hypersonic effect followed the presentation of a hypersonic
shower and the fundamental brains of the subjects were
activated.

3.2.3.Results of the psychological experiment

The subjective assessment of 4 of 13 questionnaire iteyos
revealed that the bypersonic shower condition caused less
discomfort and gamered bigher positive ratings than the
control condition with statistical sigpificance. The items that
showed statistical significance (p < 0.05) were “the sound
inside the train was not noisy”, “the sound inside the train
was upexpectedly pleasant”, “I did not get tired of the
sound” and “I was vot anooyed” (Figure 8).

As observed above, we confirmed that merely adding
1IFCs, to the acoustic environment, rather than playing a
hypersonic announcenient, iu a railway car would induce the
hypersonic effect although the degree of the effect was
smaller thau that of the full-hypersonic condition in which a
hypersopic announcement and hypersomc shower are
presented. The results support the validity of the hypersonic
shower as a viable way to creatc an acoustic environment
more comfortable.

~10 00 1.0 (N=13)
noisy| | - 1ot noisy
difficult to hear [axinoﬁnc: easy to hear
not pleasant pleasant
cold and mechanical warm and uman
NErvVoUs calm
noisy not noisy
unpleasant unespettediy plesant
irritated not irritated
unpleasant not unpleasant
(cel tired not feel tired
vot clear Limpressi clear
anpoyed not annoyed
not bearable bearable
negative positive ¥ p<0.05

Figure 8: Mean score of each item in the questionnaire in
Experiment 2.

3.3.Experiment 3: Investigation of the duration
of the hypersonic sound presentation

3.3.1. Overview

The sound presentation in the above experiments was 12
minutes per trial while we are often in actual railway cars
for a longer period of time. Therefore, in Expeniment 3 we
presented an acoustic environment with HFCs for a longer
duration, 21 munuies. We iovestigated the temporal
influence using alpha 2 EEG potential as an index. The

EEGs of the subjects were continuously recorded while the '

sound was presented to them in the control condition, first
for 21 minutes, (ollowed by eitlier the control sound again or
a hypersonic shower sound for the same duration. Nine
subjects with normal hearing ability (five males and four
females, ranging in age from 38 to 62) participated in the
experiment.

3.3.2. Results of physiological experiment
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For all seven temporal intervals (three minutes each), alpha
2 BEG potentials in the hypersonic shower condition were
higher than those in the control condition (Figure 9a). A
statistical test of the full 2] mioutes showed the value p =
0.061 which was close o a significance level of p'= 0.05
even though the number of subjects was below ten (Figure
9b). Moreover, we traced the transition of alpha 2 EEG
potential every three minutes and observed that the potential
in the hypersonic shower condition showed a more
significant increase (p<0.05) at the temporal interval
between 15 and 18 munutes and a more higlly significant
merease (p < 0.001), at the temporal interval between 18§ and
21 minutes, from the beginning of the presentation than that
ip the control condition. 'I'be magnitude of increase of those
potentials grew over time. On the cootrary, when the control
condition sound was presented twice in a row, there was no
appreciable difference between the fust and second
presentations.

These results sbow the possibility that hypersonic effect
becomes stronger over time. It is expected that a lopg-term
presentation of hypersonic sound in a railway car would
cause no negative effect and that the longer presentation is,
the greater the positive effect would be.

a3 polential

[IX ]
O 0~3 36 60 912 1215 [5~18 1821
min

transition of a3 potental for every 3 minutes

0% potentia
averaged for
21 minutes

B conwrol condition  lhypersonie shower condition

Figure 9° Mean alpha 2 EEG potentials in seven
temporal intervals (three minutes each), (a) and that
with 8D over all 21 minutes (b) in Experiment 3.

3.4. Experiment 4: Examination of the effect of
the order of sound presentation

3.4.1. Overview

Taking into account that the emergence of the hypersonic
effect observed in the fundamental brain is delayed by tens
of seconds after the onset of the hypersonic sound, and
remains until about 100 second afler its termipation, we
designed experimental procedures to present sounds without
HFCs first, then those with HFCs for the present study. Thus,
the results shown above are not sufficient on ther own to
clear the suspicion of the effect order might play when two
kinds of sound materials are presented consecutively. To
examine the possibility of the second condition always
increasing the activity of the fundamental braiv, we
presented the control condition with a duration of 21
minutes twice consecutively and recorded the EEG of the
subjects to analysc the alpha 2 potential extracted from the
recorded data at 3-minute intervals. The experiroent was
performed in an experimental space the same size as that in



railway car simulator. Nine subjects with normal hearing
ability (three males and six females, ranging in age from 38
to 62) participated in the experiment.

3.4.2. Results of physiological experiment

Nooe of the seven 3-minute intervals showed significant
differences in the alpba 2 potential between the first and
second sound presentations (Figure J0). These results
indicate that the hypothesis that the second condition always
would increase the activity of the fundamental brain when
two kinds of sound materials are presented consecutively
was refuted and the reliability of the results of the present
study showing the activation of the fundamental brain by the
hypersanic shower 1§ confirmed.

(N=9)
| ] a 1.1 b. )
= T A B =
= p=0884 = . P04 ;
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81
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2 12~15 15~18 18~2) 3 potential
. ] min  averaged for
Iransition of ¢ potential for every 3 minutes 21 minutes

B control condition (first presentation) Efcontrol condition (second presentation)

Figure 10: Mean alpha 2 BEG potentials in seven temporsl
intervals (three minutes each), (2) and that with SD over all 21
minutes (b) in Experiment 4.

3.5. Experiment 5: Hypersonic effect on
earphone-wearers

3.5.1 Overview

The number of passengers using earphones on the train has
increased rapidly in recent years. On the other hand, it has
been suggested that humans have an unknown information
channel for HFCs mducing the hypersonic effect, which
does not use air conduction for hearing, but exists on the
surface of the body including the head [Oohashi et al. 2006;
Yagi 2013]. By applying this finding, we examined
passengers wearing earphones in a train to test if exposing
their body surface to HFCs would have any effect on them.
In traios earphone users have been increased rapidly in
recent years. On the other hand, it has been suggested that
humaps have ap unknown information chanonel for high
frequency components inducing hypersonic effect, which is
not using air conduction hearing, but exists on body surface
including the head [Oohashi et. al 2006, Yagi 2013]. By
applying this finding, we examioed earphone-using
passengers in a train to prove if the exposure of high
frequency components to their body surfaces is effective to
them.

The subjects were instructed to bring a piece of music of
their choice recorded op their own portable players. They
were asked to play back and listen to the music, which was
in effect high-cut digital sound, only through earphones. The
same interval of music was repeated in each condition. The
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sound stimuli, therefore, were different for different
individuzals but consistent for each individual. All subjects
wore common, securely fitting, inner-ear type earphones
(ATH-CLP330, Audio-Technica, Tekyo, Japan).

Two conditions were presented: full-bypersonic and
control. In the full-hypersonic condition, virtual car-interior
environmental sounds, a hypersonic shower and a
hypersonic apnouncement were preseuted to the body
surface of the subjects, while high-cut sounds through
earphones were presented to the air-conducted auditory
system. In the control condition, the virtual car-interior
environmental sounds and the high-cut announcement were
presented to the body surface, while high-cut sounds were
sent through earphones o the air-conducted auditory system.
Fourteen subjects with normal hearing ability (eight males
and six females, ranging in age from 34 to 62) participated
in the physiological experiment, and sixteen subjects (nine
males and seven females, ranging in age from 34 to 62)
participated in the psychological experiment.

3.5.2. Results of the physiological experiment

The alpha 2 potential recorded from subjects who listened to
music through earphones v a full-hypersonic condition was
significantly higher than that of those who listened in the
control condition (Figure 11, p=0.014). The p value was
smaller than that observed in Experiments 2-3 in which
subjects did not wear earphones (Figure 5, p=0.032), which
means a higher significance. In other words, when the car-
interior environmental sounds had a hypersonic shower
presented at the same time, the hypersonic effect was
observed in carphone-wearers showing remarkable
activation of the fundamental brain with high statistical
significance.
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Figure 11: Mean and SD of the increase in alpha 2
potentials under two conditions in Experiment 5.

3.5.3. Results of the psychological experiment

Statistical significance was observed showing a tendency
toward less unpleasant and good fecling in the full-
hypersonic condition for 2 of the 15 items (Figure 12): "The
sound inside the train was pot noisy” and "unexpectedly
pleasant". The items regarding the public announcement
showed no significance, which can be explained by the fact
that announcements cannot be heard well by those wearing
earphones.

