Several psychological experiments that evaluated sound
quality subjectively by means of questionnaires, according
w e recomvpendation of the Comité Cosnsuliulif
International Radiophonique [1], brought bome the fact that
listeners did not cobsciously recogpize 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 quesiion ol the maxinum
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 behavioural measures, instead of
the conventional CCIR (ITU-R) method, for the evaluation
of high frequency components.

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

First of all, we re-examined the frequency structure of
certain musical sounds io various cultures, making use of
the Jatest information technology. We also focused on
environmental sounds, which is an important aspect of our
ioformation envirnment. To this end we developed a high
definition digital sound recording system. We used
B&K4939 condenser microphobes to record sounds that
generally have a flat frequency response of more than 100
kiIz. 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 multi-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 jaximum entropy method [3].
For typical musical instrurnents, we showed the sound
structure  of Balinese gamelan, Japanese biwa and
shakuhachi, piano, flutc and orchestra. We selected the
environmental sounds of a tropical rainforest, which 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 UNESCO Natural
Heritage site. There is limited geoeral access to the area and
noise from engines or machines is strictly prohibited. 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, exceceding
20 kHz, the upper lioit of the buman audible rauge, even
- exceeding 100 kHz. The piano, flute, orchestra, and urban
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environmental sounds showed a simple spectral structure
with smoall changes in the micro temporal domain. Oun the
contrary, the biwa, syakuhuchi, gamelun, 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 consistent with our previous studies [4]-[6].

Figure 2: Japanese biwa and shakuhachi

Figure 3: The tropical rainforest.
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Figure 4 Sound structure of the typical musical and envirnmental sounds

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 music
of Bali for our sound source becsuse it is matural 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 LEFC
and HFC and pretenting them through two independent
speakers, respectively. Using this system, we demoustrated
how sound data and the HFC effect on the physiclogical and
psycological responses are transmitted to the brain.

Regional cerebral blood flow (xCBF) measured by Positron
Emission Tomography (PET) and brain electrical activity
were nsed as markers of neuronal activity, while subjects
were exposed to sounds with various combinations of LFC
and HEC. For a multi-parametric and statistical approach,
we also roeasured some snbstances 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 it
was presented by itself. WNevertheless, PET measurements
revealed that, wheo HFC and LFC were presented together,

the rCBY in the fundomental brain region including the

midbrain, thalamus and  hypothalamus  increased
sinificantly 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 electroencephaiogram (a-EEG) recorded from
the occipital region increased with statistical sigpificance
when the subjects were exposed to sound which contained
both HFC and LFC, as compared {0 an otherwise identical
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sound from which the HFC were removed (L.e., LEC alone).
In contrast, as compared to the bascline, no enhancement of
a-EEG was evident when cither HFC or LFC was presented
separately [8]. In addition, the simultaneous EEG
measuréments with PET showed that the power of occipital
o-EEGs correlated significantly with the rCBF in the left
thalamus [7].

Activation of the fundamental brain network is reflected as
an increase in regional cerebral blood flow, enhancement of
o-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 bebavioral experiments [10].  Sound with HFCs
has recently beeo found to improve cognitive skills [11].
(Figure 5). We call such phenomena collectively HFC,
“the hypersonic effect”, and we named the matural sounds
including inaudible fluctuating high-frequency components
the “hypersonic soungd.”

The fundamental brain regions activated by hypersonic
sound include the neural structures related to the wide-range
regulation system originating froum the mydbrain, especially
the reward-generating system [7). The reward-generating
system includes the dopaminergic, serotoninmergin, and
noradrenalinergic systeros that produce a desite for beauty
and comfort, and 2 pleasure sensation whben beauty and
comfort are realized. Iucrease in the activation of these
peural systems makes us feel the sensory information from
the surcounding environment to be more beautiful and
pleasant [8]. Since this effect is based on the physiological
activation of the reward-generating systern, it 1s likely to be
universal and unlikely to depend ou interests or preferences
of individuals. [p addition, the hypothalamus, a part of the
diencephalons which constitutes part of the fundamental
brain, is the bighest center of the autopomic nervous system
consisting of the sympathetic and parasympathetic nerves. It
is, al tbe same time, one of the essential bases of our
imnune system. It focuses attention oo the physiological
impairment induced by the disorder and decline in brain



