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words that are phonologically similar, they found it is more dif-
ficult to recall these words when they are asked to do so in order.
This suggests that phonological information is utilized in verbal
short-term memories of order. When this phonological information
does not function well as a mnemonic process, the results of order
memory worsen. Besides memory, ithas been reported that phono-
logical representations are also utilized in language processing for
sentence comprehension (Morita and Tamaoka, 2002).

Many behavioral studies on deaf individuals have also described
that phonological representations function in these individuals
when performing tasks involving languages (Charlior and Leybaert,
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2000; Hanson and Fowler, 1987; Hanson and McGarr, 1989).
Hanson and MaGarr showed that deaf individuals were able to
judge whether or not visually presented paired words rhymed.
Furthermore, they claimed that deaf individuals could under-
stand phonological units independently of spelling recognition. For
example, the words “blue” and “through” are not spelled similarly
and yet deaf individuals are able to recognize that these words
rhyme.

Previous studies using functional brain imaging techniques such
as functional magnetic resonance imaging (fMRI) have investigated
the neural correlates of phonological representations in deaf indi-
viduals. FMRI studies on hearing individuals have clarified that
the left superior temporal gyrus (STG) and the left middle tempo-
ral gyrus (MTG) are associated with phonological representations.
These brain areas activate when one performs tasks in which
phonological representations are assumed to occur, such as when
reading words and non-words and during rhyming tasks in which
one judges the phonological similarity of paired words (Démonet
etal, 1992; Owenetal, 2004; Rumsey et al, 1997). Previous studies
on deaf individuals have shown that similar brain areas, that is, the
left STG and surrounding areas, are activated for both hearing indi-
viduals and deaf individuals when phonological representations
of words (in reading and rhyming tasks) are considered (Aparicio
et al., 2007; Neville et al., 1998).

However, it remains unclear how deafindividuals utilize phono-
logical representations, although behavioral and neuroscientific
data have revealed that phonological representations occur in
these individuals. It is especially unclear whether deaf individuals
prioritize phonological information over available other sensory
information when they can utilize any information. It has been
reported that sensory information processing abilities besides
those for auditory information in deafindividuals are different from
those of hearing individuals and of signers because of auditory
deprivation and the use of sign language respectively (Bolognini
et al, 2012; Cattani et al,, 2007; Levinen and Hamdorf, 2001). In
particular, it has been described that deaf individuals have supe-
rior visual information processing abilities compared to hearing
individuals. Some studies reported that signers are superior at
memorizing shapes compared to non-signers, although their mem-
orization abilities for objects are almost the same as those of
hearing individuals (Cattani et al,, 2007). Few studies have reported
how deaf individuals (with superior visual information processing)
utilize phonological representations in a circumstance where both
visual and auditory information are available, e.g., understanding
visually presented languages, which also have phonological infor-
mation.

Using fMRI, the present study examined whether deaf indi-
viduals utilize phonological information when they memorize
serially visually presented letters. Two mnemonic processes are
likely utilized in the present tasks, that is, a phonological strategy
in which one utilizes the sounds that letters represent, and a
visual strategy in which one memorizes the shapes of letters. We
hypothesized that if we obtained activation in the left STG and
MTG, then this would suggest that deaf individuals preferentially
utilize the phonological strategy even in a circumstance where

they can utilize visual information. Based on our findings, we
suggest that both hearing individuals and deaf individuals use
phonological information as a mnemonic process for memorizing
visually presented languages.

2. Methods
2.1. Participants

Twenty-nine subjects participated in this study. All of the
participants were right-handed. The deaf group consisted of 13 con-
genitally deaf Japanese Sign Language (JSL) signers (6 female; mean
age =21.041.03 years). These individuals had unaided hearing loss
between 85 and 125dB (mean=102.7 dB). All of the deaf partici-
pants had bilingual (JSL and Japanese) education. The hearing group
consisted of 16 hearing Japanese native speakers (7 female; mean
age=22.841.56 years). The deaf and hearing groups had similar
visual memory performances, as tested with the Wechsler Mem-
ory Scale-Revised (WMS-R) The visual memory scores of the two
group were tested by t-tests (t=1.03, df=27, p=0.31). All proce-
dures were conducted in accordance with the ethics committees of
the affiliated institutions.

2.2. Procedure

Fig. 1 shows the experimental design. Participants were asked
to perform memory tasks in which Japanese kana letters (Kana),
finger alphabets (Finger), and Arabic letters (Arabic) were used. Par-
ticipants in the hearing group did not know which finger alphabets
corresponded to which language sounds, whereas participants in
the deaf group did, thus phonological information processing was
expected to occur. All of the participants understood the correspon-
dence between Kana letters and their language sounds. None of the
participants knew the correspondence between Arabic letters and
their language sounds, so this condition was used as a baseline.
In each trial, 5 letters were serially presented in random order.
Each letter was presented for 500 ms and there was an interval
of 500 ms between letters. After a subsequent 3000 ms interval, 2
letters placed on both sides of a right arrow were presented for
4000 ms and participants were asked to answer whether the order
of the letters was correct or not by pressing a button signaling “Yes"”
or “No.” Finally, the correct answer was presented for 1000 ms in
order to keep participants motivated, followed by 3000 ms of a fix-
ation point. Each of the three conditions was contained in a session,
so that each session contained 10 Kana trials, 10 Finger trials, and
10 Arabic trials. The three conditions were repeated in the order of
Kana, Finger and Arabic.

2.3. Imaging parameters and data analysis

MRI data were obtained using a MAGNETOM Sonata 1.5-
Tesla system (Siemens, Germany) at Tamagawa University Brain
Research Institute. Imaging conditions for echo planar imaging
(EPI) were as follows: repetition time, 2000 ms; echo time, 50 ms;
field of view, 192 mm; slice thickness, 6 mm; matrix, 64 x 64; flip
angle, 90°; and voxel size, 3 mm x 3 mm x 6 mm. Each volume was
composed of 20 axial slices.

Statistical Parametric Mapping software (SPMS8; Wellcome
Department of Cognitive Neurology, London, UK) run on Mat-
lab R2013b (Mathworks, Natick, MA, USA) was used for image
processing and statistical analysis. The following operations were
performed for preprocessing. First, to reduce motion-related arti-
facts, Image 1s from EPI were realigned to match the first image.
The first EPl image was normalized to the standard Montreal Neu-
rological Institute (MNI) template attached to SPMS. All images
were then normalized using the same normalization parameters.
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Fig. 1. Experimental design of the memory tasks. The upper row shows the Japanese kana letters (Kana), the middle row shows the finger alphabet (Finger), and the bottom
row shows the Arabic letters (Arabic). Five letters were presented during the memorization period. Participants in the hearing group did not know which finger alphabets
correspond to which language sounds, whereas participants in the deaf group did. All of the participants understood Kana. None of the participants knew the correspondence
between Arabic letters and their language sounds, so this condition was used as a baseline.

Next, the images were resliced to 2 mm x 2 mm x 2 mm voxels and
smoothed with an 8-mm Gaussian kernel.