3.5.4. The applicability of the methodology

When managing a public acoustic environment by adding
and presenting specific sounds, it is extremely difficult to
induce a universally positive effect with statistical



significance on 2 group of people because of the diversity in
individual preference for sound and music. The
methodology we employed, on the contrary, belped us to
overcome individual differences. We removed audible
componcnts from rainforcst sounds, cxtractcd only the
inaudible HFCs that do not produce individual preferences
since the sounds are not recognized. We filled the entire
public space with these inaudible components, while
individuals listening to their favourite music through
earphones. In this way, we succeeded in satisfying
Jindividual preferences and, at the same time, allowed the
geperal public to have a more comfortable experience via
the universal hypersonic effect.

We used an inpovafive methodology that integrated
personal preference and universal physiological reaction
productive of multiple cffects, in which we presented
individually chosen music to the subject’s system through
carphones, while presenting HFCs to the body surface
through speakers.

-8 0.0 1,0 (N=13)
noisy | e not noisy
difficult to hear B | casy to fiear
not pleasant kanmouncsment] oy pleasant
cold and mechanieal - B warm and human
nervous - calm
noisy not noisy
unpleasant |y unexpectedly pleasant
irritated not irrituted
unpleasant nof unpleasant
fee! tired| | not feel tired
not elear|[ slear
annoyed ot annoyed
notbearablel, « i . | S bearable
worse fhan vsual [ e, betier than tswd
difficult to hear {:arphe?c% asy 1o hear
» p<0.03

negative positive
Figure 12: Mean score of cach item in the questionnaire in
Experiment 5 :

4. Discussion

We will ficst discuss tbe methodology by which we carried
out the current research including the construction of
experimental environments, then the significance of the
results of physiological and psychological experiments that
demonstrated the activation of the brain function obtained
using the above methodology, and finally the features of our
approach {o this research.

First, to create a simulation system to use within a
railway car simulator, we made accurate four-channel
recordings of the acoustic environment inside an actual
moving train filled with passengers, and developed a method
by which to build a virtual acoustic environment with high
actuality so that the subject would feel that the train was
actually in motion. Along with this realistic sound space, we
also build a reproduction system for high fidelity hypersonic
sound. We also established a method by which to develop
hypersonic content that would improve the car-interior
acoustic environment. Our method added HFCs extracted
from the environmental sounds of a raipforest to the sound
of a public announcement that had only contained an audible
frequency component.

8¢

Secondly, we employed the alpha 2 potential of the
subjects’ EEGs as a physiological measure. In a previous
experiment in which we simultancously measured regional
cerebral blood flow and EEGs, alpba 2 potential proved to
have a significantly high positive correlation with the total
activity of the fundamental brain petwork originating in the
midbrain and diencephalon, Therefore, tbe fact that alpha 2
potential iucreased more significantly when a hypersonic
shower or a hypersonic announcement was added to the car-
interior acoustic environment than in the control condition
when only the usual car-interior acoustic environment was
presented suggests that the hypersonic effect had actually
been ivduced aod the fundamental brain was activated
[Nakanura et al., 2004] (Figure 13).

What is the significance of the activation of the
fundamental brain function? First of al), the fundamental
brain regions activated by hypersonic sound iuclude the
peural stnictures related to the wide-range regulation system
originating from the midbrain, especially the reward-
generating systemn [Oohashi et al, 2000]. The reward-
generating system includes the dopaminergic, serotoninergin,
and noradrenalinergic systems that produce a desire for
beauty and comfort, and a pleasure sensation when beauty
and comfort are realized. Increase in the activation of these
neural systems makes us feel the sensory information from
the surrounding environment to be more beautiful and
pleasant. The results of the present psycbological
experiments suggest that by adding a hypersonic shower or
hypersonic announcernents to the car-interior acoustic
epvironment, the activity of the reward-generating system
increased and thus the impression of thbe acoustic
environment drastically changed froro 2 negative one to a
positive one. In addition, it has been reported that the
hypersonic effect improved the acuteness of the sensitivity
[Nishina et al., 2010] and the cognitive function [Suzuki et
al., 2013] through tbe activation of the fundamental brain
network. Such improvements in brain function can be seen
by the impression that the announcement was easy to hear in
the present experiment. Our strategy to improve the acoustic
environment by altering human sensitivity to sounds was
validated through the present physiological and
psychological measurements.

The bypothalamus, a part of the diencephalons which
constitutes part of the fundamental brain, is the highest
center of the autonomic nervous system consisting of the
sympathetic and parasympathetic nerves. It is, at the same
time, one of the essential bases of our immune system. It
focuses attention on the physiological impairment induced
by the disorder and decline in brain function in these regions
related to many modemn diseases. Therefore, the fact that
fundamental brain function can be activated on public
transportation by embedding hypersonic sound as reported
in this paper suggests that media technology may have the
potential for a novel contribution to overcoming various
modern diseases caused by the disorder of fundamental
brain functions. This is expected to become an application
that might add new value to public transportation vsed by all
kinds of people.

Third, we approached the problem of how to iroprove the
unpleasant acoustic environment in a railway car in a way
distinct from that of previous researchers who tried to
exclude or reduce the source of the noise. We solved the
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Figute!3 Acxtivated regions of fundamental brain by the
hvoersonic sound.

problem with a novel strategy. By presenting inaudible
complex HFC sounds in the railway car, we induced the
hypersonic effect and modulated the passengers’ sepsitivity
to sounds, thus making them feel the acoustic envirownent
to be more pleasant. This study has suggests that our
approach is more advantageous than previous ones. Crucial
in inducing this bypersomc effect was the HFCs extracted
from natural tropical rainforest environmental sounds.
Presentation of these HFCs in the rallway car does not
increase the nojse level or disturb other sounds, such as
public announcements, that are used to provide 1nformation
to passengers. In addition, because HFCs are jnaudible, they
do not induce individual preferential responses, which may
be induced by audible sounds. In this sense, the experiment
that most typically represents the feature of this approach is
the one delivering music of individual preference through
earphones while presenting HFCs to body surface. In this
experioient, we showed statistically significant improvement
of the acoustic environment realized by activation of the
fundameptal brain while cach passenger satisfied an
individual sound preference. Such a methodology by which
to improve the acoustic environment utilizing the effect of
inaudible HFCs is unique in terms of harmoniously
itegrating individual psychological responses and universal
physiological responses from the viewpoint of origipality,
effectiveness, novelty and generality.

The various results obtaiped in this study verify the
availability and feasibility of the application of the
hypersonic effect to improve a car-inferior acoustic
environment, while at the same tiroe, these results indicate a
possible breakthrough in the application of the hypersonic
effect to other fields.

5, Conclusions

By applying cutting-edge media technology, we have added
complex HFCs to a car-interior acoustic epvironraent that is
widely recognized to be poor and unpleasant. This jnduced
the hypersonic effect and activated the fundamental brain
network that generates pleasure and beauty, by means of
which the impression of the car-interior acoustic
environment was extreraely improved. These results suggest
that, by inducing hypersonic effect to passengers by adding
complex HFCs to car-interior acoustic environments, we can
improve the car-interior acoustic environments through the
mechanism of inducing the more pleasant acceptance of the
sound even if its audible components are identical. The
results demonstrate the availabiliry, feasibility and enormous
possibility of the applications of the hypersonic effect as a
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novel technology to improve a car-interior acoustic
environment. Future studies will include the development of
a sound-presenting system and sound contents to apply the
bypersonic effect in an actual train, and the application of
this methodology ta acoustic envirohments other than that in
a railway car.
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We have discovered that some sound from musical instruments in non-Western traditional culture, such as Japanese biwa,
shakuhachi and Balinese gamelan sound, coatain rich high-frequency components above buman audible range, which
significantly activate the entire network of the fundamental brain. The brain regions activated by the sound with non-
stationary inaudible high frequency components, include the neural structures related to the wide-range regulation system
originating from the midbrain, especially the reward-generating system. mcrease in the activation of reward-generating
systems makes vs feel the sensory information from the surrounding environment to be more beautiful and pleasant. The
hypothalamus, which constitutes part of the fundamental brain, is the highest center of the autonomic nervous system
consisting of the sympathetic and parasympathetic nerves, and is one of the essential bases of our immune system. It focuses
attention on the physiclogical impairment induced by the disorder and decline in brain function in these regious related to
many modern diseases. We also found a 4K image of high density paintings showing the activation of fundamental brain.
Qur results indicate that we should consider, in addition to its technological possibilities, the human reaction and the cultural

Abstract:
diversity in response to the audio-visual format to penetrate the sssence of Asian-Pacific performing art via media.
Keywords: hypersonic effect, high frequency components, 4K image, traditional music .