function in these regions related to many modern diseases.
Therefore, the fact that fundamental brain function can be
activated by cmbcedding hypersonic sound via media, mcdia
technology may have the potential for a novel contribution
to overcoming various modemn <iscases cansed by the
disorder of fundamental brain functions. This is expected
to becorne an application that might add new value to media
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And, interestingly, the hypersonic effect is induced ouly
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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
images 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 pantings as well as modern techniques (Figure 6).
In owr 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 o2~
EEG, which serves as an index of stress-free status and
highly correlates with fandamental brain activity, increased
with statistical significance when the subjects looked at a 4K
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(Oohashi ct al. 1991-2003, * Suzuki, 2013)

image, as corpared to a 2K image. a2-EEG was increased
by full-range sound with high frequency components above
22 kHz, and decreased by sound without high frequencies,
too. We observed a similar positive teudency in bioactive
substauces such as por-adrepaline awd cortisol.  These
findings suggest that the information density of a 4K format
has the possibility to enhaunce the activity of the fundamental
brain petwork. In addition, we found that a hypersonic
sound results in a statistically significant improveaent 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
range significantly activate 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 besuty and
pleasure, are activated simultaneously. Furthermore, as a
multiplier effect brought about through the activation of the
fundarental brain, a variety of positive responses were
revealed, such as an increase in imrnune 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
obtained further results that point to the activation of the
fundamental braia by a 4K high dengity tmage.

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 braia in this manner
enhances both mind and body functions and raises the level
of awareness and sensitivity to stimulus response, thus
creating the possibility of heightened aesthetic 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 persopal appreciation of music
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entertainment {0 medicine, education, wban design etc.
We have pioncered the hypersonic sound system and
e(fective 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 the activity of this essential
part of the brain. Such audio formats are thus pot suitable
for recording and transmifting 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 bul also
from that of human braip reaction and cultural diversity.
Moving forward, it js pecessary to avoid any decreased
activity of fundamental braiv due to low density information
in media communication, and we should also aim to bring
about the transmission of mgh density audio-visual
information ip order to nurture activation of the fundamenta)
brain. At the same time, it is ecqually important to
overcome any cultural discrimination by sending audio-
visual Information of non-Weslern art forms and
performance without diluting their essence, which possesses
information density even higher than that of modern
Western art, as evidenced in traditional Asian art and
performance.

If 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 promotioo of human bealth while augmepiing the
aesthetic perception of pleasure. It might also contribute to
cnhancing the true value of Asia-pacific performance, such
as the performance of Hawaii, for people who do not live en
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, which 1s
based on visual imagery. However, its neurophysiological basis remains unclear. Here, we
report the case of 3 patient who was a good abacus user, but transiently lost her "mental
abacus” and superior arithmetic performance after a 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 13months 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 (PLs, 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 2s her mental abacus became stable again. In a
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 digit 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 recovery-related brain activity.
We named this rare case “abacus-based acalculia.” Together with previous neuroimaging
studies, the present result suggests an important role for the PMd and parietal cortex in
the superior arithmetic ability of abacus users.

Keywords: acalculia, arithmetic, calculation, expertise, imagery, memory, 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 10 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 calculation 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.,

examples 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 Ikeda, 1988; Tanaka et al., 2002, 2008;
Hanakawa et al., 2003; Chen et al,, 2006; Wu et al., 2009; Hu et al,,
20115 Ku et al,, 2012). For example, recent neuroimaging studies
have reported activation in the biateral dorsal premotor cortex
(PMd) and inferior and superior parietal lobule (IPL and SPL,
respectively) during mental calculation and digit memory tasks
in abacus vsers (Tanaka et al., 2002; Hanakawa et al,, 2003; Chen
vt al., 2006; Wu et al., 2009; Ku et al,, 2012), However, there have
been no neuropsychological studies that report deficits in mental
abacus ability after focal brain injury. Therefore, the causal rela-
tionship between mental abacus ability and region-specific brain
structures remains unclear.