Statistical processing was divided into two steps. In the
first-level analysis, we calculated the contrasts Kana-Arabic and
Finger—Arabic for the two groups (hearing and deaf) using a block
design. The Kana, Finger and Arabic conditions were used as
regressors. The duration of a block was 5s and the onsets were
those of the memorization period. The motion parameter was not
used as a regressor because a t-test revealed no significant dif-
ference of head motion between the hearing group and the deaf
group (£=0.63, df=23.42, p=0.54). High-pass temporal filtering
(128 Hz) was also applied to the data. In the second-level analysis,
a 2 group (hearing/deaf) x 2 contrast (Kana-Arabic/Finger-Arabic)
full factorial design was used to determine activations at a
group level. We obtained the Kana-Arabic and the Finger-Arabic
contrasts in the deaf group. To investigate the brain areas uti-
lized for phonologization in the deaf, but not in the hearing,
we calculated (Deaf: Finger-Arabic)-(Hearing: Finger-Arabic). To
investigate whether the deaf participants and hearing participants
used similar brain areas for phonological processing, we obtained
the Kana-Arabic contrasts in the deaf group and inclusively masked
it with the Kana-Arabic contrast in the hearing group. In addi-
tion, we obtained the Finger-Arabic contrast in the deaf group and
inclusively masked it with the Kana-Arabic in the deaf group in
order to investigate whether deaf participants utilized the same
brain areas for phonologization in both conditions. The statis-
tical threshold was set at a family-wise error (FWE) p<0.05 at
the cluster level with the height threshold of p<0.001 uncor-
rected. The anatomical structure labels of the fMRI results were
determined by using the WFU Pickatlas ver. 3.0.4 (ANSIR Labora-
tory, Wake Forest University School of Medicine, North Carolina,
USA).

Statistical analyses of the behavioral data (accuracy and
response time [RT]) were performed using R (ver. 2.15.3,
Institute for Statistics and Mathematics of Wirtschaftsuniversitit
Wien, Austria). To test for differences in the RTs between the
groups, t-tests were performed if the variance was equal, and
Welch’s test was used if the variance was unequal. Variances were

tested by F-tests. The significance threshold for the variance was
p<0.05. To test for differences in the response accuracy between
the two groups, t-tests were performed after an arcsine transfor-
mation of proportion. The significance threshold for the behavioral
data was p<0.05.

3. Results

Table 1 shows the behavioral data from tasks performed dur-
ing fMRL In the Kana task, there was no significant difference in
accuracy between the two groups, although there was a significant
difference for RT (p=0.039). In the Finger tasks, deaf participants
had significantly more correct responses (p=0.002) and had signif-
icantly faster responses than hearing participants (p =0.006). These
results show that the deaf participants were able to memorize both
the Kana and Finger tasks. In the Arabic task, although there was
a significant difference in terms of the RT (p=0.037), the accu-
racy between the two groups was not significantly different and

Table 1

Means and standard deviations of the reaction times and accuracies for the hearing
and deaf participants in all of the tasks (total) and in each task performed during
fMRL

Hearing Deaf p-Value

Total

RT (ms) 1867.8 (677.1) 1793.0 (634.1) n.s.

Accuracy (%) 71.3(9.7) 77.2(9.1) ns.
Kana

RT 1506.9 (507.5) 1653.5 (657.4) 0.039

Accuracy 93.1(11.0) 87.7 (8.0) n.s.
Finger

RT 2162.5 (671.0) 1945.4 (628.3) 0.006°

Accuracy 62.5(18.2) 81.5(8.0) 0.002
Arabic

RT 1939.0 (669.7) 1781.3(579.7) 0.037

Accuracy 56.3(16.9) 54.6 (19.5) n.s.

RT stands for reaction time. Standard deviations are in parentheses.
n.s. is non-significant.
" Asignificant difference in the two groups at the p<0.05 level.
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Fig. 2. Contrasts for the Kana-Arabic and Finger-Arabic conditions in the deaf group at an FWE p <0.05 at the cluster level. The top row shows the Kana-Arabic contrast and
the bottom row shows the Finger-Arabic contrast. Participants in the deaf group showed significant activation in the left superior temporal gyrus in both contrasts.

was lower than the accuracy in the Kana task. This result showed
that both groups had more answers that were correct in the Kana
task than in the Arabic task, and that they were able to memorize
novel letters that they did not recognize as language at the same
level.

Fig. 2 and Table 2 show results from the Kana-Arabic and
Finger—Arabic contrasts in the group of deaf participants. For the
Kana-Arabic condition, the greatest activation was observed in the
left STG ([-58, —16, 2], k=90), followed by the left precentral gyrus
and the left putamen. For the Finger-Arabic contrast, the results in
the deaf participants showed activation in the left STG ([-60, —-14,
2], k=27), in addition to activation in the bilateral middle occipital
gyrus (MOG), right lingual gyrus, and left putamen.

Fig. 3 and Table 3 show results from the (Deaf:
Finger-Arabic)-(Hearing: Finger-Arabic) contrast, which was

used to examine the brain areas that the deaf used for phonolo-
gization but the hearing did not. The activation was localized in
the left STG (BA22, [-68, —12, 2], k=26).

Fig. 4 and Table 4 show the results from the Kana-Arabic con-
trast in the deaf group that was inclusively masked with the
Kana-Arabic contrast in the hearing group to investigate the brain
areas commonly activated in both groups for phonologization. Acti-
vation was observed in the left STG ([-60, —14 2], k=27), left
middle temporal gyrus (MTG), left precentral gyrus and right lin-
gual gyrus.

Fig. 5 and Tabie 5 show the results of the Finger-Arabic contrast
in the deaf group that was inclusively masked with Kana-Arabic
contrast in the deaf group. The greatest activation was observed in
the left STG ([-58, —16, 2] k=83), followed by the left precentral
gyrus and left putamen.

(Deaf: Finger — Arabic) — {Hearing: Finger — Arabic)

Rt.

Lt.

Fig. 3. Results from subtracting the brain activity in the Finger-Arabic contrast in the hearing group from that of the Finger-Arabic in the deaf group at an FWE p<0.05 at
the cluster level. The activation was localized in the left STG (BA22, [-68, —12, 2], k=26,Z=5.17).
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Table 2
fMRI results from the Kana-Arabic and Finger—Arabic contrasts in Deaf.

Cluster-level location Brodmann area k Z-score (cluster-level corrected p-value) MNI coordinates
X y z
Kana-Arabic
Lt. STG 90 5.56 (<0.001) —58 -16 2
Lt. precentral gyrus 30 5.04 (0.001) -52 -4 52
Lt. putamen 11 5.00 (0.006) -24 -4 -6
Finger—-Arabic
Lt. STG 27 5.05 (0.001) -60 -14 2
Lt. MTG 243 6.16 (<0.001) -52 -60 4
Rt. MOG 131 5.87 (<0.001) 46 ~78 0
Rt. MOG BA18 88 5.44 (<0.001) 20 -100 2
Lt. MOG 115 5.72 (<0.001) ~44 -78 -2
Lt. MOG BA18 89 5.67 (<0.001) -30 -92 0
Rt. lingual gyrus 189 5.70 (<0.001) 30 ~78 : -16
Lt. precentral gyrus 15 5.16 (0.004) -52 —4 52

Abbreviations: Z, Z-score; k, cluster size; STG, superior temporal gyrus; MTG, middle temporal gyrus; MOG, middle occipital gyrus; Lt., left; Rt,, right.

