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Mnemonic-trained brain tuning to a regular odd-even pattern
subserves digit memory in children
Yafeng Pan 1,2,3, Ning Hao1, Ning Liu1,4, Yijie Zhao1,5, Xiaojun Cheng6, Yixuan Ku 7,8✉ and Yi Hu 1✉

It is said that our species use mnemonics – that “magic of memorization” – to engrave an enormous amount of information in the
brain. Yet, it is unclear how mnemonics affect memory and what the neural underpinnings are. In this electroencephalography
study, we examined the hypotheses whether mnemonic training improved processing-efficiency and/or altered encoding-pattern
to support memory enhancement. By 22-day training of a digit-image mnemonic (a custom memory technique used by world-class
mnemonists), a group of children showed increased short-term memory after training, but with limited gain generalization. This
training resulted in regular odd-even neural patterns (i.e., enhanced P200 and theta power during the encoding of digits at even-
versus odd- positions in a sequence). Critically, the P200 and theta power effects predicted the training-induced memory
improvement. These findings provide evidence of how mnemonics alter encoding pattern, as reflected in functional brain
organization, to support memory enhancement.
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INTRODUCTION
The use of mnemonic techniques or strategies that aid informa-
tion storage is one of the extraordinary skills demonstrated by
humans. Spontaneous use of mnemonics is ubiquitous; examples
include basic rehearsal (e.g., “apple/apple/…”) and homophonic
association (e.g., see/sea). Besides, human memory also benefits
from the training of the Method of Loci1 and the digit-image
method2, the quintessential mnemonics employed by world-class
mnemonists. Such training-induced boost occurs at various levels
ranging from memory performance3 to functional brain organiza-
tion4, and involves multiple populations from developing chil-
dren5 to the elderly6.
There are two hypotheses accounting for the effectiveness of

mnemonic training. One is the so-called processing-efficiency
hypothesis, which holds the view that the cognitive processing
of to-be-memorized materials consumes less cognitive resource
after training. This is based on the fact that mnemonists go
through extensive training and accumulate abundant memory
experiences; as a result, individuals’ encoding becomes less
effortful and their neural activity generally decreases7. Specifically,
the lower levels of neural dynamics (e.g., ERP amplitude,
oscillatory power) were associated with more efficient and better
performance8; that is, cognitive performance showed negative
associations with the neural activity. The experience-induced
efficiency at the neural level has been found in domain-specific
expertise, such as recognition of cars9 and recall of complex
narratives10.
As an alternative, the encoding-pattern hypothesis proposes the

alteration of the encoding pattern after mnemonic training. This is
inferred from the previous studies on world-class mnemonists
who were proficient in the digit-image method2,11–13. For
example, they segmented the numeric sequence “241472” into
digit combinations of “24”, “14”, and “72”, and further visualized

into images as “lion”, “key”, and “penguin”. The digits were
presented sequentially and the participants controlled the rate of
presentation of the digits. The digits were shown until the
participants coded them as images. There was no time limit for
the encoding of a given digit. Results revealed that, more
encoding time was spent on even-position digits than odd-
position digits11,12. This was due to that participants were only
able to map the 2-digit number to an image at the position of
even-digits, according to our early investigations11,12. Because the
digits were presented sequentially, participants had more time to
process and create a mental image for the even-digit than the
odd-digit, resulting in a stronger association between the even-
digit and the final image. Previous studies have extensively
investigated brain activity during tasks that involve differences in
encoding or reaction times14–16; therefore, we speculated that
there would be distinct neural responses to odd- and even-
position digits. This difference may be attributed to the strategy
employed by mnemonists, which involves generating or associat-
ing a mental image immediately upon the presentation of each
even-position digit. This conjecture has been supported by
preliminary findings of differential electroencephalographic (EEG)
responses, such as a higher right central P200 for encoding digits
on even- versus odd- positions13.
In the context of mnemonic training, the processing-efficiency

and encoding-pattern hypotheses can be mapped onto (1)
training aimed at improving memorization of a certain perceptual
category and (2) training focused on enhancing associative
memory, respectively. Within the broader context of learning,
mnemonic training can lead to expertise improvement (e.g., digit
memory) in a general sense, or it can shape the process of
memorization in a specific learning task8,9,13. If the training
generally enhances memorization (domain-general), it may result
in less intense neural activity required for encoding digits7,8. In
contrast, if it specifically alters the digit encoding pattern
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(domain-specific), this behavioral or cognitive change is expected
to be reflected at the neural level as well13–15.
In light of the two hypotheses above, we propose four

theoretical models to depict neural activity concerning encoding
patterns (position odd vs. even) from pre-training to post-training
(Fig. 1). Four models further derive EEG predictions as follows.
Model A, based on the processing-efficiency hypothesis, proposes
that mnemonic training generally decreased neural activity at
post-training compared with pre-training. Model B, based on the
encoding-pattern hypothesis, expects the differential neural
activity during processing digits at position odd versus even; this
occurs at post-training but not pre-training. Model C, integrating
the previous two models, anticipates the differential neural
activity both for training sessions and digit positions; specifically,
it expects differential neural encoding activity at digit position odd
versus even in the post-training session, and a lower level of
neural activity at post-training than that at pre-training. Finally,
model D expects no difference for digit positions and training
sessions.