www.frontiersin.org
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FIGURE 1 | lltustrations of an abacus. An abacus Is a rectangular wooden
calculator based on the decimal system, Each vertical rod has five sliding
beads, one above and four below a middle honzontal bar Numbers are
represented by the configurations of the beads. A bead above the bar is
equal to five when it is pushed down, and each of the four beads below is
equal to one when pushed up. For example, the left figuce {A} represents
123,456 and the right 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
first time, she said “1 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 (MR1) 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;
Kuetal, 2012).

The second purpose of the present study was to examine the
changes of brain activity with the recovery of mental abacug ahility.
Several neuroimaging studies have reported changes of brain activ-
ities with recovery from motor, attentional, or language deficits
after stroke (Ward et al,, 2003; Fridman et al., 2004; Corbetta 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, remain 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 visuospatjal-
related brain regions afler recovery. As mentioned above, previous
imaging studies have revealed dominant activation in the bilateral
PMQ, IPL, and SPL during mental calculation in abacus experts
(Tanaka et al., 2002; Hanakawa et al.. 2003). Neuroanatomical
studies have shown that the PMd and parietal cortex have dense
neuroanatomical connections (Wise et al., 1997; Luppino er al.,
1999; Wise and Murray, 2000). Thus, the PMd, IPL, and $PL may
work as a functional network during abacus-based mental calcu-
lation. Damiage 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; Fridman
et al.,, 2004; Dancause et al,, 2006). Thus, we hypothesized that the
intact PMd, 1PL, 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 using dual-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 abacns training at an abacus school when she
was an elementary-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 became a
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 funictional
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 cerebral arteries. When a
therapist tested her digit span during a dinical neuropsychological
evaluation in a hospital approximately 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 abtained 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
1 month after stroke onset. Her score on Raven’s Standard Pro-
gressive Matrices was in the average range (33/36). Similarly, her
1Q 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 1o
perform four basic arithmetic operations without any problem. In
fact, she was able to answer all arithmetic problems correctly in
the SLTA. In 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 to use the mental abacus strategy
especially when she caleulated and memorized Jarger 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
visual imagery after her stroke, she used the phonological strategy
instead. She was able to perform four basic arithmetic 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 to
generate a vivid visual image of a mental abacus. She reported that
she was not able to perform memal 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 MRI session.

Figure 2 shows her behavioral 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 mental rep-
resentation of an abacus (Hatano and Osawa, 1983). Therefore,
nearly identical maximum digit spans both backward and forward
might be imerpreted as evidence that she used her mental abacus
13 months after her stroke. In fact, she reported that she was able
to use the menzal abacus strategy for the backward digit span task
13 months after 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 calculation and digit memory tasks (Experiment 1).

U
9t
8
[~
4 7
1)
B .
5 - R A
st 2nd
4 fMRI MRI
1 2 3 4 5 6 7 8 9 10 11 12 13
Time after stroke onset {monih)
O oigit forward @ oigit backward
JAN Alphabet forward A Alphabet backward

FIGURE 2 | Behavioral performance of maximum digit and alphabet
span tasks. Maximum digit spans were higher compared with alphabet
span, indicating that har superior performance was digit memary-spacific
Her maximum forward digit span (white circle), as well as forward and
backward alphabet spans twhite and black tnangles), was unchanged
across the entrg expenmental penod. However, the maxirnurn backward
digit span {black circle) was improved over ume after her stroke.

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

EXPERIMENT 1

Behavioral task in functional MBI 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 funciional 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 2 screen
using a liquid crystal display projector, and she viewed the screen
though a mirror.

