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Working memory (WM) deficit is considered the key cause of learning difficulties (LDs).
Studies have shown that WM is plastic and thus can be improved through training.
This positive effect is transferable to fluid intelligence and academic performance. This
study investigated whether WM updating ability and academic performance in children
with LDs could be improved through WM updating training and explored the effects
of this training on the children’s brain activity. We used a running memory task lasting
approximately 40 min per day for 28 days to train a group of 23 children with LDs (TLDs
group). We also selected two control groups of 22 children with LDs (CLDs group) and
20 children without LDs (normal control [NC] group). The behavioral results of a pretest
indicated that WM updating ability and academic performance in the TLDs and CLDs
groups were significantly lower than those in the NC group before training. Compared
with the CLDs group, the TLDs group exhibited significant performance improvement
in a 2-back WM task, as well as in mathematical ability. Event-related potentials (ERPs)
results suggested that the amplitudes of N160 (representative of visual recognition) and
P300 (representative of updating processing, which is a valid index for updating WM)
in the TLDs and CLDs groups were markedly lower than those in the NC group before
training. In the TLDs group, these two components increased considerably after training,
approaching levels similar to those in the NC group. The results of this study suggest
that WM updating training can improve WM updating ability in children with LDs and the
training effect can transfer to mathematical performance in such children. Furthermore,
the participants’ brain activity levels can exhibit positive changes. This article provides
experimental evidence that WM updating training could mitigate the symptoms of LDs
to a certain degree.
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INTRODUCTION

Learning difficulties (LDs) refer to deficiencies in an individual’s capacity to acquire the skills
required for learning reading, writing and arithmetic to a level comparable to that of other people
of similar age, education and intelligence. Although LDs are not directly caused by motivational,
emotional, or attentional problems, such problems are typically considered comorbidities
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(Hammill, 1990). The three most common types of LDs are
difficulties in reading (Gathercole et al., 2006), mathematics
(Geary et al., 2007), and a combination of the two (Swanson and
Beebe-Frankenberger, 2004). The prevalence of LDs is substantial
among school children, affecting 10%–15% (Hendriksen et al.,
2007), thereby imposing considerable economic and mental
burdens on society and families. Researchers urgently need to
determine the exact pathogenesis of LDs to enable educators to
explore intervention methods.

Although numerous researchers in various fields have devoted
themselves to exploring the pathogenesis of LDs, it remains
unclear. In recent years, working memory (WM) deficit has
been regarded as a critical contributing factor of LDs. Although
different types of LDs in children are related to different cognitive
defects (Peng and Fuchs, 2014), LDs generally involve WM
deficits. Numerous studies have indicated that WM capability
is the most frequently impaired function in children with
LDs (Gathercole et al., 2006; Maehler and Schuchardt, 2009;
Pimperton and Nation, 2010; De Weerdt et al., 2013; Peng and
Fuchs, 2014). WM refers to the ability to temporarily maintain
and manipulate information while performing cognitive tasks
(Baddeley, 1992). Compared with short-term memory, WM
plays a more influential role in children’s academic performance
because many academic tasks involve multiple steps with
intermediate solutions that children need to remember as they
proceed (McKenzie et al., 2003; Cain et al., 2004). According
to Baddeley’s Multicomponent Model that WM consists of
three components: the central executive, the phonological loop
and the visuospatial sketchpad (Baddeley, 1992, 2003). The
central executive, which is the core of WM, is responsible
for coordinating the slave systems (phonological loop and
visuospatial sketchpad), focusing and switching attention, and
retrieving representations from long-term memory, as well as
for updating, inhibiting and shifting. The results of several
studies have indicated that WM impairment in individuals
with LDs is caused by impairment of the central executive,
particularly that of the updating aspect of executive functions
(Carretti et al., 2005; Alloway et al., 2006; Wang et al.,
2011; Zhao et al., 2011, 2013). Functional magnetic resonance
imaging (fMRI) studies based on neuroscience research have
suggested that the connectivity of the frontoparietal network,
which is responsible for storing and processing information,
is weaker in people with LDs than in those without them
(Rotzer et al., 2009; Koyama et al., 2013). The event-related
potential (ERP) technique features high resolution in a time
course and can distinguish between changes in different stages
of WM processing based on temporal activation patterns.
ERP studies have indicated that the amplitudes of the
P300 component which is representative of updating processing
is considerably attenuated in people with LDs compared with
those without them (Dainer et al., 1981; Taylor and Keenan,
1990).

Previous studies have suggested that WM capability is plastic,
and thus can be improved through WM updating training,
particularly in individuals withWMdeficiencies (Klingberg et al.,
2002, 2005; Jaeggi et al., 2008; Zhao et al., 2011; Rutledge
et al., 2012; Sprenger et al., 2013; Chen et al., 2017). WM

updating training generally involves employing computerized
adaptive technology in a step-by-step manner to enable subjects
to practice various WM tasks such as span and updating tasks.
This technology can overcome the difficulty of automatically
adjusting training tasks to suit a trainee’s performance, and thus
has the potential to improve his or her WM capability to the
greatest possible extent (Shipstead et al., 2010; Zhao and Zhou,
2010; Melby-Lervåg and Hulme, 2013).

Cognitive neuroscience studies regarding the effects of
WM updating training have indicated that a trainee’s activity
levels in various brain regions can be changed through the
training process; for example, the amplitudes of the N160 and
P300 components in adult trainees can increase substantially and
the P200 amplitudes can decrease substantially through training
(Hempel et al., 2004; Dahlin et al., 2008; Zhao et al., 2013).
The N160 component can be interpreted as relevant in terms of
perceptual speed and visual attention allocation (McEvoy et al.,
2001; Zhao et al., 2013). The P300 component is an effective
index for the updating function (Donchin and Coles, 1988;
Gevins and Smith, 2000). The P200 component evoked by the
frontal area reflects the inhibition of irrelevant information and
the ability to attend to the target stimulus (Friedman et al., 1993;
McEvoy et al., 2001; Zhao et al., 2013). However, for certain
populations such as people with attention deficit hyperactivity
disorder (ADHD), alcohol spectrum disorders, or stroke, or
elderly adults whose cognitive functions have deteriorated, no
concrete evidence suggests that WM updating training changed
brain activity (Klingberg et al., 2002; Westerberg and Klingberg,
2007; Loomes et al., 2008).The results of previous studies have
indicated not only that WM updating training can improve the
WM capability of trainees but also that the effects of training
can be transferred to other cognitive functions associated with
WM such as fluid intelligence (Jaeggi et al., 2008), attention,
reading ability (Chein and Morrison, 2010; Loosli et al., 2011),
and mathematical ability (Holmes et al., 2009). Few studies have
investigated WM training in relation to LDs, and those that
have focused on cognitive behavioral changes after training.
Although the results of these studies were not all the same, they
all showed that the WM training could mitigate the symptoms
of LDs to a certain degree (Zhong, 2011; Gray et al., 2012;
Gropper et al., 2014; Chen et al., 2017). Furthermore, studies
exploring neural mechanisms and changes in brain function are
scarce.

The current study adopted three versions of adaptive running
memory tasks as WM updating training tasks to investigate
their effects on relieving the symptoms of LDs, which vary in
terms of behavior and related brain activity, as indicated by their
respective ERPs. The adaptive running memory task is widely
used as an index of WM capability on updating. In this task,
a series of unknown items of a certain length are presented to
participants, then they are required to recall in order within a
certain length of time. This task better represents the ability to
monitor input information and to replace old information that
is irrelevant to the ongoing task with new information that is
relevant to the ongoing task (Morris and Jones, 1990). Based on
the literature on LDs, WM, and the benefits of WM training, we
predicted that WM updating training would not only increase
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WM capability in people with LDs but also exert the far transfer
effect on such people in terms of aspects such as fluid intelligence
and academic (reading and mathematical) performance. In other
words, WM updating training would somewhat mitigate the
symptoms of LDs. Specifically, we predicted differences in ERP
amplitude in relation to LDs between the training group and
control group, and that the P300 and N160 amplitudes would
increase and the P200 amplitude would decrease substantially in
the LDs training group.

MATERIALS AND METHODS

Ethics Statement
The study was reviewed and approved by the Ethics Board
of Beijing Normal University and the study was conducted in
accordance with ethics guidelines of the American Psychological
Association. All study participants provided written informed
consent prior to the experiment.