To test those models, we recruited a group of developing
children who were trained to use the digit-image mnemonic
within 22 days. Developing children with low memory capacity
typically make poor educational progress, and it has been
speculated that difficulties in efficiently encoding information
may be a contributory factor17. Intense mnemonic training has
been demonstrated to boost performance in children5,18,19. For
instance, Turley-Ames and Whitfield19 demonstrated that the
rehearsal strategy training improved working memory, and
memory gains extended to higher cognitive functions such as
reading ability. At the neural level, despite previous studies have
investigated the neural changes following mnemonic training in
children using neuroimaging techniques20–22, it remains less clear
that how mnemonic training reshapes neural dynamics during
encoding in children.
There is currently no consensus on the temporal dynamics that

underlie the encoding processes of individuals who use the digit-
image mnemonic. However, because the digit-image mnemonic
shares several characteristics with the visual imagery mnemonic
discussed in prior studies23, it is believed that EEG brain signals

Fig. 1 Theoretical models. Predictions for neural activity at post-training compared with pre-training. Model A expects generally decreased
neural activity at post-training (vs. pretraining); Model B predicts differential neural activity between digit position odd and even; Model C,
integrating Model A and Model B, anticipates differential neural activity during processing digits at position odd versus even and generally
decreased neural activity after training; Model D predicts no difference in terms of training sessions and digit positions. The asterisk denotes a
hypothetical difference between conditions.

Y. Pan et al.

2

npj Science of Learning (2023)    27 Published in partnership with The University of Queensland

1
2
3
4
5
6
7
8
9
0
()
:,;



such as P200 could be implicated. The P200 component, which is
associated with attention during mental imagery tasks, was found
to be enhanced during an auditory imagery task24, possibly
reflecting the early top-down allocation of attention. Additionally,
superior mnemonists who used the digit-image mnemonic to
encode digit sequences showed P200 activity13. The theta rhythm
has also been implicated in various functions related to human
memory25,26 and mental imagery27,28, both of which are essential
processes for using the digit-image mnemonic. For example, a
study using simultaneous EEG-fMRI observed that theta power

during encoding predicted subsequent memory performance and
default mode network deactivation26. Frontal theta activity was
also observed to increase during motor and visual imagery of
scenes, which may reflect increased cognitive effort27,28.
In the current study, we tested the hypotheses (and the derived

models) that mnemonic training improves processing-efficiency
and/or alters encoding-pattern to support memory enhancement
in developing children. A short-term digit memory task was used
to record EEG data and to estimate the performance increment.
We predicted that a 22-day mnemonic training was sufficient to
trigger striking enhancement in memory. Moreover, we expected
that our training would induce changes in P200, which was
involved in the use of mnemonic and digit processing13. In
addition, we anticipated that mnemonic training would alter theta
power; this anticipation was based on previous research showing
theta power during encoding was a robust index predicting
subsequent memory performance26. Finally, a battery of cognitive
tests was applied to explore whether the mnemonic training led
to generalized enhancements in other cognitive abilities.

RESULTS
To investigate how mnemonic training affects neural dynamics
during encoding in children, we recruited a group of developing
children. Participants were divided into two groups: a mnemonic
training (MT) group and a no-contact control (NC) group based on
their interests. Both groups underwent four sessions (Fig. 2a): (1)
pre-training tests (initial visit), where participants’ brain responses
to digit sequences and their cognitive abilities were measured
using an EEG task (Fig. 2b) and a cognitive test battery,
respectively (see Methods for detailed descriptions of the tasks);
(2) a training period lasting 22 days, during which the MT group
was taught how to use the digit-image method on different
materials while the NC group received no training; (3) post-
training tests (immediately after training) to evaluate the effects of
the training using the same tasks administered during the initial
visit; (4) follow-up tests (conducted 4 months after training) to
estimate the training effects on some measures (i.e., digit matrix
and number-noun pairs) in the cognitive test battery again.

Fig. 2 Visualization of experimental sessions and task. a There were four sessions, entailing pre-training, training, post-training, and follow-
up tests. During the training session, children were trained with the digit-image mnemonic, which was further practiced in competition events
(see Methods for details). b The time flow of the EEG task. There were 20 blocks in total. Each block entails encoding, retention, and retrieval
phases.