For the menta] calculation task, white digit stimuli were pre-
sented for 1.55 with inter-stimulus intervals of 25 on the center
of a screen (Figure 34, 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 | (A} Schematic illustration of the mental calculation task. The
patient was asked 6 add a series of numbers menmglly that were visuslly
presented on the computer screen. (BY Schemnatic illustration of the digit
memory task She was asked to retain the 1arget sequence of digits durnng
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 (ITI)
in which the patient simply watched the white fixation cross pre-
sented at the center of the screen (visual fixation condition). She
petformed additional tasks with single-digit 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
MR] session. After a 15-s delay period, during which only 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 MRI experiments of
verbal fluency and hand grip tasks 13 months after the stroke,
These experiments were conducted 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
fruits) during a 24-s trial. After each trial, there was a 24-s visual
fhixation condition. The task and fixation condition were alternately
performed 10 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 irnaging 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/80°/
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
caleulation and digit memory 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 a 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 T1 image was spatially normalized to fit a Montreal Neuro-
logical Institute (MNI) template (Evansetal., 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 -mm full-width half maximum
(FWHM).

Statistical analysis

Statistical analysis of the time course data at each voxel was con-
ducted with 2 general linear model in order to identify voxels that
showed task-specific and session-specific signal changes (Friston
ctal., 1994). The brain activities in the mental ealculation 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, bead-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{t}.
In all tasks, the statistical threshold was set at p < 0.001 at the voxel
level. Control for multiple comparisons was achieved at the clos-
ter level with Gaussian random field theory either in the whole
brain (p corr < 0.05) or the small volume aronund 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; Hangkawa et al,, 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 a
MNI coordinate), left 1PL (x = —16, y = —140, z =51), left PMd
(x=-—32, y=—6, z=52), and Broca’s area (x=—50, y=10,
z2=126).

EXPERIMENT 2

Behavioral evalustion in mental shacus vse

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
3s. 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 1s
with 0.5s inter-stiinulus intervals. She perforised 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-
plance niore than the presemation 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 cingujate gyrus, pre and post cen-
tral gyrus, and supramarginal gyrus (Figure 4). These lesioned
areas included the right PMd and JPL, which were domi-
nantly activated during the mental calculation 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; Ka et al., 2012). The lesion was not observed in the left
hemisphere.

EXPERIMENT 1: FUNCTIONAL MRI 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- apd two-digit niental calculation
tasks relative to the visual fixation condition (see Table Al in
Appendix opline). In one-digit memtal 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 posteentral gyrus, SPL, middle and
superior occipital gyrus, inferjor 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 tasks 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 users 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=38, z=8; t =4.73, cluster size =227 voxels, p corr <0.05),
the left dorsolateral prefrontal cortex (DLPFC, x = —48, y =38,
z=230; t =4.81, cluster size =118 voxels, p corr < 0.05), and
IPL (x= 44, y= 350, z = 54; t =4.38, cluster gize = 118 vox-
els, p corr < 0.05) were significantly 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). In contrast, activity in the left SPL (x = —20, y=—66,
z=266; t = 3.60, duster size =)0, p svc <0.05) was significantly
greater at )13 months compared with 6 months after her stroke

hemisphere

FIGURE 4 | T1-waighted structural MRI of tha patiant. The legion was sbserved in the fromo-patistal cortex, including the paswrior parts of the nferior 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] Active areas during the mental calculation task relatve to
those during the visual fixation condiuon 6 and 13 months after her stroke.,
(B) Active areas durning the two-digit mental calculation task relative to those
during the one-digit task 6 and 13months after her stroke The blue regen

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 multple comparison,
cluster level p < 0.05 FWE]). The detalled coordinates and statisucai values are
listed inTable A1 n Appendix online,
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dorsolateral prefrontal cortex and the inferior pariets! cortex. (B) Active
areas specific 10 13months after her stroke. Only the left supernor
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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
¢t 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 fixation condition 6 and
13months after her stroke, The blue reglon indicates the lesion area. Brain
actuvity 18 overlayed on the spatally normalized rendenng images (voxel
level, p < 0.001 uncorrected for multiple comparison, cluster level p < 0.08
FWE) The detailed coordinates and statistical values are listed inTable A2
n Appendix onhine.

calculation strategy from a phonological - based to a mental aba-
cus — based strategy according o 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 aclivities 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 (see Table A2 in Appendix online). Overall, brain activ-
ity was left lateralized € moriths 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-
plementacy motor area, 1PL, SPL, cuneus, fusiform gyrus, inferior
temporal gyrus, and cerebellum.