1. Introduction

Qur research group has travelled to many places in the
world, from around Asia to deepest Aftica, in pursuit of
musical performances and the appreciation of visual arts in
their indigepous setting and swrroundings over about 40
years. Our research leader Oohashi ascertained that the
some iostrumental and vocal sound from non-Western
culture emifted from a compact disc (CD) was significantly
inferior to the live sound that he had heard in the field.
The difference io fidelity between the CD sound and the live
sourd of non-Western musical instruments even exceeded
that achieved by modern Western European musical
instrumental sounds produced, for example, by piano or
orchestra. QOobashi, with his distinguished carcer of music
composition and record production in professional studios,
felt that this qualitative difference was comparable to that
existing between the sound of CDs and LPs. A.k.a. artist
Yarnashiro Shoji, Oohashi is the leader of the Geinoh
Yamashirogumi, the Japanese music group.

Studios producing commercial records (LP) in the 1980’s
were extremely well equipped, so artists could utilize
cutting-edge technology of that day.
process of the LP records of Geinoh Yamashirogunti,
Yamashiro/Oohashi recognized that the equalizing of high
frequency components substantially higher than 20 kHz
changed the intrinsic quality of the sound. It is geperally
accepted that audio frequencies above 20 kHz do not affect
hurnan semsory perception since these are beyond the
audible range. However, highlighting frequencies higher
than 50 kHz improved comfort in terms of sound perception.
Yamashiro/Oohashi often used such highlights as a magical

In the production

seasoning in sound production. The advent of the CD
astounded him because the sound quality of a CD was
decidedly inferior to that of an LP, even when produced
from the identical analogue master tapes.  Such knowledge
led this artist to conclude that the deterioration of the sound
quality arose from the limitation in the CD transmission
frequency itself, i.e., the upper limitation of 22.05 kHz.

Figure 1
emitted from a CD was significantly inferior (o the live sound
that we heard in the village of Bali.

Balinese gamelan cnsemble. The gamelan sound



Several psychological experiments that evalvated sound
quality subjectively by means of questionnaires, according
w the reconvnendation of the Comitg  Consulluiif
International Radiophonique [1], brought home the fact that
listeners did not cobsciously recognize the inclusion of
sounds with a frequency range above 15 kHz as making any
appreciable difference in sound quality. Nevertheless, and
interestingly enough, artists and engineers working to
produce acoustically impeccable music for commercial
purposes  became convinced that the intentional
manipulation of high frequency components above the
audible range could positively affect the perception of sound
quality.

This coutradiction raised the guestion ol (he niaxunum
frequency range that might affect the perception of sound
quality, which differed from the question of maximum
audible frequency range. To investigate the former
question, we reconsiderd experimental procedures and
adopted physiological and bebavioural measures, instead of
the conventional CCIR (ITU-R) method, for the evaluation
of hugh frequency components.

2. Recording and analysing of Asian
traditional instrumental sounds and
environmental sounds

First of all, we re-exarryued the frequency structure of
certain musical sounds io various cultures, making use of
the latest information technology. We also focused on
epvironmental sounds, which is an important aspect of our
ioformation envirmment. To this end we developed a high
definition digital sound recording system. We used
B&K4939 condenser microphones to record sounds that
generally have a flat frequency response of more than 100
kllz. The sigpals were digitally recorded on the originally
developed high-speed sampling one-bit coding signal
processor[2], with an A/D sampling frequency of 5.6448
MHz and mulii-chaonel recording. This system has a
geoerally flat frequency response greater than 150 kHz. We
analyzed the recorded sounds in their frequency spectra and
in the micro temporal domain through the Maximum
Entropy Spectrum Array Method (MESAM), a method we
developed by applying the jpaximum entropy method [3].
For typical musical instruments, we showed the sound
structure  of Balinese gamelan, Japanese biwa and
shakuhachi, piano, flute and otchestra. We selected the
environmental sounds of a tropical rainforest, whicl is the
most Iikely candidate for the genetic mold of great apes and
Homo sapiens sapiens. We went the rainforest in Java Island
which has been well preserved as a UNESCQO Natural
Heritage site. There is limited geperal access to the area and
noise from engines or machines is strictly probibited. We
also recorded the environmental sounds of some traditional
village in Japan and Bali, and of some urban district of
Tokyo by the use of the same recording system.

As the result, the range of the sound of piano, flute,
orchestra and environmental sounds in urbap areas was
within less than 20 kHz, while the biwa, syakuhachi,
gamelan, and rainforest sounds had a wide range, excceding
20 kHz, the upper limit of the buman audible range. even
exceeding 100 kHz. The piano, flute, orchestra, and urban

environmental sounds showed a simple spectral structure
with small changes in the micro temporal domain. On the
eontrary, the biwa, syakuhuchi, gumelun, and forest sounds
show highly complex fluctuation with structural changes in
the micro temporal domain of all frequency ranges, both
continuous and discontinuous (Figure3). Those results
were highly copsistenf with our previous studies [4]-[6].

s

Figure 2: Japanese biwo and shaknhachi

Figure 3: The tropical rainforest.
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3. Physiological and psychological effects
of inaudible high-frequency sounds

To investigate the physiological and psychological effects of
inaudible high frequency, the sound source for experiments
is very important, 'We chose the traditional gamelan nusic
of Bali for our sound source becsuse it is natural sound
containing extremely rich amounts of high frequencies with
a conspicuously fluctuating structure. We developed a bi-
channel sound presentation system, which enabled us to
present the audible low-frequency components (LFC) and
the inaudible high-frequency components (HFC) either
separately or simultaneously by separately amplifiing LFC
and HFC and pretenting them through two independent
speakers, respectively. Using this system, we demovstrated
how gound data and the HFC effect on the physiological and
psycological responses ave transmitted to the brain.

Regional cerebral blood flow (rCBF) measured by Positroo
Emission Tomography (PET) and brain electrical activity
were used as markers of nenronal activity, while subjects
were exposed to sounds with vanious combinations of LFC
and HFC. For a multi-parametric and statistical approach,
we also measured some substances in blood indicative of
immune activity and stress. Psychological and behavioral
experiments were also conducted.

None of the subjects recognized the HFC as sound when 1t
was presented by itself. Wevertheless, PET meusurements
revealed that, wheo HFC and LFC were presented together,

the rCBF ip the fundamental brain region including the -

midbrain, thalamus and  hypothalamus  increased
significantly compared with an otherwise identical sound
but lacking the HFC above 22 kHz [7].

The power spectra of tbe alpha frequency range of the
spontaneous electroencephalogram (a-EEG) recorded from
the occipital region increased with statistical significance
when the subjects were exposed to sound which contained
both HFC and LFC, as campared {o an otherwise identical
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sound from which the HFC were removed (i.e., LFC alone).
In contrast, as compared to the baseline, no enhancement of
a-EEG was evident when either HFC or LFC was presented
separately [8]. Im addition, the simultaneons EEG
measwéments with PET showed that the power of occipital
a-EEGs correlated significantly with the rCBF in the left
thalamus [7].

Activation of the fundamental brain network is reflected as
an increase in regijonal cerebral blood flow, enhancernent of
a-EEG, improvement of immune activity, decrease of stress-
related hormones[9], perception of sound a8 more beautiful
and pleasant in psychological experiments [8] and induction
of specific behavior so as to receive a greater magnitude of
sound in behavioral experiments [10]. Sound with HFCs
has recently been found to improve cognitive skills [11].
(Figure 5). We call such phenomena collectively HFC,
“the hypersonic effect”, and we named the natural sounds
including inaudible fluctuating bigh-frequency components
the “hypersonic sound.”