Participants
A total of 65 seventh grade students (31 boys, aged 10–13 years,
mean [M] = 11.47, standard deviation [SD] = 0.568) from Beijing
Shijingshan Middle School were selected to participate in this
study, consisting of 45 children with LDs and 20 without. The
children with LDs were randomly assigned to a training group
(TLDs group; 15 boys, aged 10–13 years, M = 11.45, SD = 0.51)
or control group (CLDs group; 12 boys, aged 10–13 years,
M = 11.47, SD = 0.50). The children with LDs were those who
had difficulties in reading andmathematics. The adoptedmethod
for determining which children had LDs combined the ability
difference comparison method, exclusive method, and screening
method. The procedures are detailed as follows: (1) an academic
adaptability test (AAT; Zhou, 1991) was administered to all
participants. Children whose test levels were≤ 2 proceeded to the
next screening step; (2) teachers familiar with the children were
asked to complete the pupil rating scale (PRS; revised). Children
whose total scores were <65 proceeded to the next step; (3) the
most recent original final examination scores were converted
into Z scores and children whose Chinese and mathematics
scores were <25th percentile were screened out; and (4) Raven’s
Standard Progressive Matrices were employed to test the fluid
intelligence of each student. Children whose scores were <50th
percentile were excluded. The selection criteria for the normal
control (NC) group (10 boys and 10 girls, aged 10–13 years,
M = 11.39, SD = 0.69) were as follows: (1) AAT scores of >2;
and (2) Z scores for language and mathematics higher than
those of the other 25% of students who participated in the
final exam. No children in this study exhibited evident visual
or sensory impairment, motor difficulties, emotional disorders,
social or cultural adaptation problems, or other physical or
mental disorders.

Training Task
We used three versions of an adaptive running memory task for
training, involving letters, animals and locations (Zhao et al.,
2011, 2013). In the letters task (Figure 1), a ‘‘+’’ focus point

FIGURE 1 | Demonstration of letters running working memory (WM) task.

was displayed in the center of the screen to indicate task
commencement. Subsequently, several letters were displayed one
by one. The number of letters displayed varied among the
different trial types (5, 7, 9, or 11 letters per trial). Each trial
type was run an equal number of times in a random order.
The participants were required to remember the sequence of the
preceding three letters. After being presented with a blank bar
on the screen, the participants were asked to use the keyboard
to enter the sequence of the preceding three letters. Feedback
was provided for each trial. Each letter appeared for 1750 ms;
however, the difficulty level continually changed according to
the participant’s performance. In this task, each participant
completed six blocks and each block contained five trials. If
three or more trials were completed correctly, the stimulus
intervals were reduced by 100 ms in the subsequent block. By
contrast, if two or more trials were completed incorrectly, the
stimulus intervals were lengthened by 100 ms in the subsequent
block. Each day’s training was based on the preceding day’s
performance record for each participant.

FIGURE 2 | Demonstration of animals running WM task.
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FIGURE 3 | Demonstration of locations running WM task.

The animals task (Figure 2) was identical to the letters task
except animal images were used instead of letters. The locations
task (Figure 3) was identical to the letters task except visuospatial
stimuli were used instead of letters. In each trial, a nine-square
grid containing an image of a cartoon face was displayed in
the center of the screen. The face could appear in any one of
the nine squares. The participants were required to remember the
sequence of the preceding three locations. The number of cartoon
faces displayed varied among the different trial types (5, 7, 9, or
11 faces per trial). Every trial type was run in a random order.
At the end of each sequence, the participants were requested to
indicate the sequence of the preceding three locations by clicking
in blank squares in a nine-square grid.

Transfer Tasks
2-Back Task
The 2-back task was employed to measure each participant’s
WM updating ability. The task involves a series of random
Arabic numerals being displayed one by one. In this study,
the participants were required to judge whether each number
was the same as the two preceding numbers and respond by
pressing a computer key (pressing ‘‘1’’ indicated that the numbers
were the same and pressing ‘‘3’’ indicated that they were not).
The intervals between stimuli were 1000 ms with a 500 ms
delay, during which the participants were required to respond.
The entire test consisted of two blocks each with 84 trials.
The first two trials in each block required no responses. The
ratio of consistent to inconsistent stimuli was 1:1. The reliability
coefficient of the 2-back task based on our sample was 0.80.

Raven’s Advanced Progressive Matrices Test
Raven’s Advanced Progressive Matrices (APM) test was
employed for nonverbal intelligence testing (Jaeggi et al., 2011;
Zhao et al., 2011). The test comprised 60 items split into two

equal portions based on their serial numbers. The participants
were requested to answer the odd-numbered items in the pretest
and the even-numbered items in the posttest. Based on our
sample, the reliability coefficient of Raven’s APM test was 0.68.

Academic Tests
China has no standard academic achievement tests. Midterm
and final examinations are generally taken seriously by
Chinese students. Test items are designed by teachers who
teach the corresponding curricula, and the examinations
test students’ mastery of knowledge acquired over a single
semester. We applied the children’s language and mathematics
scores from the most recent final examination to reflect
their pretest academic performance. Their scores from the
subsequent midterm examination were applied to reflect
their posttest academic performance. Language exams mainly
tested reading comprehension (80%) and writing skills (20%),
whereas mathematics exams mainly tested calculation (60%)
and problem-solving skills (40%). The reliability coefficients
of language and mathematics exams were 0.87 and 0.88,
respectively.

Procedure
We employed a double-blind controlled design. All participants
were required to complete the 2-back task before and after the
training task to enable the near transfer effects to be analyzed,
as well as Raven’s APM test and academic tests (language and
mathematics) to enable the far transfer effects to be analyzed.
The TLDs group was required to complete all three computerized
training programs (letters, animals and locations) once per
day for 28 days. The CLDs and NC groups were regarded as
active control groups; each child in these groups completed
unadaptive versions of the same training task. The difference
between the two training tasks was that the difficulty of adaptive
tasks changed automatically based on a trainee’s performance,
meaning these tasks had the potential to improve the trainees’
task performance to the greatest possible extent, whereas the
difficulty of unadaptive tasks always remained at the initial level.
In addition, compared with the TLDs group, the CLDs and NC
groups were required to complete only one-third volume of the
unadaptive training tasks everyday.

ERP Data Collection
Electroencephalograms (EEGs) were recorded using an EEG
amplifier (Neuroscan NuAmps40). In the study, participants’
EEG data was recorded during the 2-back task. The sample rate
was set to 1000 Hz and a bandpass filter (0.05–100 Hz) was
employed during EEG recording. Vertical eye movements were
recorded by electrodes positioned above and below the left eye,
whereas horizontal eye movements were recorded by electrodes
positioned at the outer canthus of each eye. Throughout the
recording, the impedance of the electrodes was maintained
at <5 kΩ. Remaining artifacts containing a change outside the
range of ±100 µV within a period of 50 ms were rejected.
Artifact-free EEGs were subsequently segmented into epochs
ranging from 200 ms before stimulus onset to 1000 ms after
stimulus onset and averaged for each individual participant
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and condition. Only correct responses were included in the
averages, all of which considered at least 50 trials. To attenuate
high-frequency noise, the averagedwaveformswere filtered using
a 30-Hz low-pass filter with 48 dB/octave roll-off.

RESULTS

Behavioral Results
SPSS version 19.0 was employed for data aggregation and
statistical analysis. Table 1 presents the descriptive statistics of
the 2-back task for each group in each session.