A direct comparison of the brain activities obsecved 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 = —64, z = 64; t = 6.36. cluster
size =223, p corr < 0.05; right x =20, y = —48, 2= 70: = 4.93,
cluster size =132, p corr < 0.05) and the right visual association
cortex (x =36, y = —80, z= —14; t =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 previous functional
MRI study of abacus experts { Tanaka et 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 estimate at
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FIGURE 8 | Active areas during the retention period in the digit memory
task specific to 13 months after her stroke. The bilateral superor parietal
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lobule and visual association cornex were significantly agtivated Statsucal
threshold was the same as with the mental calculation task.
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the same as in the menital 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. In 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
caleulation 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 than that in the other two distrac-
tor conditions. This result showed that the presentation of
pictures of abacus figures interfered with the patient’s task

A 2

contrast estimale

oy

=]

contrast eslimate

)
By

-2
L.DLPFC R.M1

L.SPL

FIGURE 9 | Active areas during verbal fluency and left hand grip tasks
13 monthg after the stroke. (A} There were significant task-specific
activities in the left dorsolateral pretrontal cortex (DLPFC) for verbal fluency
task and {B} right primary motor cortex (M1) for left hand grip task The left
SPL was not significantly acuvated. In each bar graph, the verucal axis
indicates contrast estimated values relauve to the visual fixauon task,
whereas the hofizontal 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,,
1961; 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,, 1998a,b;
Rowe et al., 20011 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 afier 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
fo a visuospatial strategy according to the level of her recovery
from the suroke. 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 mental
calculation and digit memory tasks in abacus vsers (Tanaka et al,,
2002; Hanakawa et al,, 2003; Chen et al,, 2006; Wu et al., 2009). It
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, because 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 region for such non-verbal visuospatial
representation of numbers.

According to the structural MRI, the lesion area involved the
right fronto-parietal 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 (Haita and lkeda, 1988; 'lanaka et al., 2002;
Hanakawa et al., 2003; Chen et al., 2006; Wu et al., 2009). More
specifically, her lesion area included the right PMd and IPL, which
have been repeatedly activated in the previous functional neo-
roimaging studies of abacus users (Tanaka et al,, 2002; Hanakawa
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FIGURE 10 | (A} A delayed digit recall task using interference paradigms,
based on Hana a1 al. {1883). The patient was asked 10 recall 2 target dign
sequence after 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) Behavioral 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 1PL but also
included relatively large 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 dani-
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 et 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 network, 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 mental calculation task, whereas bilatera) acti-
vation was found in the digit memory task. This might be due
to differences in task difficulty berween the two tasks, based on
her subjective yeport 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

None

A\

Type of Distractor

delaved digit racall task. The number of corractly enswered trials was 12
when a human face of a gray rectangle were presented as distractors, in
contrast, the number of correctly answered trials was six when the distracior
was pictures of abacus figures This result indicated that the presentation of
abacus figures interfered with the patisnt’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 might 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 easjest 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 hand 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,

It 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 neurcimaging 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
10 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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APPENDIX

Table A1 | Brain activity during mental calculation task.

