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Neural plasticity in amplitude 
of low frequency fluctuation, 
cortical hub construction, regional 
homogeneity resulting from 
working memory training
Hikaru Takeuchi1, Yasuyuki Taki1,2,3, Rui Nouchi4, Atsushi Sekiguchi2,5,6, Yuka Kotozaki7, 
Seishu Nakagawa5, Carlos Makoto Miyauchi5, Yuko Sassa1 & Ryuta Kawashima1,5,7

Working memory training (WMT) induces changes in cognitive function and various neurological 
systems. Here, we investigated changes in recently developed resting state functional magnetic 
resonance imaging measures of global information processing [degree of the cortical hub, which may 
have a central role in information integration in the brain, degree centrality (DC)], the magnitude of 
intrinsic brain activity [fractional amplitude of low frequency fluctuation (fALFF)], and local connectivity 
(regional homogeneity) in young adults, who either underwent WMT or received no intervention for 4 
weeks. Compared with no intervention, WMT increased DC in the anatomical cluster, including anterior 
cingulate cortex (ACC), to the medial prefrontal cortex (mPFC). Furthermore, WMT increased fALFF in 
the anatomical cluster including the right dorsolateral prefrontal cortex (DLPFC), frontopolar area and 
mPFC. WMT increased regional homogeneity in the anatomical cluster that spread from the precuneus 
to posterior cingulate cortex and posterior parietal cortex. These results suggest WMT-induced 
plasticity in spontaneous brain activity and global and local information processing in areas of the major 
networks of the brain during rest.

Working memory (WM) is the limited capacity storage system of the human mind and is involved in the main-
tenance, integration, and manipulation of information over short time periods1. Current knowledge of WM has 
been previously summarized2, and differences in WM capacity (WMC) underlie a wide range of higher-order 
cognitive functions1, and various neurological and psychiatric disorders1, 3, 4. Networks comprising the lateral pre-
frontal cortex (LPFC), anterior cingulate cortex (ACC), and parts of the lateral parietal lobe (e.g., inferior parietal 
lobule) are active during WM and play critical roles as an external attention system (EAS)5–7. The default mode 
network (DMN) is comprised of areas including the medial prefrontal cortex (mPFC), posterior cingulate cortex, 
and the parts of the lateral parietal lobe (mainly in the angular gyrus) is deactivated during externally directed 
attention demanding tasks such as WM. However, the DMN is also thought to contribute to WM performance 
despite the fact that DMN is deactivated during WM performance6, 8.

Recently, the type of working memory training (WMT) which was developed by Klingberg and colleagues9, 10  
and characterized by the use of computer, gathered wide attention. The characteristics are summarized in 
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the previous study as follows11: “This training involves repeated performance of WM tasks, with feedback and 
rewards based on the accuracy for every trial”. “The difficulty of the tasks is adjusted during the WM training on 
a trial-by-trial basis by changing the amount of information to be remembered so that it is close to the capacity 
of the subject.” Previous studies show that WMT can improve WM performance and inhibition/attention (for 
the meta-analysis, see the ref. 12). Previous studies have investigated regional changes in neurological systems 
through WMT, which affects white matter structure and brain activity during the task in EAS. Furthermore, 
WMT impacts gray matter structure involving the EAS and parts of the prefrontal cortex including the mPFC and 
frontopolar areas5, 11, 13. In addition to these studies on the effects of WMT on brain structures and task-related 
brain activation, our previous study and previous studies from other labs have investigated the effects of WMT on 
neural mechanisms during the resting state. Our previous study using MRI scans during rest revealed that WMT 
increases regional cerebral blood flow (rCBF) during rest13, increases resting state functional connectivity (RSFC) 
between the mPFC and the posterior cingulate cortex (increase in the RSFC between the nodes of the DMN), 
decreases the RSFC between the mPFC and the key nodes of the EAS, and increases the nodes of the EAS within 
the EAS. A study from another laboratory revealed that WMT increases the small-world nature of a distributed 
frontoparietal network involving the nodes of the DMN and EAS14.

However, the recent advancement in the methods of analyses of resting state functional magnetic resonance 
imaging (rsfMRI) has led to the development of new rsfMRI measures such as degree centrality, the amplitude 
of low-frequency fluctuation (ALFF) and fractional ALFF (fALFF; a more advanced version of the ALFF), and 
regional homogeneity, which are explained below. While these were used to reveal the neural mechanisms of 
brain diseases and disorders as well as individual differences, the effects of WMT on these three new resting state 
measures have not been revealed to date. The purpose of this study was to investigate this issue.

With regard to DC, recently, global brain information processing was measured in terms of the DC using 
rsfMRI15. This graph-based measurement of network organization reflects numbers of instantaneous functional 
connections between a given region and the rest of the brain within the entire connectivity matrix (connectome), 
and indicates how much of the node is used as the cortical hub15. The cortical hub may have a central role in inte-
grating information across functionally segregated brain regions16. On the other hand, WM plays essential roles 
in information integration in regions around the mPFC, which is a major hub of the brain15, as is the frontopolar 
area17. A recent study showed that spatial WM performance is positively correlated with the mPFC, fronto-polar 
area, ACC, and adjacent areas as well as the posterior parts of the DMN such as the posterior cingulate cortex, 
precuneus, and angular gyrus18. However, WM performance was positively correlated with DC in the lateral pre-
frontal cortex, suggesting key roles of DC in this area in cognitive control18, 19, together with the inferior parietal 
lobe, which is the posterior part of the EAS18. Nonetheless, whether DC, functional connectomes, or spontaneous 
global information processing are plastic in normal adults, and how they are affected by WMT remain unknown. 
According to the evidence stated above, we hypothesized that WMT impacts DC in the medial to lateral prefron-
tal cortex and fronto-polar area as well as the parietal parts of the DMN and EAS.

