sample size in the current study means that our results should be interpreted cautiously. Further study is
also needed to examine the influence of higher-order cognitive functions on the activities in MNS using a large
group of participants.

5. Conclusion

We conclude that the degree of the activation of higher-order cognitive functions leads to the distinctive activi-
ties in the inferior frontal mirror neuron area consisting of the lower part of the precentral gyrus and the post-
erior part of the inferior frontal gyrus. This implies that the activities in MNS are modulated by the degree of in-
tervention from other brain regions that would be engaged in higher-order cognitive functions such as inhibitory
and/or facilitative processing of human body or bodily movement.
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Appendix A

Table 1. Average oxy-Hb concentration changes under the novel contour shape condition during the correct responses.
Novel Period
contour Channel

Fix 2 Test Conf Postl Post2

o
=
@

. Targ Targ Targ Targ Targ
shape LR 2 3 4 5

Easy 5 0 0.56 2.31 4.07 4.13 2.95 1.79 1.19 0.48 0.07 -030 136
9 0 0.18 1.18 1.85 171 039 -074 080 063 -104 338 -224

10 0 0.98 4.54 8.08 8.36 6.45 4.29 3.41 3.40 142 -220 011

15 0 -0.05 197 4.53 6.09 5.87 5.89 6.71 6.77 4.77 2.49 1.67

16 0 0.35 2.12 4.18 5.60 6.01 5.00 4.90 4.92 4.10 2.33 1.60

20 0 0.19 1.16 2.60 3.33 3.40 3.33 3.96 4.01 150 -1.04 -1.45

21 0 0.32 1.42 3.28 4.16 3.72 2.93 3.17 3.50 176 -0.87 -0.14

22 0 0.38 0.99 2.82 4.65 5.63 5.93 6.90 7.56 4.66 0.78 0.68

23 0 0.41 2.09 4.24 4.99 4.55 3.79 3.62 3.49 150 -0.89 -1.10

24 0 0.25 1.76 3.72 4.01 3.42 3.18 3.82 3.69 120 -3.83 —-3.30

Difficult 5 0 0.65 1.72 3.55 283 —023 -393 494 -411 300 —-411 426
9 0 -0.08 1.04 1.46 065 —-1.04 -240 -277 -089 172 -0.09 0.1

10 0 017 -026 -161 318 -494 —6.04 637 556 -731 -855 561

15 0 0.79 117 1.29 093 023 -184 262 -204 -259 417 484

16 0 1.08 2.18 2.48 132 011 -199 -228 174 -141 340 -351

20 0 -0.01 059 023 -071 -172 -203 -180 -117 -163 -272 -2.18

21 0 0.70 060 -030 -08 -110 -118 -076 -039 319 521 485

22 0 0.78 1.34 067 —-149 -399 459 -353 631 -134 951 569

23 0 0.19 0.55 059 055 345 626 -644 557 694 -7.04 759

24 0 0.55 078 -032 -255 436 575 509 -472 936 -114 -10.1
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