The fundamental brain regions activated by hypersonic
sound include the neural structures related to the wide-range
regulation system originating frout the oudbrain, especially
the reward-generating system [7]. The reward-generating
system includes the dopaminergic, serotonimergin, and
poradrenalinergic systeros that produce a desjre for beauty
and comfort, and 2 pleasure sensation wben beauty and
comfort are realized. Jacrease in the activation of these
peural systems makes us feel the sepsory information from
the surcounding environment to be more beautiful and
pleasant [&]. Since this effect is based on the physiological
activation of the reward-generating system, it is likely to be
universal and unlikely to depend on interests or preferences
of individuals, [p addition, the hypothalamus, a part of the
diencephalous which constitutes part of the fundamental
brain, is the bighest center of the autonomic nervous system
consisting of the sympathetic and parasympathetic nerves. It
is, at the same time, one of the essential bases of our
immune system. It focuses attention on the plysiological
impairment induced by the disorder and declive in brain



function in these regions related to many modern diseases.
Therefore, the fact that fandamental brain function can be
activated by cmbcedding hvpersonic sound via media, rocdia
technology may have the potential for a novel contribution
to overcoming various rmodem diseases caused by the
disorder of fundamental brain functions. This is expected
to become an application that might add new value to media
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communication used by all kinds of people.

And, interestingly, the hypersonic effect is induced only
when HFCs arc prescnted to the catire body surface of the
subjects [12]. This suggests that biological systems other
than the conventional air-conducting auditory system may
likely be involved in sensing high-frequency air vibration by
humans.
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Figure 5 Overview of the hypersonic effect

5. Physiological effect of high-definition
4K images

We examined the physiological effect of high-definition 4K
iages on the human brain using our originally developed
pbysiological evaluation method. We developed a 4K
movie (3888x2192 pixel) for this experiment using certain
abstract works of Made Wianta, a famous artist of Bali. In

his masterpieces, he used Balinese traditional expression of

ultra fine paintings as well as modern techniques (Figure 6).
In ouwr 4K media work named “ECHOSCAPE WIANTA
GALAXY”, we pursued the possibility of the foremost ultra
high definition visual-audio media as a tool to express
ethno-arts.

Using this 4K movie as presentation material, we made
certain physiological experiments [13]. We found that a2-
EEG, which serves as an index of stress-free status and
highly correlates with fundamentsl brain activity, increased
with statistical significance when the subjects tooked at a 4K
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(Oohashi ct al. 1991-2003, * Suzuki, 2013)

image, as compared to a 2K image. «2-EEG was increased
by full-range sound with high frequency components above
22 kHz, and decreased by sound without high frequencies,
tco. We observed a similar positive tendency in bioactive
substauces such as por-adrepaline awd cortisol.  These
findings suggest that the information density of a 4K foymat
las the possibility to enhaunce the activity of the fundamental
brain petwork. In addition, we found that a hypersopic
sound results in a statistically significant improverent in the
perception of an identical 2K video signal [14].




Figure 6: Painting by Made Wianta for the 4K content

6. What density format would be
necessary to record and transmit the
essence of Asian-Pacific performance?

The results of our human brain imaging studies indicate that
sound with high-frequency components above the audible
raoge significantly activale the entire network of the
fundamental brain. This suggests that the homeostasis
control system responsible for well-being as well as the
reward system in the brain responsible for beauty and
pleasure, are activated simultaneously. Furthermore, as a
muldiplier effect brought about through the activation of the
fundaraental brain, a variety of posilive responses were
revealed, such as an increase in immune activity, a decrease
in stress bormones, enbancement of o-EEG, enhanced
perception of beauty and pleasure, and preferential behavior
with regard to the sounds engendered, and so forth. We
obtajned further results that point to the activation of the
fundamental brain by a 4K high density image.

At the core of brain functions, the fundamental brain
petwork resembles a computer's CPU. This wechanisin
includes the midbrain, thalamus and hypothalamus, all of
which regulate the most basic activities of the brain. The
activation of the fundamental brain network might well
prevent various psychological and behavioral aboormalities
as well as life-style diseases. At the same time, this
comprises the center of the neural reward system that
regulates the emotional response to beauty, pleasure and a
sense of wonder. The activation of the brain in this manuer
enhances both mind and body functions and raises the level
of awareness and sensitivity to stimulus response, thus
crealing the possibility of heightened aestbetic perception of
both pleasure and beauty-—not only for sound buf also
visually.

So, the hypersonic effect has a wide range of potential for
application, from personal appreciation of music
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entertainment to medicine, education, wban design etc.
We have pionecered the hypersonic sound system and
elfective content for these purposes. On the other hand,
though “High resolution audio” movement has been
progressing, some of the audio formats for ordinary digital
audio and communication generally accepted today do not
include high frequency components above the audible range,
and has a possibility to decrease tbe activity of this essential
part of the brain. Such audio formats are thus not suitable
for recording and transmitting the essence of musical sounds
of Asian-pacific region.

Based on these findings, we believe that the audio-visual
format for digital audio should be re-evaluated not only
from the viewpoint of technological possibilities but also
from that of human braio reaction and cultural diversity.
Moving forward, it js pecessary to avoid any decreased
activity of fundamental brain due to low density information
in medja communication, and we should also aim to bring
about the transmission of high density audio-visual
information in order to nurture activation of the fundamental
brain. At the same time, it is equally important to
overcome any cultural discrimination by sending audio-
visual Information of non-Weslierm art forms and
performance without diluting their essence, which possesses
information density oven higher than that of modermn
Western art, as evidenced in traditional Asian art and
performance.

1f we could realize an audio-visual format that could record
and transmit hypersonic sound with 4K images, it could
thereby activate the fundamental brain and thus contribute to
the promotion of human bealth while augmepiing the
acsthetic perception of pleasure. 1t might also contribute to
enhancing the true value of Asia-pacific performance, such
as the performance of Hawaii, for people who do not live on
Hawaji Island. We look forward to the time in the pear
future when satellite communication systems are able to
transmit the essence of Asian-Pacific music and dance
performance throughout our world,
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INTRODUCTION

The abacus, a traditional physical calculation device, is still widely used in Asian coun-
tries. Previous behavioral work has shown that skilled abacus users perform rapid and
precise mental arithmetic by manipulating a mental representation of an abacus, whichis
based on visual imagery. However, its neurophysiological basis remains unclear. Here, we
report the case of 3 patient who was a good absacus user, but transiently lost her "mental
abacus” and superior arithmetic performance after 8 stroke owing to a right hemispheric
lesion including the dorsal premotor cortex (PMd) and inferior parietal lobule (IPL). Func-
tional magnetic resonance imaging experiments were conducted 6 and 13 months after
her stroke. In the mental calculation task, her brain activity was shifted from the language-
related areas, including Broca's area and the left dorsolateral prefrontal and IPLs, to the
visuospatial-related brain areas including the left superior parietal lobule (SPL), according
to the recovery of her arithmetic abilities. In the digit memory task, activities in the bilateral
SPL, and right visual association cortex were also observed after recovery. The shift of brain
activities was consistent with her subjective report that she was able to shift the calcula-
tion strategy from linguistic to visuospatial as her mental abacus became stable again. Ina
behavioral experiment using an interference paradigm, a visual presentation of an abacus
picture, but not a human face picture, interfered with the performance of her gigit memory,
confirming her use of the mental abacus after recovery. This is the first case report on the
impairment of the mental abacus by a brain lesion and on racovery-related brain activity.
We named this rare case “abacus-based acalculia.” Together with previous neurcimaging
studies, the present result suggests an important role for the PMd and parietal cortex in
the superior arithmetic ability of abacus users.

Keywords: acaleulia, arithmetic, calculation, expertise, imagery, memary, plasticity, stroke

2008; Frank and Barner, 2012). These works have demonstrated

To perform complex calculations, most people rely on physical
devices such as pencil and paper, mechanical calculators, and
more recently digital computers. One such device is an abacus,
which is still widely used in Asian countries, The abacus is a sim-
ple device of beads and rods, and numbers are represented by
the spatial locations of beads (Figure 1). Skilled abacus users can
calculate accurate answers to mathematical problems extremely
rapidly. Interestingly, however, abacus users not only manipulate
the tool skillfully in its physical form but also gain the ability
to mentally calculate extraordinarily large numbers, often more
than 10 digits at the expert level, with unusual speed and accu-
racy (Hatano et al., 1977). Psychological studies bave shown that a
non-linguistic strategy using visual imagery of the abacus (a “men-
tal abacus™) underlies this unusual celculation ability (Hatano
et al,, 1977, 1987; Hatano and Osawa, 1983; Stigler, 1984; Hatta
et al., 1989; Hishitani, 1990; Hanakawa et al., 2004; Tanaka et al.,

exarnples of the role of mental imagery in mental arithmetic
operations.