With regard to fALFF, recent technical advances have enabled determinations of the ALFF and fALFF, which 
are suggested to indicate magnitudes of spontaneous neural activity during rest20–22. Consistent with this notion, 
repetition rates of visual stimuli induce changes in fALFF just like it does to BOLD signals to the visual cortex23. 
Furthermore, regional metabolic rates of the brain are largely accounted for by fALFF24. ALFF and fALFF have 
been used to assess neural changes in patients with clinical disorders, and have been shown to reflect different 
neural properties than other measurements, such as regional gray matter structure25. Further, ALFF and fALFF 
have been shown to be positively correlated with WM performance in the fronto-polar area, bilateral inferior and 
superior parietal lobules, and adjacent areas, which are parts of the EAS26, 27. However, whether and how this basic 
level of brain activity is affected by WMT remains unknown. Accordingly, we hypothesized that WMT impacts 
fALFF in the medial–lateral prefrontal cortex and fronto-polar area as well as the inferior and superior parietal 
lobules.

Finally, with regard to regional homogeneity, recent advances in rsfMRI analyses allow assessments of tem-
poral homogeneity of neural activity in neighboring areas according to regional homogeneity. This local syn-
chronicity reflects the functional homogeneity of brain areas28. Differences in regional homogeneity may indicate 
variation in the biological processes that subtend local functional connectivity22. While specific physiological 
mechanisms behind regional homogeneity are not well understood, robust data has accumulated regarding 
regional homogeneity in the precuneus. This region shows the highest regional homogeneity across age29, and 
reduced regional homogeneity across diseases of cognitive dysfunctions29–32. In particular, regional homogeneity 
in this area is significantly reduced with the progression of Alzheimer disease29, and regional homogeneity may 
be regarded as an index of the integrity of overall cognitive functions33. In addition, a previous study investigated 
the associations between regional homogeneity and WM performance and although this study revealed asso-
ciations in a wide range of areas, the strongest positive correlation was observed in the areas of the precuneus, 
posterior cingulate cortex, and adjacent occipital lobe area34. Thus, whether regional homogeneity in this area 
can be increased through cognitive training is an important question. However, whether neural plasticity in 
regional homogeneity can be induced through cognitive training in young adults is not known. Hence, based 
on these previous studies, we hypothesized that WMT impacts regional homogeneity in the precuneus and the 
surrounding regions.

For the purpose of this study, we reanalyzed rsfMRI data from a previous report13 of experiments involv-
ing young adult subjects, who were went through 4-week WMT or no-intervention control before and after 
which subjects participated in scanning sessions that included rsfMRI (based on the data obtained in this exper-
iment, we previously investigated the effects of WMT on RSFC between the different areas, regional gray matter 
structure, and rCBF during rest). Subsequently, the Data Processing Assistant for Resting-State fMRI (DPARSF) 
toolbox21, fALFF, DC, and regional homogeneity measures were applied at the whole brain in a voxel-by-voxel 
manner. In considering the plasticity of cognitive functions following WMT5, the critical roles of WM and its 
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neural mechanisms in higher-order cognitive function1, changes of intrinsic brain activity, and local and global 
information processing in various clinical states, it is important to elucidate the extent of plasticity of global infor-
mation processing (DC), intrinsic brain activity strength (fALFF), and temporal homogeneity of neural activity 
in neighboring areas that are assumed to reflect the overall integrity of cognitive functions.

Material and Methods
Subjects. As described in our previous studies13, 35, we enrolled 81 subjects (59 men and 22 women; mean 
age, 21.1 ± 1.9 years) and compared WM-training, multi-tasking training, and no-intervention control groups. 
Among these, the WM-training group and the no-intervention group were particularly relevant to the present 
study. All subjects were healthy and right-handed. The WM-training group comprised 41 participants (27 men 
and 14 women) with a mean age of 20.9 ± 1.6 years. The no-intervention group comprised 20 participants (15 
men and 5 women) with a mean age of 21.4 ± 2.2 years. Twenty other subjects received multitasking training, 
which is not directly related to the purpose of this study (for details, see the ref. 35). One control subject who 
could not participate in the postexperiment as planned because of the illness was excluded from the study as 
previously described35. A flowchart of this study is shown in Fig. 1.

All subjects had normal vision and no history of neurological or psychiatric illness, which were assessed 
using a routine questionnaire. Handedness was evaluated using the Edinburgh Handedness Inventory36. Written 
informed consent was obtained from each individual for the projects in which they participated. The Ethics 
Committee of Tohoku University approved all procedures. All experiments were performed in accordance with 
the institutional guidelines. Subjects were remunerated based on the extent to which they participated in experi-
ments. For additional details on the subjects, please see Supplemental Methods.

Procedure. As described in our previous study13, the WMT program comprised in-house developed Borland 
C++ programs of four computerized tasks. Subjects performed approximately four weeks (27 days) of training 
(approximately 40 min per day on an average). Subjects of the no-intervention group participated in pre- and 
post-experiments based on the recommendations of our previous review5. For full details of training procedures, 
and reasons for the use of the no-intervention group, see Supplemental Methods. The length of 4–5 weeks of cog-
nitive training is one of the most of widely taken methods and this length is known to cause a wide range of neural 
plasticity related to cognitive training13, 37–39.

Training tasks. As described in our previous study13, four WMT tasks were presented during each training 
session. In all training tasks, difficulty (number of items to be remembered) was modulated based on perfor-
mance. The four WMT tasks were as follows: (a) A visuospatial WM task, (b) An auditory backward operation 
span task, (c) A dual WM task, and (d) a dual N-back task. Full details of these tasks are reproduced in the 
Supplemental Methods.

Image acquisition. MRI data were acquired using a 3-T Philips Achieva scanner. As in our previous study13, 
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 rsfMRI 
analysis. For this scan, 160 functional volumes were obtained while subjects were resting, and during resting 
state scans, subjects were instructed to stay as motionless as possible with their eyes closed and not to sleep or 
think about anything in particular, as described previously40, 41. Diffusion-weighted data were acquired using a 
spin-echo EPI sequence, and images with no diffusion weighting (b value = 0 s/mm2 = 0 image) were acquired 
using previously described methods42. After calculation, fractional anisotropy (FA) images and mean diffusivity 

Figure 1. Flow of participants through the study. The data of gray parts was analyzed in this study.
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(MD) maps were obtained, and the resulting images were used exclusively to create templates. These and scans 
from previous studies13 were in most cases taken during the same session.

