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Processing speed (PS) training improves performance on untrained PS tasks in the elderly. However, PS training’s effects on the PS of
young adults and on neural mechanisms are still unknown. In humans, we investigated this issue using psychological measures, voxel-
based morphometry, the n-back task [a typical task for functional magnetic resonance imaging (fMRI) studies with conditions of 0-back
(simple cognitive processes) and 2-back tasks (working memory; WM)], resting-state fMRI for the analysis of functional connectivity
between brain regions during rest (resting-FC), and intensive adaptive training of PS. PS training was associated with (1) significant or
substantial improvement in the performance of PS measures, (2) changes in the gray matter structures of the left superior temporal gyrus
and the bilateral regions around the occipitotemporal junction, (3) changes in functional activity that are related to simple cognitive
processes (but not those of WM) in the left perisylvian region, and (4) increased resting-FC between the left perisylvian area and the area
that extends to the lingual gyrus and calcarine cortex. These results confirm the PS-training-induced plasticity in PS and the training-
induced plasticity of functions and structures that are associated with speeded cognitive processes. The observed neural changes caused
by PS training may give us new insights into how PS training, and possibly other cognitive training, can improve PS.

Introduction
Processing speed (PS) is individual cognitive ability measured by
how fast individuals execute cognitive tasks, particularly elemen-
tary cognitive tasks (e.g., Salthouse, 1996). Working memory
(WM) is a limited capacity storage system involved in the main-
tenance and manipulation of information over short periods of
time (Baddeley, 2003). On the other hand, PS has been proposed
to be one of key cognitive components, along with WM, in a wide
range of cognitive domains and in psychometric intelligence
(Kail and Salthouse, 1994; Fry and Hale, 2000). PS, capacity of
WM (WMC), and psychometric intelligence all correlate with
one another (Fry and Hale, 2000).

Previous findings have indicated that PS or speeded cognitive
processes relate to brain connectivity and to each brain region
involved in a certain type of information processing. While WM
and WMC are associated with functional activity and brain struc-
tures of the lateral prefrontal cortex and the parietal cortex

(Klingberg, 2006), PS or speeded cognitive processes are associ-
ated with different neural systems. Higher PS in a visual PS task is
related to white matter structural integrity in occipital and pari-
etal white matter (Tuch et al., 2005). Furthermore, speeded cog-
nitive processes of particular information are related to each
region relevant to the particular information processing. For ex-
ample, the left ventral prefrontal cortex is associated with linguis-
tic output as well as fluent output (Flaherty, 2005), and the
superior temporal gyrus (STG) is associated with the processing
of comprehensible speech as well as rapid speech (Poldrack et al.,
2001).

Previous studies of cognitive training have shown WM train-
ing’s effect on psychological measures and neural systems, and PS
training’s effect on psychological measures in the elderly. It has
been shown that performance of training on cognitive tasks, in-
cluding WM tasks, can improve performance of a wide range of
untrained cognitive tasks, such as nontrained WM tasks, nonver-
bal reasoning tasks, and response inhibition tasks [for review, see
Uchida and Kawashima (2008) and Takeuchi et al. (2010d)].
Furthermore, several studies have shown that PS training can
improve performance of nontrained PS tasks in the elderly (e.g.,
Edwards et al., 2002). Also, WM training affects brain activity, the
density of cortical dopamine D1 receptors, and white matter
structural integrity in frontal and parietal regions (Olesen et al.,
2004; Dahlin et al., 2008; McNab et al., 2009; Takeuchi et al.,
2010a).

However, to our knowledge, no previous studies have inves-
tigated the effect PS-training tasks have on the PS of young adults
nor on neural mechanisms, which is the purpose of the current
study. Considering the contribution of PS to human psychomet-
ric intelligence, it is important to investigate the extent of PS’s

Received June 11, 2011; accepted July 6, 2011.
Author contributions: H.T. and R.K. designed research; H.T., Y.T., H.H., Y.S., T.N., and R.N. performed research; Y.T.

contributed unpublished reagents/analytic tools; H.T. analyzed data; H.T. wrote the paper.
This study was supported by a Grant-in-Aid for Young Scientists (B) (KAKENHI 23700306) from the Ministry of

Education, Culture, Sports, Science, and Technology, Japan Science and Technology Agency (JST)/Research Institute
of Science and Technology for Society, and JST/Core Research for Evolutional Science and Technology. We thank Yuki
Yamada for operating the MRI scanner, Sarah Michael for checking the English in this manuscript, the participants,
the testers for the psychological tests, and all our other colleagues in Institute of Development, Aging and Cancer,
Tohoku University for their support.

This article is freely available online through the J Neurosci Open Choice option.
Correspondence should be addressed to Hikaru Takeuchi, Smart Ageing International Research Center, Institute

of Development, Aging and Cancer, Tohoku University, 4-1, Seiryo-cho, Aoba-ku, Sendai 980-8575, Japan. E-mail:
takehi@idac.tohoku.ac.jp.

DOI:10.1523/JNEUROSCI.2948-11.2011
Copyright © 2011 the authors 0270-6474/11/3112139-10$15.00/0

The Journal of Neuroscience, August 24, 2011 • 31(34):12139 –12148 • 12139



plasticity. In this study, among the neural mechanisms affected
by PS training, we focused on changes of functional activity, func-
tional connectivity during rest (resting-FC) and regional gray
matter volume (rGMV). We hypothesized that PS training leads
to PS improvements and functional and structural changes in
each region involved in rapid cognition in the young. Further-
more, the effects of PS training on the performance of other
untrained cognitive tasks besides untrained PS tasks in the young
are unknown. So we investigated the effects of PS training on
diverse cognitive functions in an exploratory way.

Materials and Methods
Subjects. Sixty-three healthy, right-handed individuals (32 men and 31
women) participated in this study. The mean age of subjects was 21.6
years (SD, 1.68). All subjects were university students or postgraduate
students. All subjects had normal vision, and none had a history of neu-
rological or psychiatric illness. Whether or not they had histories of
neurological illnesses or psychiatric illnesses was assessed with our labo-
ratory’s routine questionnaire in which each subject answered questions
about whether they had or have certain illnesses. Handedness was eval-
uated using the Edinburgh Handedness Inventory (Oldfield, 1971). In
accordance with the Declaration of Helsinki (1991), written informed
consent was obtained from each subject. This study was approved by the
Ethics Committee of Tohoku University.