A 2 (sessions: pretest and posttest) × 3 (groups: NC, CLDs,
and TLDs) repeated measures analysis of variance (ANOVA)
was conducted to investigate each participant’s accuracy (ACC)
during the 2-back task. The results indicated that the main
session effect (F(1,62) = 20.005, p < 0.001, η2 = 0.247,
d = 0.993) was significant and ACC was significantly higher
during the posttest than during the pretest. The main group
effect (F(2,62) = 6.677, p = 0.002, η2 = 0.180, d = 0.901)
was also significant. Post hoc pairwise comparisons results
indicated that the ACC in the CLDs group was significantly
lower than that in the NC group (p = 0.002). No significant
differences were observed between the TLDs and CLDs groups
(p = 0.163) or between the TLDs and NC groups (p = 0.233;
Bonferroni adjustment for multiple comparisons1). Session and
group interaction was significant (F(2,62) = 4.842, p = 0.011,
η2 = 0.137, d = 0.781). Although simple effect analysis found
no significant differences between the CLDs and TLDs groups
in terms of pretest scores (p = 0.997), both had significantly
lower pretest scores than did the NC group (p = 0.009 for
the CLDs group; p = 0.012 for the TLDs group). Although
no significant differences were observed between TLDs and
NC groups in terms of posttest scores (p = 0.993), both had
significantly higher posttest scores than did the CLDs group
(p = 0.012 for the TLDs group; p = 0.008 for the NC group).
Although training significantly improved the performance of the
TLDs group (p < 0.001), comparable results were not observed
in the CLDs or NC groups.

A 2 (sessions: pretest and posttest) × 3 (groups: NC,
CLDs and TLDs) repeated measures ANOVA was conducted
to investigate the participants’ reaction times (RTs) during
the 2-back task. The results indicated that the main session
effect (F(1,62) = 0.001, p = 0.973, η2 = 0.000, d = 0.053) and
group effect (F(2,62) = 2.025, p = 0.142, η2 = 0.004, d = 0.063)
were nonsignificant. Session and group interaction was also
nonsignificant (F(2,62) = 0.239, p = 0.788, η2 = 0.004, d = 0.065).

A 2 (sessions: pretest and posttest) × 3 (groups: NC,
CLDs and TLDs) repeated measures ANOVA was conducted
to investigate the participants’ performance in the Raven’s
APM test. The results indicated that the main session effect
was significant, with posttest performance higher than pretest
performance (F(1,62) = 22.372, p < 0.001, η2 = 0.285, d = 0.996).
The main group effect (F(2,62) = 0.466, p = 0.630, η2 = 0.016,
d = 0.122) was nonsignificant. Session and group interaction was

1The Bonferroni correction was used for the corrections of the multiple
comparisons in this study.

TABLE 1 | The ACC (%) and reaction time (RT) (ms) of 2-back task of each group
in pre- and post-test training (M ± SD).

Group Index Pre-test Post-test

NC (n = 20) ACC 68.96 ± 0.11 74.09 ± 0.12
RT 777.10 ± 263.88 801.54 ± 251.40

CLD (n = 22) ACC 56.40 ± 0.15 59.77 ± 0.19
RT 930.84 ± 253.94 937.25 ± 280.92

TLD (n = 23) ACC 57.10 ± 0.14 73.02 ± 0.13
RT 820.29 ± 286.08 792.57 ± 252.64

TABLE 2 | Scores of Raven’s advanced progressive matrices (APM) test of each
group in pre- and post-test training.

Group Pre-test Post-test

NC (n = 20) 101.94 ± 18.14 113.86 ± 14.20
CLD (n = 22) 101.16 ± 19.43 106.60 ± 13.84
TLD (n = 23) 98.44 ± 15.07 110.38 ± 14.36

TABLE 3 | The academic performance (Z) of each group in pre- and post-test
training.

Group Academic performance Pre-test Post-test

NC (n = 20) Language 0.63 ± 0.46 0.58 ± 0.76
Math 0.79 ± 0.34 0.97 ± 0.28

CLD (n = 22) Language −0.43 ± 0.72 −0.39 ± 0.83
Math −0.55 ± 1.06 −0.36 ± 0.94

TLD (n = 23) Language −0.12 ± 1.31 −0.22 ± 1.16
Math −0.50 ± 0.86 −0.15 ± 0.90

nonsignificant (F(2,62) = 1.139, p = 0.328, η2 = 0.039, d = 0.241).
Table 2 lists the Raven’s APM test scores for each group in each
session.

To explore the transfer effects of the training, a 2 (sessions:
pretest and posttest) × 3 (groups: NC, CLDs and TLDs)
repeated measures ANOVA was conducted to analyze the
participants’ language andmathematics performance. The results
indicated that the main session effect on language performance
was nonsignificant (F(2,62) = 0.038, p = 0.846, η2 = 0.001,
d = 0.054), whereas the main group effect was significant
(F(2,62) = 8.698, p< 0.001, η2 = 0.219, d = 0.963). Post hoc pairwise
comparisons results indicated that language performance in the
NC group was significantly higher than that in the TLDs group
(p = 0.088) and CLDs group (p< 0.001); however, no significant
differences between the TLDs and CLDs groups were observed
(p = 0.145). Session and group interaction was nonsignificant
(F(2,62) = 1.185, p = 0.313, η2 = 0.040, d = 0.250). Table 3
lists the pretest and posttest academic performance of each
group.

The main session effect on mathematics performance was
significant (F(1,62) = 27.346, p < 0.001, η2 = 0.335, d = 0.999),
indicating higher performance in the posttest than in the pretest.
The main group effect was also significant (F(2,62) = 14.364,
p < 0.001, η2 = 0.305, d = 0.998). Post hoc pairwise comparisons
results indicated that mathematics performance in the NC group
was significantly higher than that in the TLDs and CLDs
groups (p < 0.001 for both) but no significant differences
between the TLDs and CLDs groups were observed (p = 0.554).
Session and group interaction was significant (F(2,62) = 6.743,
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TABLE 4 | The values of N160, P200 and P300 (µV) of each group in pre- and
post-test training.

Group Pre-test Post-test

NC (n = 19) N160 (PZ) −1.55 ± 2.87 −2.23 ± 3.16
P200 (FZ) 11.43 ± 5.91 9.60 ± 5.93
P300 (CZ) 15.67 ± 3.74 16.49 ± 4.26

CLD (n = 22) N160 (PZ) −0.95 ± 3.06 0.92 ± 2.86
P200 (FZ) 11.28 ± 4.34 10.98 ± 3.78
P300 (CZ) 10.06 ± 4.20 9.46 ± 5.25

TLD (n = 23) N160 (PZ) 1.20 ± 3.57 −1.81 ± 2.58
P200 (FZ) 8.73 ± 3.47 9.47 ± 3.34
P300 (CZ) 9.89 ± 3.25 14.63 ± 4.42

p = 0.002, η2 =0.205, d = 0.904). Further analysis indicated that
in the pretest, mathematics performance in the NC group was
significantly higher than that in the CLDs and TLDs groups
(p < 0.001 for both) but no significant differences between
the TLDs and CLDs groups were observed (p = 0.898). In
the posttest, mathematics performance in the TLDs group was
significantly higher than that in the CLDs group (p = 0.004)
but significantly lower than that in the NC group (p = 0.003).
Over the course of the training period, mathematics performance
improved significantly in the TLDs group but not in the other
groups (Figure 4).

ERP Results
Following previous research (Zhao et al., 2013) and based on our
total average results, we mainly measured the N160 component
in the parietal area, P200 component in the frontal area
and P300 component in the central area. We measured the
peak values of the N160 and P200 components because their
amplitudes were apparent. The time windows for the N160 and
P200 components were 150–230 and 180–300 ms, respectively.
The peak value of the P300 component did not exhibit any
large individual differences and several participants did not
exhibit any apparent peak values. Therefore, following previous
studies on addiction, we measured the average amplitude of the
P300 component with a time window of 250–500 ms. Table 4
lists the values of N160, P200 and P300 of each group in pre- and
post-test training.

A 2 (sessions: pretest and posttest) × 3 (groups: NC, CLDs
and TLDs) repeatedmeasures ANOVAwas conducted to analyze
the peak values of the N160 and P200 components and the
average amplitude of the P300 component.

