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Dual n-back working memory
training evinces superior transfer
effects compared to the method
of loci

Wenjuan Li, Qiuzhu Zhang, Hongying Qiao, Donggang Jin, Ronald K. Ngetich, Junjun Zhang,
Zhenlan Jin*! & Ling Li**

Working memory (WM) training is a prevalent intervention for multiple cognitive deficits, however,
the transfer effects to other cognitive tasks from gains in WM induced by different training techniques
still remains controversial. Therefore, the current study recruited three groups of young adults to
investigate the memory training transference, with N-back group (NBG) (n =50) training on dual
n-back task, Memory Palace group (MPG) (n =50) on method of loci, and a blank control group (BCG)
(n=48) receiving no training. Our results showed that both training groups separately improved WM
capacity on respective trained task. For untrained tasks, both training groups enhanced performance
on digit-span task, while on change detection task, significant improvement was only observed in
NBG. In conclusion, while both techniques can be used as effective training methods to improve WM,
the dual n-back task training method, perhaps has a more prominent transfer effect than that of
method of loci.

Working memory (WM) facilitates the process of temporary storage and manipulation of the information nec-
essary for most higher level cognitive tasks, such as learning, reasoning, and comprehension!*. Although WM
plays an indispensable role for humans in aspects of daily life, academic performance and work, its capacity
displays limitation. Moreover, deficits in WM are usually associated with several neuropsychiatric disorders, for
instance, cognitive impairment®, Parkinson’s disease (PD)®’, attention-deficit hyperactivity disorder (ADHD)>%?,
Alzheimer’s disease (AD)”!*!! and schizophrenia'"!%. Encouragingly, increasing evidence on brain plasticity
demonstrate that memory performance improvement can be achieved via memory training®*-'”. The two major
memory training approaches are: process-based memory training'®-?? and strategy-based memory training®2°.
Process-based memory training mostly focuses on enhancing capacities related to operations such as pro-
cessing speed and executive functions”!>**?’. The dual n-back task, which is one of the most frequently utilized
experimental paradigms for process-based training'***?, involves simultaneous serial presentation of auditory
and visual stimuli that requires participants to make a specific response on either the identity or location when
the current stimulus matches the one presented n trials back!®-2**. Numerous studies have linked n-back training
to improvement of WM capacity'®1%262°-31 near transfer to performance of structurally similar WM tasks*>*%32,
and even far transfer to fluid intelligence'®!*?%*!32, However, some inconsistent results indicate that failures of
positive transfer of training to other unrelated WM tasks still exist**~*°. Therefore, more evidence is needed to
support n-back training induced performance effect reliable transference to other cognitive tasks.
Strategy-based memory training on the other hand refers to improving memory performance by applying
mnemonic strategies which contributes to information encoding and retrieval'>*¢. Multiple types of strategies
such as method of loci, rehearsal, imagery, associations, categorization are regarded as effective mnemonic
strategies®. Although the method of loci, also called memory palace technique?***%®, is one of the most preva-
lent strategies®*?*. The successful implementation of the method of loci strategy depends on the creation of a
familiar visuo-spatial mnemonic environment filled with landmarks, imagined navigation whereby location
is paired with one or more to-be-remembered items when encoding, and “mentally walking” through the cre-
ated environment again to sequentially retrieve those items®**>*”. Despite the considerable amount of literature
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Figure 1. Performance improvement over training days. These two graphs separately show the linear
improvement in average training performance across the training days for each training group. Error bars
indicates SD. NBG n-back group, MPG memory palace group.

d38-%¢ a number of studies demonstrate its limitation in

reporting the benefits of the aforementioned metho
transfer effect!>3747:48,

In the behavioral WM training researches, transfer of training gains to trained or untrained tasks has always
been the central concern. The n-back task is often used for WM training as noted before, and has also been widely
considered as an updating measure of WM capacity®>**-5!. Whereas, the words memory task is usually taken as an
evaluation of mnemonic strategy training?>*% These two tasks, therefore, are separately considered as a measure
of task-specific (trained task) transfer according to the training groups in our study. Gain in WM capacity is what
all WM training techniques want to achieve. The digit-span has often been regarded as non-trained measure of
short-term memory/WM capacity®*>**~>>. Furthermore, the visuo-spatial change detection task, which involves
the remembering of spatial locations of objects®, is formally similar with n-back task and method of loci on
memory environment of spatial domain. Therefore, change detection task can also be used as an assessment of
transfer gains. In our study, we adopted these four cognitive tasks as measures of training outcomes.