There were several intervention periods in which subjects participated.
In each period, a group consisting of several subjects participated in
pretraining (Pre) and posttraining (Post) MRI experiments and psycho-
logical experiments at the same time. This study was performed together
with another intervention study investigating the effects of arithmetic
training. This study and the study using arithmetic training share the
subjects of the no-intervention control group, the psychological and
neuroimaging outcome measures, the training period, the training time,
and the training frequency. Participants were randomly assigned to ei-
ther the intervention group (the PS-training or the arithmetic-training
group) or the no-intervention group. However, participants in the same
intervention group period were all assigned to the same training protocol
group (the PS-training group or the arithmetic-training group). None of
the participants were notified that there were three groups (rather than
just the intervention group and the no-intervention group) until after the
Post MRI and psychological experiments. The PS-training group con-
sisted of 23 participants (11 men and 12 women) and the mean age of the
subjects of the PS-training group was 22.0 years (SD, 1.6). The no-
intervention group consisted of 21 participants (12 men and 9 women)
and the mean age of the subjects of the no-intervention group was 21.2
years (SD, 1.7). The subjects assigned to the PS-training group and sub-
jects assigned to the no-intervention group did not differ significantly
( p � 0.1, two-tailed t tests) in basic background characteristic such as
age, sex, and score on Raven’s Advanced Progressive Matrix (Raven,
1998), which measures cognitive ability that is central to general intelli-
gence (Snow, 1989), nor the scores on simple PS measures (Word–Color
task and Color–Word task in the Stroop test). One participant in the
PS-training group and one participant in the no-intervention group were
not able to participate in the Post MRI and psychological experiments for
reasons that appeared after the Pre MRI and psychological experiments.
Furthermore, the computer that had been assigned to one participant in
the PS-training group during the training period was later found to have
not been working well, and presentation of the stimuli was slow during
training. Another participant in the PS-training group did not follow the
instructed button-pressing method during the training. These four sub-
jects were excluded from further analysis of the effects of the training.
Furthermore, subjects who could not understand rules of the cognitive
tasks used as outcome measures (characterized by little answers) were
excluded from the analyses involving those tasks (two exclusions).

Procedure. The PS-training program consisted of computerized, in-
house developed Borland C�� programs that consisted of eight tasks
using computer buttons and two tasks using paper and pencil. Partici-
pants in the PS-training group undertook 5 d of training within a 6 d
period. Instructions and brief practice of all training tasks was given at the

beginning of the first training day before the start of that day’s training.
Training each day lasted �4 h. All participants were MRI scanned and took
the psychological tests immediately before and after this 6 d period. The
no-intervention group did not receive any training or perform any specific
activity during the period separating the two MRI sessions. Since subjects in
the intervention groups were required to participate in 5 d of training ses-
sions during the 6 d intervention period, subjects had to go through Post
experiments 1 or 2 d after completion of the intervention. This condition was
the same in the two intervention groups of this experiment.

Training tasks. The PS-training program consisted of the adaptive
training of PS tasks. Training tasks involved eight tasks using computer
buttons and two tasks using paper and pencil.

The first four of the eight training tasks using computer buttons re-
sembled 0-back (Callicott et al., 1999) tasks. In all of these four tasks, a
certain type of stimulus was presented successively. In each trial, subjects
had to push buttons that corresponded with the presented stimuli before
the next trial (before the next stimuli were presented). Stimuli were ran-
domly presented as visual numbers (one, two, three, four) in Task 1,
visual locations (a mark was presented in either one of four corners of the
interface) in Task 2, auditory numbers (one, two, three, four) in Task 3,
and auditory locations (a pure tone was presented in either the left ear or
the right ear) in Task 4. In the first task and the third task, subjects had to
push button F on the keyboard if they received the first stimulus, G for
the second, H for the third, and J for the fourth. In the second task,
subjects had to push button F if the stimulus was presented in the upper
left, V in the lower left, J in the upper right, and N in the lower right. In the
fourth task, subjects had to push button H if the stimulus was received in
the left ear and J if the stimulus was received in the right ear. Task 5 was
a computerized task similar to the Number Comparison task (Earles and
Kersten, 1999). In each trial, a pair of number strings containing three
single-digit numbers (zero to nine) was presented visually and subjects
had to decide whether the strings were the same when reordered. If the
strings were the same, subjects pushed H. If they were not the same,
subjects pushed J. In half of the trials the strings were the same, but in the
other half of the trials they were not. When the strings were not the same,
one of the three numbers in the number strings was different between
the pair of strings. Task 6 was a computerized task similar to the Visual
Number Matching task (Woodcock, 1997). In each trial, a row of six
double-digit numbers with two identical numbers in the row (for exam-
ple, 37 65 43 37 28 88) was presented. Subjects had to push one of two
buttons corresponding with the places of the two identical numbers in
the row (D, F, G, H, J, and K corresponded to the six places in the row).
In Tasks 1– 6, performance of each block (a period during which stimuli
were presented sequentially) was defined by the number of correct re-
sponses and each block ended after 24 trials. Task 7 was a computerized
task for the rapid recognition of numbers presented visually. In this task,
single-digit numbers (from 1 to 4) were visually presented rapidly. Sub-
jects had to push the H button within 1 s after the same stimulus was
presented three times in a row. One block of the task ended when the sets
of three same stimuli had been presented a total of 10 times. Task 8 was a
computerized task for the rapid recognition of visuospatial location. In
this task, visual locations (a mark was presented in one of the four corners
of the interface) were presented rapidly. Subjects had to push the H
button within 1 s of the same stimulus being presented three times in a
row. One block of the task ended when the sets of three same stimuli had
been presented a total of 10 times. In Tasks 7 and 8, subject performance
in each block was defined by the number of correct responses minus the
number of inappropriate responses. In the computerized tasks, subjects
were allowed to use the fingers they preferred to do the task as fast as
possible. However, we instructed subjects to stick to the use of the same
fingers throughout the intervention.

In all of the eight training tasks using computer buttons, difficulties
(stimulus presentation rates) were modulated based on subject perfor-
mance. When subject performance was below a certain level in a block (a
period when stimuli were presented sequentially), the difficulty of the
task in the next block decreased based on how badly subjects performed
[the difficulty level decreased by one (presentation rate was multiplied by
0.99) when subject made one mistake more than the set criteria (level b),
the difficulty level decreased by two when subjects made two mistakes
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more than the set criteria, and so on]. However, when subject perfor-
mance during the block fell below a certain level (equal to the level of
chance in most of the tasks; level a), the extent of decreased difficulty
remained the same regardless of further decreases in performance. When
subject performance rose above a certain level (which was more strict
than the criteria for lowering the level; level c) during a block, the diffi-
culty of the task in the next block increased based on how well the subjects
performed. The difficulty of the task increased in a manner similar to the
way it decreased. When subject performance was between the criteria to
increase the level of the block and the criteria to decrease the level, the
difficulty of the task did not change in the next block. In other words, if
we call performance during a block in the task x, the presentation rate of
stimuli in the block s, and the presentation rate of stimuli in the next
block s(100/99)y, then when x � a, y � �4, when a � x � b, y � �(b �
x � 1), when b � x � c, y � 0, and when c � x, y � x � c. [a, b, c] for Tasks
1–3 is [6, 9, 12]. [a, b, c] for Tasks 4 and 5 is [12, 15, 18]. [a, b, c] for Task
6 is [8, 11, 14]. [a, b, c] for Tasks 7 and 8 is [�3, 0, 2]. These values of [a,
b, c] in each task were determined by the chance accuracy of each task.