Fig. 3 Behavioral results of the EEG task. In the MT group, memory
performance (d') was higher for the post-training phase than for the
pre-training phase. In the NC group, there was no session difference.
NC-pre/NC-post = non-contact group at pre-/post-training, MT-pre/
MT-post = mnemonic training group at pre-/post-training.
***p < 0.001, two-sided, paired-sample t-test. Error bars indicate
standard error.
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Behavioral results
EEG task. A two-way ANOVA with a between-subject factor of
Group (MT vs. NC) and a within-subject factor of Session (pre- vs.
post-training) was conducted on the performance of the EEG task.
It revealed the significance only for the Group × Session
interaction, F (1, 31)= 15.46, p < 0.001, η2partial= 0.30. Upon
further analysis, it was found that post-training discriminability
(M ± SE, 2.10 ± 0.19) was significantly higher than pre-training
discriminability in the MT group (1.37 ± 0.12), p < 0.001. However,
there was no significant difference between the pre-training
phase (1.12 ± 0.15) and the post-training phase (1.16 ± 0.10) in the
NC group, p > 0.05 (Fig. 3).

Cognitive battery tests. Next, we assessed whether mnemonic
training led to the generalized gain of cognitive abilities (this
entailed both near-transfer, e.g., working memory, and far-transfer,
e.g., divided attention). We conducted a series of ANOVAs on each
measure of our cognitive test battery, with Group as a between-
subject factor and Session as a within-subject factor. After
applying false-discovery-rate (FDR) corrections to all resulting
p values, we observed a significant interaction effect on the
number-noun pairs measure, suggesting that the MT group
performed better on this test compared to the NC group after
undergoing training and the improvement persisted over time as
seen in the follow-up (Table 1). No other significant interaction

effects were observed. These findings indicate a limited enhance-
ment in the assessed cognitive abilities for the MT group
compared with the NC group after training. Supplementary Table
1 contains a comprehensive set of ANOVA results.

Electrophysiological results
To examine how mnemonic training (MT) alters neural dynamics
during encoding in children, we used a planned contrast-based
ANOVA approach. Such a pre-planned approach was extrapolated
from our theoretical models on the bases of the encoding-pattern
hypothesis and processing-efficiency hypothesis (see Introduc-
tion). We performed a series of analyses on ERP and oscillatory
power, with Position, Session, and Area as within-subject variables,
separately for the MT and NC treatments. We expected the main
effect of Session and/or interaction effect of Session and Position
in the MT group.

ERP results. In the MT group, the main effect of Session failed to
reach significance, F (1, 15)= 2.29, p= 0.15, η2partial= 0.11.
However, we detected a main effect of Position, F (1, 15)= 8.74,
p < 0.01, η2partial= 0.33, and its interaction with Area,
F (8, 120)= 3.79, p < 0.05, η2partial= 0.17. More importantly, we
found the interaction effect of Position × Session, F (1, 15)= 3.79,
p < 0.05, η2partial= 0.17: the post-training session showed greater
P200 amplitude in response to even-position digits
(3.08 ± 0.96 μV) compared to odd-position digits (1.34 ± 0.80 μV),
p < 0.05 (Fig. 4). No other main effect or interaction was significant.
As a control, in the NC group, there was no such P200 effect, as
indicated by the lack of significance for the effects involving
Session or Position, all ps > 0.41.

Oscillatory power results. In the MT group, the main effect of
Session was not significant, F (1, 15)= 2.16, p= 0.14, η2partial=
0.15. However, the main effect of Position, F (1, 15)= 5.40,
p < 0.05, η2partial= 0.31, and the interaction effect of Area ×
Position, F (2, 30)= 3.82, p < 0.05, η2partial= 0.24, reached sig-
nificance. Importantly, there was a significant three-way interac-
tion, F (2, 30)= 6.92, p < 0.05, η2partial= 0.37. Breaking down the
ANOVA based on the factor Session revealed an interaction
between Position and Area for the post-training session, F (2,
30)= 14.43, p < 0.01, η2partial= 0.55. Further analysis showed that
the post-training session demonstrated a significant increase in
theta power from the odd- (10 ± 5 %, percent signal change) to
even-position (24 ± 6 %) condition in the left anterior area, p < 0.05
(Fig. 5), but the pre-training session did not. No other main effect
or interaction was significant. In the NC group, the three-way
ANOVA found no significant results, all ps > 0.09.

Neural-behavioral relationships
To investigate the relationship between mnemonic training and
enhanced memory, we calculated the Pearson correlations
between neural activity and memory increment in the EEG task.
Memory increment was indexed by the difference between d’ at
post-training and that at pre-training (d’post - d’pre). The P200 (and
theta power) effects were calculated by subtracting amplitudes
(and power values) at odd-positions from those at even-positions
(post-training evaluation). We found a significant correlation
between the P200 effect (averaged over all significant electrodes)
and memory increment in the MT group only (r= 0.66, p= 0.009,
NC group: r= 0.13, p= 0.63; Fig. 6a). A Fisher’s z test29 showed
that the correlation in MT was significantly larger than that in NC,
z= 1.72, p= 0.04. Moreover, the left anterior frontal (F3 electrode)
power effect significantly correlated with the memory increment
in the MT group (r= 0.52, p= 0.04) but not in the NC group
(r= 0.06, p= 0.82; Fig. 6b), z= 1.34, p= 0.09.