Table 3
fMRI results of the (Deaf: Finger—-Arabic)-(Hearing: Finger-Arabic) contrast.

Cluster-level location Brodmann area k

Z-score (cluster-level corrected p-value)

MNI coordinates

X y z

Lt. STG BA22 26

5.17(0.001) -58 -12 2

Abbreviations: Z, Z-score; k, cluster size; STG, superior temporal gyrus; Lt., left.

Table 4

fMRI results of the Kana-Arabic contrast in the deaf inclusively masked with the Kana-Arabic contrast in the hearing.

Cluster-level location k Z-score (cluster-level corrected p-value) MNI coordinates

X y z
Lt. STG 33 5.56 (<0.001) -58 -16 2
Lt. precentral gyrus 30 5.21(0.001) -52 -4 52
Lt. putamen 11 5.00 (0.006) 24 —4 -6

Abbreviations: Z, Z-score; k, cluster size; STG, superior temporal gyrus; Lt., left.

4. Discussion

It has been reported that even deaf individuals, who do not
hear auditory information, can process phonological information
on tasks including phonologization. It has also been shown that
deaf individuals have better visual information processing abilities
than hearing individuals, e.g., wider peripheral vision (Armstrong
et al, 2002; Bavelier et al, 2006; Corina and Singleton, 2009).
These previous studies predicted that deaf individuals process
visual information prior to auditory or phonological information.
No previous studies have examined whether deaf individuals pri-
oritize phonological information when they are in situations where
both phonological and other sensory information are provided. The
present study examined whether deaf individuals utilize phono-
logical information for processing visual information. We visually
presented letters serially, some of which participants could rec-
ognize as language and some of which they could not, and asked
participants to memorize the order of the letters while we acquired
fMRI data. We compared the brain activation elicited during each

Table 5

task between the hearing participants and deaf participants. If
the deaf participants were able to translate visual information to
phonological information, we would expect to observe activation
of phonological information processing areas.

We identified brain areas that the deaf used for phonologiza-
tion, but the hearing did not by subtracting brain activity in
the Finger-Arabic contrast in the hearing group from that of the
Finger-Arabic contrast in the deaf group. In the Finger task, deaf
participants were able to recognize Finger as a language and under-
stand the sounds that corresponded to the alphabets, while the
hearing participants could not. This analysis yielded activation of
the left STG, which is considered to be associated with phonolog-
ical processing (Fig. 3). We obtained the Kana-Arabic contrast in
the deaf group and inclusively masked it with the Kana-Arabic
contrast in the hearing group. This result showed that both deaf
participants and the hearing participants used the left STG as a
common brain area during phonological processing (Fig. 4). In addi-
tion, we obtained the Finger-Arabic contrast in the deaf group
and inclusively masked it with the Kana-Arabic contrast in the

fMRI results of the Finger-Arabic contrast in the deaf inclusively masked with the Kana-Arabic contrast in the deaf.

Cluster-level location k Z-score (cluster-level corrected p-value) MNI coordinates

X y z
Lt. STG 27 5.05 (0.001) —-60 -14 2
Lt. MTG 158 6.16 (<0.001) -52 ~60 4
Lt. precentral gyrus 15 5.16 (0.004) =52 ~4 52
Rt. lingual gyrus 33 5.54 (0.001) 26 -78 ~-14

Abbreviations: Z, Z-score; k, cluster size; STG, superior temporal gyrus; MTG, middle temporal gyrus; Lt., left.
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Deaf: Kana — Arabic inclusively masked with
Hearing: Kana — Arabic

Fig. 4. Results of the Kana-Arabic contrast in the deaf group inclusively masked
with the Kana-Arabic contrast in the hearing group at an FWE p <0.05 at the cluster
level. The greatest activation was observed in the left STG ([-58, —~16, 2}, k=83),
followed by the left precentral gyrus and left putamen.

Deaf: Finger — Arabic inclusively masked with
Deaf: Kana — Arabic

Fig. 5. Results of the Finger-Arabic contrast in the deaf group inclusively masked
with the Kana-Arabic contrast in the deaf group at an FWE p<0.05 at the cluster
level. Activation was observed in the left STG ([-60, —14, 2], k=27, Z=5.05), left
middle temporal gyrus (MTG), left precentral gyrus and right lingual gyrus.

deaf group in order to investigate whether deaf participants utilize
the same brain areas for phonologization in both conditions. Deaf
participants were able to recognize both Kana and Finger as lan-
guages, respectively, and represent phonological information from
both of these languages. This also yielded activation of the left STG
(Fig.5).These results suggest that deafindividuals utilize phonolog-
ical representations when memorizing visually presented letters.
This brain area is consistent with the results of previous studies
on phonological representations in deaf individuals (Aparicio et al,
2007).

It has been reported that the STG activates when one simul-
taneously perceives single language sounds and letters that
correspond (Van Atteveldt et al., 2004), suggesting that the STG
is an area for integrating visual language information and auditory
or phonological language information. It has also been discovered

that the STG activates when hearing individuals watch lip-reading
or mouth movements (Allison et al,, 2000; Calvert et al, 1997). The
results of the present study showing activation in the STG in deaf
participants suggest that both hearing individuals and deaf individ-
uals utilize phonological representations as a mnemonic strategy
by corresponding visual information such as the Kana and Finger
tasks to phonological units in the STG.

Although it has been considered that deaf individuals are supe-
rior in high-level visual information processing, such as peripheral
vision and the perception of moving objects (Armistrong et al,, 2002;
Bavelier et al, 2006 Corina and Singleton, 2009), the present study
showed that these individuals also translate visual information to
auditory or phonological information. The visual memory index of
the WMS-R in the present study did not show significant differ-
ences between the hearing and deaf groups. In addition, it has been
reported that the visual memory abilities of deaf individuals have
different aspects depending on the targets of memorization. For
instance, while deaf individuals are superior in memorizing faces
and shapes compared to hearing non-signers, there is no difference
between deaf and hearing non-signers with respect to memorizing
objects (Arnold and Mills, 2001; Arnold and Murray, 1998; Cattani
et al., 2007). We assume that one can memorize objects by utilizing
not only visual information, but also language information, includ-
ing their meaning and the phonological information of their name,
if one recognizes what those are, while one memorizes an unknown
person’s face and shapes by using mainly visual information. Let-
ters are also objects that can be memorized by not only their shapes,
but also by their phonological information if one understands them.
Given the results of the present study showing that there was no
significant difference in visual memory between the deaf and the
hearing groups, we suggest that deaf individuals memorize letters
by utilizing phonological representations preferentially in a similar
manner as that used by hearing individuals, rather than by using
the visual information of letter shapes.