In the ninth and tenth tasks, subjects used paper and pencil. Task 9 was
a paper and pencil task similar to the number comparison task (Earles
and Kersten, 1999). In this task, rows of pairs of number strings contain-
ing three single-digit numbers (zero to nine) were printed on paper.
Subjects had to decide whether the strings were the same when reordered.
If the strings were the same, subjects drew a circle. If they were different,
subjects made a check mark. In half of the rows the strings were the same,
but in the other half of the rows they were not the same and one of the
three numbers in the number strings was different between the two
strings. Subjects were instructed to answer as many of these questions as
possible in 1 min. They had to perform this task 10 times before continu-
ing to the next task. Task 10 was a paper and pencil task similar to the
Visual Number Matching task (Woodcock, 1997). In this task, rows of six
double-digit numbers were printed on paper with two identical numbers
in each row (for example, 37 65 43 37 28 88). Subjects were instructed to
circle either of the identical digits in each row and to do this task as
quickly and as accurately as possible in 1 min. Subjects had to perform
this task 10 times before continuing to the next task. The stimuli of Tasks
9 and 10 were randomly generated to match the conditions of the tasks,
and as a result, different stimuli were presented each time in each task.
Paper and pencil training tasks (Tasks 9 and 10) were added to the train-
ing tasks, since it is known that increasing the variability of tasks, stimuli,
and situations of a training leads to more successful transfer (Sweller et
al., 1998; Yamnill and McLean, 2001; Green and Bavelier, 2008).

In the cases of Tasks 1– 6, subjects had to complete 20 blocks of each
training task before continuing to the next task, and in Tasks 7 and 8, they
had to complete 10 blocks (in Tasks 9 and 10, subjects had to perform the
task 10 times before continuing to the next task, as described earlier).
Training for the day finished after subjects completed two cycles of each
task (meaning subjects completed 40 blocks in the case of Task 1, for
example). In most cases, it took 4 h at most to finish a day of training. In
the computerized tasks, subjects continued the next day’s training at the
level they finished at on the previous day in each task.

Psychological outcome measures. For evaluation of the pretraining and
posttraining, a battery of neuropsychological tests and questionnaires
was administered. This battery included the following contents: (1) Ra-
ven’s Advanced Progressive Matrices (Raven, 1998), a nonverbal reason-
ing task. (2) Cattell’s Culture Fair Test (Cattell and Cattell, 1973), a
nonverbal reasoning test. (3) A (computerized) digit span task, a verbal
WM task (for the detail of this task, see Takeuchi et al., 2011a). (4) A
(computerized) visuospatial WM task. In the visuospatial WM task, cir-
cles were presented one by one at a rate of 1/s in a four-by-four grid-like
interface. Participants had to remember the location and order of the
stimuli. After the presentation of stimuli, participants indicated the lo-
cation and order of the presented stimuli by clicking the grid-like inter-
face on a computer screen with a mouse in the stimuli’s presented order
(forward visuospatial WM task) or in the reverse order (backward visu-
ospatial WM task). The number of items to be remembered started with
two items and progressively increased. Three sequences were given at
each level, until the participants responded incorrectly to all three se-
quences, at which point the task was ended. The score of each test was

equal to the sum of the number of items correctly repeated in both the
forward visuospatial WM task and the backward visuospatial WM task.
(5) Tanaka B-type intelligence test (Tanaka et al., 2003). Type 3B, which
is for examinees in their third year of junior high school and older, was
used in this study. This test is a nonverbal mass intelligence test that does
not include story problems but uses figures, single numbers, and letters as
stimuli. In all subtests, subjects had to complete as many problems as
possible within a certain time (a few minutes). This test consists of a maze
test (subjects had to trace a maze with a pencil from start to finish),
counting cubes (subjects had to count the number of cubes piled up in
three-dimensional ways), a displacement task [figures and numbers;
subjects had to substitute a figure (nine figures) with a number (1–9)
according to a model chart], identification versus same– different judg-
ments (Japanese kana characters; subjects had to judge whether a pair of
meaningless Japanese strings were the same), filling in a sequence of
numbers (subjects had to fill in the blanks of a number sequence with
suitable numbers according to the rules of the number arrangement),
marking figures [subjects had to select forms that were identical to three
samples from a series (sequence) of eight different forms], and filling in
figures (subjects had to complete uncompleted figures so that the un-
completed figures were the same as the sample figures when rotated). (6)
The Stroop task (Hakoda’s version) (Hakoda and Sasaki, 1990), which
measures response inhibition and impulsivity. Hakoda’s version is a
matching-type Stroop task requiring subjects to check whether their cho-
sen answers are correct, unlike the traditional oral naming Stroop task.
The test consists of two control tasks (Word–Color task and Color–Word
task), a Stroop task, and a reverse Stroop task. In this study, we used the
Word–Color and Color–Word tasks as measures of simple PS, and we
used the Stroop and reverse Stroop tasks as measures for inhibition. In
the Word–Color task, a word naming a color (e.g., “red”) was presented
in the leftmost of six columns. The other five columns were each filled
with one of five colors and subjects had to check the column matching
the written word in the leftmost column. In the Color–Word task, the
leftmost of six columns was filled with a color and the other five columns
contained written words naming different colors. Subjects had to check
the column with the word matching the color of the leftmost column. In
the reverse Stroop task, in the leftmost of six columns, a word naming a
color was printed in another color (e.g., “red” was printed in blue letters)
and the other five columns were each filled with five different colors from
which subjects had to check the column whose color matched the written
word in the leftmost column. In the Stroop task, in the leftmost of six
columns, a word naming a color was printed in another color (e.g., “red”
was printed in blue letters) and the other five columns contained words
naming colors. Subjects had to check the column containing the word
naming the color of the word in the leftmost column. In each task,
subjects were instructed to complete as many of these exercises as possi-
ble in 1 min. (7) Arithmetic tasks, similar to the ones constructed by
Grabner et al. (2007). These tests measured multiplication performance
on two forms of one-digit times one-digit multiplication problems (a
simple arithmetic task with numbers between 2 and 9) and two forms of
two-digit times two-digit multiplication problems (a complex arithmetic
task with numbers between 11 and 19). The two forms of each task were
the same, but the numbers used in the problems were ordered differently.
Each form of the simple arithmetic task was presented with a time limit of
30 s and each form of the complex arithmetic task was presented for a
limited time of 60 s. (8) The S-A creativity test (Society For Creative
Minds, 1969), which measures creativity. A detailed discussion of the
psychometric properties of this instrument and how it was developed is
found in the technical manual of this test (Society For Creative Minds,
1969). The test was used to evaluate creativity through divergent thinking
(Society For Creative Minds, 1969) and it involves three types of tasks.
The first task requires subjects to generate unique ways of using typical
objects. The second task requires subjects to imagine desirable functions
in ordinary objects. The third task requires subjects to imagine the con-
sequences of “unimaginable things” happening. The S-A test scores the
four dimensions of the creative process (fluency, originality, elaboration,
and flexibility). In this study, the sum of the graded scores of the four
dimensions was used in the analysis. For more details, including the
psychometric properties of this test, sample answers to the questionnaire,
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and the manner in which they were scored, see our previous works
(Takeuchi et al., 2010b,c).