Table 1. The performance on cognitive test battery (M ± SE).

Test battery Pre-training
session

Post-training
session

Follow-up
session

MT NC MT NC MT NC

Perceptual speed (ms)

Choice
reaction-digit

664.28
(34.81)

630.62
(28.36)

631.62
(22.92)

634.58
(31.00)

Choice
reaction-figure

967.65
(75.80)

1011.06
(81.82)

686.28
(62.42)

694.74
(46.18)

Inhibitory control (ms)

Stroop color 305.42
(71.02)

315.66
(53.89)

185.14
(29.43)

172.63
(35.09)

Working memory (accuracy)

Digital 2-back 0.86
(0.03)

0.80
(0.03)

0.90
(0.02)

0.85
(0.03)

Spatial 2-back 0.85
(0.03)

0.81
(0.03)

0.89
(0.02)

0.85
(0.03)

Short-term memory (accuracy)

Digit matrix 0.71
(0.04)

0.55
(0.04)

0.90
(0.03)

0.64
(0.04)

0.80
(0.05)

0.66
(0.06)

Episodic memory (accuracy)

Word lists 0.32
(0.09)

0.36
(0.05)

0.57
(0.14)

0.33
(0.03)

Number-noun
pairs

0.21
(0.03)

0.22
(0.01)

0.47
(0.06)

0.12
(0.02)

0.55
(0.08)

0.19
(0.04)

Reasoning ability (accuracy)

Reasoning 0.78
(0.07)

0.80
(0.03)

0.80
(0.05)

0.85
(0.02)

Spatial imagination (accuracy)

Rotations 0.87
(0.08)

0.84
(0.08)

0.86
(0.10)

0.85
(0.09)

Divided attention (accuracy)

Multiobject
tracking

0.80
(0.06)

0.79
(0.06)

0.92
(0.02)

0.90
(0.01)

MT the mnemonic training group, NC the no-contact control group.
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Validation analyses
To further test whether there exist generally decreased/efficient
neural activity after mnemonic training, two validation analyses
were conducted in the MT group: (1) ERP validation. We went
through significant ERP differences between pre- and post-
training sessions across the entire time window (0–2000ms, 0
ms indicates the stimuli onset) using a cluster-based method.
Clusters were defined by window-by-window t-tests with a
criterion of p < 0.05 (FDR corrected) for at least 10 consecutive
time points and 4 adjacent electrodes; (2) oscillatory power
validation. Cluster-based analysis was conducted to identify
significant power differences between pre- and post-training
sessions across the entire time window. This validation procedure
was performed at three typical frequency bands: theta (4–8 Hz),
alpha (9–12 Hz), and beta (13–30 Hz) bands. With ERP validation,
no significant results survived after the cluster-based correction.
However, with oscillatory power validation, we found a significant
power difference between pre- and post-training sessions in the

window of 1000–1400ms at the alpha band (9–12 Hz). Further
analysis detected that the post-training session elicited a more
increased alpha power (18 ± 2 %) than the pre-training session
(6 ± 3 %), pcorr < 0.05. No significant difference was found at other
bands or in other time windows. In addition, the increased alpha
power failed to significantly correlate with memory increment,
r= 0.23, p= 0.57.

DISCUSSION
This study explored neural mechanisms underlying the mnemonic
training effect on digit memory in developing children. Particu-
larly, we tested whether this effect could be attributed to
processing-efficiency and/or encoding-pattern. Our results pro-
vide valuable evidence supporting the latter account (in
accordance with Model B, see Fig. 1). Specifically, after mnemonic
training, the children demonstrated elevated P200 and increased
theta power during encoding of even- vs. odd-position digits.

Fig. 4 ERP results. a ERP waveforms (P200) averaged across all electrodes in the mnemonic training group (MT, n= 16) and the no-contact
control group (NC, n= 17) are depicted separately at pre- and post-training. b Topographies of the P200 effect (even- vs. odd- positions) in
two groups, depicted separately at pre- and post-training. c After training, the MT group demonstrates a significant increase in P200
amplitude from the odd- to the even-position condition. d Upper: example P200 odd-even pattern (0–400ms windows) at FCz from a
randomly selected 12-digit sequence in the MT-post. Lower: mean P200 amplitudes as a function of digit number. NC-pre/NC-post =
noncontact group at pre-/post-training, MT-pre/MT-post =mnemonic training group at pre-/post-training. *p < 0.05, two-sided, paired-sample
t-test. Error bars represent standard errors.
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Furthermore, such periodic neural patterns predicted a training-
induced boost in digit memory.
Coupled with previous work, P200 was relevant to early

attentional processing30, which was important for the formation
of memory31. In the current study, the P200 effect was likely to be
associated with the early attentional process of the use of
mnemonic. Specifically, the MT group might recruit more top-
down allocation of attentional resources to convert digits at the
even-positions into pre-stored images, leading to larger P20013. In
contrast, the NC group only had to attend to equally each digit
itself, leading to no attentional bias. Apart from increased
attention, several other cognitive processes may have contributed
to the odd-/even-digit difference. One such process could be
chunking32, which may have led to a stronger association
between even-digits and the final image, as even-digits tend to
form more meaningful units or chunks compared to odd digits.
The mapping of digits to images may have also played a role13, as
even digits may have been more easily mapped to concrete