It has long been described that hearing individuals utilize
phonological information for verbal short-term memory (Baddeley,
1986; Burgess and Hitch, 1996; Houghton et al, 1996). Many stud-
ies have discussed brain areas associated with verbal short-term
memory in terms of phonological loops of working memory (Martin
et al., 2003; Strand et al,, 2008). The reason why our results did
not show activation in the frontal lobe, which is often identified
in working memory studies, may be because both the main and
control tasks required the use of working memory, thus this acti-
vation was eliminated when activation in the control tasks was
subtracted from that in the main tasks during our analysis. Our fMRI
results support a study claiming that phonological information is
preferentially utilized, especially in verbal order memory tasks of
short-term memory (Nairne and Kelley, 2004).

Even when there is only one type of sensory input, humans
process it by utilizing various sorts of sensory modalities, which
yields detailed information about the world. Additionally, humans
also simplify sensory information by translating one type of sen-
sory information to another. In this way, humans process sensory
input by utilizing both the initial input modality and by translating
the input to another form of sensory information and combining
these types of multi-sensory information. Our results showed that
both deaf individuals and hearing individuals utilize phonological
information when processing information that was not presented
aurally, even when other sensory information is provided. This
reveals that deaf individuals utilize phonological information pref-
erentially for information that can be processed more easily by
auditory or phonological representations even if the information
is input through modalities other than the auditory system. This
claim was deduced by using visually presented letters as stimuli in
the present study. Different strategies may be utilized when deaf
individuals process other types of stimuli such as faces or shapes.
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Abstract

Introduction: Stenography, or shorthand, is a unique set of skills that involves
intensive training which is nearly life-long and orchestrating various brain func-
tional modules, including auditory, linguistic, cognitive, mnemonic, and motor.
Stenography provides cognitive neuroscientists with a unique opportunity to
investigate the neural mechanisms underlying the neural plasticity that enables
such a high degree of expertise. However, shorthand is quickly being replaced
with voice recognition technology. We took this nearly final opportunity to
scan the brains of the last alive shorthand experts of the Japanese language.
Methods: Thirteen right-handed stenographers and fourteen right-handed con-
trols participated in the functional magnetic resonance imaging (fMRI) study.
Results: The fMRI data revealed plastic reorganization of the neural circuits
around the putamen. The acquisition of expert skills was accompanied by struc-
tural and functional changes in the area. The posterior putamen is known as
the execution center of acquired sensorimotor skills. Compared to nonexperts,
the posterior putamen in stenographers had high covariation with the cerebel-
lum and midbrain.The stenographers’ brain developed different neural circuits
from those of the nonexpert brain. Conclusions: The current data illustrate the
vigorous plasticity in the putamen and in its connectivity to other relevant
areas in the expert brain. This is a case of vigorous neural plastic reorganization
in response to massive overtraining, which is rare especially considering that it
occurred in adulthood.
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Introduction

Stenography, or shorthand, is a medium that is used to
bridge regular spoken and written language. It consists of
a unique set of skills that involves various critical brain
modules, including auditory, linguistic, cognitive, mne-
monic, and motor modules. Until recently, professionals
from different countries or a language background have
used stenography to record significant speeches and meet-
ings, including the Diet records.

The top-level experts in shorthand of the Japanese lan-
guage can listen to and write down 340-400 letters/min,
which is approximately 5-6 times faster than what nonex-
perts can do. Shorthand in Japan originated in the 1880s
when a few different handwriting systems were developed,
most of which were based on simplified syllabic symbols
(unlike Hindi/European languages in which stenography
is mainly based on phonetics). Compared to other natural
languages, Japanese shorthand is especially challenging
because of the complex letter types in Japanese (hiragana,
katakana, kanji, etc.; Fig. 1) and other factors including
vocabulary, flexibility in word order, redundancy, and
verbalization ambiguity.

Shorthand is a distinctive type of expertise because it
requires long-term intensive learning and because training
is received mostly in adulthood. It raises the intriguing
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question about how much of their ability can be
explained by neural plasticity in the anatomical and func-
tional sense? Very few reports on this subject are available
in the literature (Chang 2014). Unfortunately, such
extreme stenographers’ brain are currently disappearing,
with the Japanese national Diet record being one of the
last places where shorthand was replaced with a voice rec-
ognition system in March 2011. In the vast majority of
Western countries, shorthand was replaced with voice rec-
ognition systems years earlier. Although there are 810
(semi)professional members currently registered in the
Japanese Association of Stenography, only 70 of them
who are engaged in the National Diet Record were con-
sidered to be the best. We used fMRI to scan the brains
of these professionals in order to obtain insights into how
the brain can plastically reorganize itself under such
extreme pressures on accuracy and speed through a life-
long training regimen that begins mostly in adulthood.
Expertise in stenography is unique in various aspects
compared to other proficiencies in perceptual and
motor skills. Stenographers have been intensively trained
over many years in their adolescence and adulthood.
They use these skills routinely and have high profes-
sional motivation to maintain and improve their skills.
Expertise in stenography itself requires the recruitment
of various sorts of skills and neural circuits, as described
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Figure 1. Correspondence between the original text and the stenography. At first, all trainees learnt the basic stenographic characters as shown

in (A), which was the Japanese Kana syllabi, but the top-notch stenog

raphers used the their own original symbols to cut down the dictation

amount and wrote down more rapidly and effectively, like (B) and (C). (B) The Japanese text (upper left) stating “Now, start a meeting,” the left

lower stenography was written by the Kana syllabi of the stenography,

and the right lower stenography was extremely shortened by the top-

notch stenographer. (C) Examples of Japanese texts written in stenography and mapping onto the regular Japanese writing. As one can see, the

original texts were shortened drastically by the stenographic symbols.
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later. Each of these functional modules or circuits (and
their combinations) offers a hypothesis for the neural
correlates of stenographic expertise. In addition, there is
the possibility that their expert performance is based on
reactivation of the circuit used for stenography training-
specific learning, such as motor learning, which is asso-
ciated with auditory input (Doyon et al. 2003; Butler
et al. 2011; Park et al. 2011; Voss et al. 2011). It is also
worth noting that a recent report on top-professional
shogi (Japanese chess) players has shown that they exhi-
bit significant activation in the caudate (Wan et al.
2011). The caudate is a part of the striatum that is
located in the basal ganglia and that is known as a cen-
ter of motivational reward (Delgado et al. 2004) and
reward-based learning (Haruno et al. 2004). The basal
ganglia in the top-professional shogi brain may be
responsible for predictions based on past experience and
the current game situation. This area is known to have
a central role in learning and in executing acquired
sequential movements (Jueptner et al. 1997; Floyer-Lea
and Matthews 2004; Lehéricy et al. 2005; Poldrack et al.
2005; Jankowski et al. 2009; Reithler et al. 2010; Steele
and Penhune 2010). This makes it a strong candidate
region for the control or integration of multimodal
functions in the brain of stenographers. To investigate
these possibilities, we scanned samples of expert short-
handed brains to determine the impact of professional
training on functional representation with the multi-
modal functional components in stenography, by com-
paring writing, imagery, and hearing conditions. (This
design is meant to isolate the neural correlates of func-
tional coordination for the stenograph task per se, as
opposed to elementary components such as auditory
and motor; later.)