We collected several questionnaires designed to assess the traits or
states of the subjects, but they are not described in this study. These
questionnaires were, in most of the cases, self-report questionnaires in-
cluding participants’ behaviors in their daily lives. They were, in most of
the cases, designed to assess the traits of subjects, not the effect of the 5 d
intervention. In addition to self-report questionnaires, all neuropsy-
chological assessments were performed by postgraduate and under-
graduate students who were kept blind to the group membership of
the participants.

fMRI tasks. To map training-induced changes in brain activity related
to simple cognitive processes and WM, functional magnetic resonance
imaging (fMRI) was used. The n-back task, a typical task for fMRI studies
with the conditions of 0-back (simple cognitive processes) and 2-back
(WM), which uses digits as stimuli, was used to detect training-related
changes in brain activity related to these cognitive processes. Subjects
were instructed to press buttons as fast as possible in these tasks, which
made the 0-back task a task of simple PS. During fMRI scanning, all
subjects went through a simple block design n-back task that consisted of
a 2-back task (a working memory task in which subjects had to push
buttons after judging whether a currently presented stimulus and the
stimulus presented two stimuli ago were the same) and a 0-back task (a
nonmemory simple cognitive task in which subjects had to push buttons
based on the currently presented stimulus). Between the n-back task
periods, there were rest periods, which were used as the control condition
in this study. Behavioral performance was recorded as accuracy. For
details of the procedure, see our previous work (Takeuchi et al., 2011a).

Image acquisition. All MRI data acquisition was conducted with a 3 T
Philips Intera Achieva scanner. Forty-two transaxial gradient-echo im-
ages (echo time � 30 ms, flip angle � 90°, slice thickness � 3 mm, FOV �
192 mm, matrix � 64 � 64) covering the entire brain were acquired at a
repetition time of 2.5 s, using an echo planar sequence. For the n-back
session, 174 functional volumes were obtained. Using a MPRAGE se-
quence, high-resolution T1-weighted structural images (240 � 240 ma-
trix, TR � 6.5 ms, TE � 3 ms, FOV � 24 cm, 162 slices, 1.0 mm slice
thickness) were collected. For the resting state fMRI, 34 transaxial
gradient-echo images (64 � 64 matrix, TR � 2000 ms, TE � 30 ms, flip
angle � 70°, FOV � 24 cm, 3.75 mm slice thickness) covering the entire
brain were acquired using an echo planar sequence. For this scan, 160
functional volumes were obtained while subjects were resting. During
the resting state scans, the subjects were instructed to keep still with their
eyes closed, as motionless as possible, and not to sleep or to think about
anything in particular, as was done in previous studies (Greicius et al.,
2003). Furthermore, data with no diffusion weighting (b � 0 image) were
acquired and used for the preprocessing of the fMRI images (for details,
see Takeuchi et al., 2011a). All the subjects who participated in this study
also participated in other studies or projects, and MRI scannings not
described in this study were performed together with the ones described
in this study.

Voxel-based morphometry analysis. To investigate the effect of PS on
brain structures, voxel-based morphometry (VBM) was used. VBM is a
method for the in vivo study of the human brain structures and it can
detect changes in regional gray matter (GM) caused by training (Dragan-
ski et al., 2004). Across all measures, we tested the group difference in
changes from the Pre to Post measures. Preprocessing of the morpholog-
ical data was performed with VBM2 software (Gaser, 2007), an extension
of SPM2. Default parameter settings were used (Gaser, 2007). To reduce
the scanner-specific bias, we used a customized GM anatomical template
and prior probability maps of gray and white matter images created from
the T1-weighted structural images taken in our scanner in a previous
study (Takeuchi et al., 2010c). Next, the T1-weighted structural images of
each subject were segmented into gray and white matter partitions using
the new gray and white matter prior probability maps. The resulting
images included the extracted gray and white matter partitions in the
native space. The gray matter partition was then normalized to the new
gray matter probability map. The normalization parameters determined
from this initial step were then applied to the native T1-weighted struc-
tural image. These normalized T1-weighted structural data were then

segmented into gray and white matter partitions. In addition, we per-
formed a correction for volume changes (modulation) by modulating
each voxel with the Jacobian determinants derived from the spatial nor-
malization, allowing us to also test for regional differences in the absolute
amount of GM (Ashburner and Friston, 2000). All images were subse-
quently smoothed by convolving them with an isotropic Gaussian kernel
of 10 mm full-width at half-maximum. Finally, the signal change in
rGMV between preintervention and postintervention images was com-
puted at each voxel for each participant. In this computation, we in-
cluded only voxels that showed gray matter volume values �0.10 in both
Pre and Post scans to avoid possible partial volume effects around the
borders between GM and white matter, as well as between GM and CSF.
The resulting maps representing the rGMV change between the Pre and
Post MRI experiments (rGMV post � rGMV pre) were then forwarded
to the group-level analysis described below.

Preprocessing and data analysis for functional activation data. Prepro-
cessing and data analysis were performed using statistical Parametric
Mapping software (SPM5; Wellcome Department of Cognitive Neurol-
ogy, London, UK) implemented in Matlab (MathWorks). Before the
analysis, the BOLD images from the pretraining scan and the BOLD
images from the posttraining scan were realigned and resliced to the
mean image of the BOLD images from the pretraining scan. They were
then corrected for slice timing, coregistered to a b � 0 image of diffusion
tensor imaging, and spatially normalized into our original b � 0 image
template [created in Takeuchi et al. (2010b) using images of subjects who
did not participate in this study] using the b � 0 image to give images
with 3 � 3 � 3 mm 3 voxels.