The main session effect at the peak value of the
N160 component was significant (F(1,62) = 8.886, p = 0.004,
η2 = 0.221, d = 0.835), indicating that the peak value of the
N160 component was significantly higher in the posttest than
in the pretest. The main group effect at the peak value of the
N160 component was significant (F(2,62) = 6.297, p = 0.003,
η2 = 0.167, d = 0.883). Post hoc pairwise comparisons results
indicated that the peak value of the N160 component in the
NC group was significantly higher than those in the TLDs
(p = 0.052) and CLDs (p = 0.003) groups but no significant
differences between the TLDs and CLDs groups were observed
(p = 0.201). Session and group interaction was significant
(F(2,62) = 4.626, p = 0.013, η2 = 0.143, d = 0.761). Although

FIGURE 4 | The performance of 2-back task (A), Raven’s advanced
progressive matrices (APM; B), language grade (C) and math grade (D) at
pretest and posttest for each group.

simple effect analysis revealed no significant differences between
the TLDs and CLDs groups in the pretest, both had significantly
lower pretest scores than did the NC group (p = 0.022 for
the TLDs group; p = 0.046 for the CLDs group). Although
no significant differences were observed between the TLDs
and NC groups in the posttest, both had significantly higher
posttest scores than did the CLDs group (p = 0.006 for the
TLDs group; p = 0.002 for the NC group). Over the course of
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FIGURE 5 | The peak value of N160 in parietal area at pretest (A) and posttest (B) for each group.

the training period, the peak value of the N160 component
in the TLDs group improved significantly (p < 0.001) but
no significant differences were observed between the TLDs
group and the CLDs (p = 0.975) or NC (p = 0.373) groups
(Figure 5).

The main session effect at the peak value of the
P200 component was nonsignificant (F(1,62) = 0.395,
p = 0.532, η2 = 0.012, d = 0.095), as was the main group
effect (F(2,62) = 2.028, p = 0.140, η2 = 0.061, d = 0.403). Session
and group interaction was also nonsignificant (F(2,62) = 1.016,
p = 0.368, η2 = 0.039, d = 0.219).

The main session effect at the average amplitude of the
P300 component was significant (F(1,62) = 5.091, p = 0.028,
η2 = 0.079, d = 0.602), indicating that the average amplitude
of the P300 component in the posttest was significantly
higher than that in the pretest. The main group effect at
the average amplitude of the P300 component was significant
(F(2,62) = 22.514, p< 0.001, η2 = 0.433, d = 0.99). Post hoc pairwise
comparisons results indicated that the average amplitude of the
P300 component in the CLDs group was significantly lower
than those in the TLDs (p = 0.039) and NC (p = 0.001)
groups and the average amplitude of the P300 component in
the CLDs group was significantly lower than that in the NC
group (p < 0.001). Session and group interaction was significant
(F(2,62) = 4.613, p = 0.014, η2 = 0.135, d = 0.759). Although
simple effect analysis revealed no significant differences between
the TLDs and CLDs groups in the pretest (p = 0.998), both

had significantly lower pretest scores than did the NC group
(p < 0.001 for both). No significant differences were observed
between the TLDs and NC groups in the posttest (p = 0.485)
and both had significantly higher posttest scores than did the
CLDs group (p = 0.003 for the TLDs group; p < 0.001 for the
NC group). Over the course of the training period, although the
average amplitude of the P300 component in the TLDs group
improved significantly (p = 0.001), it did not differ significantly
from those in the CLDs (p = 0.643) and NC (p = 0.505) groups
(Figure 6).

DISCUSSION

The purpose of the current study was to investigate whether
WM updating training could improve WM updating ability in
children with LDs. Because impaired learning ability is a core
symptom of LDs and studies have demonstrated the benefits of
WM training, we investigated whether the effects ofWM training
could transfer to fluid intelligence and academic performance
in children with LDs. ERP results were examined to explore the
influence of WM updating training on brain activity in children
with LDs.

Effects of WM Updating Training on WM
Compared with the strategy training, the training we used in
this study was belong to ‘‘core training’’ which typically involved
repetition of demanding WM tasks that were designed to target
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FIGURE 6 | The average amplitude of P300 in central area at pretest (A) and posttest (B) for each group.

domain-general WM mechanisms (Morrison and Chein, 2011).
The running memory task we used as the training task better
represents the ability tomonitor input information and to replace
old information, is an index of WM updating ability (Zhao
et al., 2011, 2013). In a 2-back task, people were required to
judge whether the present Arabic numeral was the same as the
two items prior. This means that people have to remember
the last three numbers continuously. The 2-back task also used
commonly for evaluating WM updating ability (Zhao et al.,
2011, 2013; Chen et al., 2017). Because of the similarities in
task requirements, the 2-back task and the running memory task
that we used as training task may rely on the same cognitive
resource so that improvement in the training task contributed
to the improvement in the 2-back task (Chen et al., 2017).
While no significant improvements in RT were observed in the
posttest compared with the pretest, accuracy in the 2-back task
increased significantly. Although previous studies have shown
that the RT of WM in the 2-back task is an indicator of WM
updating ability (Gevins and Smith, 2000; McEvoy et al., 2001;
Owen et al., 2005), many other results have suggested that
the transfer effect can be observed in terms of task accuracy
(Sandberg et al., 2014; Chen et al., 2017). Similar to previous
studies (Carretti et al., 2005; Alloway et al., 2006; Wang et al.,
2008), our results revealed impaired WM updating ability in

children with LDs before WM updating training. Over the
course of the 28-day training period in the present study, 2-back
task performance in the TLDs group improved significantly
compared with that in the CLDs and NC groups, suggesting
the occurrence of WM lag in children with LDs. However,
in recent years, the results of training completed by children
(Thorell et al., 2009; Zhao et al., 2011) and adults (Westerberg
and Klingberg, 2007; Jaeggi et al., 2008; Zhao et al., 2013) and
people with ADHD (Klingberg et al., 2002), alcohol spectrum
disorders (Loomes et al., 2008), and stroke (Westerberg and
Klingberg, 2007) have demonstrated that an individual’s WM
capability is plastic. According to Gray et al. (2012), WM
capability is considerably impaired in children with LDs or
ADHD compared with children without these conditions. Their
study was the first to provide individuals with LDs or ADHD
with Cogmed WM training and mathematics training. The
researchers observed that the WM training program yielded
a considerably larger improvement in verbal WM capability
than did the mathematics training program and that this effect
could transfer to visuospatial WM capability. Another study
observed that college students with LDs or ADHD exhibited
considerable improvement in attention deficit and cognitive
difficulties after 5 weeks of CogmedWM training (Gropper et al.,
2014). The Cogmed training program is aimed at improving
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general WM capability by influencing each WM component
(Klingberg et al., 2005; Holmes et al., 2009). The current
study provided evidence that the effects of ‘‘pure’’ training on
WM updating ability are comparable to those of the Cogmed
program.

Effects of WM Updating Training on
Academic Performance
Compared with short-term memory, WM plays a more
influential role in children’s academic performance (Peng and
Fuchs, 2014) because many academic tasks involve multiple
processes with intermediate solutions that children need
to remember as they proceed through the tasks (McKenzie
et al., 2003; Cain et al., 2004). The most prominent symptom
of LDs is poor reading and mathematics abilities, both of
which directly influence academic performance (Swanson
and Beebe-Frankenberger, 2004; Gathercole et al., 2006;
Geary et al., 2007). Core training seeks to produce increased
WM capability by focusing on the strengthening of domain-
general WM processes. If these WM processes are indeed
strengthened, this approach would yield improvements not
only on tasks similar to those used in training, but also, on
more disparate cognitive measures (Morrison and Chein, 2011).
Following previous related studies, our study investigated
the transfer effect of WM updating training on academic
performance in children with LDs. Similar to the results of
previous studies (Kroesbergen et al., 2007; Passolunghi et al.,
2007; Swanson and Kim, 2007; Witt, 2011; Alloway et al.,
2013; Dahlin, 2013), the children with LDs in the present
study exhibited lower language and mathematics performance
than their counterparts without LDs. Over the course of
the 28-day training period, mathematics performance in the
TLDs group improved significantly compared with that in
the CLDs and NC groups, suggesting that this outcome was
the result of training rather than self-development. Other
studies that have employed the Cogmed program to train
WM in children and college students with LDs have not
reported any such improvements in mathematics performance
(Gray et al., 2012; Gropper et al., 2014), indicating that
compared with the Cogmed program, the WM updating
training method employed in the current study might
exert a stronger and more direct effect on mathematics
performance.

We observed no language improvement in our study, which
was inconsistent with the findings of Loosli et al. (2011), who
trained children without LDs aged 9–11 years for 10 days
through a WM span task and observed a transfer effect
on reading ability. Based on the hypotheses that transfer
occurs if the criteria and transfer tasks initially engage similar
processes and that brain circuits predict overlapping activity
before training (Dahlin et al., 2008), a possible explanation
for the outcome observed by Loosli et al. (2011) is that
updating ability might be more closely related to mathematical
ability than reading ability. In mathematical learning, updating
operational symbols is more crucial than applying basic
operational rules. Therefore, updating training might be a
direct and effective method for improving mathematical ability.