Preprocessing and individual-level analysis of imaging data. Preprocessing of imaging data was per-
formed using SPM8 implemented in Matlab and SPM8’s extension software DPARSF (Data Processing Assistant 
for Resting-state fMRI).

Series of BOLD images for each session and subject were segmented and independently normalized on the 
basis of modified diffeomorphic anatomical registration using exponentiated lie algebra (DARTEL)-based meth-
ods43 to give images of 3.75 × 3.75 × 3.75 mm3 voxels. Normalized series of BOLD images were processed for indi-
vidual level analyses using DPARSF. Initially, 26 nuisance covariates included mean signals from voxels within the 
white matter mask, mean signals from voxels within the CSF mask, and Friston 24 motion parameters. Processed 
images were spatially smoothed with 8-mm FWHM, and the resulting images were masked with the whole brain 
mask.

Analyses of fALFF were performed using DPARSF software as previously described44, 45, and the sum of ampli-
tudes across 0.01–0.08 Hz were divided by that of the entire frequency range. After preprocessing, fMRI data were 
temporally band-pass filtered (0.01 < f < 0.08 Hz) to reduce low frequency drift and high frequencies. Weighted 
DC measures were calculated using DPARSF as previously described46.

In addition, regional homogeneity images were calculated according to previously described procedures47. 
In these experiments, spatially normalized rsfMRI images were band-pass filtered (0.01 < f < 0.08 Hz) and were 
masked by the whole brain mask. Then, regional homogeneity values were calculated to indicate similarities of 
the time series of a given voxel to its nearest 26 voxels. After normalization, the resulting images were spatially 
smoothed using 8-mm FWHM. For full details of these procedures, see Supplemental Methods.

Group-level statistical analyses of imaging data. In the group-level analysis, we compared changes 
in rsfMRI measures following the intervention period between the WMT and control groups, and by this group 
difference, we deduced the effects of WMT on these measures. In group-level imaging analyses, we tested for 
group-wise differences in rsfMRI measurements after WMT and subsequently performed voxel-wise one-way 
ANCOVAs using Biological Parametrical Mapping48 using SPM5 software. Dependent variables included 
fALFF, DC, or regional homogeneity values from postscans at each voxel, and independent variables included 
corresponding image values from prescans at each voxel, regional gray matter densities from pre- and posts-
cans at each voxel (to rule out possible effects of changes in regional gray matter structure), volume-level mean 
framewise displacements of pre- and postscan, age, and sex. For the rationale for the use of ANCOVA instead of 
repeated-measures ANOVA, please see Supplemental Methods.

Regions of significance were inferred using cluster-level statistics49 (meaning, we used default SPM’s cluster 
size test). Only clusters with P < 0.05, after correction for multiple comparisons at cluster size with a voxel-level 
cluster-determining threshold of P < 0.005 uncorrected, were considered statistically significant in this analysis2, 

13. This voxel level cluster-determining threshold has been used in previous studies2, 13.

Results
Training data and behavioral data. As described in our previous investigations of the effect of WMT on 
resting-state FC, regional cerebral blood flow at rest (resting-rCBF), and regional gray matter volume using data 
from the same subjects13, subjects in the WMT group completed an average of 25.87 ± 2.18 sessions and at least 
17 sessions during the 27-day intervention period. The best performance of all four trained WM tasks during the 
last three training sessions was significantly improved compared with that during the first three training sessions 
(paired t-test, P < 0.001). Details of training data and training-related changes in cognitive test performance 
scores (such as WM tasks) have been described previously13 and are reproduced in Supplemental Table 1.

Volume-level mean framewise displacements of pre-scans50 did not differ significantly between groups (WMT, 
0.158 ± 0.030; control, 0.152 ± 0.044). After correcting for the effects of volume-level mean framewise displace-
ments of the post scan, ANCOVA revealed no significant differences between groups (WMT, 0.158 ± 0.033; con-
trol, 0.167 ± 0.052; P = 0.138, F = 1.211, one-tailed ANCOVA; WMT < control).

The effect of WMT on DC. After correcting for the effects of confounding variables, whole brain analy-
ses showed significantly greater DC in the anatomical cluster that spread from the medial prefrontal cortex to 
the ventral and dorsal ACC (Fig. 2) in the WMT group compared with the control group [x, y, z = −11.25, 45, 
3.75 t = 4.54, P = 0.005, corrected for multiple comparison (cluster size test) at the whole brain level, 5642 mm3, 
Table 1].

The effect of WMT on fALFF. After correcting for confounding variables, whole brain analyses revealed 
significantly greater increases in fALFF in the anatomical cluster that mainly spread in the right superior frontal 
gyrus, the frontopolar, and the dorsomedial prefrontal cortex in the WMT group compared with the control 
group [Fig. 3, x, y, z = 15, 45, 48.75, t = 4.12, P < 0.001, corrected for multiple comparison (cluster size test) at the 
whole brain level, 9387 mm3, Table 1].

The effect of WMT on regional homogeneity. After correcting for confounding variables, whole brain 
analyses revealed significantly greater increases of regional homogeneity in the anatomical cluster that was 
spread around the areas of the precuneus, right posterior cingulate cortex, and the right posterior parietal cortex 
[Fig. 4a, x, y, z = 3.75, −52.5, 52.5, t = 4.24, P = 0.002, corrected for multiple comparison (cluster size test) at the 
whole brain level, 8701 mm3, Table 1) in the WMT group. Moreover, significantly greater decreases in regional 
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homogeneity were identified in the anatomical cluster that spread around the areas of the right temporal pole in 
the WMT group compared with the control group (Fig. 4b, x, y, z = 56.25, 3.75, −22.5, t = 4.28, P = 0.003, cor-
rected for multiple comparison (cluster size test) at the whole brain level, 8016 mm3, Table 1).