As described in our previous study (Takeuchi et al., 2011a), we did not
use T1-weighted structural images for the process of coregistering be-
cause visual inspections suggest that the process of coregistering the
BOLD images taken in our studies to the T1-weighted structural images
used in our laboratory often fails. This failure could be attributable to
differences in the two images caused by distortions of the BOLD images.
The normalization procedures used b � 0 images for the following rea-
sons. First, the process of coregistering the BOLD images taken in our
studies to the b � 0 images is reliable according to a visual inspection of
all images. This might be because both images are taken using an EPI
sequence and have similar characteristics, including distortion of the
images (Reber et al., 1998). Second, b � 0 images have clearer anatomical
characteristics (compared with BOLD images), which allow for precise
normalization procedures. Third, the structure of the orbitofrontal cor-
tex (OFC) is typically lost in BOLD images taken in the 3 T scanner
(Stenger, 2006). In a few cases, the direct normalization of the BOLD
images to SPM5’s EPI template distorted the structures around the OFC
to compensate for the loss of the OFC in the BOLD images taken in our
study. On the other hand, b � 0 images apparently have relatively more of
these structures around the OFC according to visual inspection. There-
fore, b � 0 images prevent the kind of distortion seen in BOLD images
and allow for better normalization procedures. However, since b � 0
images and BOLD images in the same subjects have similar characteristics,
b � 0 images and BOLD images probably also match well in the coregistra-
tion process, despite the difference in the structures around the OFC.

A design matrix was fitted to each participant with one regressor for
each task condition (0-, 2-back in the n-back task) using the standard
hemodynamic response function (HRF). The design matrix weighted
each raw image according to its overall variability to reduce the impact of
movement artifacts (Diedrichsen and Shadmehr, 2005). The design ma-
trix was fit to the data for each participant individually. After estimation,
� images were smoothed (8 mm full-width half-maximum) and taken to
the second level or subjected to a random effect analysis. We removed
low-frequency fluctuations with a high-pass filter using a cutoff value of
128 s. The individual-level statistical analyses were performed using a
general linear model.

In the individual analysis, we focused on the activation change and
compared activation related to the conditions (0-/2-back vs rest) before
and after a 6 d intervention period. The resulting maps for each partici-
pant representing changes between the Pre and Post measures in brain
activity during the corresponding conditions, as well as the brain activity
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during the corresponding conditions in the Pre measures, were then
forwarded to a group analysis.

We used this design (0-/2-back conditions were compared with rest),
as the simple cognitive processes we referred to must include cognitive
processes such as the processing of visual stimuli. The processing of
visual stimuli is usually something that should be controlled by setting
appropriate control conditions in the fMRI studies. We think this view is
supported by the fact that a simple reaction time task is one of the simple,
typical PS tasks. Also consistent with this view is the fact that the neural
correlates of the performance of the visual choice reaction time task
include the white matter integrity of such areas as the optic radiation,
which connects the thalamus and the visual area (Tuch et al., 2005).

Preprocessing and data analysis for functional connectivity data. The
preprocessing and the data analysis for the functional connectivity data
were performed using SPM5 implemented in Matlab. Before the analysis,
the BOLD images from the pretraining scan and the BOLD images from
the posttraining scan were corrected for slice timing. They were then
realigned and resliced to the mean image of the BOLD images from the
pretraining scan. Normalizing procedures for these images were per-
formed in the same way described in the preprocessing and data analysis
for the functional activation data section above. The images were then
smoothed (8 mm full-width at half-maximum).

Individual-level statistical analyses were performed using a general
linear model (GLM). We removed low-frequency fluctuations with a
high-pass filter cutoff value of 128 s (or 1/128 Hz). Slow signal drifts with
a period longer than this, which are probably not based on brain activi-
ties, are removed by this value. A low-pass filter was not used and serial
correlations in the BOLD signal were accounted for by a first-degree
autoregressive correction. Several sources of spurious variances and their
temporal derivatives were then regressed out by putting these variances
into the following regressors: (1) six parameters obtained by a rigid body
correction of head motion and (2) the whole-brain signal averaged over
a whole-brain mask. Such a regression procedure removes fluctuations
that are not likely to be involved in specific regional correlations. Corre-
lation maps were produced by extracting the BOLD time course from a
seed region, then computing the correlation coefficient between that
time course and the time course from all other brain voxels. For the
current study, we examined correlations associated with the left perisyl-
vian area, which is the region that showed significant training-related
changes in the analyses of gray matter and functional activation. The seed
region in this study was a 6-mm-radius sphere centered on a focus. The
peak voxel of the sphere (x, y, z � �57, �6, 9) was defined by the peak
voxel of the significant result in the functional activation analysis of this
study.

At the individual level analysis, contrast images representing changes
in resting-FC with the seed regions following the 6 d intervention period
and contrast images representing resting-FC with the seed region preced-
ing the intervention were estimated for each subject after preprocessing.
These images were then forwarded to the group analysis described below.

Statistical thresholds in the group-level analysis of imaging and behavioral
data. The behavioral data were analyzed using the statistic software
SPSS 16.0. With regard to the analysis and the effects of the training on
each measure, the PS-training group was compared with the no-
intervention group using one-way analyses of covariance (ANCOVAs)
with the difference between pretest and posttest measures as dependent
variables and pretest scores (see below for the covariates of imaging data
analyses) as covariates to exclude the possibility that any pre-existing
difference in the measures between the groups affected the results of each
measure. Since the superiority (or beneficial effects) of the intervention
training was our primary interest, in our behavioral analysis, test–retest
changes in the group of interest were compared to test–retest changes in
the control group using one-tailed tests ( p � 0.05), as was performed in
the previous studies (Klingberg et al., 2002, 2005). However, in behavioral
measures in which the meaning of “superiority” was not clear, two-tailed
tests were used, namely, when the creativity test score was associated with an
impaired selective attention system, psychosis, and cognitive disinhibition
(Necka, 1999; for details, see Takeuchi et al., 2011a).

In the group-level imaging analysis of rGMV, we tested for groupwise
differences in the change in rGMV across the whole brain. We used the

factorial design option in SPM5. In the imaging analysis, the effects of the
interventions, estimated by comparing changes in Pre to Post measures
as described above, were compared between the groups at each voxel with
total gray matter volume in the Pre measurement, pretest scores of mea-
sures of general intelligence (RAPM), and two measures of PS (Color–
Word task and Word–Color task), as covariates. The differences between
the PS-training group and the control group were investigated. This
analysis corresponds to the ANCOVA. RAPM pretest score was included
in covariates to correct the effect of preexisting differences of general
intelligence.