As mentioned above, both processed-based memory training (n-back task) and strategy-based memory
training (method of loci) have been frequently applied in interventions aimed at improving WM performance.
However, few studies have compared directly the effect between the two training techniques®>*®, and in addition,
the transfer effect of each technique is still controversial. Therefore, our study recruited two training groups,
N-back group (NBG) and Memory Palace group (MPG), separately training with n-back task and the method
of loci, and a blank control group (BCG) who received no training as a contrast. All groups were tested on two
trained tasks and two untrained tasks at both pre-test and post-test. The aims of the study were to further exam-
ine whether both training techniques improve the performance of directly trained task as suggested by previous
studies (aim 1) and whether training transfer can be generalized to non-trained tasks involving different types of
WM abilities (aim 2), and to compare the effect between training groups (aim 3). Based on evidence mentioned
before, we hypothesized that both training groups may gain great improvement on trained tasks and untrained
tasks. Generally, we assumed that n-back training may have a more significant transfer effect than that of method
of loci on the untrained tasks.

Results

Training performance. Both NBG and MPG showed a linear improvement across memory training on
their respective training task (Fig. 1). The average daily maximum performance of NBG improved from n=2.21
(SD=0.798) at day 1 to n=5.71 (SD=1.336) at day 20 (t;;=18.358, p<0.001). In the MPG, the mean daily
maximum performance of words memory also increased gradually from the beginning of memory test (day 11)
(M=3.34, SD=0.984) to the end (day 20) (M =10.87, SD =2.763) (t(45)=19.171, p<0.001).

Training effects on trained tasks. Dual n-back task. There were no significant group differences
on d prime of any load at pre-test (2-back: Fy 35 =1.774, p=0.174; 4-back: F(, 35 =0.008, p=0.992; 6-back:
F(,136)=0.643, p=0.527). The three-way (2 time points x 3 groups x 3 conditions) ANOVA analysis revealed main
effects of time (F(; 135 = 152. 626 p<0.001,73=0.529), group (F(2,136)=37.712, p<0.001, 1n3=0.357), and condition
(F(2 272 =271.396, p<0.001, 1n3=0.666). It also revealed interactions of time x group (F (2,136 =71.460, p<0.001,
1n3=0.512), time x condition (F(2.272=12.858, p<0.001, 1n3=0.086), and time x condition x group (F(4272)=6.881,
p<0.001, 73=0.092). No significant interaction for condition x group emerged (p=0.487). To further demon-
strate training effect, two-way (2 time points x 3 groups) ANOVA was separately applied for d prime compari-
sons on each condition (Fig. 2A; Table 1). For 2-back, we found significant main effects of time (F; ;35 =81.026,
£<0.001, 73=0.373) and group (F, 35 =12.796, p<0.001, 73=0.158), as well as a highly significant group x time
interaction (F, 35 =36.435, p<0.001, n3=0.349). Further post-hoc t-tests revealed that both NBG (p<0.001)
and BCG (p=0.003) resulted in a significant improvement in 2-back from pre-test to post-test, but this was not
the case for MPG (p=0.397).

For 4-back, we also found main effects of time (F(; ;35 =87.895, p <0.001, np—O 393) and group (F(,,,35 = 40.466,
p<0.001,73=0.373), and an interaction as well (F(2,136)=46.983, p<0.001, 1n2=0.409). Post-hoc t-tests showed
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Figure 2. Performance on trained tasks for each group at pre-test and post-test. (A) Dual n-back task. Graph

a reports performance on 2-back, graph b on 4-back, and graph c on 6-back. (B) Words memory task. Graph a
displays performance on concrete words memory, and Graph b on abstract words memory. Error bars indicate
SEM. NBG n-back group, MPG memory palace group, BCG blank control group.