Discussion
To the best of our knowledge, this study is a novel investigation of the effects of WMT on global and local infor-
mation processing and the strength of spontaneous brain activity through DC, fALFF, and regional homogeneity 
in healthy young adults. Partly consistent with our hypotheses, WMT increased DC in the anatomical cluster that 
spread from the dorsal ACC to the ventral ACC and the mPFC. Furthermore, WMT increased fALFF in the ana-
tomical cluster that was mainly spread around the right DLPFC, dorsomedial prefrontal cortex, and frontopolar 
area, but also included the mPFC area. Finally, WMT increased regional homogeneity in the anatomical cluster 
that spread from the precuneus to posterior cingulate cortex and posterior parietal cortex, and decreased regional 
homogeneity in the anatomical cluster that was spread around the right temporal pole. These results cannot be 
explained by the effects of preexisting group differences in rsfMRI measures, gray matter structural changes, or 
the effects of head movements.

The present findings extended the previous studies of WMT, rsfMRI, regional cerebral blood flow during 
rest, and other modalities. In relation to the present findings, our previous study13 suggested that WMT leads to 
increased resting state functional connectivity between key nodes of the DMN and between key nodes of the EAS 
and extensive areas in the cortex, and to decreased resting state functional connectivity between key nodes of 
the DMN and EAS. In the present study, we investigated the effects of the recently developed rsfMRI parameters 
fALFF, DC, and regional homogeneity51, which are independent of seed selections.

Figure 2. Larger increases in degrees of centrality (DC) were observed in the working memory training 
(WMT) group compared with the control group. Results are shown with a threshold of P < 0.05 and data 
were corrected for multiple comparisons at the cluster size with an underlying uncorrected voxel-level of 
P < 0.005. These data show that compared with no intervention (control), WMT significantly increased DC in 
the anatomical cluster that spread from the medial prefrontal cortex to ventral and dorsal anterior cingulate 
cortexes.

Area

MNI coordinates

t-score
Corrected P 
value

Cluster 
size 
(mm3)x y z

WMT-related increase of DC

Medial prefrontal cortex/
Dorsal and Ventral 
anterior cingulate cortex

−11.25 45 3.75 4.54 0.005a 5642

WMT-related increase of fALFF

Superior frontal gyrus/
Frontopolar/Dorsomedial 
prefrontal cortex

15 45 48.75 4.12 <0.001a 9387

WMT-related increase of regional homogeneity

Precuneus/Posterior 
cingulate cortex/Posterior 
parietal cortex

3.75 −52.5 52.5 4.24 0.002a 8701

WMT-related decreases in regional homogeneity

Temporal pole/Middle 
temporal gyrus/Inferior 
temporal gyrus

R 56.25 3.75 −22.5 4.28 0.003 8016

Table 1. Brain regions with significant WMT-related changes in rsfMRI measures. aCorrected for multiple 
comparison at the cluster size at the whole brain level. bCorrected for multiple comparison at the cluster size 
within the region of interest.
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The present results of DC may suggest that WMT increased the role of the cortical hub of the anterior brain. 
DC primarily reflects the extent of functional connectivity of the area with the rest of the brain. Therefore, the 
areas with strong DC are considered as the cortical hub15. In addition, the area from the medial prefrontal cortex 
to the dorsal anterior cingulate is the major brain hub in the anterior brain15. The present data may be considered 
to suggest that WMT strengthens the anterior major cortical hub. While it is known that WM performance is 
positively correlated with DC in this area18, the ensuing implications are unclear because few studies offer appro-
priate context. Nonetheless, a previous study showed that activity in these regions during resting state correspond 
with mind wandering52. Thus, increased DC in these regions may reflect increased information integration in the 
entire brain for mind wandering. Other interpretations involve the function of the dorsal ACC, which is related 
to attention53. Hence, the present changes may reflect increased attention toward these extensive areas after WMT. 
But these are pure speculations and future studies are required to precisely characterize the relevance of DC in 
these areas.

Using fALFF, which may reflect the magnitude of neural activity20, 21, our findings suggested that increased 
strength of intrinsic brain activity occurs in extensive areas of the dorsal part of the prefrontal cortex. 
Furthermore, in our previous study13 we showed that increases in resting state CBF occurred in the right lat-
eral prefrontal cortex, potentially reflecting increasing numbers of neural components (and resulting metabolic 

Figure 4. Changes in regional homogeneity in the working memory training (WMT) group compared with the 
control group. (a) Results are shown with a threshold of P < 0.05 and were corrected for multiple comparisons 
at the cluster size with an underlying uncorrected voxel-level of P < 0.005. The three panels show WMT-related 
increases in regional homogeneity. (a) Increases in regional homogeneity in the WMT group compared with the 
control group; Compared with the no intervention (control), WMT resulted in significant increases in regional 
homogeneity in the anatomical cluster that included the precuneus, posterior cingulate cortex, and the right 
posterior parietal cortex. (b) Decreases in regional homogeneity in the WMT group compared with the control 
group; Compared with the control intervention (no intervention), WMT resulted in a significant decrease in 
regional homogeneity in the anatomical cluster that included the area around the right temporal pole.

Figure 3. Larger increases in fractional amplitudes of low-frequency fluctuations (fALFF) in the working 
memory training (WMT) group compared with the control group. Results are shown with a threshold of 
P < 0.05 and were corrected for multiple comparisons at the cluster size with an underlying uncorrected voxel-
level of P < 0.005. These data show that compared with the no intervention (control) group, WMT resulted in 
significant increases in fALFF in the anatomical cluster that spread mainly from the right superior frontal gyrus, 
to the dorsomedial prefrontal cortex, the supplementary motor area, and the frontopolar area.
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demand), blood vessels, and increases in intrinsic neural activity. Our study also indicates an increase in regional 
gray matter structure in the extensive areas of the prefrontal cortex and ACC. Thus, using this recently developed 
fALFF measurement51, we successfully advanced the understanding of multiple aspects of neural plasticity in the 
cortex following WMT.