Cluster size Voxel T MNI coordinate Laterality Anstomy
x y z {mm)

952 6.17 ~42 ~40 68 L Posicentral gyrus

169 5.36 —62 -2 368 L Postcentral gyrus

124 5.02 -84 -22 40 L Supramarginal gyrus

108 5.00 14 -72 —44 R Cerebellum (lobule Viib)

178 4,86 -30 42 -10 L Middle orbital gyrus

178 4.67 —46 0 10 L Superior frontal gyrus

30 459 18 62 24 R Superior frontal gyrus

163 4.19 ~22 -4 74 L Cerebellum {lobule Vilb)
6452 9.27 —42 —42 68 L Postcentral gyrus

299 732 16 - 74 —48 R Cerebellum (fobule Vilb)

497 6.15 26 -72 -18 R Cerebellum

312 4.9 ~-22 -98 10 L Middle occipital gyrus
1015 5.42 47 ~38 62 R Postcentral gyrus

134 4.28 —-46 ~64 -8 L Inferior temporal gyrus

427 4.12 34 44 34 R Middle frontal gyrus

290 —44 52 10 L Middle frontal gyrus

Cerebellum (lobule Vlibj
Fusiform gyrus

3494 10.06 14 -74 ~42

R Cerebellum (iobuls Vilb)

588 791 18 -56 78 R Superior parigtal lobule
1417 766 ~20 -66 64 L Superior panetal lobule

320 6.80 -50 -4 58 L Precentral gyrus

581 6.42 -2 ~48 -14 L Cerebelium {verms}

547 5.43 -22 -80 12 L tMiddle occipital gyrus

266 5.73 —80 2 38 L Precentral gyrus

136 5.51 32 -36 74 R Posteentral gyrus

172 4.91 38 —24 48 R Postcentral gyrus

300 4.73 40 58 4 R Middle frontal gysus

337 4.55 22 ~98 10 R Supernor occipital gyrus

uperior parietal lobule

414 16 -60 78 R Superior parietat lobule
95 30 -34 74 R Postcentral gyrus

508 30 -84 10 R Middle ocaipital gyrus

182 42 56 8 R Middle frontal gyrus
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Table AZ | Brain activity during digit memory task.

Cluster size {(number of voxel) T value MNI coordinates Laterality Anatomy

X ¥ z {mm)

7021 ‘ 10.156 ~62 -20 38 L Supramarginal gyrus
658 797 28 ~70 -~20 R Cerebellum (lobule VI
432 6.89 26 -52 72 R Superior parietal lobute
368 6.08 -38 34 -4 L tnferior frantal gyrus
162 5.42 -2 12 58 L SMA
215 468 —48 ~54 -12 ] Inferior termporal gyrus
166 4.75 46 52 4 L Meddle trontal gyrus
178 4.7 —28 14 10 L fnsula

10518 188 —42 ~44 56 L inferior parietal fobule
3208 1787 24 -72 -16 A Fusiform gyrus
2988 13.06 22 ~50 74 R Superior parietal lobule
495 10.04 —40 —62 -2 L tMiddle temporal gyrus
946 8.67 —44 42 22 L Middle frontal gyrus
1382 8.24 40 54 4 & Middle frontal gyrus
581 775 —26 —B6 -24 L Cerebellum {lobule V1)
1552 762 2 -88 20 R Cuneus
98 3.88 52 -8 20 AR Rolandic oparculum

MNI coordinates (x, v, z} and statstical t-values at the pesk anatormucal voxel and size of cluster (nurmber of voxels) are listed {P < 0 001 uncorrected for multiple
comparnisons at voxel level, p < 0.05 corrected for multiple comparisons with Gaussian random field theory at cluster fevel) L indicates the left hemisphere wherees
R indicates the nght hermsphere
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HIGHLIGHTS

o The effects of (DCS on cognitive tasks vary among individuals.

e Bilageral tDCS can improve the performance of mental calculations,

¢ Improvement is only seen in subjects with left-hemispheric parietal lateralization.
» Laceralization of brain activity may predict the effects of bilateral tDCS.
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ABSTRACT