images due to their symmetry and balance. Furthermore,
language-based retrieval might have influenced the encoding of
even-digits33, as they could be verbalized and retrieved from
memory. Mnemonic training also triggered changes in theta
oscillatory power. Theta power during encoding has been shown
to predict later memory26,34. Specifically, increases in theta band
activity were associated with efficient encoding of the recognized
vs. new items35 and the remembered vs. forgotten items26. The
revealed frontal theta in the present study might also embody
computational mechanisms for manipulating and monitoring
items in working memory36. Moreover, we noted that theta
activity was left-lateralized. Considering that verbal encoding
appears to be strongly left-lateralized in the human brain37, this
may indicate that MT participants relied on some verbal/semantic
memory (e.g., story strategy) during encoding.
There are two other noteworthy points to consider. First,

mnemonic training altered encoding pattern, as reflected in
functional brain organization, at a very early stage (starting as

Fig. 5 Oscillatory power results. a Frontal theta power (4–8 Hz) averaged across all frontal electrodes in the MT group (n= 16) at the post-
training session. Red indicates more power for the even- versus odd-position condition. b Topographies of theta power (even- vs. odd-
position, 200–1000ms) in two groups. c At post-training, the MT group demonstrated a significant increase in theta power from the odd- to
the even-position condition in the left anterior area. d Upper: example odd-even pattern of theta oscillations (0–1000ms windows) at F3 from
a randomly selected 12-digit sequence in the MT-post. Lower: mean theta power as a function of digit number. NC-pre/NC-post = noncontact
group at pre-/post-training, MT-pre/MT-post = mnemonic training group at pre-/post-training. *p < 0.05, two-sided, paired-sample t-test. Error
bars represent standard errors.
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early as 170 ms post stimuli, as reflected in P200). This finding
echoed with previous studies that expertise-related processing of
information can be initiated at a very early stage38. Second, it
appears that a sustained period of processing, lasting approxi-
mately 800ms as indicated by theta power, is required for the
alteration of the encoding pattern. Such sustainability was
reported to be associated with information preservation13 and
items maintenance39. To sum up, mnemonic training in children
may re-structure both early and sustained neural pattern, leading
to better memory enhancement.
Our study provides evidence supporting the encoding-pattern

hypothesis. We demonstrated the alteration of encoding pattern
(as reflected in regular odd-even neural patterns), and the
correlation between this organized pattern and memory incre-
ment. The functional alteration process after mnemonic training,
reflected by the brain activation in left prefrontal40, inferior frontal
cortex41, and functional connectivity within the visual, medial
temporal lobe and default mode networks4, is important for the
superior memory. Furthermore, supporting the organizational bias
for training, research has shown the chunking and hierarchical
neural activity in superior mnemonists2,13. Our findings were in
accordance with previous studies showing the organizational
processing of memory encoding after mnemonic training; for
example, the posterior P200 differentiated primacy items from
plateau portions42, and the frontal positive slow wave (PSW)

distinguished successive semantically related words from non-
related items43. A possible explanation of these variations is that
organization of neural pattern in a list depends on how the
mnemonic was used44. In Rushby et al.42, an elaborative
mnemonic was used by semantically grouping three or five items;
in Nogueira et al.43, a chunking mnemonic was used through
clustering the three words in the middle serial positions; in the
present study, a digit-image mnemonic was used by converting
digit pairs into images on every even-position. Future studies
should specifically examine the role of neural activity in
supporting different types of the mnemonic.
One might argue that the odd-even patterns of EEG responses

could simply reflect the constraints of the task: MT participants
were taught to view the items in pairs and, in that sense, the
procedure itself imposes the pattern on the trainee. Importantly,
this issue does not apply to our study due to the following two
reasons. First, MT participants were not explicitly asked to encode
the digits in an odd-even manner. Both groups were instructed to
memorize the materials as best as they could, without other
constraints. Second, we observed that the regular odd-even brain
activity (P200 and theta power effects) was positively co-varied
with the memory increment, strongly indicating the functional
contribution of the EEG responses. Taken as such, these results
exclude the possibility that mnemonic-trained brain tuning to a