Another possible explanation is that improving language ability
requires more time than does improving mathematical ability.
This could serve as a target of investigation for future
studies.

Effects of WM Updating Training on Fluid
Intelligence
Fluid intelligence is a complex ability that enables an individual
to adapt their thinking to new cognitive problems and situations
(Carpenter et al., 1990; Jaeggi et al., 2008). Many studies have
suggested that WM capability and fluid intelligence share neural
networks in the lateral prefrontal and parietal cortices (Kane
and Engle, 2002; Gray et al., 2003; Owen et al., 2005; Jung and
Haier, 2007; Jaeggi et al., 2008). Several studies have reported that
WM can be used to predict fluid intelligence (Jaeggi et al., 2008;
Engle, 2010; Zhao and Zhou, 2010). Based on the results of these
studies, the possibility of improving fluid intelligence through
WM training has been investigated (Jaeggi et al., 2008; Sternberg,
2008; Zhao and Zhou, 2010; Zhao et al., 2013). Whether WM
updating training is able to improve fluid intelligence has been
strongly debated in recent years (Harrison et al., 2013; Melby-
Lervåg and Hulme, 2013; Redick et al., 2013; Au et al., 2014;
Bogg and Lasecki, 2015). Although many studies have revealed
positive effects of WM updating training on fluid intelligence
(Jaeggi et al., 2008; Zhao et al., 2011; Chen et al., 2017), the
Raven’s APM performance in the TLDs group in the present
study did not exhibit considerable improvement after training
compared with that in the CLDs and NC groups. This outcome
indicated that WM updating training did not exert a far transfer
effect in children with LDs, supported the viewpoint that WM
updating training couldn’t improve fluid intelligence, which was
in agreement with the findings of many previous studies, where
various training programs have exhibited limited efficacy in
terms of improving fluid intelligence (Conway and Getz, 2010;
Shipstead et al., 2010, 2012; Morrison and Chein, 2011). We offer
three explanations for this result. One is that the training effect
is delayed; Holmes et al. (2009) revealed that although children
with LDs who received WM training exhibited no immediate
improvements in fluid intelligence, a follow-up test conducted
6 months after the training revealed such improvements. The
second explanation is that the training effect on fluid intelligence
is dependent on the degree of improvement exhibited by
participants in the WM task, as shown in previous studies
(Jaeggi et al., 2011). Gevins found that subjects with higher IQ
exhibited considerably lower RTs in the 2-back task, meaning
that RT is a major indicator of IQ (Gevins and Smith, 2000).
Based on our results, we found that RT in the 2-back task
had not improved after training in the TLDs group compared
with the CLDs and NC groups. The last explanation is that,
whereas WM and fluid intelligence are highly related and it
would be easy to conclude that they reflect the same cognitive
mechanism, they are separable constructs (Heitz et al., 2006).
The correlation between WM and fluid intelligence is at nearly
the same level as weight and height in humans (r = 0.47 in the
latter case; Freedman et al., 1998); while nobody would assume
that making someone taller would also make them heavier. The
results suggested that WM and fluid intelligence were different
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hypothetical constructs and that an intervention that improve
WM may have no effect on fluid intelligence (Harrison et al.,
2013). Based on these findings, we recommend verification
through further research.

There was also an interesting result that, although there was
no significant improvement, the fluid intelligence of participants
in each group seemed to be improved over time. It indicated that
the fluid intelligence between LD and normal children were all
plastic and all can be improved by the WM updating training,
which is supported by Chen and Li (2007) that WM updating
has been found to mediate the association between age and fluid
intelligence.

Effects of WM Updating Training on Brain
Activity
ERPs are electrical activities locked to specific task events or
responses. They offer high temporal resolutions (within a range
of milliseconds) for neural processes underlying behavioral
performance (Banaschewski and Brandeis, 2007; Liu et al., 2014).
We adopted ERPs to examine the effect ofWMupdating training
on brain activity in children with LDs. The results indicated that
the average amplitude of the P300 component in children in
the TLDs group substantially increased over the course of the
training, eventually approximating that in children without LDs.
The P300 component has been regarded as a valid index for WM
updating ability (Gevins et al., 1996; Rousselet et al., 2008). In
the context-updating model, when information is presented, the
brain responds and applies the new information to the current
situation, thereby forming new representations to replace old
ones. The brain should adjust current information based on the
continuously changing environment (Donchin, 1981; Donchin
and Coles, 1988). Studies have suggested that individuals with
high cognitive abilities exhibit a higher average P300 amplitude.
Furthermore, studies on cognitive aging have provided evidence
that the average P300 amplitude decreases with age (McEvoy
et al., 2001). The results of the current study indicated that
training can improve the WM updating capability of children
with LDs, which agrees with the findings of Zhao et al. (2011),
who observed an increase in the average P300 amplitude in adults
after 20 days of WM updating training.

The results of the current study indicated that the peak
N160 value in the TLDs group increased significantly throughout
the training period. The N160 component was considered a
valid index for visual recognition processing and the peak
N160 value was proportional to the strength and effectiveness of
a target’s visual recognition (McEvoy et al., 2001). Moreover, the
component in the central area represents the cognitive control
function (Daffner et al., 2000; Suwazono et al., 2000). In our

study, the increased peak N160 value after training suggested
that WM updating training can improve the strength and
validity of an individual’s stimulus recognition. This indicates
that the effects of training are exerted at the perception stage,
thereby facilitating improvement in cognitive control function
and updating ability.

No decrease in P200 amplitude in the TLDs group was
observed after the WM updating training. The P200 amplitude
evoked from the frontal area reflects the inhibition of irrelevant
information and the ability to attend to the target stimulus
(McEvoy et al., 2001; Owen et al., 2005; Zhao et al., 2013).
This suggested that training could not improve aspects of the
inhibitory capacity such as updating in children with LDs. The
results of this study differed from those of Zhao et al. (2013),
who conducted 20 days of WM updating training on healthy
adults and observed a considerable decrease in P200 amplitude
in the frontal area. In addition, studies have shown that LDs can
cause inhibition deficits (Wang et al., 2012; De Weerdt et al.,
2013; Liu et al., 2014). Special training for the inhibitory capacity
of WM in children with LDs could be useful in influencing the
P200 component.

CONCLUSION

WM capability is plastic in children with LDs. These
children exhibit WM deficiencies that can be mitigated
through WM updating training. The effects of WM
updating training can transfer to cognitive functions such
as mathematical ability. Changes in brain activity are
associated with improved cognitive control and WM updating
ability, both of which are associated with WM updating
training.

AUTHOR CONTRIBUTIONS

HZ and RZ were in charge of framing the questions, conducting
the study and writing up the results. XC and LM helped
with data collection. LC was in charge of final revision and
modification.

FUNDING

This research was funded by National Basic Research Program
of China (2011CB5050) and the Key Project of Philosophy and
Social Science Research in Colleges and Universities in Jiangsu
(2015JDXM001). We express our gratitude for the support for
this project.