The implications of the present fALFF findings are unclear because few previous studies report fALFF exper-
iments. However, ALFF and fALFF have been shown to be positively correlated with WM performance in this 
area26. Furthermore, as noted in the Introduction, ALFF has been associated with executive functions in the 
medial part of the left superior frontal gyrus54, and fMRI studies showed that these areas are involved in cognitive 
manipulation of information retained in the brain (DLPFC)55, computation of prediction (possibly when involv-
ing others) (ref. 56, and evaluation of internally generated information (rostrolateral prefrontal cortex and fron-
topolar area)57. Thus, increased fALFF may reflect changes in those cognitive activities under default conditions, 
and the cluster is extensive and involves mPFC areas. Changes in cognitive activities involving the mPFC, such as 
mind wandering, may also exist. But these are speculations and future studies could investigate these problems 
using more detailed experimental paradigms involving fALFF.

WMT-induced increases in regional homogeneity between the precuneus and the posterior parietal cortex 
may reflect increased integrity of relevant information processing in these areas. Regional homogeneity reflects 
temporal similarities in brain activity compared with adjacent neighbors. Thus, the present results directly sug-
gest increased local information processing in these areas. On the other hand, the posterior parietal cortex is 
a key neural locus for mental representations of the visual world58. Regional homogeneity in this area is also 
positively correlated with WM performance34. The precuneus is an important node in the DMN, as this area has 
several connections to other areas and integrates both external and self-generated information to produce higher 
order mental activity59. Owing to the use of these information types, this region may be involved in visuospatial 
imagery, episodic memory retrieval, self-processing operations, and perhaps self-consciousness59 and mind wan-
dering52. Speculatively, regional homogeneity in these areas may reflect local integrity of information processing, 
and the present WMT-induced changes likely reflect increases in such integrity. Congruent with this speculation, 
as opposed to an increases in cognitive function resulting from WMT, a wide range of psychiatric and neurolog-
ical diseases and cognitive dysfunctions are consistently associated with reduced regional homogeneity in this 
area29–32.

We speculate that WMT-related decreases of the right temporal pole might represent a type of reduced pro-
cessing of negative emotions, because this area gathers inputs from a wide range of areas and generates complex 
emotional responses60. Higher regional homogeneity in these areas or adjacent areas is associated with longer 
durations of migraine61, and suicide attempts62. Furthermore, remission from major depressive disorder with 
panic disorder is associated with decreased regional homogeneity in these areas63. Thus, regional homogeneity in 
this area may reflect some forms of negative emotional reduction caused by WMT.

In summary, we determined the effects of WMT on global information processing and spontaneous brain 
activity strength in EAS and DMN. The present data suggest WMT-induced plasticity in the strength of informa-
tion processing (fALFF), global information processing (DC), and local information processing (regional homo-
geneity) in the areas of these networks. These measurements reflect previously described alterations in clinical 
states. Thus, the results that showed these can be changed through short-term cognitive training may provide the 
basis for new insights into neural plasticity, and may further suggests the possible utility and clinical application 
of WMT.

References
 1. Baddeley, A. Working memory: looking back and looking forward. Nature Reviews Neuroscience 4, 829–839, doi:10.1038/nrn1201 

(2003).
 2. Takeuchi, H. et al. Training of Working Memory Impacts Structural Connectivity. J. Neurosci 30, 3297–3303, doi:10.1523/

JNEUROSCI.4611-09.2010 (2010).
 3. Goldman-Rakic, P. S. Working memory dysfunction in schizophrenia. The Journal of neuropsychiatry and clinical neurosciences 6, 

348–357, doi:10.1176/jnp.6.4.348 (1994).
 4. Rose, E. J. & Ebmeier, K. P. Pattern of impaired working memory during major depression. J. Affect. Disord. 90, 149–161, 

doi:10.1016/j.jad.2005.11.003 (2006).
 5. Takeuchi, H., Taki, Y. & Kawashima, R. Effects of working memory training on cognitive functions and neural systems. Rev. 

Neurosci. 21, 427–450, doi:10.1515/REVNEURO.2010.21.6.427 (2010).
 6. Zhang, G., Yao, L., Shen, J., Yang, Y. & Zhao, X. Reorganization of functional brain networks mediates the improvement of cognitive 

performance following real‐time neurofeedback training of working memory. Hum. Brain Mapp. 36, 1705–1715, doi:10.1002/
hbm.22731 (2015).

 7. Liang, X., Zou, Q., He, Y. & Yang, Y. Topologically Reorganized Connectivity Architecture of Default-Mode, Executive-Control, and 
Salience Networks across Working Memory Task Loads. Cereb. Cortex bhu316 (2015).

 8. Hampson, M., Driesen, N. R., Skudlarski, P., Gore, J. C. & Constable, R. T. Brain connectivity related to working memory 
performance. J. Neurosci. 26, 13338–43, doi:10.1523/JNEUROSCI.3408-06.2006 (2006).

 9. Klingberg, T. et al. Computerized training of working memory in children with ADHD-a randomized, controlled trial. J. Am. Acad. 
Child Adolesc. Psychiatry 44, 177–186, doi:10.1097/00004583-200502000-00010 (2005).

 10. Klingberg, T., Forssberg, H. & Westerberg, H. Training of working memory in children with ADHD. J. Clin. Exp. Neuropsychol. 24, 
781–791, doi:10.1076/jcen.24.6.781.8395 (2002).

 11. Klingberg, T. Training and plasticity of working memory. Trends in Cognitive Sciences 14, 317–324, doi:10.1016/j.tics.2010.05.002 
(2010).

 12. Melby-Lervåg, M. & Hulme, C. Is Working Memory Training Effective? A Meta-Analytic Review. Dev. Psychol. 49, 270–291, 
doi:10.1037/a0028228 (2012).

 13. Takeuchi, H. et al. Effects of working memory-training on functional connectivity and cerebral blood flow during rest. Cortex 49, 
2106–2125, doi:10.1016/j.cortex.2012.09.007 (2013).