Because of the complexity of Japanese letters (hira-
gana, katakana, and kanji) and their grammatical struc-
ture and intrinsic ambiguity, Japanese stenography is
extremely complex and more demanding than other lan-
guages. Therefore, we expected extensive unique mobili-
zation of multiple modules/circuits in Japanese
stenographers compared with individuals with other pro-
ficiencies. From a neural network perspective, stenogra-
phers would need to develop multiple cognitive or
neural bases that are mainly located in dictation-related
regions. These include regions involved in (1) the auto-
matic linguistic processing of vocal sounds: the temporal
gyrus (Woods and Alain 2009), and the supramarginal
gyrus (Gow 2012); (2) the automatic control of hand
movements: the precentral gyrus (Carnell et al. 2012),
the postcentral gyrus (Ma et al. 2011), the lateral and the
medial premotor cortex, the cerebellum, and the puta-
men (Jueptner et al. 1997; Floyer-Lea and Matthews
2004; Lehéricy et al. 2005; Poldrack et al. 2005; Jankow-
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ski et al. 2009; Reithler et al. 2010; Steele and Penhune
2010); and (3) the ability to concentrate attention and to
cope with multiple tasks, including predictions under
severe time pressures: the inferior parietal cortex, the
supplementary motor area, and the dorsolateral prefron-
tal cortex (Numminen et al. 2004). Moreover, several
neural circuits or networks might also need to be plasti-
cally reorganized, and examples of these include the cor-
tical-striatal-cerebellar network (Mosier et al. 2011), the
parietofrontal network (Andersen and Cui 2009), the
sensorimotor network (Petroni et al. 2010), and the lan-
guage-processing network (Choudhury and Mubkherjee
2009). Indeed, various kinds of expertise, such as sensori-
motor (Dick et al. 2011), athletic (Kim et al. 2008; Wei
and Luo 2010), artistic (Herdener et al. 2010; Kleber
et al. 2010), cognitive (Western chess (Campitelli et al.
2005), Japanese chess (top-professional shogi) (Wan
et al. 2011), creative writing (Shah et al. 2013; Lotze
et al. 2014)), and perceptual (Gauthier et al. 2010) are
known to reorganize these networks, but very little has
been understood specifically on the neural plastic changes
due to the stenography training. In addition, because
previous experiments have shown that some types of
expertise result in morphological changes during lifelong
training or work (Maguire et al. 2000; Gaser and Schlaug
2003; Jacini et al. 2009; Jancke et al. 2009; Park et al.
2011; Di Paola et al. 2013), the stenographers’ brain
might also exhibit morphological changes in some func-
tional domains. The Japanese language is unique, espe-
cially in the aspects described above. Thus, we expected
that the lifelong training of stenographers would result in
modulated or reorganized multimodal functions or neu-
ral networks in the stenographers’ brain. To examine the
plastic reorganization of the stenographers’ brain, we
designed a multiple-work task (Fig. 2) that required the
participants to use the multimodal functional network in
several different conditions.

Materials and Methods

Participants

Eighteen right-handed stenographers and 23 right-handed
controls participated in this study. After checking the
translation, data sets with head movements greater than
2 mm were excluded according to standard procedures.
The data for 13 right-handed stenographers (10 females;
mean =+ standard error of the mean (SEM) age,
33.1 £ 1.87; age range, 26-42), and 14 right-handed con-
trols (8 females; 31.1 & 1.30; 23-38) were analyzed as
described. All participants provided written informed
consent, which was approved by the ethics committee of
Tamagawa University. None of the participants had a
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20 sec

Figure 2. Task design. The functional magnetic resonance imaging (fMRI) paradigm consisted of the following five conditions: writing, air-
writing, imagining, hearing, and reverse-sound. Because of technical failure, we excluded the air-writing condition in the following fMRI data
analysis. Each condition appeared four times in random order in one scan. The duration of each condition was 20 sec, and the interstimuli
interval (IT)) was 20 sec. In the writing condition, subjects were asked to write down the speech itself, which was coming from the headphones,
with a plastic pen on an acrylic writing table. The participants could see their own hand and the writing table through combined mirrors. In the
Imagining condition, they imaged the writing motion without actually moving. In the hearing condition, they only heard the speech. In the

reversed sound condition, they only heard the reversed audio speech.

history of neurological disorders. All of the stenographers
belonged to the branch of the House of Representatives
and the House of Councillors in the Japanese Shorthand
Association. All stenographers had first-class shorthand
skills, and routinely performed stenographic jobs (the
average + standard deviation (SD) for job history was
14.6 + 6.52 years). A first-grade certification of stenogra-
phy is required to work as a first-class stenographer in
Japan, and, to obtain the first grade, stenographers typi-
cally practice stenographic skills at a training school for
about 2.5-3 years. Then, one has to pass the first-class
examination, which requires an accuracy of more than
98% to be able to write speech with an extraordinarily
fast speed, which is faster than the speech of a news
announcer. The average £ SD age for the professional
stenographers who passed the test was 19.5 & 1.13 years.
None of the controls had received any special shorthand
training in their past life.

Task design

All of the participants underwent the functional mag-
netic resonance imaging (fMRI) paradigm twice. The
fMRI paradigm consisted of the following five condi-
tions (Fig. 2): writing, air-writing, imagining, hearing,
and reversed-sound conditions. This is meant to com-
pare, and thus to isolate the neural activity/connectivity
critically responsible for the stenography task per se,
which requires a massive coordination of various func-
tional components, as opposed to each sensory or
motor components, such as auditory (both semantic
and nonsemantic), motor, mental imagery, etc. Because
of a technical failure, we excluded the air-writing condi-
tion in the subsequent fMRI data analysis. Each condi-
tion appeared four times in random order in one scan.
The duration of each condition was 20 sec, and the
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interstimuli interval was 20 sec. In the writing condi-
tion, the participants were asked to write down the
speech, which they heard through headphones, with a
plastic pen on 16.7 cm X 24.2 cm writing paper on an
acrylic writing table. The stenographers wrote the speech
using stenography in the writing condition, and the
controls wrote the speech in the standard way (i.e.,
using a mixture of Kanji and Kana). The participants
could see their own hand and the writing table through
combined mirrors. To prevent head motion, the back of
the neck was stabilized with an air-bag cushion, and the
head was immobilized with a forehead band. In the
Imagining condition, the participants imagined the writ-
ing motion without their hand moving. In the hearing
condition, the participants only heard the speech; and
in the reversed-sound condition, the participants only
heard the reversed audio of the speech. The participants
were asked not to move their hands and arms during
Imagining, and we interviewed them later to ascertain
their compliance with the instructions. After the fMRI
scan, the experimenter examined the dictation accuracy
in the writing condition and calculated the correct ratio
of each participant as described below. The numbers of
syllabic sounds were adjusted between the stenographers
and the control subjects to match the task difficulty as
addressed in the correct ratio. According to our pilot
experiment, the stenographers could write 140-180 syl-
labic sounds per 20 sec, while the controls wrote 25-35
syllabic sounds per 20 sec. To match the correct ratio
of each group, the average number of syllabic sounds in
each part of the speech was 163.63 £ 1.12 (SEM)
sounds per 20 sec for the stenographers and
31.25 4+ 0.484 (SEM) sounds for the controls. Before
the trials for the five conditions, all of the subjects
practiced writing in a magnetic resonance scanner for
10 min.