Fig. 6 Neural-behavioral correlation. Scatter plots of EEG task memory increment (d’) and P200 effect (a) and theta power effect (b) in the MT
and NC groups. Pearson correlation analyses were performed to estimate neural-behavioral relationships. MT, mnemonic training; NC, no-
contact control.
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regular odd-even pattern emerged as a consequence of the
alignment between neural processes and task constraints.
Although we did not provide clear support for the processing-

efficiency hypothesis, our current analyses were insufficient to
exclude completely the possibility that processing-efficiency
might have engaged in the encoding after mnemonic training.
It is possible that the processing-efficiency are characterized by
the efficient neural network in the brain, which may not be
detected in the ERP and oscillatory power analyses. Future studies
using the network analyses (e.g., brain phase synchrony45 or small-
world networks46) may provide more evidence to address this
issue. It is also possible that there are generally decreased/efficient
brain activity after mnemonic training, however, it fails to survive
thresholding in our study. Future independent replications, as well
as further work using other mnemonics or paradigms, are needed.
A line of studies has demonstrated that mnemonic training can

increase memory performance in both healthy people47 and
patients48. For example, individuals using keyword mnemonics
recalled more concrete words both immediately after learning and
after a one-day time interval47. Mnemonic training effectively
increased memory for object location associations in patients with
mild cognitive impairment48. Nevertheless, benefits of mnemonic
training were largely specific to tasks for which participants had
been trained, with a very limited range of generalization49.
Moreover, expertise is mostly domain-specific50. Consistent with
these findings, our study demonstrated that the MT group
compared with the NC group showed limited enhancement of
cognitive abilities after training (see Table 1). It might be the case
that the trainees failed in spontaneously using their newly learned
mnemonic method in untrained tasks51.
This study has several limitations. First, the power of our

statistical tests may have been limited by sample size, though we
believe that our primary findings provide important insights into
the cognitive processes underlying the digit-image mnemonic. We
did not use any statistical methods to predetermine the sample
size for our experiment; instead, we based it on preliminary
assessments of superior mnemonists13. We recommend that
future replications of this study aim to strengthen the current
results by enlisting a larger number of participants. Second,
participants were assigned to groups based on their interests,
which may have resulted in differences in their skill profiles from
the outset, such as their ability to learn digits. Despite attempting
to match participants' ages, other background factors (e.g., their
willingness or availability for the training camp) may have acted as
confounding variables. While this would less likely affect our pre-
post results, it could limit the generalizability of the findings to a
broader population. Third, we observed a notable interaction
effect between Position and Session in the MT (but not NC) group;
although the lack of a Group effect is not conclusive evidence, we
would like to highlight this observation. Indeed, we used a
planned-contrast approach on EEG statistical analyses, performing
ANOVAs with Position, Session, and Area as within-subject
variables, separately for the MT and NC treatments. To clarify,
the primary aim of this study was to test our theoretical models on
the bases of encoding-pattern hypothesis and processing-
efficiency hypothesis at the neural level in individuals who use
the digit-image mnemonic rather than contrasting group differ-
ences (see Introduction). It is recommended that future replica-
tions improve statistical power to enable the examination of
three- or four-way interactions and solidify the current findings.
Our study provides insights into the cognitive mechanisms

underlying the processing of digit-image mnemonics, which are
commonly used in education, training, and memory improvement
(at least in some schools and institutes). Specifically, our results
suggest that the encoding of even-odd digit pairs is effective in
creating vivid and distinctive mental images, which can enhance
memory performance. These findings have implications for
educational and training programs that use digit-image

mnemonics as a memory aid. Additionally, our study contributes
to a better understanding of the role of attention and mental
imagery in memory encoding, which has implications for the
development of interventions and strategies to improve memory
performance. Though our study did not detect clear transfer effect
on a range of cognitive abilities, we believe that our findings can
inform future research on the transfer effects of mnemonic
strategies to other cognitive domains, such as problem-solving,
decision-making, and creativity. For example, future studies may
examine whether the use of digit-image mnemonics can enhance
performance in these domains, and whether such effects are
mediated by attention and mental imagery processes.
Taken together, this study tested the hypotheses that

mnemonic training improves processing-efficiency and/or alters
encoding-pattern to support memory enhancement. We provided
evidence supporting encoding-pattern hypothesis by showing
that mnemonic trainees exhibited regular odd-even neural
patterns during processing even- versus odd- position digits after
mnemonic training. Crucially, such odd-even neural pattern
predicted better memory. This study thus constitutes direct
electrophysiological evidence of how mnemonics alter encoding
pattern, as reflected in functional brain organization, to support
memory enhancement.

METHODS
Participants
Forty-one children with no history of neurological disorders were
recruited from primary or middle schools in Hainan, China (mean
age: 12.97 years; 22 boys). None of them had previous experience
with memory training. Twenty children were assigned to the
mnemonic training group (MT group; age: 13.00 ± 2.19 years) and
twenty-one to the no-contact control group (i.e., no contact
during the 22-day training period; NC group; age: 12.94 ± 1.85
years) based on their interest in mnemonic training. There was no
statistical difference between the two groups in terms of age,
t(31)= 0.08, p= 0.93. Individuals who had too much body
movement, as indicated by above 70% trials containing EEG
amplitudes exceeding ± 100 μV (3 MT participants, 2 NC
participants), or unable to insist in the tasks, as indicated by
memory performance below 25% (1 MT participant, 1 NC
participant), or met with apparatus problems (1 NC participant),
were excluded. As a result, the data of 33 participants (MT: n= 16;
NC: n= 17) were used in the behavior and EEG analyses. Each
participant received CNY 100 for their participation. Our experi-
mental procedures were conducted according to the Declaration
of Helsinki and the research protocol was approved by the
University Committee on Human Research Protection, East China
Normal University. All participants and their parents provided
written informed consent to take part in the study.