NBG MPG BCG

Pre-test Post-test Pre-test Post-test Pre-test Post-test

M (SEM) M (SEM) M (SEM) M (SEM) M (SEM) M (SEM) F P 2
Dualn-back | _ g, n=47 n=42
task
2-back (d") 0.83(0.17) | 3.37(0.16) 1.25 (0.16) 1.42(0.16) | 0.91(0.18) 1.53 (0.20) 36.435 |<0.001 |0.349
4-back (d) 0.04 (0.10) 1.78 (0.06) | 0.04 (0.12) | 0.29 (0.09) 0.02(0.09) |0.17(0.12) | 46.983 |<0.001 |0.409
6-back (d") ~0.19(0.10) | 0.92 (0.06) ~037(0.15) | -0.06(0.09) |-0.23(0.09) |-021(0.11) |17.231 [<0.001 |0.202
Wards n=49 n=50 n=48
memory task
Concrete 226(0.12)  |279(0.20) |237(0.12) 3.18 (0.18) 2.18(0.10) | 2.57(0.20) 1305 |0.274 |0.018
words (d')
Abstract 2.01(0.13) |226(0.16) |2.14(0.15) | 2.58 (0.20) 2.08 (0.14) 1.95 (0.15) 3434 [0.035 |0.046
words (d’)
Digit-span | | _5 n=50 n=48
task
Digit-span 9.30 (0.18) 10.14 (0.18) | 9.62(0.16) | 9.98(0.20) 9.50 (0.19) | 9.67(0.19) 4193 {0017 |0.055
Change
detection n=47 n=49 n=46
task
Load 2 (RT) | 750.46 (21.35) | 678.01 (18.41) | 712.77 (21.94) | 663.95 (16.83) | 740.21 (22.30) | 707.23 (18.19)| 1.607 |0.204 | 0.023
Load 4 (RT) | 777.97 (20.44) | 700.84 (16.76) | 728.94 (21.35) | 695.88 (19.18) | 760.25 (21.02) | 730.91 (17.26) | 3.046 | 0.051 | 0.042
Load 6 (RT) | 818.63 (20.60) | 740.40 (19.35) | 761.26 (21.30) | 726.37 (18.70) | 790.50 (20.99) | 772.56 (19.43) | 3.962 |0.021 | 0.054

Table 1. Training effects on cognitive tasks. The statistic parameters in the table indicate interactions of
group x time. d'd prime, NBG n-back group, MPG memory palace group, BCG blank control group.

that only NBG gained in d prime after training (p <0.001), but no significant increase was found in the MPG
(p=0.092) or BCG (p=0.240).

For 6-back, we still observed main effects of time (F; ;35 =35.908, p<0.001, n§=0.209) and group
(F2,136)=19.806, p<0.001, n%:0.226), and an interaction (F, 35 =17.231, p<0.001, n]%:O.ZOZ). Further t-tests
demonstrated that only a significant enhancement was observed in NBG (p <0.001) rather than the MPG
(p=0.063) and BCG (p=0.919) after training.
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Figure 3. Performance on untrained tasks for each group at pre-test and post-test. (A) Digit-span task. The
figure represents performance on digit-span scores. (B) Change detection task. Graph a depicts response time
on load 2, graph b on load 4, and graph c on load 6. Error bars indicate SEM. NBG n-back group, MPG memory
palace group, BCG blank control group.

Words memory task. The three groups did not show significant differences on performance of concrete or
abstract words memory at the beginning (concrete: F, ;44 =0.645, p=0.526; abstract: F, 144)=0.209, p=0.812).
The three-way (2 time p01nts>< 3 groups x 2 word categories ) ANOVA analysis revealed main effects of time
(F(1,144y=21.739, p<0.001, 1n3=0.131), and word category( (1,144) = 36.689, p<0.001, 1n3=0.203); and revealed inter-
actions of time x group (F, 144)=3.075, p=0.049, nP—O 041) and time x word category (F; 144 =10.931, p=0.001,
1n3=0.071). No other s1gn1ﬁcant main effects or interactions emerged from this analys1s (all other p>0.08). To
further explore training effect, two-way (2 time points x 3 groups) ANOVA was separately applied for d prime
comparisons on each word category (Fig. 2B; Table 1). For concrete words, repeated ANOVA analysis revealed
a significant main effect of time (F(; 144 =27.038, p<0.001, n3=0.158), no main effect of group (p=0.085) nor an
interaction (p=0.274). For abstract words, there was a significant main effect of time (F(1 144)=4.422, p=0.037, n3
=0.030) and an interaction between time point and group (F, ;44 =3.434, p=0.035, nP—O 046) but no main effect
of group (p=0.193). Further post-hoc t-tests revealed that only MPG (p=0.008) achieved a significant improve-
ment, but this was not true for NBG (p=0.102) and BCG (p=0.422).