Several behavioral and neuroimaging studies have attempted to
examine the neural correlates of the calculation strategy employed
by abacus users (Hatta and Tkeda, 1988; Tanaka et al,, 2002, 2008;
Hanalawa et al,, 2003; Chen et al,, 2006; Wu et al,, 2009; Hu et al,,
2011; Ku et al., 2012). For example, recent neuroimaging studies
have reported activation in the bilateral dorsal premotor cortex
(PMd) and inferior and superior parietal lobule (IPL and SPL,
respectively) during mental calculation and digit memory tasks
in abacus users {Tanaka et al., 2002; Hanakawa et al., 2003; Chen
et al., 2006; W et al., 2009; Ku et al., 2012). However, there have
been no neuropsychological studies that report dehcits in mental
abacus ability after focal brain injury. Therefore, the causal rela-
tionship between mental abacus ability and region-specific brain
structures remains unclear.
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FIGURE 1 | lllustrations of an abacus. An abacus s a rectangular wooden
calculator based on the decimal system. Each vertical rod has five sliding
beads, one sbove and four below a niddle honzontal bar Numbers are
represented by the configurations of the beads. A bead sbove the bar is
equal 1o five when it is pushed down, and each of the four beads below is
equal to one when pushed up. For example, the leh figure {A} represents
123,456 and the nght figure (B} represents 307,928,

Here, we report the case of a patient who was a well-experienced
abacus user but had impaired mental arithmetic performance
based on her mental abacus strategy due to a stroke. Her knowl-
edge of basic arithmetic facts and her knowledge and operation of
a physical abacus were intact. Only performance in mental calcu-
lation and digit memory tasks based on the mental abacus strategy
was transiently impaired after the lesion. When we met her for the
fiest time, she said “T lost my abacus in the brain.”

The first purpose of the present study was to localize the lesion
areas using high-resolution structural magnetic resonance imag-
ing (MRI) with a 3T MRI scanner. We hypothesized that the
lesion areas should include the PMd and/or parietal regions that
were dominantly activated during the mental calculation and digit
memory tasks in the previous functional MRI studies of abacus
users (Tanaka et al,, 2002; Hanakawa et al,, 2003; Chen et al., 2006;
Ku et al,, 2012).

The second purpose of the present study was to examine the
changes of brain activity with the recovery of mental abacus ability.
Several neuroimaging studies have reported changes of brain activ-
ities with recavery {from motor, attentional, or language deficits
after stroke (Ward et al., 2003; Fridman et al., 2004; Corhetta et al.,
2005; Price and Crinion, 2005; Heiss and Thiel, 2006). However,
recovery-related changes in brain activity from deficits in arith-
metic ability, especially in the non-linguistic aspects of arithmetic
operation, rermain totally unknown.

We hypothesized that the patient would change her strategy for
mental calculation and digit memory from verbal to visuospatial
with stroke recovery. Therefore, her brain activity during mental
calculation would shift from language-related to visuospatial-
related brain regions after recovery. As mentioned above, previous
imaging studies have revealed dominant activation in the bilateral
PMd, IPL, and SPL during mental calculation in abacus experts
(Tanaka et al., 2002; Hanakawa et al., 2003). Neurcanatomical
studies have shown that the PMd and parietal cortex have dense
neuroanatornical connections (Wise et al., 1997; Luppino er al,
1999; Wise and Murray, 2000). Thus, the PMd, IPL, and SPL may
work as a functional network during abacus-based mental calcu-
lation. Damage in one node may induce transient impairment of
mental abacus ability. However, it is possible that the ather intact
nodes in the functional network could gain the ability to work

without the damaged node, possibly because of functional reorga-
nization within the remote intact nodes (Frost et al., 2003; Pridman
et al, 2004; Dancause et al,, 2006), Thus, we hypothesized that the
intact PMd, IPL, and/or SPL would be active with the recovery of
mental abacus ability.

In the present study, functional MRI experiments were con-
ducted 6 and 13 months after her stroke and brain activity between
the two sessions was compared in order to test this hypothesis.
[n addition, a behavioral experiment uvsing duval-task interfer-
ence paradigms was conducted to confirm her use of the mental
imagery of an abacus on a digit memory task 13 months after her
stroke.

MATERIALS AND METHODS

CASE REPORT

The patient was a 57-year old left handed female. She had worked
as a professor in a national university before the stroke. She had a
Ph.D. degree in medicine and had worked as a scientist in the field
of neuropsychology for more than 25 years. She had published
more than 20 international peer-reviewed papers. She had also
engaged in rehabilitative medicine as a speech-language-hearing
therapist for more than 25 years.

She started her abacus training at an abacus school when she
was an elememtary-school child, and had trained in physical and
mental abacus operation for 3 years. We speculated that she was an
excellent and skilled abacus user owing to the fact that she becamea
finalist at a domestic abacus competition in Japan in two successive
years, although her training period was relatively shorter compared
with the grand experts who participated in our previous functional
MRI studies (Tanaka et al., 2002; Hanakawa et al., 2003). After she
finished her abacus training, she kept using abacus-based mental
calculation and mnemonic strategies in everyday activities for a
long period and did not lose her ability. In fact, she reported that
her forward digit span was around 12 before the stroke episode.
This was far beyond the average score for her age group.

In July 2009, she suffered from a right hemispheric infarct in
the territory of the anterior and middle cevebral arteries. When a
therapist tested her digit span during a clinical neuropsychological
evaluation in a hospital approxiroately 2 months after her stroke,
she noticed that she was not able to use the mental abacus strategy
for the digit span test. She was not able to generate vivid mental
imagery of an abacus and the image of the abacus was very frag-
ile. Detailed structural MRI scans were obtained in January 2010.
Functional MRI scans were conducted at two different periods, the
first in Janvary 2010 and the second in August 2010.

NEUROPSYCHOLOGICAL EVALUATION

Neuropsychological evaluations were conducted approximately
I month after stroke onset. Her score on Raven’s Standard Pro-
gressive Matrices was in the average range (33/36). Similarly, her
IQ measured by Kohs Block Design Test was also in the aver-
age range (108). The Standard Language Test for Aphasia (SLTA;
Hasegawa et al., 1984}, which has been widely used in Japan, did
not detect any impairments of language. However, clinical obser-
vation detected mild impairments of her speech production: her
prosody was impaired and speed of speech was slow with small
volume. Clinical observation immediately after her stroke detected
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unilateral visual neglect. For motor function, the patient showed
a severe paralysis in the left upper limb and mild paralysis in the
left lower Jimb.

ARITHMETIC ABILITY

After her stroke onset, her arithmetic ability was not impaired
according to the neuropsychological evaluation. She was able to
perform four basic arithmetic operations without any problem. In
fact, she was able to answer all arithmetic problems correctly in
the SLTA. Tn addition, her long-term memory of digits was also
intact because she correctly remembered the numbers of her bank
accounts and airplane mileage accounts. However, she noticed that
she was not able to generate visual imagery of a mental abacus,
which had been easily generated before the stroke, when a neu-
ropsychologist tested her maximum digit span 2 months after her
stroke. Before the stroke, she used 10 use the mental abacus strategy
especially when she calcnlated and memorized larger sequences of
digits, because the visuospatial strategy, rather than a phonological
strategy, was useful in coding a larger number of digits (Hatano
et al., 1977; Hatano and Osawa, 1983). Due to the impairment of
visua) imagery after her stroke, she used the phonological strategy
instead. She was able to perform four basic arithmelic operations
correctly although she felt that her arithmetic ability had declined
after her stroke.

Six months after her stroke, just before the first functional MRI
session, we evaluated her knowledge of basic arithmetic facts, as
well as her knowledge, and operation of a physical abacus. These
aspects were all intact. However, she still felt that it was difficult 10
generate a vivid visual image of a mental abacus. She reported that
she was not able to perform mental calculations and memorize
digit sequences based on the mental abacus strategy because her
mental abacus was fragile. However, 13 months after her stroke,
she reported that her capacity for visual imagery of a mental aba-
cus had recovered. At that time, she participated in the second
functional MR session.

Figure 2 shows her behaviora] performance of maximum digit
and alphabet span tasks. Forward digit span and forward and back-
ward alphabet spans were all unchanged across the experimental
period. In contrast, backward digit span improved over time after
her stroke. Her backward digit span 13 months after her stroke
was eight and almost equal to her forward digit span. It has been
reported that abacus experts reproduce a series of digits in back-
ward order almost as well as in the forward order, because both
require experts to read off the digits from visuospatial menlal rep-
resentation of an abacus (Hatano and Osawa, 1983). Therefore,
nearly identical maximum digit spans both backward and forward
might be interpreted as evidence that she used her mental abacus
13 months after her stroke. In fact, she reported that she was able
to use the menial abacus strategy for the backward digit span task
13 months afier her stroke.