REFERENCES

Alloway, T. P., Bibile, V., and Lau, G. (2013). Computerized working memory
training: can it lead to gains in cognitive skills in students? Comput. Human
Behav. 29, 632–638. doi: 10.1016/j.chb.2012.10.023

Alloway, T. P., Gathercole, S. E., and Pickering, S. J. (2006). Verbal and visuo-
spatial short-term and working memory in children: are they separable? Child
Dev. 77, 1698–1716. doi: 10.1111/j.1467-8624.2006.00968.x

Au, J., Sheehan, E., Tsai, N., Duncan, G. J., Buschkuehl, M., and Jaeggi, S. M.
(2014). Improving fluid intelligence with training on working memory:
a meta-analysis. Psychon. Bull. Rev. 22, 366–377. doi: 10.3758/s13423-014
-0699-x

Baddeley, A. D. (1992). Working memory. Science 255, 556–559.
doi: 10.1126/science.1736359

Baddeley, A. D. (2003). Working memory: looking back and looking forward.Nat.
Rev. Neurosci. 4, 829–839. doi: 10.1038/nrn1201

Frontiers in Human Neuroscience | www.frontiersin.org 10 April 2018 | Volume 12 | Article 154

https://doi.org/10.1016/j.chb.2012.10.023
https://doi.org/10.1111/j.1467-8624.2006.00968.x
https://doi.org/10.3758/s13423-014-0699-x
https://doi.org/10.3758/s13423-014-0699-x
https://doi.org/10.1126/science.1736359
https://doi.org/10.1038/nrn1201
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Zhang et al. WM Training Improves Mathematics Performance

Banaschewski, T., and Brandeis, D. (2007). Annotation: what electrical brain
activity tells us about brain function that other techniques cannot tell
us—a child psychiatric perspective. J. Child Psychol. Psychiatry 48, 415–435.
doi: 10.1111/j.1469-7610.2006.01681.x

Bogg, T., and Lasecki, L. (2015). Reliable gains? Evidence for substantially
underpowered designs in studies of working memory training transfer to fluid
intelligence. Front. Psychol. 5:1589. doi: 10.3389/fpsyg.2014.01589

Cain, K., Oakhill, J., and Bryant, P. (2004). Children’s reading comprehension
ability: concurrent prediction by working memory, verbal ability, and
component skills. J. Educ. Psychol. 96, 31–42. doi: 10.1037/0022-0663.96.1.31

Carpenter, P. A., Just, M. A., and Shell, P. (1990). What one intelligence test
measures: a theoretical account of the processing in the Raven Progressive
Matrices Test. Psychol. Rev. 97, 404–431. doi: 10.1037/0033-295x.97.3.404

Carretti, B., Cornoldi, C., De Beni, R., and Romanò, M. (2005). Updating in
workingmemory: a comparison of good and poor comprehenders. J. Exp. Child
Psychol. 91, 45–66. doi: 10.1016/j.jecp.2005.01.005

Chein, J. M., and Morrison, A. B. (2010). Expanding the mind’s workspace:
training and transfer effects with a complex working memory span task.
Psychon. Bull. Rev. 17, 193–199. doi: 10.3758/pbr.17.2.193

Chen, X., Ye, M., Chang, L., Chen, W., and Zhou, R. (2017). Effect of working
memory updating training on retrieving symptoms of children with learning
disabilities. J. Learn. Disabil. doi: 10.1177/0022219417712015 [Epub ahead
of print].

Chen, T. Y., and Li, D. M. (2007). The roles of working memory updating and
processing speed in mediating age-related differences in fluid intelligence.
Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 14, 631–646.
doi: 10.1080/13825580600987660

Conway, A. R., and Getz, S. J. (2010). Cognitive ability: does working memory
training enhance intelligence? Curr. Biol. 20, R362–R364. doi: 10.1016/j.cub.
2010.03.001

De Weerdt, F., Desoete, A., and Roeyers, H. (2013). Working memory in children
with reading disabilities and/or mathematical disabilities. J. Learn. Disabil. 46,
461–472. doi: 10.1177/0022219412455238

Daffner, K. R., Mesulam, M. M., and Scinto, L. F. (2000). The central role of the
prefrontal cortex in directing attention to novel events. Brain 123, 927–939.
doi: 10.1093/brain/123.5.927

Dahlin, K. I. E. (2013). Working memory training and the effect on mathematical
achievement in children with attention deficits and special needs. J. Educ.
Learn. 2, 118–133. doi: 10.5539/jel.v2n1p118

Dahlin, E., Neely, A. S., Larsson, A., Bäckman, L., and Nyberg, L. (2008). Transfer
of learning after updating training mediated by the striatum. Science 320,
1510–1512. doi: 10.1126/science.1155466

Dainer, K. B., Klorman, R., Salzman, L. F., Hess, D. W., Davidson, P. W., and
Michael, R. L. (1981). Learning disordered children’s evoked potentials during
sustained attention. J. Abnorm. Child Psychol. 9, 79–94. doi: 10.1007/bf00
917859

Donchin, E. (1981). Surprise!. . .Surprise? Psychophysiology 18, 493–513.
doi: 10.1111/j.1469-8986.1981.tb01815.x

Donchin, E., and Coles, M. G. F. (1988). Is the P300 component a
manifestation of context updating? Behav. Brain Sci. 11, 357–374.
doi: 10.1017/s0140525x00058027

Engle, R. W. (2010). Role of working: memory capacity in cognitive control. Curr.
Anthropol. 51, S17–S26. doi: 10.1086/650572

Freedman, D., Pisani, R., and Purves, R. (1998). Statistics. 3rd Edn. New York, NY:
W. W. Norton.

Friedman, D., Simpson, G., and Hamberger, M. (1993). Age-related changes in
scalp topography tonovel and target stimuli. Psychophysiology 30, 383–396.
doi: 10.1111/j.1469-8986.1993.tb02060.x

Gathercole, S. E., Alloway, T. P., Willis, C., and Adams, A. (2006). Working
memory in children with reading disabilities. J. Exp. Child Psychol. 93, 265–281.
doi: 10.1016/j.jecp.2005.08.003

Geary, D. C., Hoard, M. K., Byrd-Craven, J., Nugent, L., and Numtee, C.
(2007). Cognitive mechanism underlying achievement deficits in children with
mathematical learning disability. Child Dev. 78, 1343–1359. doi: 10.1111/j.
1467-8624.2007.01069.x

Gevins, A., and Smith, M. E. (2000). Neurophysiological measures of working
memory and individual differences in cognitive ability and cognitive style.
Cereb. Cortex 10, 829–839. doi: 10.1093/cercor/10.9.829

Gevins, A. S., Smith, M. E., Le, J., Leong, H., Bennett, J., Martin, N., et al.
(1996). High resolution evoked potential imaging of the cortical dynamics of
human working memory. Electroencephalogr. Clin. Neurophysiol. 98, 327–348.
doi: 10.1016/0013-4694(96)00288-x

Gray, J. R., Chabris, C. F., and Braver, T. S. (2003). Neural mechanisms of general
fluid intelligence. Nat. Neurosci. 6, 316–322. doi: 10.1038/nn1014

Gray, S. A., Chaban, P., Martinussen, R., Goldberg, R., Gotlieb, H., Kronitz, R.,
et al. (2012). Effects of a computerized working memory training program on
working memory, attention, and academics in adolescents with severe LD and
comorbid ADHD: a randomized controlled trial. J. Child Psychol. Psychiatry 53,
1277–1284. doi: 10.1111/j.1469-7610.2012.02592.x

Gropper, R. J., Gotlieb, H., Kronitz, R., and Tannock, R. (2014). Working memory
training in college students with ADHD or LD. J. Atten. Disord. 18, 331–345.
doi: 10.1177/1087054713516490

Hammill, D. D. (1990). On defining learning disabilities: an emerging consensus.
J. Learn. Disabil. 23, 74–84. doi: 10.1177/002221949002300201

Harrison, T. L., Shipstead, Z., Hicks, K. L., Hambrick, D. Z., Redick, T. S.,
and Engle, R. W. (2013). Working memory training may increase working
memory capacity but not fluid intelligence. Psychol. Sci. 24, 2409–2419.
doi: 10.1177/0956797613492984

Heitz, R. P., Redick, T. S., Hambrick, D. Z., Kane, M. J., Conway, A. R. A.,
and Engle, R. W. (2006). Working memory, executive function, and
general fluid intelligence are not the same. Behav. Brain Sci. 29, 135–136.
doi: 10.1017/s0140525x06319036

Hempel, A., Giesel, F. L., Garcia Caraballo, N. M., Amann, M., Meyer, H., and
Wüstenberg, T. (2004). Plasticity of cortical activation related to working
memory during training. Am. J. Psychiatry 161, 745–747. doi: 10.1176/appi.ajp.
161.4.745

Hendriksen, J. G., Keulers, E. H., Feron, F. J., Wassenberg, R., Jolles, J.,
and Vles, J. S. (2007). Subtypes of learning disabilities: neuropsychological
and behavioural functioning of 495 children referred for multidisciplinary
assessment. Eur. Child Adolesc. Psychiatry 16, 517–524. doi: 10.1007/s00787-
007-0630-3

Holmes, J., Gathercole, S. E., and Dunning, D. L. (2009). Adaptive training leads
to sustained enhancement of poor working memory in children. Dev. Sci. 12,
F9–F15. doi: 10.1111/j.1467-7687.2009.00848.x