Transcranial direct current stimulation (tDCS) is a non-invasive rechnique that moderates cognitive and
motor function. The effects of tDUS on cogmtive and motor tasks vary among individuals. However, the
source of the inter-individual variability remains unknown. The purpose of the presenr study was 1o
examine whether the effecr of bilateral tDCS on the performance of mental calculations differs among
individuals according to the functional lateralizarion of parietal activity observed during a mental calcu-
lation 1ask. Sixteen healthy subjects (11 males and five females, aged 20-23 years) participated. Laterality
of parictal activity during a mental calculation task was cvaluated using functional magnetic resonance
imaging. Subjects also performed the mental calculation task pre-, during-. 30 min post-, and 60 min
posi~-tDCS. Bilateral tDCS with the anode over the left parietal cortex and the cathode over the right
parietal cortex shortened response times of the mental calculation task in subjects with lefi-hemispheric
parietal lateralization, but not in subjects with bilateral parietal acrivation. This indicates that mter-
individual variability in lateraliry of brain activity might be an important factor underlying the effect of
bilateral tDCS. In conclusion, bilateral tDCS over the parieral cortex enhanced the performance of mental
calculations in subjects with lefi-hemispheric parietal lateralization.

© 2013 Clsevier Ireland Led. All rights reserved.

1. Ineroduction

by & weal direct current delivered through the skull, The pelarity
of the stimulation determines whether the excitability of the tar-

Transcranial direct current stiraulation (tRCS) is a beain stimula- geted brain regions is increased or decreased [12). tDCS enhances
tion technique whereby a localized region of the brain is stimulated various cognitive and motor functions {9,10,15,16). raising the pos-

sibility that tDCS could be beneficial in clinical settings. However,
the effects of tDCS on cognitive tasks vary among individuals [13].
The source of the individual variability might be related to age,

Abbreviations:  ANOVA, analysis of variance; fMRL functional magnetic res-
onance imaging; LARC, lefi-anode and wight-cathode: LCRA. leR-cathode and
right-anode; LI, laterality index; (DCS, wranscranial direct current stimulation.

* Corvesponding aothor at: Center for Fostering Young and Innovative
Researchers, Nagoya Institute of Technology, Gokiso-cho Showa-ku, Nagoya 466-
8555, Japan. Tel.: +81 52735 7150.

E-rnail addresses: tanaka satashi@nitech.ac p, tanaka1876@gmarl.com
(5. Tanaka).

0304-3940/S - see front maiter © 2013 Elsevier Ireland Ltd. All rights reserved.
http:{/dx.dor.org/10.1016/j.neulet 2013.04.022

sex, genetics, attention, and regular exercise |13}, but influence of
patterns of intrinsic¢ brain activity remains unknown.

Recent studies have demonstrated that bilateral tDCS, which
excites one hemisphere and inhibits the other, improved motor
function [19]). However, little is known about the effects of bilateral
tDCS on cognitive function. The pucpose of the present study was to
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examine the effect of bilateral tDCS on the performance of mental
calculations. It has been described by neurcimaging and neuropsy-
chological studies and is widely accepted that calculation function
is predominantly localized in the left parietal cortex [4]. Bihemi-
spheric tDCS that excites the left and inhibits the right parietal
cortex would increase the excitability of the left parietal cortex and
simultaneously decrease the excitability of the right parietal cor-
tex. The decrease in excitability of the right parietal cortex might
further increase the excitability of the left parietal cortex through
a reduction in inter-hemispheric¢ inhibition [3,19). We therefore
hypothesized that the pecformance of mental calculations would be
enhanced by bihemispheric tDCS that excites the left and inhibits
the right parieral cortex. By contrast, we expected that bilateral
tDCS that inhibits the left and excites the right parietal cortex would
inhibit the performance of mental calculations.

In the present study, we also examined if the effect of bilateral
parietal tDCS differs among individuals according to the functional
lateralization of brain activity, as assessed by functional magnetic
resonance imaging (fMRI) during a mental calculation task. [t is well
known that there is large inter-individual variability in functional
lateralization for cognitive and motor function [2,6]. Lateralized
fMRI activation during a specific task indicates that the task-related
function is more localized in one hemisphere than in the other.
We therefore hypothesized that bilateral parietal tDCS that excites
the left and inhibits the right hemisphere would enhance the per-
formance of mental calculations more in subjects with a high
lateralization of (MRI activity towdrd Lhe left hemisphiere.