 14. Langer, N., von Bastian, C. C., Wirz, H., Oberauer, K. & Jäncke, L. The effects of working memory training on functional brain 
network efficiency. Cortex 49, 2424–2438, doi:10.1016/j.cortex.2013.01.008 (2013).

http://dx.doi.org/10.1038/nrn1201
http://dx.doi.org/10.1523/JNEUROSCI.4611-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.4611-09.2010
http://dx.doi.org/10.1176/jnp.6.4.348
http://dx.doi.org/10.1016/j.jad.2005.11.003
http://dx.doi.org/10.1515/REVNEURO.2010.21.6.427
http://dx.doi.org/10.1002/hbm.22731
http://dx.doi.org/10.1002/hbm.22731
http://dx.doi.org/10.1523/JNEUROSCI.3408-06.2006
http://dx.doi.org/10.1097/00004583-200502000-00010
http://dx.doi.org/10.1076/jcen.24.6.781.8395
http://dx.doi.org/10.1016/j.tics.2010.05.002
http://dx.doi.org/10.1037/a0028228
http://dx.doi.org/10.1016/j.cortex.2012.09.007
http://dx.doi.org/10.1016/j.cortex.2013.01.008


www.nature.com/scientificreports/

8Scientific RepoRts | 7: 1470  | DOI:10.1038/s41598-017-01460-6

 15. Buckner, R. L. et al. Cortical hubs revealed by intrinsic functional connectivity: mapping, assessment of stability, and relation to 
Alzheimer’s disease. The Journal of Neuroscience 29, 1860–1873, doi:10.1523/JNEUROSCI.5062-08.2009 (2009).

 16. Hagmann, P. et al. Mapping the structural core of human cerebral cortex. PLoS Biol. 6, e159, doi:10.1371/journal.pbio.0060159 
(2008).

 17. Prabhakaran, V., Narayanan, K., Zhao, Z. & Gabrieli, J. Integration of diverse information in working memory within the frontal 
lobe. Nat. Neurosci. 3, 85–90, doi:10.1038/71156 (2000).

 18. Liu, J. et al. Intrinsic Brain Hub Connectivity Underlies Individual Differences in Spatial Working Memory. Cereb. Cortex Epub 
ahead of publication, doi:10.1093/cercor/bhw1317 (2016).

 19. Cole, M. W., Yarkoni, T., Repovš, G., Anticevic, A. & Braver, T. S. Global connectivity of prefrontal cortex predicts cognitive control 
and intelligence. The Journal of Neuroscience 32, 8988–8999, doi:10.1523/JNEUROSCI.0536-12.2012 (2012).

 20. Zang, Y.-F. et al. Altered baseline brain activity in children with ADHD revealed by resting-state functional MRI. Brain Dev. 29, 
83–91, doi:10.1016/j.braindev.2006.07.002 (2007).

 21. Yan, C. & Zang, Y. DPARSF: a MATLAB toolbox for “pipeline” data analysis of resting-state fMRI. Frontiers in Systems Neuroscience 
4, 13 (2010).

 22. Yang, Z. et al. Intrinsic brain indices of verbal working memory capacity in children and adolescents. Developmental Cognitive 
Neuroscience 15, 67–82, doi:10.1016/j.dcn.2015.07.007 (2015).

 23. Li, Y.-C., Chen, C.-C. & Chen, J.-H. Impact of visual repetition rate on intrinsic properties of low frequency fluctuations in the visual 
network. PLoS ONE 6, e18954, doi:10.1371/journal.pone.0018954 (2011).

 24. Tomasi, D., Wang, G.-J. & Volkow, N. D. Energetic cost of brain functional connectivity. Proceedings of the National Academy of 
Sciences 110, 13642–13647, doi:10.1073/pnas.1303346110 (2013).

 25. Ren, W. et al. Anatomical and functional brain abnormalities in drug-naive first-episode schizophrenia. A. J. Psychiatry 170, 
1308–1316, doi:10.1176/appi.ajp.2013.12091148 (2013).

 26. van Dam, W. O., Decker, S. L., Durbin, J. S., Vendemia, J. M. & Desai, R. H. Resting state signatures of domain and demand-specific 
working memory performance. Neuroimage 118, 174–182, doi:10.1016/j.neuroimage.2015.05.017 (2015).

 27. Zou, Q. et al. Intrinsic resting-state activity predicts working memory brain activation and behavioral performance. Hum. Brain 
Mapp. 34, 3204–3215, doi:10.1002/hbm.v34.12 (2013).

 28. Jiang, L. et al. Toward neurobiological characterization of functional homogeneity in the human cortex: regional variation, 
morphological association and functional covariance network organization. Brain Struct. Funct. 220, 2485–2507, doi:10.1007/
s00429-014-0795-8 (2015).

 29. Liu, Y. et al. Regional homogeneity, functional connectivity and imaging markers of Alzheimer’s disease: a review of resting-state 
fMRI studies. Neuropsychologia 46, 1648–1656, doi:10.1016/j.neuropsychologia.2008.01.027 (2008).

 30. Wu, T. et al. Regional homogeneity changes in patients with Parkinson’s disease. Hum. Brain Mapp. 30, 1502–1510, doi:10.1002/
hbm.v30:5 (2009).

 31. Liu, H. et al. Decreased regional homogeneity in schizophrenia: a resting state functional magnetic resonance imaging study. 
Neuroreport 17, 19–22, doi:10.1097/01.wnr.0000195666.22714.35 (2006).

 32. Di Martino, A. et al. The autism brain imaging data exchange: towards a large-scale evaluation of the intrinsic brain architecture in 
autism. Mol. Psychiatry 19, 659–667, doi:10.1038/mp.2013.78 (2014).

 33. Zhang, X.-D. et al. Long-and short-range functional connectivity density alteration in non-alcoholic cirrhotic patients one month 
after liver transplantation: A resting-state fMRI study. Brain Res (2015).

 34. Chen, W. et al. Interaction effects of BDNF and COMT genes on resting-state brain activity and working memory. Frontiers in 
human neuroscience 10, article 540 (2016).