Training effects on untrained tasks. Digit-span task. Significant group differences were not observed
on digit-span scores before training (F, 145)=0.830, p=0.438). A repeated ANOVA analysis was further recruited
to examine the training effect on digit-span scores (Fig. 3A; Table 1). As predicted, a significant main effect of
time (F(; 145 =21.727, p<0.001, n3=0.130) and interaction (F, 5 =4.193, p=0.017, n3=0.055) were observed.
Post-hoc t-tests revealed an increased performance in NBG (p <0.001) and MPG (p=0.038), and no significant
increase in BCG (p=0.315).

Change detection task. Significant group differences in response time (RT) of location repeat condition did
not appear in the pre-test (load 2: F, 135)=0.808, p=0.448; load 4: F; 139)=1.427, p=0.244; load 6: F; 39)=1.895,
p=0.154). The three-way (2 time points x 3 groups x 3 loads) ANOVA analy51s revealed main effects of time
(F(1,139)=32.223, p<0.001, nP—O 188), and load (Fy 575y = 156.385, p < 0.001, nP—O 529); and revealed an interaction
of time x group (F 130)=3.129, p=0.047, n2=0.043). No other significant main effects or interactions emerged
from this analysis (all other p>0.3). To further establish the influence of training on RT, two-way ANOVA
analysis was separately performed on each load (Fig. 3B; Table 1). For load 2, we found a main effect of time
(F(1,139)=32.785, p<0.001, np—O 191), and neither a main effect of group (p=0. 369) nor interaction (p=0.204).
For load 4, there was also only main effect of time (F(; ;3)=28.130, p<0.001, 1n2=0.168), and no main effect
of group (p 0.377) or interaction (p=0.051). For load 6, we observed a main effect of time (F; ;59 =23.745,
p<0.001, n3=0.146) and a significant interaction (F(,30,=3.962, p=0.021, n3=0.054), however, we d1d not find
a main effect of group (p=0.267). Further t-tests exhibited a statistically significant decrease of RT in NBG
(p<0.001), but this was not the case for MPG (p=0.051) and BCG (p=0.204).

Significant group differences in accuracy (ACC) of location repeat condition did not show in the pre-test
(load 2: F3 139)=0.265, p=0.767; load 4: F(; 139, =0.273, p=0.762; load 6: F; 139)=0.983, p =0.377). The three- way
(2 time points x 3 groups x 3 loads) ANOVA analysis revealed main effects of time (F(; ;54)=6.216, p=0.014, n3
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=0.043), and load (F, ,74)=4.978, p=0.013, n§=0.035). No other significant main effects or interactions emerged
from this analysis (all other p>0.2).

Discussion

In the present study, we applied memory training techniques with n-back task for NBG and method of loci for
MPG to improve WM performance. Two trained tasks, dual n-back task and words memory task, and other
two non-trained tasks, digit-span task and change detection task, were measured at both pre-test and post-test.
Both training groups resulted in greater training improvement, with NBG displaying significant performance
improvement of n-back task, and MPG in words memory task. For untrained tasks, both training groups yielded
significant transfer effect to digit-span scores. However, for change detection task, only NBG showed significant
improvement on response speed, while MPG did not show significant enhancement.

In accordance with previous evidence suggesting that n-back training can increase WM capacity and task
performance'®19262-31 our study also observed great improvement on performance of each day training as well
as on performance of dual n-back task after training in NBG. Moreover, the significant performance improve-
ment on dual n-back task was observed uniquely in NBG rather than MPG or BCG for higher task loads (4-back
and 6-back). For 2-back task load, significant improvement in performance was realized in both NBG and
BCG. Perhaps this may be due to the learning effect of easy tasks, such as n-back task with lower loads in BCG.
However, there was no significant effect on performance in 2-back task load in MPG, implying that there was
no learning effect. A possible explanation for this is that perhaps the memory process of squares and consonants
was intervened by the utilization of method of loci, which is successful in enhancing episodic memory with
items such as words and names***%. Considering task difficulty of 6-back in n-back task, 2- to 4-back trained
task loads may be more suitable to obtain more accurate measures of the effect of different training techniques.