EXPERIMENTAL PROCEDURE
‘I'he patient gave written, informed consent before the experi-
ments, which were approved by the local ethics committee of the
National Institute for Neuroscience. ‘

The patient participated in two functional MRI sessions of
the mental caleulation and digit memory tasks (Experiment 1).
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FIGURE 2 { Behavioral performance of maximum digit and alphabet
span tasks. Maximum digit spans were higher compared with alphabet
span, Indicating that har superior parformance was digit memary-spacthic
Her maximum forward digit span {white circle), as well as forward and
backward glphabet spans twhite and black triangles), was unchanged
across the entre expenmental penod. Howeves, the maxirnurn backward
digit span iblack circle) was improved over time after her stroke.

The first and second functional MRI1 sessions were conducted
6 months (January 2010) and 13 montbs (August 2010) after her
stroke onset, respectively. The difference of the brain activities
between the two sessions was compared. Structural MRI scang
were obtained in January 2010. In addition, the patient partici-
pated in 2 behavioral experiment after the second functional MRI
session in order to examine whether the patient would use abacus-
based mental calculation and digit memory strategiesin these tasks
(Experiment 2).

EXPERIMENT 1

Behavioral task in functional MRI experiment

For the functional MRJ experiment, the patient performed mental
calculation and digit memory tasks that were used in our previ-
ous functional MRI studies of abacus experts (Tanaka et al., 2002;
Hanakawa et al,, 2003). Before the functional MRI experiment, she
practiced these tasks outside the scanner to become familiar with
the tasks. Presentation software (Neurobehavioral Systems Inc.,
Albany, CA, USA) was used for the visual stimulus presentation
and to record her responses. Stimuli were presented on a screen
using a liquid crystal display projector, and she viewed the screen
though a mirror.

For the mental calculation task, white digit stimuli were pre-
sented for 1.55 with inter-stimulus intervals of 25 on the center
of a screen (Figure 3A, Hanakawa et al., 2003). Digit stimuli were
presented 10 times during each trial. The patient was asked to men-
tally add the presented series of digits without moving her fingers.
After the presentation of these digit stimuli, a red digit stimulus
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FIGURE 3 | (&) Schemauc illustration of the mental calculation task. The
patient was asked to 8dd @ series of numbers memally that were visually
presented on the computer screen. (B} Schematic illustration of the digit
memory task She was asked 10 retain the target sequence of digits during
the delay period.

was presented for 3 s. She was asked to judge whether the addition
answer in her mind and the test digit stimuli were the same or
different, by pressing one of the response buttons with the right
fingers. After each trial, there was an-18-s inter-trial interval (ITL)
in which the patient simply watched the white fixation cross pre-
sented at the center of the screen (visual fixation condition). She
performed additional tasks with single-dight and two-digit num-
bers. The experimental session consisted of five trials for each task
in an alternate order.

For the digit memory task, a delayed match-to-sample task
using a digit sequence as the stimulus was employed (Figure 3B,
Tanaka et al., 2002). A target digit sequence was presented on
the center of a screen for 3s. The length of the digit sequence
was a five digit number, which was two digits shorter than her
digit span memory capacity measured before the first functional
MRI session. After a 15-s delay period, during which obly a fix-
ation cross appeared on the screen, a test sequence of digits was
presented for 3s. She was asked to judge whether the target and
test sequences were the same or different, by pressing one of the
response buttons. Following these behavioral events, there was
a 17-s visual fixation. The experimental session consisted of 10
trials.

The patient also participated in functional MRT experiments of
verbal fluency and hand grip tasks 13 months after the stroke,
These experiments were conducied to ascertain whether the
region-specific brain activity during arithmetic tasks 13 months
after the stroke would be task-specific or not. In the verbal fluency
task, the subject was asked to generate in her mind as many words
as possible from an indicated category (such as names of sports or
froits) during a 24-s trial. After each trial, there was a 24-s visual
fxation condition. The task and fixation condition were alternately
performed [0 times. In the hand grip task, the patient was asked to
make the hand grip movement with her paretic hand every 2 s dur-
ing a 24-s period. The hand grip task and visual fixation condition
were alternately performed 10 times.

Imaging data acquisition and analysis

The functional MRI experiment was conducted using a 3.0-T
MRI scanner (MAGNETOM Trio, Siemens, Erlangen, Germany).
Functional images were acquired using a T2*-weighted echo
planar imaging sequence (TR/TE/FA/FOV/voxel size/slice num-
ber = 3000 ms/30 ms/90°/192 mm/3.0 mm x 3.0 mm x 3.0 mm/46
axial slices for the mental calculation task, and 2000 ms/40 ms/30°/
192 mm/3.0 mm X 3.0 mm x 4.0 mm/25 axial for the digit mem-
ory task). A total of 143 and 205 functional images on each mental
calculation and digit memary task were collected during each ses-
sion. The first three and five images of each task were discarded
from data analysis to allow for the stabilization of the magneti-
zation. Eighty-three images were obtained on each verbal fluency
and hand grip task and the first three images were discarded. A
high-resolution structural T) image was acquired using 2 Magne-
tization Prepared Rapid Acquisition in Gradient Echo (MPRAGE)
sequence.

SPM8 software (Wellcome Department of Cognitive Neurol-
ogy, London, UK) was used for image processing and analysis.
The TI image was spatially normalized to fit a Montreal Neuro-
logical Institute (MNI) template (Evans et al., 1993). The damaged
regions were masked to reduce the influence from non-brain or
lesioned tissue (Brett et al., 2001). For functional images, the data
were first realigned to the mean functional images in order to
reduce the effect of head motion. These images were then normal-
ized to the MNI template, with the same parameter obtained for
T1 normalization. Then, the images were spatially smoothed using
an isotropic Gaussian kernel of 6-mm full-width half maximum
(FWHM).

Statistical analysis

Statistical analysis of the time course data at each voxel was con-
ducted with a general linear model in order to identify voxels that
showed task-specific and session-specific signal changes (Friston
ctal., 1994). The brain activitics in the mental calculation and digit
memory tasks were analyzed separately.

For the mental calculation task, one-digit and two-digit calcu-
lation tasks were separately modeled as regressors on each session
with boxcar functions convolved with a hemodynamic response
function. For the digit memory task, the presemtations of the target
and test sequences, and the delay period, were separately modeled
on each session using three boxcar functions convolved with a
hemodynamic response function. For the verbal fluency and hand
grip task, the task period was modeled using three boxear func-
tions convolved with a hemodynamic response function. In all
tasks, head-movement parameters were also included as regressors
of no interest.

To test hypotheses about regionally specific task-effects or
session-effects, the estimates for each model parameter were com-
pared with the linear contrasts. The resulting set of voxel values
constituted a statistical parametric map of the ¢ statistic, SPM{1t}.
In all tasks, the statistical threshold was setat p < 0.001 at the voxel
level. Control for multiple comparisons was achieved at the clus-
ter level with Gaussian random field theory either in the whole
brain (p corr < 0.05) or the small volume around the coordi-
nates of the regions of interest (ROIs) based on the published
papers (p sve < 0.05). On the basis of previous works on abacus
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experts (Tanaka et al., 2002; Hanakewa et 2l,, 2003), spherical ROIs
(r =8 mm) were created at the peak voxel in the bilateral SPL
(left x=—18, y = —66, z=60; right x= 14, y = —66, z=64 at
MNI coordinate), left 1PL (x = —16, y = —40, z = 51), left PMd
{(x=-32, y=—6, z=752), and Broca’s area {(x=—50, y=10,
z=126).

EXPERIMENT 2

Behavioral evalustion in mental abacus use

A behavioral experiment using interference paradigms was con-
ducted to examine whether the patient would utilize the mental
abacus strategy on a digit memory task 13 months after her stroke
(Figure 10A). The behavioral paradigm was based on Hatta et al.
(1989). She performed a delayed digit recall task. First, a tar-
get digit sequence was presented on the computer screen for
3 5. The length of the target digit sequence was eight, which was
one-digit shorter than her maximum digit span memory capac-
ity. After a 15-s retention interval, she was asked to recall and
report the digit sequence orally. There were three experimen-
tal conditions which differed according to the types of visnal
distractors. Pictures of abacus figures, human faces, or gray rec-
tangles were presented on the center of the screen during the
retention interval. Each distractor stimulus was presented for 1 s
withh 0.5s iter-stimulus intervals. She performed 15 triuls for
each distractor condition. We hypothesized that if she utilized
a mental abacus for the digit memory task, the presentation of
the pictures of abacus figures would interfere with task perfor-
mance more than the presemtation of the human faces and gray
rectangles.