Experimental procedure
This study had a longitudinal design with four sessions: (1) pre-
training tests (initial visit), in which participants’ brain responses to
digit sequences and their cognitive abilities were measured
through an EEG task and a cognitive test battery, respectively; (2)
training period (22 days), in which the MT group was trained to
use the digit-image method on various materials; (3) post-training
tests (immediately after training), in which training effects were
assessed through the same tasks used in the initial visit; (4) follow-
up tests (4 months after training), in which training effects on
some measures (i.e., digit matrix and number-noun pairs) in the
cognitive test battery were estimated again (Fig. 2a).

Pre-training tests (initial visit). Both MT and NC groups partici-
pated in the tests. In the EEG task, participants studied and
recalled 20 digit sequences, each as a single block including the
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following three phases (Fig. 2b): (i) encoding phase. Each digit
initiated with a fixation cross (0.5 s), then a 2-s digit was presented,
followed by an inter-stimulus interval (ISI, 0–0.5 s). 12 digits were
presented one-by-one; (ii) retention phase. After the presentation
of the 12-digit sequence, a blank screen for retention was shown
(6 s); (iii) retrieval phase. A fixation (0.5 s) then alerted the
beginning of retrieval, followed by a probe of the 2-digit number
(1 s) and a screen of two letters (Y N), which remained until
participants responded, or until 3 s had elapsed. Participants had
to decide whether the probe was in the sequence just studied
before, through a keyboard [“F” key for Y (yes), “J” key for N (no)].
For example, for a given sequence “241365984582” presented
one-by-one during the encoding phase, if the probe displays “24”,
participants should press “F”; if it shows “29”, they should press “J”.
To note, only 2-digit combinations on the odd-even positions in
the sequence were chosen, e.g., 24, 13; those with an even-odd
order, such as 41, were not considered. For each sequence, there
were 6 probes (half “yes” and half “no”). The discriminability [i.e.,
d’; d’= z (hit) – z (false alarm)] for all probes was used to evaluate
their performance in the EEG task.
The cognitive test battery included tasks spanning the following

abilities: perceptual speed, assessed by the two-choice-reaction
tasks (digit and figure versions6); inhibitory control, assessed by
the Stroop color task52; working memory, assessed by the 2-back
tasks (digital and spatial 2-back versions53); short-term memory,
assessed by the digit matrix memory task11; episodic memory,
assessed by two tasks of studying word lists and number-noun
pairs6; reasoning ability, assessed by the grammatical reasoning
test54; spatial imagination, assessed by the Purdue visualization of
rotations test55; and divided attention, assessed by the multi-
object tracking task56.

Training period (three weeks). The MT group participated in the
World Memory Championships Training Camp, an institution
aiming at training children to be superior mnemonists. The
intense training lasted for 22 days with a minimum of 6 h per day.
MT participants learned a conversion table of 100 unique images
that were associated with 2-digit combinations from “00” to “99”.
For example, “72” (/qī èr/) was encoded to 企鹅 (/qǐ é/, penguin)
due to their phonological similarity in Chinese; “51” was encoded
to 工人 (/gōng rén/, worker) due to the semantic association
between labour (May 1st International Labour Day) and worker
(Fig. 2a). They applied the digit-image method to practice
memorizing digits (e.g., phone numbers) and materials used in
the World Memory Championship competition, entailing Spoken
Numbers, 30 min Binary Digits, 60 min Hour Numbers, and 5min
Random Numbers (for more details, see http://www.world-
memory-statistics.com/).

Post-training tests (immediately after training). The EEG task and
cognitive test battery were tested again in both groups, with the
same procedures but different materials.

Follow-up tests (4 months after training). The digit matrix task and
the number-noun pairs task from the cognitive test battery were
chosen and tested again in 4 months to further assess the
persistence of training effects.

EEG data acquisition
EEG recordings were carried out using a 64-channel cap with the
Neuroscan Synamps2 system (Compumedics), in accordance with
the international 10/10 system. Vertical and horizontal electro-
oculograms (EOGs) were monitored and recorded as well: two
electrodes were placed over and below the dominant eye for the
vertical eye movements, and two electrodes were placed at the
outer canthi of the eyes for the horizontal movements. The
electrode impedance was kept under 10 kΩ. EEG data were

digitized at 500 Hz, with an online bandpass filter from 0.05 to
100 Hz applied. An average mastoid reference was used.

Behavioral data analysis
SPSS 16.0 (Chicago, IL, USA) was used to perform the statistical
analyses. Repeated measures analyses of variance (ANOVAs), with
the between-subject factor of Group (MT vs. NC) and a within-
subject factor of Session (pre- vs. post-training), were conducted
on participants’ discriminability (d’) in the EEG task and
performance (accuracy or reaction time) in the cognitive test
battery.