2. Materials and methods
2.1. Subjects

Sixteen healthy right-handed adujts (11 males and five females;
mean age, 21.1 years; range. 20-23 years) participated in this
single-blind study. No subjects took any medication and no subjects
had a history of psychiatric or neurological illness. Inter-individual
differences in genotype and neuroanatomical images were not
examined. All subjects gave informed consent before the experi-
ment. The institutional ethics committee of the National Center of
Neurology and Psychiatry (Japan) approved this experiment.

2.2, fMRI experiment

Before the tDCS experiment, fMRI was conducted to measure
brain activity during a mental calculation task. These data were
used to identify the optimal stimulation site for tDCS and to quan-
tify the laterality of the parietal activity during a mental calculation
task.

2.2.1. fMR! acquisition

A 3-Tesla whole-body MR scanner (Siemens Magnetom
Trio: Erlangen, Germany) was used to obtain the MR images.
Whole-brain TMRI was acquired using a T2"-weighted echo
planar imaging sequence (repetition time=3000ms; echo
time =30 ms; flip angle=90°; field of view=192mmx 192 mm;
voxel size=3mmx3mmx3mm; total of 44 slices). A
high-resalution  structural T1-weighted image was also
acquired using a magnetization-prepared rapid acquisition
of gradient-eche sequence (repetition time=2000ms; echo
time =4.38 ms; iaversion time=980rms; flip angle=8°; field of
view =256 mm x 256 mm; voxel size=1mm x 1 mm x 1T mm).

2.2.2. fMRI mental calculation task
Subjects lay on the scanner bed, held an MRI-compatible
response unit with the right hand. and viewed visual stimuli

A

Response
time

Cale {Cont {Cont| | Calc {Cont] | Calc {Cont

Pre uring 30 min after G0 min after
g

~

Time

Fig. 1. Experimental design. (A) Calculation task design {or the functional magnetic
resonance imaging (MR, left) and transcranial direct current spimujation ((DCS,
right) experiments. fn the MR experiment. subjects were presented with foor pos-
sible answers to the multiplication problem and were required to select the correct
answer as quickly as possible. in the tDCS experiments, subjects were instructed to
enter the correct answer on 3 numenc keypad as quickly as possible. (B) The calcn
lation task (Calc) and a choice reaction task (Cont) were performed pre-, during-, 30
post-, and 60 min post-tDCS. Gray shading indicates the time of tDCS.

projected onto a screen through a mirror. A multiplication prob-
lem comprising a two-digit number and a one-digit number was
presented on the screen for 35 as“Problem”, followed by four three-
digit numbers simultaneously presented for 7s under the prompt
“Answer” (Fig. 1A, left). The subjects were requested to multiply the
two numbers presented in the “Problem”, and to choose the cor-
rect answer [ron che four aptions presented as quickly as possible
by pushing a button within the 7s response window. For exam-
ple. if “64 x 7" was presented. the subject was required to press
the button corresponding to “448". This choice response task was
used in the fMRI experiments to minimize hand movements, which
may induce motion artifacts in the acquired images. A block design
was used in which a rest block and a task block, each of 365 dura-
tion, were alternatively presented. A task block consisted of three
trials (i.e., three "Problems"). One scanning session contained six
rest blocks and six task blocks; therefore, one scanning session
contained 18 trials.

2.2.3. fMRI data analysis

fMRI data were analyzed using SPM8 (http://www.filion,
uclac.ukfspm) in Matlab R2010a (MathWarks, Natick, MA, USA).
The data were spatially normalized and smoothed with a Gaussian
kernel of 8 mm full width at half maximum. After these proce-
dures, individual contrast images were calculated by comparing
the data from task blocks to those from rest blocks. For the group
analysis, the brain regions activated were determined using a
random effect model (P <0.005 uncorrected at the voxel level, fol-
lowed by family-wise error correction for multiple comparisons
at the cluster level at P<0.05). For the individual analysis. the