 35. Takeuchi, H. et al. Effects of Multitasking-Training on Gray Matter Structure and Resting State Neural Mechanisms. Hum. Brain 
Mapp. 35, 3646–3660, doi:10.1002/hbm.v35.8 (2014).

 36. Oldfield, R. C. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113, doi:10.1016/0028-
3932(71)90067-4 (1971).

 37. Olesen, P. J., Westerberg, H. & Klingberg, T. Increased prefrontal and parietal activity after training of working memory. Nat. 
Neurosci. 7, 75–79, doi:10.1038/nn1165 (2004).

 38. McNab, F. et al. Changes in Cortical Dopamine D1 Receptor Binding Associated with Cognitive Training. Science 323, 800–802, 
doi:10.1126/science.1166102 (2009).

 39. Takeuchi, H. et al. Working memory training impacts the mean diffusivity in the dopaminergic system. Brain Struct. Funct. 220, 
3101–3111, doi:10.1007/s00429-014-0845-2 (2015).

 40. Greicius, M. D., Krasnow, B., Reiss, A. L. & Menon, V. Functional connectivity in the resting brain: a network analysis of the default 
mode hypothesis. Proc. Natl. Acad. Sci. USA 100, 253–258, doi:10.1073/pnas.0135058100 (2003).

 41. Damoiseaux, J. S. et al. Consistent resting-state networks across healthy subjects. Proceedings of the National Academy of Sciences 
103, 13848–13853, doi:10.1073/pnas.0601417103 (2006).

 42. Takeuchi, H. et al. White matter structures associated with emotional intelligence: Evidence from diffusion tensor imaging. Hum. 
Brain Mapp. 34, 1025–1034, doi:10.1002/hbm.v34.5 (2013).

 43. Takeuchi, H. et al. Association between resting-state functional connectivity and empathizing/systemizing. Neuroimage 99, 
312–322, doi:10.1016/j.neuroimage.2014.05.031 (2014).

 44. Han, Y. et al. Frequency-dependent changes in the amplitude of low-frequency fluctuations in amnestic mild cognitive impairment: 
a resting-state fMRI study. Neuroimage 55, 287–295, doi:10.1016/j.neuroimage.2010.11.059 (2011).

 45. Wang, Z. et al. Spatial patterns of intrinsic brain activity in mild cognitive impairment and alzheimer’s disease: A resting-state 
functional MRI study. Hum. Brain Mapp. 32, 1720–1740, doi:10.1002/hbm.21140 (2011).

 46. Wang, X. et al. Disrupted resting-state functional connectivity in minimally treated chronic schizophrenia. Schizophr. Res. 156, 
150–156, doi:10.1016/j.schres.2014.03.033 (2014).

 47. Yao, Z., Wang, L., Lu, Q., Liu, H. & Teng, G. Regional homogeneity in depression and its relationship with separate depressive 
symptom clusters: a resting-state fMRI study. J. Affect. Disord. 115, 430–438, doi:10.1016/j.jad.2008.10.013 (2009).

 48. Casanova, R. et al. Biological parametric mapping: a statistical toolbox for multimodality brain image analysis. Neuroimage 34, 
137–143, doi:10.1016/j.neuroimage.2006.09.011 (2007).

 49. Friston, K. J., Holmes, A., Poline, J. B., Price, C. J. & Frith, C. D. Detecting activations in PET and fMRI: levels of inference and power. 
NeuroImage 4, 223–235, doi:10.1006/nimg.1996.0074 (1996).

 50. Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L. & Petersen, S. E. Spurious but systematic correlations in functional 
connectivity MRI networks arise from subject motion. Neuroimage 59, 2142–2154, doi:10.1016/j.neuroimage.2011.10.018 (2012).

 51. Chao-Gan, Y. & Yu-Feng, Z. DPARSF: a MATLAB toolbox for “pipeline” data analysis of resting-state fMRI. Frontiers in systems 
neuroscience 4, article 13: 11–17 (2010).

 52. Christoff, K., Gordon, A. M., Smallwood, J., Smith, R. & Schooler, J. W. Experience sampling during fMRI reveals default network 
and executive system contributions to mind wandering. Proc. Natl. Acad. Sci. USA 106, 8719–8724, doi:10.1073/pnas.0900234106 
(2009).

 53. Hölzel, B. K. et al. Differential engagement of anterior cingulate and adjacent medial frontal cortex in adept meditators and non-
meditators. Neurosci. Lett. 421, 16–21, doi:10.1016/j.neulet.2007.04.074 (2007).

http://dx.doi.org/10.1523/JNEUROSCI.5062-08.2009
http://dx.doi.org/10.1371/journal.pbio.0060159
http://dx.doi.org/10.1038/71156
http://dx.doi.org/10.1093/cercor/bhw1317
http://dx.doi.org/10.1523/JNEUROSCI.0536-12.2012
http://dx.doi.org/10.1016/j.braindev.2006.07.002
http://dx.doi.org/10.1016/j.dcn.2015.07.007
http://dx.doi.org/10.1371/journal.pone.0018954
http://dx.doi.org/10.1073/pnas.1303346110
http://dx.doi.org/10.1176/appi.ajp.2013.12091148
http://dx.doi.org/10.1016/j.neuroimage.2015.05.017
http://dx.doi.org/10.1002/hbm.v34.12
http://dx.doi.org/10.1007/s00429-014-0795-8
http://dx.doi.org/10.1007/s00429-014-0795-8
http://dx.doi.org/10.1016/j.neuropsychologia.2008.01.027
http://dx.doi.org/10.1002/hbm.v30:5
http://dx.doi.org/10.1002/hbm.v30:5
http://dx.doi.org/10.1097/01.wnr.0000195666.22714.35
http://dx.doi.org/10.1038/mp.2013.78
http://dx.doi.org/10.1002/hbm.v35.8
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://dx.doi.org/10.1038/nn1165
http://dx.doi.org/10.1126/science.1166102
http://dx.doi.org/10.1007/s00429-014-0845-2
http://dx.doi.org/10.1073/pnas.0135058100
http://dx.doi.org/10.1073/pnas.0601417103
http://dx.doi.org/10.1002/hbm.v34.5
http://dx.doi.org/10.1016/j.neuroimage.2014.05.031
http://dx.doi.org/10.1016/j.neuroimage.2010.11.059
http://dx.doi.org/10.1002/hbm.21140
http://dx.doi.org/10.1016/j.schres.2014.03.033
http://dx.doi.org/10.1016/j.jad.2008.10.013
http://dx.doi.org/10.1016/j.neuroimage.2006.09.011
http://dx.doi.org/10.1006/nimg.1996.0074
http://dx.doi.org/10.1016/j.neuroimage.2011.10.018
http://dx.doi.org/10.1073/pnas.0900234106
http://dx.doi.org/10.1016/j.neulet.2007.04.074