EEG preprocessing
EEG data were pre-processed using EEGLAB (version 10.2.2.457)
and custom MATLAB (MathWorks Inc., Natick, MA) scripts. Signals
were downsampled to 250 Hz and segmented (from −500 to 2000
ms relative to the stimulus onset). Eye-movement artifacts were
removed using an independent component analysis (ICA) method.
EEG data were then re-referenced to a common average
reference. For the event-related potentials (ERPs) and oscillatory
power analyses, the mean voltage from 500ms preceding the
onset of the digit was served as the baseline and subtracted from
EEG data. Any noisy epochs with deflections greater than ± 100 μV
were removed. For ERPs, EEG signals were low-passed filtered at
40 Hz. Trials were sorted according to the Position (even- vs. odd-
positions, 20 digit-sequence * 6 even- or odd-positions = 120 trials
in total). For the ERP and oscillatory power analyses, there were on
average 90.4 trials (range: 71–118) and 84.2 trials (range: 62–108)
per condition.

ERP analysis
In line with previous work13, we focused on the P200. The
selection of this component was confirmed by visual inspection of
the waveforms and our preliminary analyses (i.e., examining ERPs
for each participant and running t-tests to determine potential
differences or similarities between groups). The mean of P200 was
determined by the average value of the amplitude from a time
window of 170–220 ms after the onset of each digit stimulus. For
statistical analysis, all EEG electrodes were divided into different
areas: left anterior (F3, F5, F7, FT7, FC3, FC5), medial anterior (F1,
Fz, F2, FC1, FCz, FC2), right anterior (F4, F6, F8, FT8, FC4, FC6), left
central (C3, CP3, C5, CP5, T7, TP7), medial central (C1, CP1, CPz, Cz,
C2, CP2), right central (C4, CP4, C6, CP6, T8, TP8), left posterior (P7,
P5, P3, PO7, PO3, O1), medial posterior (Pz, POz, Oz, P2), right
posterior (P4, P6, P8, PO4, PO8, O2). The mean amplitudes of P200
were analyzed using repeated-measures ANOVAs. Specifically, to
examine whether mnemonic training (MT) alters encoding-pattern
or improves processing-efficiency or both at the neural level, we
performed a series of planned ANOVA contrasts (focusing on
training effects from the MT treatment). These comparisons were
pre-specified based on our hypotheses – mnemonic training
would improve processing-efficiency and/or alters encoding-
pattern to support memory enhancement in developing children.
A planned contrast also allowed us to test the training effect with
a compromised sample size. Repeated-measures ANOVAs were
conducted (separately for the MT and NC treatments), with the
within-subject factors of Position (even- vs. odd- position), Session
(pre- vs. post-training), and Area (left anterior vs. medial anterior
vs. right anterior vs. left central vs. medial central vs. right central
vs. left posterior vs. medial posterior vs. right posterior). The
Bonferroni correction was applied for multiple comparisons in the
planned ANOVA contrasts. Specifically, the alpha level was
adjusted by dividing it by the number of post-hoc pairwise
comparisons.
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Oscillatory power analysis
Event-related spectral perturbations (ERSP) were calculated using
custom MATLAB code. We conducted a complex Morlet wavelet
(five-cycle; lowest and highest frequency: 4 Hz and 30 Hz) to
analyze oscillatory power. Frequencies from 4 to 30 Hz were
divided by 27 linear frequency steps. Power values here
represented a percentage increase/decrease of power relative to
a −500 to 0ms pre-stimulus baseline (i.e., digit onset). For each
trial, we used time-frequency decomposition and then calculated
the average power across all trials. Alike many previous studies
that used the event-related spectral perturbations (ERSP)
approach58–60, the evoked response power was not removed
from the oscillatory response; however, given the time window
and spatial distribution of the P200 and theta rhythm in our study,
it is less likely that the results solely represent the phase-locked
power. According to previous studies26,35,61, we focused on the
frontal theta power (4–8 Hz, the mean power in the time window
of 200–1000ms). For statistical analysis, areas of frontal theta
power were composited from the electrodes as follows: left
anterior (F3, F5, F7, FT7, FC3, FC5), medial anterior (F1, Fz, F2, FC1,
FCz, FC2) and right anterior (F4, F6, F8, FT8, FC4, FC6). Planned
three-way repeated-measures ANOVAs were conducted (sepa-
rately for the MT and NC treatments, see above), with factors of
Position (even- vs. odd- position), Session (pre- vs. post-training),
and Area (left anterior vs. medial anterior vs. right anterior) for the
frontal theta oscillation. To account for multiple comparisons in
the planned ANOVA contrasts, the Bonferroni correction was
employed. The alpha level was adjusted by dividing it by the
number of post-hoc pairwise comparisons. In line with previous
work13, epochs were computed individually for each digit
presented during the encoding phase, for both ERP and oscillatory
power analyses.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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