© 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.



T. Ito et al.

Audio data

The audio data (the speech stimuli) were recorded from a
television news analysis program and customized the
number of syllabic sounds and the length of the speech.

Correct ratio

As described above, because of the differences in dictation
skills between the two groups, we adjusted the amount of
speech to equalize the dictation accuracy in the writing
condition between the groups at a 95% accuracy. The
average of the syllabic sounds of each condition was
163.6 £ 1.12 (SEM) sounds per 20 sec for the stenogra-
phers and 31.2 4 0.484 (SEM) sounds per 20 sec for the
controls. After the fMRI scan, the experimenters and par-
ticipants compared the written texts with the original
texts to confirm the accuracy, counted the number of
spelling mistakes and lack of text, and calculated the cor-
rect ratio. The average correct ratio of the stenographers
was 95.0 + 0.85% (SEM) and that of the controls was
93.5 &+ 0.87% (SEM). There were no statistical differences
between the two groups in the correct ratio.

Hand movement

. Because of the differences in the speech speed and the
writing systems (stenography vs. regular Kanji/Hiragana)
between the two groups, there were also differences in
hand movement trajectory and speed. We examined the
trajectories in the written text after the scans. In particu-
lar, we quantified the total stroke length in terms of the
number of pixels. The average number of pixels in each
group was 40,301 £ 7734 in the stenographers and
29,787 + 8508 in the controls. There was a statistical dif-
ference (P < 0.001) between the two groups. The stenog-
raphers abbreviated their writing frequently, yet they
exhibited more hand movement, partly because they dic-
tated much of the squeezed speech and partly because
they tended to generate strokes with a larger spatial scale.

fMRI procedure

The functional imaging was conducted on a 3-TeslaTRIO
MRI scanner (Siemens medical solutions, Erlangen,
Germany). For each participant, we acquired whole-brain
T1-weighted anatomical scans and gradient echo T2*-
weighted echo planar images (EPI) with blood oxygen
level-dependent contrast (repetition time, 2500 msec; echo
time, 25 msec; slice gap, 0.6 mm; field of view, 192 mm;
slice thickness, 3.0 mm; 40 oblique axial slices). We used a
tilted acquisition sequence at 30° to the anterior commis-
sure-posterior commissure line to recover signal loss in

© 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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the medial orbitofrontal cortex (Deichmann et al. 2003).
In addition, we used a 12-channel head coil for the EPI
sequence and a 32-channel head coil for the T1-weighted
anatomical scans. Fach brain volume comprised 40 axial
slices of 3-mm thickness and 3-mm in-plane resolution.
Each scan lasted about 25-30 min independent of perfor-
mance, and the first five volumes of the images were
discarded to allow for equilibration effects.

Imaging data analysis

The imaging data analysis was performed with Statistical
Parametric Mapping (SPM) (SPM8; Wellcome Depart-
ment of Imaging Neuroscience, Institute of Neurology,
London, U.XK.). To correct for participants’ motion, the
images were realigned to the mean image. The structural
T1 images were coregistered to the mean functional echo
planar images for each participant and normalized to a
bias-corrected T1-weight image of each subject. Spatial
smoothing was applied with a Gaussian kernel with a full
width at half maximum of 8§ mm.

At the first level of analysis, the statistical models for
each participant were computed, and the following three
contrasts were calculated for each subject: writing versus
reversed, imagining versus reversed, and hearing versus
reversed. Finally, the realignment parameters were applied
to the image data analysis. Each contrast image was used
for the second group analysis of Stenographers, Controls,
and Stenographers versus Controls. Each region of inter-
est (ROI) was analyzed with a MarsBar tool for SPM
(http://marsbar.sourceforge.net/). For extracting ROI data,
we used a spherical (4 mm) ROI for each analysis. All
ROI data analyzed with SPSS (IBM Corporation, Ar-
monk, NY) for the group comparison and the correlation
analysis with age correction.

Voxel-based morphometry

T1-weighted image registration was achieved with a diffe-
omorphic registration algorithm that is implemented in
the Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra (DARTEL) toolbox for SPMS.
First, T1-weighted images were classified into gray matter,
white matter, and cerebrospinal fluid with a segmentation
routine. The resulting parameter files were imported into
the DARTEL procedure to produce rigidly aligned gray
and white matter tissue classes that were resliced to a
1.5 x 1.5 x L.5-mm voxel size. We then used the rigidly
aligned tissue class images to estimate the nonlinear
deformations to best align all of the images. During this
estimation stage, DARTEL iterates between building a
template and registering tissue class images with the tem-
plate. We used the resulting flow fields to wrap gray and

Brain and Behavior, doi: 10.1002/brb3.333 (5 of 12)



Functional Connectivity in Shorthanded Brain

white matter images for each participant. The spatially
normalized images were rescaled by the Jacobian determi-
nants of the deformations by using 64 time points to
solve the partial differential equations. To obtain mean-
ingful coordinates of the volume alterations, the final
DARTEL template was normalized to the Montreal Neu-
rological Institute space, and the resulting deformations
were applied to the gray matter images of each partici-
pant with a MATLAB script. Finally, the images were
smoothed with an 8 x 8 x 8-mm Gaussian kernel. The
input features for the subsequent analysis were smoothed,
modulated, and normalized gray matter images. The gray
matter group comparisons were modeled with an SPM8
factorial design and corrected for age.

Psychophysiological interactions

To conduct psychophysiological interactions (PPI) (Fris-
ton et al. 1997), we extracted the deconvolved time
course from the anterior and the posterior putamen for
each participant. To create the PPI term, we calculated
the product of the deconvolved activation time course
and the vector of the psychological variable of interest (1
for writing; —1 for reversed sound). Individual-level PPIs
were computed for each participant and then entered into
a random-effects group-level regression analysis. The cen-
ters of each voxel of interest and ROI were defined by
two-sample f-tests that compared the stenographers and
the controls (Fig. 3, Supplementary Fig. S1).

Statistical analysis

All statistical analyses were performed with SPSS software
(IBM Corp. Released 2010. IBM SPSS Statistics for Win-
dows, Version 19.0. Armonk, NY: IBM Corp.).

Results

Behavioral Data

As described in the introduction, we adjusted the number
of syllabic sounds and the dictation accuracy in the writ-
ing condition to a 95% accuracy to push toward the
upper limit of the cognitive/motor abilities in both
groups. As a result of this adjustment, the average syllabic
sounds that the participants could dictate were
163.6 £+ 1.12 (SEM) sounds per 20 sec for the stenogra-
phers and 31.2 £ 0.484 (SEM) sounds per 20 sec for the
controls. The actual percentage correct of the stenogra-
phers and the controls in the writing condition was
95.0 £ 0.85% (SEM) and 93.5 & 0.87% (SEM), respec-
tively. There were no statistical differences between the
two groups in the percentages correct.