RESULTS

STRUCTURAL MRI

The Tl-weighted MRI showed a right fronto-parietal lesion,
involving the posterior parts of the inferior and superior frontal
gyrus, anterior insula, anterior cingulate gyrus, pre and post cen-
tral gyrus, and supramarginal gyrus (Figure 4). These lesioned
areas included the right PMd and JPL, which were domi-
nanily activated during the mental calcvlation and digit mem-
ory tasks in the previous functional MRI studies of abacus
experts (Tanaka et al,, 2002; Hanakawa et al, 2003; Chen et al,,
2006; Ku et al., 2012). The lesion was not observed in the left
hemisphere.

EXPERIMENT 1: FUNCTIONAL MBI EXPERIMENT

Mental calculation task

The patient responded correctly in all trials of the calculation
tasks in both functional MRI sessions. Figure 5A shows brain
activity associated with one- and two-digit mental calculation
tasks relative to the visual fixation condition (see Table Al in
Appendix oplipe). In one-digit mental calculations, brain activ-
ity was generally lateralized to the left hemisphere both 6 and
13 months after her stroke. In contrast, brain activity in two-
digit mental calculations was observed bilaterally both 6 and
13 months after her stroke. These brain regions include the mid-
dle frontal gyrus, pre- and postcentral gyrus, SPL, middle and
superior occipital gyrus, inferior temporal gyrus, and cerebellum.
This activity was not observed in the damaged regions of the
right hemisphere. When brain activities during one- and two-digit
mental calculation 1asks were directly compared, significant brain
activity in the left middle frontal gyrus was observed 6 months
after her stroke (Figure 5B). In contrast, significant activity was
observed in the bilateral SPL, right middle frontal gyrus, post-
central gyrus, and middle occipital gyrus 13 months after her
stroke.

To investigate the time-specific brain activities, her whole brain
activities between 6 and 13 months after her stroke were directly
compared. A previous study has revealed that the region-specific
brain activities in abacus vsers were more evident in the mental
calculation task with a higher cognitive demand (Hanakawa et al.,
2003). Therefore, the brain activities in the two-digit addition task
between 6 and 13 months after her stroke were compared in the
analysis.

The results are shown in Figure 6. The left hemispheric cor-
tical activities including Broca’s area (peak coordinate x = —48,
y=28, z=8; t =473, cluster size =227 voxels, p corr <0.05),
the left dorsolateral prefrontal cortex (DLPFC, x = —48, y =38,
z=230; t =4.8], cluster size=118 voxels, p corr < 0.05), and
IPL (x= 44, y= 50, z="54; t =4.38, cluster size =118 vox-
els, p corr < 0.05) were significartly greater at 6 months com-
pared with 13 months after the stoke (Figure 6A). These brain
regions were repeatedly activated in many language- related cog-
nitive tasks (Paulesu et al., 1993; Fiez et al., 1996; Smith et al,,
1998). [n contrast, activity in the left SPL (x = —20, y= —66,
z=266; £ = 3.60, dJuster size = 10, p sve < 0.05) was significantly
greater at )3 months compared with 6 months after her stroke

hemisphere

FIGURE 4 | T1-waighted structural MRI of tha patiant. The lasion was observed in the frome-panstal cortex, including the poswenor parts of the mfernor and
superior frontal gyrus, anterior Insula, anterior cingulate gyrus, pre and post central gyrus, and supramarginal gyrus. No lesion was observed in the left
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FIGURE & | (A} Acuve areas during the mental caleulation task relative 10
those during the wisual fixation condiuon 6 and 13 months after her stroke.
(B) Active areas during the two-digit rental calculation task relative 1o those
during the one-digit task 6 and 13months after her stroke The blue regon

13 menths after stroke

indicates the lesion area Brain activity 1s overlayed on the spatially normahzed
rendering images (voxel level, p < 0 001 uncorrected for multiple comparison,
cluster level p < 0.05 FWE). The detalled coordinates and statistical values are
listed inTeble A1 Appendix onling.
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FIGURE 6 | {A) Acuve areas dunng the mental calculation task-specific
to 6momhs after her stroke. These areas include Broca’s area, the left
dorsolateral prefrontal corlex and the inferior parietal cortex. (B} Active
areas specific 1o 13months after her stroke. Only the left superior
parietal cortex was significantly acuvated on this comparison. The blue
calor on the rendernng structural image indicates the damaged corucal
area. Only statisucally significantly different acuvity is shown (voxel

(=44, =50, 54)
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o <0 05 FWEL. In each bar graph, the vertical 2xis indicates contrast
estimated values relative to the baseline, whereas the honzontal axis
ndicates the type of task. One and two in the figure indicates one-dign
and two-digit addition task, respectively Blue and orange color bar

indicates session 1 and 2, raspectively. The srror bars represent,
standard deviations across scans.
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{(Figure 6B). Activity in the left SPL was observed in the pre-
vious functional imaging studies of mental calculation rasks in
abacus experts (Manakawa et al, 2003; Chen et al., 2006; Wu
et al., 2009). These functional MRI results were very consistent
with the patient’s subjective report that she was able to shift the

6 months after stroke

FIGURE 7 | Active areas during the delay period on the digit memory
task relative to these during the visual fixatian candition & and
13months after her stroke, The blue region indicates the lesion area. Bran
activity Is overlayed on the spatally normalized rendernng images {(voxel
level, p < 0.007 uncorrected for multiple comparison, cluster level p < 0.08
FWE) The detsiled coordinates and statistical values ara listed in Table A2
In Appendix onhne.

calculation strategy {rom a phonological ~ based to a mental aba-
cus — based strategy according 1o her level of recovery from the
stroke,

Digit memory task

The patient correctly answered all trials in both functional MRI
sessions. The present analysis of the digit memory task focuses on
the brain activities associated with memory retention and thus
the brain activities only during the delay period are reported.
Figure 7 shows brain activity associated with the delay interval
period during the digit memory tasks relative to the visual fixation
condition (se¢ Table A2 in Appendix online). Overall, brain activ-
ity was left lateralized 6 months afier her stroke, whereas bilateral
activation was observed 13 months after her stroke. These brain
regions include the inferior and middle frontal gyrus, insula, sup-
plementary motor area, 1PL, SPL, cuneus, fusiform gyrus, inferior
temporal gyrus, and cerebellum.

A direct comparison of the brain activities observed dur-
ing the delay period between the two sessions is shown in
Figure 8. No brain regions were observed that showed sig-
nificant regional-specific activities at 6 months compared with
those at 13 months after her stroke. In contrast, activities in
the bilateral SPL (left x = — 18, y = — 064, z=64; £ = 6.36, cluster
size =223, p corr < 0.05; right x =20, y= —48, z=70; { =4.93,
cluster size = 132, p corr < 0.05) and the right visual association
cortex (x =36, y=—80, z= —14; 1t =6.77, cluster size=529, p
corr < 0.05) were significantly greater at 13 months compared
with 6 months after her stroke. The bilateral activities in the SPL
during the delay period were observed in the previcus functional
MRI study of abacus experts {Tanaka gt al., 2002). Thus, the result
suggests that the visuospatial strategy of mental abacus represen-
tation might be more dominantly used in the digit memory task,

contrast esfimale at

2
Session

FIGURE 8 | Active areas during the retention period in the digit memory
task specific to 13 months after her stroke. The bilateral superior parietal

lobule and visual association cortex were significantly activated Statisucal
threshold was the same as with the mental calculation task.
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the same as in the mental calculation task, at 13 months after
her stroke. Again, this was consistent with the patient’s subjec-
tive report that she was able to utilize the mental abacus strategy
13 months after her stroke.

Verbal fluency and hand grip tasks

Figure 9 shows the results of verbal fluency and hand grip tasks.
There was significant task-specific activity mainly in the left
DLPFC for the verbal fluency task and in the right primary motor
cortex for the left hand grip task, respectively. [n contrast, in both
tasks, the left SPL, which was dominantly activated during her
mental calculation and digit memory tasks, was not significantly
activated compared with the visual fixation condition. These find-
ings suggest that activation in the SPL was specific to mental
calculation and digit memory tasks 13 months after the stroke.