Furthermore, to show more firmly that preexisting group differences
in rGMV did not affect findings in the group-level imaging analysis, we
extracted mean changes in Pre to Post measures in the significant clusters
in the group-level whole-brain imaging analysis (ANCOVA) described
above, as well as mean values of the Pre measures in these significant
clusters. Then, we performed the ANOVA to compare group differences
of mean changes in Pre to Post measures in the significant clusters of the
group-level whole-brain imaging analysis. We also performed ANCOVA
to compare group differences in mean changes in the Pre to Post mea-
sures of the significant clusters and in this analysis, we used mean values
of the Pre measures in these significant clusters as covariates.

In the analysis of rGMV, applying VBM5 (Gaser, 2007), the level of
statistical significance was set at p � 0.05, corrected at the nonisotropic
adjusted cluster level (Hayasaka et al., 2004) with an underlying voxel
level of p � 0.0025. Nonisotropic adjusted cluster-size tests can and
should be applied when cluster size tests are applied to data known to be
nonstationary (i.e., not uniformly smooth), such as VBM data (Hayasaka
et al., 2004). We did not perform any region of interest analyses in this
study.

In the group-level imaging analysis of functional activation and
resting-FC with the seed region, we tested for groupwise differences in
the changes in functional activation during each condition and the
changes in resting-FC with the seed region across the whole brain. We
performed voxelwise ANCOVAs with the difference in each measure
between Pre scan and Post scan at each voxel as dependent variables and
the value of each measure in the Pre scan at each voxel as independent
variables. This analysis was performed using Biological Parametrical
Mapping (BPM) (Casanova et al., 2007) implemented in SPM5. It used
images representing changes in the functional activation of each
condition/resting-FC between the Post scan and the Pre scan, as well as
images representing the functional activation of each condition/
resting-FC in the Pre scan, which was made as described above. This
analysis using BPM was not applied to the rGMV analysis, as to our
knowledge, BPM does not use the nonisotropic adjusted cluster-size test,
which was used in the rGMV analysis described above.

In the group-level imaging analysis of functional activation and
resting-FC with the seed region, regions with significance were inferred
using cluster-level statistics (Friston et al., 1996). Only clusters with a p �
0.05, after a correction for multiple comparisons at the cluster size, with
a voxel-level cluster-determining threshold of p � 0.0025 uncorrected,
were considered statistically significant in this analysis.

Results
Training data
Practice resulted in a significant increase in performance across
all of the 10 training tasks [in computerized tasks this was mea-
sured by the shortest interstimulus interval (ISI) of the tasks in
which subjects achieved a certain level of performance in that trial
and shortened the ISI in the next block; in the paper and pencil
tasks, this was measured by the largest number of items answered
in one trial; see Materials and Methods] from the first day of
training to the last day of training (one-tailed paired t, p � 0.001;
for all of the 10 training tasks) (Fig. 1). Furthermore, the best
performance on each training task on the second, third, fourth,
and fifth training days significantly increased from the best per-
formance of the day before (one-tailed paired t test, p � 0.05)
except Task 4 on the third training day ( p � 0.052), Task 9 on the
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fourth training day ( p � 0.054), and Task
10 on the third ( p � 0.084) and fifth ( p �
0.104) training days.

The effect of PS training on
behavioral measures
Behavioral results comparing the control
group and the PS-training group showed
significantly larger Pre to Post test in-
creases for the performance of one PS
measure, the Word–Color task ( p �
0.042). The results also showed substan-
tially larger Pre to Post test increases in the
performance of another PS measure, the
Color–Word task ( p � 0.059).

Furthermore, an exploratory behav-
ioral analysis revealed that the PS-training
group showed significantly larger Pre to
Post test increases for a complex arithme-
tic task ( p � 0.017) when compared with
the control group, as well as substantially
larger Pre to Post test increases in the per-
formance of the Color–Word task ( p �
0.059) and of Tanaka’s B type intelligence
test ( p � 0.055), which consists of
speeded tasks (for all the results of the psychological measures,
see Table 1). These results may suggest that PS training leads to a
wide range of speeded tasks. However, corrections for multiple
comparisons were not performed and the statistical values were
only marginally significant or substantial. This statistical proce-
dure follows the standard procedures that are taken in studies of this
kind. This statistical procedure is all the more appropriate consider-
ing the exploratory nature of this analysis. However, the behavioral
results of this exploratory analysis should be interpreted with cau-
tion until replicated.

The effect of PS training on gray matter structures
A VBM analysis revealed that, compared with the control group,
the PS-training group showed a statistically significantly larger
training-related decrease in the rGMV of (a) the left superior
temporal gyrus (x, y, z � �59, �14, 0; t � 3.91; p � 0.001,
corrected for multiple comparisons at the nonisotropic adjusted
cluster level with a cluster-determining threshold of p � 0.0025,
uncorrected), (b) the left middle-inferior occipital gyrus (x, y, z �
�31, �84, 1; t � 4.55; p � 0.001, corrected), and (c) the right
middle temporal-occipital gyrus (x, y, z � 46, �69, 4; t � 4.33;
p � 0.001, corrected) (Fig. 2) [(rGMV Pre � rGMV Post)PS group �
(rGMV Pre � rGMV Post)control group]. On the other hand, com-
pared with a test–retest increase in the control group, the
PS-training group showed a statistically significantly larger in-
crease in the rGMV of (d) the right precentral gyrus (x, y, z � 16,
�22, 74; t � 5.13; p � 0.001, corrected) (Fig. 2) [(rGMV Post �
rGMV Pre)PS group � (rGMV Post � rGMV Pre)control group]. The
p values of ANOVA (two-tailed) that compared group differ-
ences in the mean values of Pre to Post changes in the rGMV of
significant clusters a– d were 0.009, 0.003, 0.0003, and 0.010. The
p values of ANCOVA (two-tailed) that compared the group dif-
ferences in the mean values of Pre to Post changes of rGMV with
the mean values of the Pre measured rGMV in these clusters as
covariates in significant clusters a– d were 0.006, 0.003, 0.0007,
and 0.013.

The effect of PS training on functional activity
FMRI measures revealed that, compared with the control group,
the PS group showed statistically significantly larger increases in
functional activity associated with the 0-back condition (simple
cognitive processes) from Pre to Post measures in the cluster that
extends over the left Rolandic operculum and the left superior
temporal gyrus (x, y, z � �57, �6, 9; t � 6.44; p � 0.001, cor-
rected for multiple comparisons at the cluster level with a cluster-
determining threshold of p � 0.0025, uncorrected) (Fig. 3). No
regions showed a significantly larger PS-training-related test–re-
test decrease in functional activity associated with the 0-back
condition. Nor did they show a significantly larger test–retest
change in functional activity associated with the 2-back (WM)
condition in the PS-training group compared with the change in
the control group.