Brain and Behavior, doi: 10.1002/brb3.333 (6 of 12)
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The left putamen had a specific function in
the stenographers

In the writing condition, both groups exhibited high
activity in many brain regions, some of which are known
to be important for motor, auditory, and memory func-
tions. A group comparison of the fMRI data showed that
the left anterior putamen of the stenographers exhibited
higher activation than the controls in all conditions (writ-
ing, imagining, and hearing; Fig. 3A-C, Supplementary
Fig. SIA-C), and there were statistical differences regard-
less of the ROI radii (Supplementary Fig. S1A-C). These
regions with higher activation overlapped among the
three conditions (Fig. 3D) and were localized in the ante-
rior putamen. Morphologically, the left dorsal anterior
part of the putamen in the stenographers was enlarged
compared to that of the controls (—24, 14, 5; P = 0.0021,
Fig. 4). This enlarged region overlapped with the region
of higher activation.

Functional modification of the
stenographers’ left putamen

According to the literature (Jueptner et al. 1997; Lehéricy
et al. 2005; Jankowski et al. 2009), the anterior and pos-
terior regions of the putamen have different roles in regu-
lating motor skills. The anterior regions are implicated in
the acquisition of new motor skills, whereas the posterior
regions are critical for automated skill movements. To
examine the functional differences in the anterior puta-
men and the posterior putamen between the two groups,
we performed the PPI analysis (Fig. 5), which is a widely
accepted technique to estimate the functional connectivity
between brain regions (Friston et al. 1997). The anterior
putamen (—20, 10, 8) of the stenographers showed a sig-
nificant covariation with the right cerebellum (26, —44,
—30, Fig. 5A middle), and the midbrain (6, —26, —20,
Fig. 5A right). On the other hand, the posterior (—30,
—18, 6), but not the anterior (—~20, —10, —8) putamen of
the controls exhibited significant covariation with the
right cerebellum (28, —58, —32, Fig. 5B middle) and the
midbrain (—12, —22, —14, Fig. 5B right). Thus, in gen-
eral, the putamen of each group had high covariation
with the cerebellum and the pons, but a closer look
revealed that there were different regions activated
between the groups (Fig. 5). The PPI analysis showed that
the anterior putamen of the stenographers had a region
with higher covariation with the midbrain (4, —24, —22
(Supplementary Fig. S2A)) compared to the controls. On
the other hand, there were no statistical differences
between the two groups around the cerebellum and mid-
brain with the anterior putamen as the seed region (Sup-
plementary Fig. S2). As shown in Supplementary Fig S3,
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(A) Writing (B) Imagining (C) Hearing
IR (-18, 10, 8) (-22, -2, 8)

(D) Marge

Figure 3. The left putamen exhibited activation in stenographers. A direct group comparison revealed that the stenographers showed higher
activation around the anterior putamen compared with the controls. (A-C) A two-sample t-test comparison of the stenographers versus the
controls revealed that the left putamen of the stenographers exhibited higher activation than that of the controls in all three conditions: writing
(A; =20, 10, 8; P = 0.0032), imagining (B; —18, 10, 8; P < 0.001), and hearing (C; —22, —2, 8; P = 0.0019). The white arrows indicate the peak
voxels. To define the activated regions, a statistical threshold of P < 0.005 (uncorrected) was used. D) Each contrast showed the stenographers
versus the controls in three conditions. The activated regions of writing (red), imagining (green) and hearing (blue) were overlapping with each
other. The anterior putamen has a central function of the stenographic brain. To define the overlapping regions, the statistical threshold was
P < 0.01 (uncorrected) for each contrast.

the posterior putamen of the stenographers and the ante-
rior putamen of the controls did not exhibit any regions
of covariation around the cerebellum and midbrain. As
an alternative way to address the same issue of functional
connectivity, we conducted a PPI analysis with the coor-
dinate (—24, 14, 5), which was the morphologically
enlarged region in the left anterior putamen as a seed,
and found a region of covariation only around the mid-
brain (data not shown).

Correlations of brain activity and job
history

Because stenographers use their skills on a regular basis,
the length of their career might affect the stenographers’
morphometry showed a statistical difference between the brain functions. To exan}ine t]_lis possibility,. we extracted
stenographers and the controls. The stenographers exhibited an the § value from the brain regions detected in the current
enlarged putamen compared to the controls in the left dorsal anterior study and calculated the correlations between their career,
part of the putamen. The black arrow indicates the peak voxel which was defined as the léngth of their career as a pro-
(P=10.0021 with a coordinate of (-24, 14, 5)). To define the fessional stenographer, and the brain activities. Only the
activated regions, a statistical threshold of P < 0.005 (uncorrected) activity of the supramarginal gyrus exhibited a negative
was used. correlation with a career for the stenographers (Pearson’s
r, —0.556; P = 0.048) and not for the controls (r, 0.038;

Figure 4. Portions of the left putamen where voxel-based

® 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. Brain and Behavior, doi: 10.1002/brb3.333 (7 of 12)
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Cerebellum (26. -44,
(A) Stenographer

Anterior Putame

(B) Control Cerebellum (28, -58, -32
ontro 8, -3
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Midbrain (6, -26

Midbrain (-12, -22, -1

Figure 5. The functional modification of the left putamen of the stenographers. A psychophysiological interaction (PPl) analysis revealed that the
regions that covaried with the anterior or posterior putamen were different between the stenographers (A) and the controls (B). The left panels
of (A) and (B) show the peak voxels (white circles) in the anterior and posterior putamen, and these were used as the seed regions for the PPl
analysis. An uncorrected threshold of P < 0.0001 was applied to the left panels of (A) and (B) and P < 0.001 (uncorrected) was applied to the
middle and right panels of (A) and (B). The white arrows indicate the peak voxels.

P =10.896), but it may be interpreted as an indirect,
emergent outcome of different functional networking
between the two groups, as mentioned above. No other
area showed activity that correlated with the career.

Discussion

In the current study, we observed distinctive behavioral
characteristics of expert professional stenographers as well
as possible neural correlates of them. We demonstrated
that the stenographer’s putamen has an extremely local-
ized functional core of the stenographic skill. The puta-
men of stenographers but not that of nonexperts had a
high covariation with the cerebellum and midbrain.
Moreover, the ventral regions of the putamen were mor-
phologically enlarged. This region overlapped with the
region exhibiting a high covariation with the cerebellum.
While it is very difficult to draw definitive conclusions
because this is the first fMRI study of expert Japanese ste-
nographers and virtually no directly comparable studies

Brain and Behavior, doi: 10.1002/brb3.333 (8 of 12)

are available, we can speculate on how these neural
changes contribute to the high performance levels of pro-
fessional stenographers. The current data suggest that
functional convergence centered around the putamen was
the characteristic feature of the stenographers’ brain, and
this enabled the stenographers to execute their high-level
performance. Though the current data provided the feasi-
ble evidence of the plastic reorganization in the putamen
and the relevant areas, our design does not allow us to
reveal the neural reorganization within a single profes-
sional group (i.e., it was not a pre vs. post comparison).
Thus, our interpretation remains to be speculative.