Jaeggi, S. M., Buschkuehl, M., Jonides, J., and Perrig, W. J. (2008). Improving fluid
intelligence with training on working memory. Proc. Natl. Acad. Sci. U S A 105,
6829–6833. doi: 10.1073/pnas.0801268105

Jaeggi, S. M., Buschkuehl, M., Jonides, J., and Shah, P. (2011). Shortand long-term
benefits of cognitive training. Proc. Natl. Acad. Sci. U S A 108, 10081–10086.
doi: 10.1073/pnas.1103228108

Jung, R. E., and Haier, R. J. (2007). The parieto-frontal integration theory (P-
FIT) of intelligence: converging neuroimaging evidence. Behav. Brain Sci. 30,
135–154. doi: 10.1017/s0140525x07001185

Kane, M. J., and Engle, R. W. (2002). The role of prefrontal cortex in
working-memory capacity, executive attention and general fluid intelligence:
an individual differences perspective. Psychon. Bull. Rev. 9, 637–671.
doi: 10.3758/bf03196323

Klingberg, T., Fernell, E., Olesen, P. J., Johnson, M., Gustafsson, P., Dahlström, K.,
et al. (2005). 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

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

Koyama, M. S., Di Martino, A., Kelly, C., Jutagir, D. R., Sunshine, J., Schwartz, S. J.,
et al. (2013). Cortical signatures of dyslexia and remediation: an intrinsic
functional connectivity approach. PLoS One 8:e55454. doi: 10.1371/journal.
pone.0055454

Kroesbergen, E. H., van de Rijt, B. A. M., and van Luit, J. E. H. (2007).
Working memory and early mathematics: possibilities for early identification
of mathematics learning disabilities. Adv. Learn. Behav. Disabil. 20, 1–19.
doi: 10.1016/s0735-004x(07)20001-1

Liu, C. L., Yao, R., Wang, Z. W., and Zhou, R. L. (2014). N450 as a
candidate neural marker for interference control deficits in children with
learning disabilities. Int. J. Psychophysiol. 93, 70–77. doi: 10.1016/j.ijpsycho.
2014.05.007

Frontiers in Human Neuroscience | www.frontiersin.org 11 April 2018 | Volume 12 | Article 154

https://doi.org/10.1111/j.1469-7610.2006.01681.x
https://doi.org/10.3389/fpsyg.2014.01589
https://doi.org/10.1037/0022-0663.96.1.31
https://doi.org/10.1037//0033-295x.97.3.404
https://doi.org/10.1016/j.jecp.2005.01.005
https://doi.org/10.3758/pbr.17.2.193
https://doi.org/10.1177/0022219417712015
https://doi.org/10.1080/13825580600987660
https://doi.org/10.1016/j.cub.2010.03.001
https://doi.org/10.1016/j.cub.2010.03.001
https://doi.org/10.1177/0022219412455238
https://doi.org/10.1093/brain/123.5.927
https://doi.org/10.5539/jel.v2n1p118
https://doi.org/10.1126/science.1155466
https://doi.org/10.1007/bf00917859
https://doi.org/10.1007/bf00917859
https://doi.org/10.1111/j.1469-8986.1981.tb01815.x
https://doi.org/10.1017/s0140525x00058027
https://doi.org/10.1086/650572
https://doi.org/10.1111/j.1469-8986.1993.tb02060.x
https://doi.org/10.1016/j.jecp.2005.08.003
https://doi.org/10.1111/j.1467-8624.2007.01069.x
https://doi.org/10.1111/j.1467-8624.2007.01069.x
https://doi.org/10.1093/cercor/10.9.829
https://doi.org/10.1016/0013-4694(96)00288-x
https://doi.org/10.1038/nn1014
https://doi.org/10.1111/j.1469-7610.2012.02592.x
https://doi.org/10.1177/1087054713516490
https://doi.org/10.1177/002221949002300201
https://doi.org/10.1177/0956797613492984
https://doi.org/10.1017/s0140525x06319036
https://doi.org/10.1176/appi.ajp.161.4.745
https://doi.org/10.1176/appi.ajp.161.4.745
https://doi.org/10.1007/s00787-007-0630-3
https://doi.org/10.1007/s00787-007-0630-3
https://doi.org/10.1111/j.1467-7687.2009.00848.x
https://doi.org/10.1073/pnas.0801268105
https://doi.org/10.1073/pnas.1103228108
https://doi.org/10.1017/s0140525x07001185
https://doi.org/10.3758/bf03196323
https://doi.org/10.1097/00004583-200502000-00010
https://doi.org/10.1076/jcen.24.6.781.8395
https://doi.org/10.1371/journal.pone.0055454
https://doi.org/10.1371/journal.pone.0055454
https://doi.org/10.1016/s0735-004x(07)20001-1
https://doi.org/10.1016/j.ijpsycho.2014.05.007
https://doi.org/10.1016/j.ijpsycho.2014.05.007
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Zhang et al. WM Training Improves Mathematics Performance

Loomes, C., Rasmussen, C., Pei, J., Manji, S., and Andrew, G. (2008). The effect
of rehearsal training on working memory span of children with fetal alcohol
spectrum disorder. Res. Dev. Disabil. 29, 113–124. doi: 10.1016/j.ridd.2007.
01.001

Loosli, S. V., Buschkuehl, M., Perrig, W. J., and Jaeggi, S. M. (2011). Working
memory training improves reading processes in typically developing children.
Child Neuropsychol. 18, 62–78. doi: 10.1080/09297049.2011.575772

Maehler, C., and Schuchardt, K. (2009). Working memory functioning in children
with learning disabilities: does intelligence make a difference? J. Intellect.
Disabil. Res. 53, 3–10. doi: 10.1111/j.1365-2788.2008.01105.x

McEvoy, L. K., Pellouchoud, E., Smith, M. E., and Gevins, A. (2001).
Neurophysiological signals of working memory in normal aging. Cogn. Brain
Res. 11, 363–376. doi: 10.1016/s0926-6410(01)00009-x

McKenzie, B., Bull, R., and Gray, C. (2003). The effects of phonological and
visuospatial interference on children’s arithmetical performance. Educ. Child
Psychol. 20, 93–108. doi: 10.1037/0022-0663.98.1.29

Melby-Lervåg, M., and Hulme, C. (2013). Is working memory training
effective? A meta-analytic review. Dev. Psychol. 49, 270–291. doi: 10.1037/
a0028228

Morris, N., and Jones, D. M. (1990). Memory updating in working memory: the
role of the central executive. Br. J. Psychol. 81, 111–121. doi: 10.1111/j.2044-
8295.1990.tb02349.x

Morrison, A. M., and Chein, J. M. (2011). Does working memory training work?
The promise and challenges of enhancing cognition by training working
memory. Psychon. Bull. Rev. 18, 46–60. doi: 10.3758/s13423-010-0034-0

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

Passolunghi, M. C., Vercelloni, B., and Schadee, H. (2007). The precursors of
mathematical learning: working memory, phonological ability and numerical
competence. Cogn. Dev. 22, 165–184. doi: 10.1016/j.cogdev.2006.09.001

Peng, P., and Fuchs, D. (2014). A meta-analysis of working memory
deficits in children with learning difficulties: is there a difference between
verbal domain and numerical domain? J. Learn. Disabil. 49, 3–20.
doi: 10.1177/0022219414521667

Pimperton, H., and Nation, K. (2010). Suppressing irrelevant information
from working memory: evidence for domain-specific deficits in poor
comprehenders. J. Mem. Lang. 62, 380–391. doi: 10.1016/j.jml.2010.02.005

Redick, T. S., Shipstead, Z., Harrison, T. L., Hicks, K. L., Fried, D. E.,
Hambrick, D. Z., et al. (2013). No evidence of intelligence improvement after
working memory training: a randomized, placebo-controlled study. J. Exp.
Psychol. Gen. 142, 359–379. doi: 10.1037/a0029082

Rotzer, S., Loenneker, T., Kucian, K., Martin, E., Klaver, P., and von Aster, M.
(2009). Dysfunctional neural network of spatial working memory contributes
to developmental dyscalculia. Neuropsychologia 47, 2859–2865. doi: 10.1016/j.
neuropsychologia.2009.06.009