The effect of PS training on resting-FC with the left
perisylvian area
We then investigated the training-related changes in resting-FC
with the left perisylvian area, which had shown PS-training-
related structural and functional activity change. The analysis of
resting-FC revealed that, compared with the control group, the
PS group showed a statistically significantly larger increase from
Pre to Post measures in resting-FC between the left perisylvian
area and the cluster that extends into the bilateral calcarine cor-
tices and the bilateral lingual gyrus (x, y, z � �18, �78, 3; t �
4.97; p � 0.001, corrected for multiple comparisons at the cluster
level with a cluster-determining threshold of p � 0.0025, uncor-
rected) (Fig. 4a). No regions showed a significantly larger PS-
training-related test–retest decrease in resting-FC with the left
perisylvian area.

Discussion
The present study revealed the effect of PS training on cognitive
functions, functional activation, and rGMV in young adults
by convergent approaches. The results showed that PS training

Figure 1. Practice-related performance increase in PS-training tasks 2, 6, 8, 10. Practice resulted in a significant increase in
performance across all of the training tasks (in computerized tasks, performance was measured in terms of the shortest ISI of the
tasks in which subjects achieved a certain level of performance in that trial and shortened the ISI in the next block; in the paper and
pencil tasks, performance was measured in terms of the largest number of items answered in one trial) from the first day of training
to the last day of training (one-tailed paired t, p � 0.001). Error bars represent SEs.
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(1) led to a significant or substantial im-
provement in the performance of PS
measures but did not lead to the im-
proved performance of WM, reasoning,
inhibition or creativity, (2) reduced the
rGMV of the left superior temporal gyrus
and the bilateral regions around the oc-
cipitotemporal junction, (3) increased
functional activity that was related to sim-
ple cognitive processes (but not the func-
tional activity of WM) in the left
perisylvian region (the left superior tem-
poral gyrus and the left Rolandic oper-
culum), and (4) increased resting-FC
between the left perisylvian area and the
area that extends in the lingual gyrus and
calcarine cortex.

The present findings further support
the notion that cognitive trainings of dif-
ferent cognitive functions have distinct ef-
fects (Ball et al., 2002). Previous studies of
WM training and the present findings of
PS training showed that, while the former
affects WM, inhibition, creativity, or rea-
soning but not PS (for review, see Takeu-
chi et al., 2010d), the latter does the
opposite. As for the effects of training on
the brain, WM training as a whole leads to
changes in the brain structures (including
a reduction of rGMV) and changes in
functions of the frontoparietal regions,
which play a key role in WM (Olesen et al.,
2004; Takeuchi et al., 2010d). On the
other hand, the present imaging results
show that PS training led to an increase
in functional activity, a reduction in the
rGMV of the left superior temporal gyrus,
and a reduction in the rGMV of the bilat-

Figure 2. The effect of PS training on rGMV. The results are shown with p � 0.05, corrected for multiple comparisons at
the nonisotropic adjusted cluster-level with an underlying voxel-level of p � 0.0025, uncorrected. Red area, Increase in
gray matter volume in the group with PS training when compared with the control group. Compared with the control
intervention (no intervention), PS training resulted in an increase in the rGMV of the right precentral gyrus. Blue areas,
Decrease in gray matter volume in the group with PS training when compared with the control group. Compared with the
control intervention (no intervention), PS training resulted in a decrease in the rGMV of the left superior temporal gyrus and
the bilateral regions around the occipitotemporal junction.

Figure 3. The effect of PS training on functional activity. Increase in functional activity that is associated with simple cognitive
processes (0-back) in the group with PS training when compared with the control group ( p � 0.05, corrected for multiple
comparisons at the cluster level with an underlying voxel level of p � 0.0025, uncorrected). Compared with the control interven-
tion (no intervention), PS training resulted in an increase in functional activity in the cluster that extends over the left Rolandic
operculum and the left superior temporal gyrus.

Table 1. Pre and Post test scores in psychological measures (mean � SEM)

PS-training Control

Pre Post Pre Post Planned contrast p valuea

Simple PS
Word–Color task (items) 68.5 � 1.7 78.9 � 2.2 73.8 � 1.3 80.2 � 1.2 PS-training � control 0.042**
Color–Word task (items) 53.4 � 1.7 58.0 � 2.0 52.9 � 1.4 55.3 � 1.7 PS-training � control 0.059*

Nonverbal reasoning
RAPMb (score) 26.2 � 0.9 28.5 � 0.8 28.1 � 0.8 30.1 � 0.9 PS-training � control 0.618
CCFTc (score) 30.3 � 1.1 34.3 � 0.5 29.8 � 1.0 35.0 � 1.3 PS-training � control 0.882

WM
Digit span (score) 33.3 � 1.2 33.9 � 1.3 36.5 � 1.9 37.6 � 1.7 PS-training � control 0.914
Visuospatial WM (score) 26.8 � 0.8 26.3 � 0.6 29.8 � 1.2 30.6 � 1.2 PS-training � control 0.984

Intelligence test with speeded tasks
Tanaka B type intelligence test 109.7 � 2.6 123.2 � 2.8 118.7 � 2.8 127.6 � 2.8 PS-training � control 0.055*

Inhibition
Reverse Stroop task (items) 60.2 � 1.3 65.1 � 2.2 61.3 � 1.6 66.0 � 1.5 PS-training � control 0.418
Stroop task (items) 47.4 � 1.5 51.4 � 2.1 47.8 � 1.6 51.0 � 1.7 PS-training � control 0.349

Arithmetic
Simple arithmetic (items) 32.0 � 1.2 33.6 � 1.5 33.0 � 1.1 35.0 � 1.3 PS-training � control 0.636
Complex arithmetic (items) 6.20 � 0.49 7.67 � 0.54 7.03 � 0.44 7.65 � 0.52 PS-training � control 0.017**

Creativity
S-A creativity test (total grade) 26.5 � 1.2 27.5 � 1.2 26.1 � 1.4 27.0 � 1.3 two-tailed 0.438

aOne-way ANCOVAs with test–retest differences in psychological measures as dependent variables and Pre test scores of the psychological measures as covariate. bRaven’s Advanced Progressive Matrices. cCattell’s Culture Fair Test.
*p � 0.1, **p � 0.05.
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eral regions around the occipitotemporal
junction. These imaging results show that
PS training has rather distinct effects on
the brain (but note also that the WM
training using mental calculation led to
reduction of rGMV of the left superior
temporal gyrus) (Takeuchi et al., 2010d).