Functional role of the posterior putamen

Because the posterior (sensorimotor) putamen plays an
important role in the execution of automated over
learned sequential movements (Jueptner et al. 1997;
Floyer-Lea and Matthews 2004; Lehéricy et al. 2005;
Poldrack et al. 2005; Jankowski et al. 2009; Reithler et al.

© 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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2010; Steele and Penhune 2010), we expected that the
posterior putamen of stenographers would be more acti-
vated or more effectively functionally connected with
other relevant functional modules compared to nonex-
perts. However, this was not consistent with the current
data indicating the anterior, instead of the posterior
region in the putamen both functionally and structurally.
This inconsistency might be explained by the following
factors. First, like the skill-learning fMRI studies described
above (Jueptner et al. 1997; Floyer-Lea and Matthews
2004; Lehéricy et al. 2005; Poldrack et al. 2005; Jankowski
et al. 2009; Reithler et al. 2010; Steele and Penhune
2010), the training term was a few days or weeks (with
the cumulative training time ranging from several hours
to several tens of hours), which is in strong contrast to
the case of professional stenographers who were inten-
sively trained over years. Second, the vast majority of pre-
vious studies on the brain of experts (e.g., sports, music,
and games) (Chang 2014) have been limited to the use of
relatively simple perceptual or cognitive skills, with little
attention paid to more complicated real-world sensorimo-
tor functions. Third, although the anterior putamen has
been considered the center of motor acquisition in gen-
eral, there have been some indications that activation of
the anterior putamen is related to motor programming
(Alexander and Crutcher 1990; Kimura 1990; Lewis et al.
2004; Haruno and Kawato 2006; Kraft et al. 2007; Ara-
maki et al. 2010) or more general functions, such as
attention (Romo et al. 1992) or intention (Scholz and
Kelso 1990; De Luca et al. 2010).

Automatic vs. executive control

In the current study, the anterior putamen in the stenog-
raphers may either operate as a switch between automatic
versus attentive processes, or act as the center of integra-
tion or connectivity of various functional modules, which
can become automatic through intensive training. Indeed,
the increase in connectivity with motor-related regions,
such as the cerebellum, supplementary motor area (pre-
central gyrus), and putamen, is known to be important
for shifting from the executive stage to the automatic
stage (Wu et al. 2008). Thus, the modulated networks of
the stenographers’ brain imply the involvement of the
automatic stage of motor function. It is conceivable that
the anterior putamen is activated for other critical multi-
modal functions of expertise, although no direct report of
this has been published. It may be worth noting that not
only the stenographers but also the controls had exten-
sively used their writing skills for nearly a lifetime. It was
therefore no surprise that nonexperts (the controls) also
showed significant activation in the automation-related
(posterior) region of the putamen and exhibited a high

© 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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covarjation with the right cerebellum and midbrain.
These results indicated that both groups recruited similar
brain regions, including the putamen and some motor-
related regions. However, the functional connectivity was
strikingly different between the two groups, as we will
describe next.

Connectivity differences in the
stenographer’s brain

Complicated cognitive-motor skills, which are typically
not automatic, might have become automatic in the ste-
nographers’ brain. The cerebellum and putamen (basal
ganglia) are typically considered segregated modules in
some aspects of learning. The cerebellum is thought to be
involved in the adaptive modification of behavior and
error-based learning. The basal ganglia, in contrast, is
thought to be involved in reward prediction and reward-
based learning (Doya 2000; Houk 2005), and in predic-
tions in some types of expertise (shogi, i.e., Japanese chess
(Wan et al. 2011)). In the classical view, a distinctive
function of cerebellar connections with the cerebral cortex
is to gather information from cerebral regions to control
movements (e.g., from the primary motor cortex (Allen
and Tsukahara 1974)). Such a traditional view may be
more consistent with the connections of the control
group than of the stenographers. Only the stenographers’
training require extensive coordination of linguistic, cog-
nitive, and visual skills under a severe speed constraint,
and this may underlie the functional modifications and
morphological changes around the striatum. Thus, the
coordination of skills for professional stenography
appeared to be supported by the striatum, where the life-
long training modulated the various functional modules,
including auditory, linguistic, cognitive, mnemonic, sen-
sorimotor, and, possibly, attention, top-down executive,
and reward-based learning modules. The questionnaires
revealed that the expert stenographers’ stenographical per-
formances were mostly automatic. While they pay atten-
tion in order to follow the semantic aspects of the speech,
every now and then, their attention comes back to check-
ing spelling errors only when necessary. Such introspec-
tive observations are highly consistent with other cases of
extreme performance expertise (e.g., sports, music, and
games) and automatic sensorimotor performances in daily
life (e.g., walking, bike riding, and driving a car). Indeed,
the activation of the basal ganglia (striatum) is believed
to partly reflect automatic motor processing (Jueptner
et al. 1997; Floyer-Lea and Matthews 2004; Lehéricy et al.
2005; Poldrack et al. 2005; Jankowski et al. 2009; Reithler
et al. 2010; Steele and Penhune 2010) and, at the same
time, implicates extreme attention, which is called top-
down processing or goal-driven attention (Posner and
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Petersen 1990; Posner and Rothbart 1998). The career-
dependent decrease in supramarginal activity may imply
effective performance, which region was involved with
language perception and processing (Gazzaniga et al.
2009). Because speech cognition is the first step in dicta-
tion, we would be able to examine the career-related
effective operation of the following steps of dictation in
the expert brain if we can recruit a wider range of ages in
this group.

Comparisons with other types of expert
brain

Neural plasticity that is related to various types of exper-
tise has been reported in sports, music, and other fields
(For a review, see Chang 2014). A number of studies
have revealed that long-term skill learning and repetitive
training result in functional and structural changes that
enable the expert skills. Cross-sectional studies of elite
judoka (Judo wrestler), golfers, and musicians have dem-
onstrated structural changes mostly in the motor- and
cognitive-associated regions. For example, elite judo
wrestlers have significantly higher volumes of gray matter
in several brain regions that are related to motor plan-
ning, execution, and working memory (Jacini et al.
2009). Skilled golf players have larger gray matter vol-
umes in the frontoparietal network (Jancke et al. 2009).
Professional musicians exhibit structural differences in
the hand motor area of the precentral gyrus compared to
nonmusicians (Amunts et al. 1997). Similarly, functional
modulations in the expert brain have also been reported.
Previous findings have shown more focused activation of
the motor-related areas. Professional racquetball players
exhibit an enlarged cortical representation of the hand
compared to novices (Pearce et al. 2000). Most imaging
studies on long-term learning have reported selective
modulations of specific brain regions, such as the hippo-
campus, the precentral gyrus and so on, underlying the
specific skills. In our findings, the stenographers’ brain
exhibited functional and structural modulations in the
striatum regions involved in motor control. However,
unlike the previous studies, the current findings revealed
vigorous plastic changes in both functional and structural
components in the stenographers’ brain. From this per-
spective, the current study provided considerable insights
into the field of multimodal plasticity in the expert
brain.

In summary, the results of the current study were
partly consistent with those of previous studies on senso-
rimotor plasticity, although our results challenge the
existing view of expertise by examining the plastic reorga-
nization of the professional expert brain, which is special-
ized for more complex and integrated skills.
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