EXPERIMENT 2

Behavioral experiment

The number of correctly answered trials was 12 for the
human face and gray rectangle conditions, compared with
6 for the abacus picture condition (Figure 10B), Therefore,
the number of the correct trials in the abacus picture con-
dition was clearly fewer thap that jo the other two distrac-
tor conditions, This result showed that the presemtation of
pictures of abacus figures interfered with the patient’s task

contrast estimale

LDLPFC RM{ LSPL

contrast estimate

-2l
LDLPFC RM1 L.SPL

FIGURE ¢ | Active areas during verbal fluency and left hand grip tasks
13 months after the stroke. (A} There were significant task-specific
activities in the left dorsolateral prefrontal cortex (DLPFC) for verbal fluency
task and {B) nght primary motor cortex (M1) for left hand grip task The left
SPL was not significantly acuvated. tn each bar graph, the vertical axis
Ingicates contrast estimated values relative o the visual fixauon task,
whereas the horizontal axis indicates each brain region The error bars
represent standard deviations across seans.

performance, suggesting her use of a mental abacus on the
digit memory rask and mental calculations 13 months after her
stroke,

DISCUSSION

This is the first case report on the impairment of mental abacus
ability by a brain lesion and on recovery-related brain activity. The
patient’s knowledge and operation of basic arithmetic facts and of
a physical abacus were all intact. Her impairment of arithmetic
ability was specific to mental calculation and digit memory only
based on the mental abacus strategy. Therefore, we consider that
this would be a specific case of spatial acalculia (Hecaen et al,,
19615 Hartje, 1987; Grand et al., 2006). This is a quite rare case and
we have named this “abacus-based acalculia.”

The results of the present study show that brain activity dur-
ing mental calculation at 13 months after her stroke was observed
more in an area implicated in visuospatial working memory
(Jonides et al., 1993; Mellet et al., 1996; Courtney et al., 1998ab;
Rowe et al., 2001z Tanaka et al., 2005; Oshio et al., 2010), whereas
at 6 months after her stroke, brain activity was more predominant
in the left hemisphere in areas related to verbal working mem-
ory {Paulesu et al., 1993; Fiez et al., 1996; Smith et al., 1998).
Brain activity at 13 months after her stroke was observed in the
left SPL, whereas that at 6 months afier her stroke was observed
in Broca’s area and the left DLPFC and IPL. This shift of region-
specific brain activities is consistent with her subjective report
that she was able to shift her calculation strategy from a verbal
to a visuospatial strategy according to the level of her recovery
from the stroke. In a behavioral experiment using interference
paradigms, a visual presentation of an abacus picture, but not
a human face picture, interfered with her performance of digit
memory, confirming her use of the mental abacus 13 months after
her stroke.

The present result is consistent with previous functional imag-
ing studies that reported activation in the SPL during niental
calculation and digit memory tasks in abacus users (Tanaka et al,
2002; Hanakawa et al,, 2003; Chen et al,, 2006; Wu et al., 2009). [t
is possible that a spatial representation of numbers is developed
through abacus practice, which involves rule based visuo motor
processing, and utilized in mental calculation and digit memory
tasks, becauvse it is more efficient to mentally manipulate large
numbers using a spatial representation than a sequentially orga-
nized phonological representation (Hatano et al, 1977; Hatano
and Osawa, 1983 Hatano et al, 1987; Hatta et al,, 1989; Hishi-
tani, 1990; Tanaka et al., 2008; Frank and Barner, 2012). The
SPL might be a key brain regjon for such non-verbal visuospatial
representation of aumbers.

According to the structural MRI, the lesion area involved the
right fronto-parictal regions. Her impairment of mental aba-
cus ability due to her right hemispheric lesion was consistent
with previous behavioral and neuroimaging studies that indicate
involvement of the right hemisphere in the superior arithmetic
abilities of abacus vsers (Hatta and lkeda, 1988; Tanaka et al., 2002;
Hanakawa et al., 2003; Chen et al., 2006; Wua et al,, 2009). More
specifically, her lesion area included the right PMd and IPL, which
have been repeatedly activated in the previous functional neu-
roimaging studies of abacus users (Tanaka et al,, 2002; Hanakawa
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Total Number of Correct Recall Trials
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FIGURE 10 | {A} A delayed dign recall task using interference paradigms,
based on Hana 21 al. {1988} The patient was asked 10 recall » target dign
sequence afier a 15-s retention interval. Three different types of visual
distractors were presented during the retention interval {pictures of abacus
figures, human faces, or gray rectangles) {B) Bshavioral performance in the

et al., 2003; Chen et al., 2006; Wu et al,, 2009). Therefore, the
present study may suggest the functional relevance of these brain
regions 10 the mental calculation and digit memory of abacus
users. However, we should be careful about such interpretations
because the lesion area not only covered the PMd and IPL but also
included relatively Jarge areas of the right frontal and parietal cor-
tex. A non-invasive brain stimulation study or neuropsychological
study of patients with a more focal brain lesion will clarify this
issue.

The activation in the SPL was less evident at 6 months com-
pared with 13 months after her stroke. This implies that the dam-
aged regions in the right hemisphere, possibly the PMd and IPL,
and the SPL may work as a functional network during abacus-
based mental calculation and digit memory. In fact, it is known
that there is an anatomical and functional connectivity between
the premotor and parietal cortex (Wise ¢t al., 1997; Luppino et al.,
1999; Wise and Murray. 2000; Tanaka et al., 2005; Oshio et al,,
2010). Damage in one cortical node may induce less activity in
another cortical node within the functional nerwork, However,
13 months after her stroke, the SPL might be able to work without
the damaged brain regions, possibly because of remote cortical
reorganization that may occur within the intact SPL region (Frost
et al, 2003; Fridman et al., 2004; Dancause et al., 2006).

In the present study, the significant activity in the SPL was left
lateralized in the memal calculation task, whereas bilatera) acti-
vation was found in the digit memory task. T'his might be due
to differences in task difficulty between the two tasks, based on
her subjective report after the experiment. A previous functional
MRI study has reported that bilateral SPL activity in abacus users
was more evident in the tasks with a higher cognitive demand
(Hanakawa et al., 2003). In fact, if a lower statistical threshold was

A

Type of Distracior

delaved cigit racal! task. The number of correctly enswered trials was 12
when a human {ace of a gray rectangle were presented as distractors, in
contrast, the number of correctly answered trizls was six when the distracior
was pictures of abacus figures This result indicated shat the presentation of
abacus figures interfered with the patient’s digit memory performance

used in the mental calculation task, activation in the bilateral SPL
was observed.

Regarding the task-specific activity of the SPL, one mighi argue
that the observed differences in SPL activity among arithmetic and
other control tasks (such as verbal fluency and hand grip) might
be explained by the difference in task difficulty. However, that
would be unlikely because the SPL activity during verbal fluency
and hand grip tasks was not significantly different compared with
the easiest visual fixation condition in which the subject simply
watched the fixation on the screen. If the explanation of activity
difference by task difficulty is true, then SPL activity during the
verbal fluency and band grip tasks should be greater than during
the visual fixation task. Therefore, it is reasonable to consider that
the SPL activity would be specific for her mental abacus use after
her stroke recovery.

[t has been proposed that the human capacity for mathematical
intuition depends on both linguistic competence and visuospatial
representations (Dehaene et al., 1999). By a combination of neu-
ropsychological and neuroimaging techniques, the present finding
provides evidence for an important role of visual imagery in men-
tal arithmetic operations and also for its underlying neural corre-
lates, the superior parietal cortex. The SPL might be an important
cortical structure for non-verbal forms of number representation
for calculation. The present finding may contribute to developing
our understanding of the relationship between mental imagery
and mental arithmetic operations.

There are several limitations for this study. First, this is a
single case study and it is difficult to generalize this finding
1o other populations. Second, the patient was left handed and
thus it is difficult to discuss the lateralization of brain activa-
tion. For this reason, we did not make any conclusions on the
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lateralization of brain activity from the present study. Third, the
results of the behavioral interference task might be explained by
a potential difference in difficulty between the distractors, such
as the difference in the visual complexity of stimuli. Thus, in
future studies, interference tasks should be matched for difficulty
and the subject should be asked to make a behavioral response
to the interfering stimuli, 1o be certain that the subject is actu-
ally processing the stimuli. Despite these limitations, bowever, we
believe that this result has important implications regarding the
neural substrates underlying the superior arithmetic ability of aba-
cus users, because this is the first neuropsychological case report
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with previous neurcimaging studies, the present result provides
evidence for an important role of the PMd and parietal cortex in
the mental calculation and digit memory tasks of abacus users.
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