Improvement in PS by the PS training,
but lack of improvement in WM, reason-
ing, or inhibition, is consistent with (1)
the results of previous PS-training studies
of the elderly and (2) the present results
showing functional activity changes in the
0-back task (simple cognitive task), but
not in the 2-back task (WM task). Present
psychological results showed that PS
training led to significant or substantial
improvement in the performance of PS
measures (Word–Color task and Color–
Word task in the Stroop test), but not in
the performance of WM, reasoning, and
creativity. This finding is congruent with
the results of previous studies of PS train-
ing in the elderly that showed the effect of
PS training on PS but not on other cogni-
tive domains (e.g., Edwards et al., 2002,
2005). Also consistent with the findings of
the present psychological results, the pres-
ent results of functional activity revealed
that PS training led to an increase in brain
activity during the 0-back task (simple
cognitive task), but not during the 2-back
task (WM task). The results of the brain
activities suggest that the change in the
brain activities underlying cognitive performance is specific to
simple cognitive processes without WM.

PS-training-related increases of functional activity during the
0-back task (simple cognitive task) and reduction of rGMV in the
left superior temporal gyrus may underlie PS-training-related
cognitive improvement in tasks using linguistic stimuli. The peri-
sylvian regions, including the left superior temporal gyrus, may
play a key role in language or linguistic processes as perisylvian
regions are always activated when these cognitive processes are
involved (Cabeza and Nyberg, 2000). Perhaps, among a number
of training tasks, tasks using linguistic stimuli may cause an in-
crease in functional activity and a reduction in rGMV in the left
superior temporal gyrus and lead to improvements of cognitive
performance in the verbal speeded tasks.

Increased resting-FC between the left perisylvian region and
the regions around the lingual gyrus may reflect increased verbal
information transfer between these two regions. While the left
perisylvian’s function is described above, the lingual gyrus is be-
lieved to play an important role in recognizing words (Kuriki et
al., 1998). The lingual gyrus and the regions in the left perisylvian
area strongly strengthen their functional coupling during visual
spelling (Booth et al., 2008). The lingual gyrus is structurally
connected with the lateral temporal regions by the inferior lon-
gitudinal fasciculus (Catani et al., 2003). Together, the observed
changes may reflect increased verbal information transfer be-
tween these two regions and may underlie the improvement in
cognitive speed that is related to this process.

PS-training-related rGMV reduction in the bilateral regions
around the occipitotemporal junction may lead to rapid

bottom-up recognition of visual information, which may in turn
lead to the cognitive improvement of tasks requiring rapid rec-
ognition of visual information. These bilateral regions are con-
sistently activated during the recognition of what is represented
by some visual information (Cabeza and Nyberg, 2000) and are,
more specifically, suggested to be involved in the bottom-up con-
struction of shape descriptions from visual features. Perhaps,
among a number of training tasks, ones requiring rapid recogni-
tion of what is represented by some visual information might
cause a rGMV reduction in this region and lead to improvements
in cognitive performance on the training tasks requiring such
rapid recognition.

Decreases in rGMV after just 1 week of intense cognitive train-
ing are consistent with our previous study that involved a kind of
working memory training (Takeuchi et al., 2011b). In this previ-
ous study, we suggested that cognitive training may lead to rG-
MV’s nonlinear changes (an initial increase followed by a
decrease), which are affected by training length and intensity
(more intensity leads to a rapid time course for this nonlinear
change). The present results also hold this pattern to be true. The
speculation regarding nonlinear rGMV’s changes was based on
studies showing that (A) mild training examined midterm ex-
hibited mainly an increase in rGMV (Boyke et al., 2008; Dri-
emeyer et al., 2008; Ilg et al., 2008), (B) but a decrease in rGMV
when examined long after the training has been stopped (Boyke
et al., 2008; Driemeyer et al., 2008). (C) Intense training led to a
decrease in rGMV in a short period of time (Takeuchi et al.,
2011b). Our other two sets of unpublished data using young
adults also held the pattern of A to be true (Takeuchi et al.,

Figure 4. The effect of PS training on resting-FC with the left perisylvian area. Increase in resting-FC with the left perisylvian
area in the group with PS training when compared with the control group ( p � 0.05, corrected for multiple comparisons at the
cluster-level with an underlying voxel level of p � 0.0025, uncorrected). Compared with the control intervention, PS training
resulted in an increase in resting-FC between the left perisylvian area and the cluster that extends into the bilateral calcarine
cortices and the bilateral lingual gyrus.
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2011b), and one other study’s unpublished data using young
adults, which was described in the Materials and Methods, also
showed the same pattern as C (T. Nagase, H. Takeuchi, Y. Taki, Y.
Sassa, H. Hashizume, and R. Kawahsima, unpublished observa-
tion). However, it should be noted that even after mild interven-
tions for a short period of time, there are a few or substantial
decreases of rGMV (May et al., 2007; Quallo et al., 2009). As was
discussed in our previous study (Takeuchi et al., 2011b), we re-
gard the usage-dependent selective elimination of synapses
(Huttenlocher and Dabholkar, 1997) as one speculated mech-
anism underlying the decreases of rGMV. Selective elimina-
tion of synapses helps to sculpt neural circuitry, including the
circuitry supporting cognitive abilities (Hensch, 2004).

Contrary to the results of our previous study, there was an
increase in rGMV (in the right precentral gyrus) related to the
training. The change in the right precentral gyrus may be due to
use of the left hand during the computerized task training (note
that fingers from both hands were essential in the training Task
2). Although the mixture of an increase and decrease in rGMV
following a short-term intervention was seen in another previous
study (Quallo et al., 2009), the exact cause of this phenomenon is
unknown. One possibility is that, unlike the involvement of the
regions showing a decrease in rGMV, the involvement of the right
precentral gyrus was not so strong and it may have been in a phase
in which there was a temporal increase in rGMV before the de-
crease in rGMV (Boyke et al., 2008; Driemeyer et al., 2008).

This study has a limitation that it shares with previous studies
of cognitive training, including the most prestigious studies de-
scribed below and our previous studies. The multiple (and some-
times heterogeneous) training programs used in this study, as
well as in previous studies (e.g., Klingberg et al., 2002; Hogarty et
al., 2004), are supposed to strengthen transfer effects (Goldstone,
1998; Sweller et al., 1998). However, they may also make it diffi-
cult to see the effects of each training program (Takeuchi et al.,
2010d).

In summary, the present study investigated the effects of PS
training on the PS of young adults and on neural mechanisms.
Rather consistent with our hypothesis, results confirm that both
PS-training-induced plasticity in PS and the training-induced
plasticity of functions and structures are associated with speeded
cognitive processes. Other than PS training, a wide range of cog-
nitive interventions involving speeded training tasks led to an
improvement in cognitive functioning. Thus, the observed neu-
ral changes caused by PS training may give us new insights into
how PS training, and possibly other cognitive trainings, can im-
prove PS.
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