Rousselet, G. A., Pernet, C. R., Bennett, P. J., and Sekuler, A. B. (2008). Parametric
study of EEG sensitivity to phase noise during face processing. BMC Neurosci.
9:98. doi: 10.1186/1471-2202-9-98

Rutledge, K. J., van den Bos, W., McClure, S. M., and Schweitzer, J. B.
(2012). Training cognition in ADHD: current findings, borrowed concepts,
and future directions. Neurotherapeutics 9, 542–558. doi: 10.1007/s13311-012
-0134-9

Sandberg, P., Rönnlund, M., Nyberg, L., and Stigsdotter Neely, A. (2014).
Executive process training in young and old adults. Aging Neuropsychol. Cogn.
21, 577–605. doi: 10.1080/13825585.2013.839777

Shipstead, Z., Redick, T. S., and Engle, R. W. (2010). Does working
memory training generalize? Psychol. Belg. 50, 245–276. doi: 10.5334/pb-50-
3-4-245

Shipstead, Z., Redick, T. S., and Engle, R. W. (2012). Is working memory training
effective? Psychol. Bull. 138, 628–654. doi: 10.1037/a0027473

Sprenger, A. M., Atkins, S. M., Bolger, D. J., Harbison, J. I., Novick, J. M.,
Chrabaszcz, J. S., et al. (2013). Training working memory: limits of transfer.
Intelligence 41, 638–663. doi: 10.1016/j.intell.2013.07.013

Sternberg, R. J. (2008). Increasing fluid intelligence is possible after all. Proc. Natl.
Acad. Sci. U S A 105, 6791–6792. doi: 10.1073/pnas.0803396105

Suwazono, Y., Kobayashi, E., Okubo, Y., Nogawa, K., Kido, T., and Nakagawa, H.
(2000). Renal effects of cadmium exposure in cadmium nonpolluted areas in
Japan. Environ. Res. 84, 44–55. doi: 10.1006/enrs.2000.4086

Swanson, H. L., and Beebe-Frankenberger, M. (2004). The relationship between
working memory andmathematical problem solving in children at risk and not
at risk for math disabilities. J. Educ. Psychol. 96, 471–491. doi: 10.1037/0022-
0663.96.3.471

Swanson, L., and Kim, K. (2007). Working memory, short-term memory,
and naming speed as predictors of children’s mathematical performance.
Intelligence 35, 151–168. doi: 10.1016/j.intell.2006.07.001

Taylor, M. J., and Keenan, N. K. (1990). Event-related potentials to visual
and language stimuli in normal and dyslexic children. Psychophysiology 27,
318–327. doi: 10.1111/j.1469-8986.1990.tb00389.x

Thorell, L. B., Lindqvist, S., Bergman Nutley, S., Bohlin, G., and Klingberg, T.
(2009). Training and transfer effects of executive functions in preschool
children. Dev. Sci. 12, 106–113. doi: 10.1111/j.1467-7687.2008.00745.x

Westerberg, H., and Klingberg, T. (2007). Changes in cortical activity after training
of working memory—a single-subject analysis. Physiol. Behav. 92, 86–192.
doi: 10.1016/j.physbeh.2007.05.041

Wang, X. F., Liu, X. N., Luo, X. Y., and Zhou, R. L. (2011). A developmental
research on the inhibiting ability of children with mathematics learning
disabilities. Chin. J. Spec. Educ. 10, 55–59. doi: 10.3969/j.issn.1007-
3728.2011.02.010

Wang, E. G., Liu, C., and Zhao, G. X. (2008). Processing speed of working
memory in children with mathematical disabilities. Psychol. Sci. 4, 856–860.
doi: 10.3969/j.issn.1671-6981.2008.04.020

Wang, L. C., Tasi, H. J., and Yang, H. M. (2012). Cognitive inhibition in students
with and without dyslexia and dyscalculia. Res. Dev. Disabil. 33, 1453–1461.
doi: 10.1016/j.ridd.2012.03.019

Witt, M. (2011). School based working memory training: preliminary finding of
improvement in children’s mathematical performance. Adv. Cogn. Psychol. 7,
7–15. doi: 10.2478/v10053-008-0083-3

Zhao, X., Wang, Y., Liu, D., and Zhou, R. (2011). Effect of updating
training on fluid intelligence in children. Chin. Sci. Bull. 56, 2202–2205.
doi: 10.1007/s11434-011-4553-5

Zhao, X., and Zhou, R. L. (2010). Training onworkingmemory: a valuable research
field. Adv. Psychol. Sci. 18, 711–717.

Zhao, X., Zhou, R., and Fu, L. (2013). Working memory updating function
training influenced brain activity. PLoS One 8:e71063. doi: 10.1371/journal.
pone.0071063

Zhong, C. J. (2011). The Effect of Training Working Memory and Attention on
PuPils’ Fluid Intelligence. Master’s Thesis. China: Southwest University.

Zhou, B. (1991). Academic Adaptability Test. Shanghai: East China Normal
University.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Zhang, Chang, Chen, Ma and Zhou. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Human Neuroscience | www.frontiersin.org 12 April 2018 | Volume 12 | Article 154

https://doi.org/10.1016/j.ridd.2007.01.001
https://doi.org/10.1016/j.ridd.2007.01.001
https://doi.org/10.1080/09297049.2011.575772
https://doi.org/10.1111/j.1365-2788.2008.01105.x
https://doi.org/10.1016/s0926-6410(01)00009-x
https://doi.org/10.1037/0022-0663.98.1.29
https://doi.org/10.1037/a0028228
https://doi.org/10.1037/a0028228
https://doi.org/10.1111/j.2044-8295.1990.tb02349.x
https://doi.org/10.1111/j.2044-8295.1990.tb02349.x
https://doi.org/10.3758/s13423-010-0034-0
https://doi.org/10.1002/hbm.20131
https://doi.org/10.1016/j.cogdev.2006.09.001
https://doi.org/10.1177/0022219414521667
https://doi.org/10.1016/j.jml.2010.02.005
https://doi.org/10.1037/a0029082
https://doi.org/10.1016/j.neuropsychologia.2009.06.009
https://doi.org/10.1016/j.neuropsychologia.2009.06.009
https://doi.org/10.1186/1471-2202-9-98
https://doi.org/10.1007/s13311-012-0134-9
https://doi.org/10.1007/s13311-012-0134-9
https://doi.org/10.1080/13825585.2013.839777
https://doi.org/10.5334/pb-50-3-4-245
https://doi.org/10.5334/pb-50-3-4-245
https://doi.org/10.1037/a0027473
https://doi.org/10.1016/j.intell.2013.07.013
https://doi.org/10.1073/pnas.0803396105
https://doi.org/10.1006/enrs.2000.4086
https://doi.org/10.1037/0022-0663.96.3.471
https://doi.org/10.1037/0022-0663.96.3.471
https://doi.org/10.1016/j.intell.2006.07.001
https://doi.org/10.1111/j.1469-8986.1990.tb00389.x
https://doi.org/10.1111/j.1467-7687.2008.00745.x
https://doi.org/10.1016/j.physbeh.2007.05.041
https://doi.org/10.3969/j.issn.1007-3728.2011.02.010
https://doi.org/10.3969/j.issn.1007-3728.2011.02.010
https://doi.org/10.3969/j.issn.1671-6981.2008.04.020
https://doi.org/10.1016/j.ridd.2012.03.019
https://doi.org/10.2478/v10053-008-0083-3
https://doi.org/10.1007/s11434-011-4553-5
https://doi.org/10.1371/journal.pone.0071063
https://doi.org/10.1371/journal.pone.0071063
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Working Memory Updating Training Improves Mathematics Performance in Middle School Students With Learning Difficulties
	INTRODUCTION
	MATERIALS AND METHODS
	Ethics Statement
	Participants
	Training Task
	Transfer Tasks
	2-Back Task
	Raven's Advanced Progressive Matrices Test
	Academic Tests

	Procedure
	ERP Data Collection

	RESULTS
	Behavioral Results
	ERP Results

	DISCUSSION
	Effects of WM Updating Training on WM
	Effects of WM Updating Training on Academic Performance
	Effects of WM Updating Training on Fluid Intelligence
	Effects of WM Updating Training on Brain Activity

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