www.nature.com/scientificreports/

9Scientific RepoRts | 7: 1470  | DOI:10.1038/s41598-017-01460-6

 54. Xu, J. et al. Spontaneous neuronal activity predicts intersubject variations in executive control of attention. Neuroscience 263, 
181–192, doi:10.1016/j.neuroscience.2014.01.020 (2014).

 55. Owen, A. M., McMillan, K. M., Laird, A. R. & Bullmore, E. N-back working memory paradigm: A meta-analysis of normative 
functional neuroimaging studies. Hum. Brain Mapp. 25, 46–59, doi:10.1002/hbm.20131 (2005).

 56. Cooper, J. C., Dunne, S., Furey, T. & O’Doherty, J. P. Dorsomedial prefrontal cortex mediates rapid evaluations predicting the 
outcome of romantic interactions. The Journal of Neuroscience 32, 15647–15656, doi:10.1523/JNEUROSCI.2558-12.2012 (2012).

 57. Christoff, K. & Gabrieli, J. D. E. The frontopolar cortex and human cognition: Evidence for a rostrocaudal hierarchical organization 
within the human prefrontal cortex. Psychobiology 28, 168–186 (2000).

 58. Todd, J. J. & Marois, R. Capacity limit of visual short-term memory in human posterior parietal cortex. Nature 428, 751–754, 
doi:10.1038/nature02466 (2004).

 59. Cavanna, A. E. & Trimble, M. R. The precuneus: a review of its functional anatomy and behavioural correlates. Brain 129, 564–583, 
doi:10.1093/brain/awl004 (2006).

 60. Olson, I. R., Plotzker, A. & Ezzyat, Y. The enigmatic temporal pole: a review of findings on social and emotional processing. Brain 
130, 1718–1731, doi:10.1093/brain/awm052 (2007).

 61. Zhao, L. et al. Alterations in regional homogeneity assessed by fMRI in patients with migraine without aura stratified by disease 
duration. J Headache Pain 14, 85, doi:10.1186/1129-2377-14-85 (2013).

 62. Cao, J. et al. Abnormal regional homogeneity in young adult suicide attempters with no diagnosable psychiatric disorder: a resting 
state functional magnetic imaging study. Psychiatry Research: Neuroimaging 231, 95–102, doi:10.1016/j.pscychresns.2014.10.011 
(2014).

 63. Lai, C.-H. & Wu, Y.-T. Patterns of fractional amplitude of low-frequency oscillations in occipito-striato-thalamic regions of first-
episode drug-naïve panic disorder. J. Affect. Disord. 142, 180–185, doi:10.1016/j.jad.2012.04.021 (2012).

Acknowledgements
We thank Yuki Yamada for operating the MRI scanner, Haruka Nouchi for conducting the psychological tests, 
the subjects, and all our other colleagues in IDAC, Tohoku University for their support. This study was supported 
by JST/RISTEX, JST/CREST, a Grant-in-Aid for Young Scientists (B) (KAKENHI 23700306) and a Grant-in-Aid 
for Young Scientists (A) (KAKENHI 25700012) from the Ministry of Education, Culture, Sports, Science, and 
Technology. The authors would like to thank Enago (www.enago.jp) for the English language review.

Author Contributions
H.T., Y.T., R.N., A.S., Y.K., S.N., C.M.M. and Y.S. performed the experiment. All authors discussed the findings. 
H.T., Y.T., and R.K. conceived the experiments. H.T. wrote the paper and developed the computer program for 
WMT.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01460-6
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1016/j.neuroscience.2014.01.020
http://dx.doi.org/10.1002/hbm.20131
http://dx.doi.org/10.1523/JNEUROSCI.2558-12.2012
http://dx.doi.org/10.1038/nature02466
http://dx.doi.org/10.1093/brain/awl004
http://dx.doi.org/10.1093/brain/awm052
http://dx.doi.org/10.1186/1129-2377-14-85
http://dx.doi.org/10.1016/j.pscychresns.2014.10.011
http://dx.doi.org/10.1016/j.jad.2012.04.021
http://www.enago.jp
http://dx.doi.org/10.1038/s41598-017-01460-6
http://creativecommons.org/licenses/by/4.0/

	Neural plasticity in amplitude of low frequency fluctuation, cortical hub construction, regional homogeneity resulting from ...
	Material and Methods
	Subjects. 
	Procedure. 
	Training tasks. 
	Image acquisition. 
	Preprocessing and individual-level analysis of imaging data. 
	Group-level statistical analyses of imaging data. 

	Results
	Training data and behavioral data. 
	The effect of WMT on DC. 
	The effect of WMT on fALFF. 
	The effect of WMT on regional homogeneity. 

	Discussion
	Acknowledgements
	Figure 1 Flow of participants through the study.
	Figure 2 Larger increases in degrees of centrality (DC) were observed in the working memory training (WMT) group compared with the control group.
	Figure 3 Larger increases in fractional amplitudes of low-frequency fluctuations (fALFF) in the working memory training (WMT) group compared with the control group.
	Figure 4 Changes in regional homogeneity in the working memory training (WMT) group compared with the control group.
	Table 1 Brain regions with significant WMT-related changes in rsfMRI measures.