For words memory task, training effect was found uniquely in MPG on performance of abstract words rather
than concrete words. On one hand, it is well known that the processing of abstract words is much more difficult
than that of concrete words*”-%’. On the other hand, the utility of method of loci has been reported to facilitate
the transformation of abstract information into concrete information, which can be further processed more
easily by memory-related neural system. It is, therefore, not surprising that the WM capacity for abstract words
increased in response to training of method of loci. Additionally, all groups resulted in improvement on concrete
words memory in post-test as compared to those in pre-test. The observed performance increase in concrete
words in all groups could also be attribute to learning effect, because, in comparison to abstract words, concrete
words indeed need relatively limited available contextual information to encode® .

For digit-span task, significant improvements were observed in both NBG and MPG, which is consistent
with our initial expectation. Forward digit-span test is often used to assess near transfer effects, i.e. short-term
memory or WM capacity, in WM training®?**>3-%>, As our results demonstrate, both n-back training and method
of loci could effectively promote capacity of short-term memory for digits. Concerning short-term memory, it
is particularly worth mentioning that temporary storage is essential for the implementation of dual n-back task,
and perhaps, the short-term memory limited capacity can be increased either on the verbal or spatial domain
through longtime training?. Most studies have documented significant transfer effect of n-back training gains
to digit-span scores'®****. Similarly, our study observed this improvement not only in NBG but also in MPG.
In digit-span task, the to-be-remembered items (digits) are presented in a continuous stream, while the imple-
mentation of method of loci also focuses on sequence memory, with items put in sequential landmarks when
encoding as well as when retrieving them in order during recall phase. Therefore, the significant improvement
on short-term memory capacity for digits in MPG may benefit from the repeated training on similar form of
sequential memory.

As for the processing speed improvement in change detection task, we only observed a significant improve-
ment on higher load in NBG, but not in MPG. This was somewhat unexpected, given the initially similar spatial
memory environment with the method of loci, and hence contrary to our hypothesis. Some studies have reported
that in order to acquire substantial transfer effect, the training paradigm and untrained task must share relevant
information-processing components and be involved in similar neural substrate®*. Coincidentally, the central
mechanism of process-based training technique aims at producing more stable effects in functions that engage
a common neural circuitry®. Previous evidence demonstrate that the performance of n-back task recruits the
fronto-parietal executive control network?®#56567 the same neural network also involved in change detection
task. More so, recent meta-analytical evidence further indicates that more substantial transfer may only occur
when the trained task and transfer task share the same task paradigmzz’ﬁs. In the n-back task, the to-be-remem-
bered items are presented in a continuous stream, and participants must make quick responses to repeated
targets according to the task loads. RT represents processing speed, which is one of processing capacities that
process-based training hope to enhance'>%. Training may increase the efficiency of this process by accelerating
responses to repeated target trials. So training-induced improvement in potential ability may be transferred to
other ability to detect repeated objects in change detection task that involve similar task demand with n-back
task. Demonstrably, these two kind of tasks have much in common either on task paradigm or neural substrate
they are involved in.

Conversely, the method of loci has most often been associated with the episodic memory domain, where per-
formance is enhanced by facilitating encoding and retrieval of information of unrelated word pairs*®. Therefore,
the lack of positive transfer to reduced RT may be due to the specificity of this mnemonic strategy with limited
applicability to other ability-related domains including processing speed. Rebok et al.*” also summarized in their
paper that training outcomes are highly specific to the ability of mnemonic strategies that have been trained.
Moreover, the limitation effect of mnemonic strategy training has been proved to be linked to age with less
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training-induced changes in older adults than in younger ones**®. Precisely, the elderly adults usually encounter
great difficulty in applying mnemonic strategy to their daily lives'®.

Generally, our results are consistent with our expectation that n-back training produces relatively prominent
transfer effects compared to method of loci on the untrained tasks. However, these findings on one hand, may
be partly due to the possibility that the two untrained tasks, one selected as the measure of WM capacity and
the other as the measure of processing speed, are more involved in the common processing mechanism, which
happens to be the central component that the process-based WM training focuses on. More so, in our study,
the two untrained measure tasks seem to be more similar to dual n-back task on paradigm form. If the preced-
ing arguments are valid, this may also reveal one major limitation of our study, that the measures of outcomes
might be biased on a single training technique. Therefore, the future studies should bring into consideration
the possible influence of biased measure task so as to clearly ascertain whether the training techniques are suc-
cessfully improving the WM performance. More feasibly, comprehensive assessments covering both training
domains should be employed optimally to investigate the training effects of the two memory techniques in the
future. On the other hand, mnemonic strategy of method of loci may indeed have a limitation transferring to
other situations sharing relevant ability. Although previous findings on memory training in older adults suggest
that strategy-based training may be less effective as compared to process-based training technique'. Therefore,
more evidence including broader age domains may be needed before a general conclusion of the effectiveness
between these two training techniques is drawn. Importantly, in the present study, only two most frequently
applied training techniques were selected in order to comprehensively compare the effect of the process-based
training to that of the strategy-based training. Hence, we also recommend that a variety of training methods,
deriving from both process-based and strategy-based training techniques, should be recruited to training experi-
ments in future studies.

In conclusion, the current study recruited three group of participants to investigate memory training effect,
and both training groups resulted in great improvement in WM capacity. In particular, n-back training yielded
a more prominent transfer of training gains to untrained tasks than training of method of loci. Therefore, it may
be recommendable to adopt process-based training for participants with multiple cognitive deficits or persons
requiring enhancement of cognitive functions.

Methods

Participants. To determine the sample size, we considered a medium effect size (Cohen’s d =0.52) suggested
by Melby-Lervdg and Hulme” in their meta-analytic study on the effectiveness of working memory training.
Notably, the Cohen’s d =0.52 equates to Cohen’s f=0.26, according to online conversion calculator” (Psychmet-
rica, https://www.psychometrica.de/effect_size.html). Then we performed a power analysis using G*Power’?,
with alpha=0.05, power =0.95, and effect size=0.26 in ANOVA (between-within interaction). From our analy-
sis, the required number of participants was 63. However, to further ascertain the appropriate sample size, we
reviewed literature on the related work. Precisely, a meta-analytic study by Salmi et al.'* indicate that most
working memory training studies recruit between 5 and 50 participants per training group. Therefore, we chose
a threshold of 50 participants per group in our study.

Accordingly, one hundred and sixty-three (163), healthy right-handed participants in total (75 female; mean
age: 21.22; age range: 18-26 years) were initially recruited from the University of Electronic Science and Tech-
nology of China (UESTC). All participants reported normal (or corrected-to-normal) vision, had no history of
mental disorders, and gave written informed consent. After undertaking the test of Wechsler Adult Intelligence
Scale-Revised in China (WAIS-RC)”, and the exclusion of fifteen participants who reported that they may
not have enough time to complete training every day, the remaining participants were assigned randomly and
evenly across three different groups: 50 (22 female; mean age 21.06 +1.932 SD years), 50 (25 female; mean age
21.1+1.961 SD years) and 48 (24 female; mean age 21.38 +1.566 SD years) for NBG, MPG, and BCG respectively.
Figure 4 shows the flow of the study. Three groups did not show significant difference in demographic charac-
teristics consisting of gender, age and scores of WAIS-RC (all p>0.2) (Table 2). This experiment was approved
by the local committee for the Protection of Human Subjects of the UESTC and was conducted in accordance
with the declaration of Helsinki.

Procedure. All participants were tested with four cognitive tasks (described below) lasting for about two
hours at both pre-test and post-test. The training session lasted for 20 days, with four consecutive weeks and
five days per week. The training groups spent 30 min each day in the laboratory to complete the corresponding
working memory training task (described below), whereas the BCG did not get any training during the 20 days.
All participants in both training groups completed more than the required 80% of the training days, with 96%
participants completing 19-day and 94% completing 20-day training. All training processes were under supervi-
sion of experimenters, who took charge of solving problems of experimental procedures, checking training data
every day, and informing participants to make up for the missed training time if necessary.

Memory training paradigms.  The dual n-back training task. We used a classic WM training paradigm
employed by Jaeggi et al.'®, see Supplementary Material, Fig. S1A. Two kind of stimuli were displayed in the ex-
periment, with squares (visual stimuli) presented sequentially at eight different locations of the computer screen
and consonants (auditory stimuli, eight in total), one at a time in sequence, presented simultaneously through
headsets. When one of the presented stimuli matched the one presented n positions back in the sequence, a
response should be made, with pressing letter “A” on the keyboard for visual targets and letter “L” for auditory
targets. Six visual and six auditory targets appeared randomly in each block, with only two appearing simultane-
ously in both streams of stimuli. So ten targets in total were presented in each block, consisting of 20 +n trials,
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Figure 4. The flow of the study. WAIS-RC Wechsler Adult Intelligence Scale-Revised in China. NBG n-back
group, MPG memory palace group, BCG blank control group.

NBG MPG BCG

(n=50) (n=50) (n=48)

M (SD) M (SD) M (SD) P
Female/male 22/28 25/25 24/24 0.788
Age (years) 21.06 (1.932) 21.1 (1.961) 21.38 (1.566) 0.654
WAIS-RC 126.6 (6.168) 128.44 (6.926) 126.63 (6.765) 0.287

Table 2. Demographic characteristics. WAIS-RC Wechsler Adult Intelligence Scale-Revised in China, NBG
n-back group, MPG memory palace group, BCG blank control group.

where n represented the level of difficulty of current block. The value of n of the next block changed adaptively
based on individual performance of the current block.

The method of loci. We applied the paradigm of method of loci**as a strategy-based training technique. This
training process included two sessions with 10 days each. The first 10 days were used to introduce the method of
loci to participants, and guide participants to remember loci routes with several landmarks, within which they
were trained to memorize random words associated with landmarks. Five loci routes of samples were remem-
bered and applied skillfully, and a new loci route based on individual experience that was more suitable for one-
self to memorize words was established to be used in the subsequent stage. The second session was to memorize
random words using an adaptive vocabulary memory software developed by our laboratory. The initial memory
level started with 5 random words, and the duration of memory time limited to 90 s. Each additional level was
increased by 5 words, and correspondingly the memory time increased by 90 s, and so on. In the recall stage,
participants were required to type the words they had just remembered into the test box in sequence, separated
by spaces. If all words entered were absolutely correct and their sequence accurate, the next level began, oth-
erwise the participants continued with the current level. The program recorded automatically the highest daily
level achieved by each subject. More than 5000 nouns with the same word frequency selected from online corpus
(http://corpus.zhonghuayuwen.org/Resources.aspx) were used in the experiment.

Trained memory tasks. Dual n-back task. For this task, we used the same material as the dual n-back
training task. The only difference is that the levels of load were fixed to three conditions, i.e. n=2, 4 and 6. There
were three sessions presented in the task, each comprising of three blocks of different loads with sequence in
2-4-6 back, 4-6-2 back or 6-2-4 back.

Words memory task.  This paradigm was used to test the performance of words memory*>*2. The task consisted
of two sessions, words encoding session and words recognition session, see Supplementary Material, Fig. S1B.
In the first session, a random list of 72 two-character words, including 36 concrete words and 36 abstract words,
was presented at a rate of 2 s per word. After continual presentation of 6 words, 20 s were given to participants to
recall words presented before or take a temporal rest. Five minutes later after the end of the words memory ses-
sion, a list of 144 words, consisting of 72 words presented before and 72 new words (half concrete, half abstract
words), was presented to participants in a random order. During words recognition session, participants were
required to indicate whether the presented word was old or new as soon as possible by pressing one of two but-
tons on the standard keyboard.
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Non-trained memory tasks. Digit-span task. The digit-span task (forward version) came from the
WAIS-RC”. The length of digit-span was 3-12 bit. Participants were asked to verbally repeat lists of numbers in
the same order at the end of each auditory presentation. If the participant failed twice at the same number list,
the last number list repeated successfully will be recorded as final score.

Change detection task. The paradigm was modified from previous design®®, see Supplementary Material,
Fig. S1C. The disks of 9 colors without repetition were selected as attended items, which might appear randomly
in 10 possible locations on an invisible 2 x 5 matrix in both left and right visual fields, with 2, 4 or 6 disks per
hemi-field. A memory array consisting of the same number of disks in both visual fields were presented to
participants after a prior presentation of an arrow, which instructed participants to memorize the items in the
corresponding visual field. After a delay of 1600 ms, the test array were presented, where participants were asked
to make a judgement on whether the locations of the disks in the attended hemi-field were the same or differ-
ent from those in the memory array regardless of object colors. Location repeat condition meant none change
of items locations from memory array to test array, while location change condition indicated that one item
changed its location in the test array.

Data analysis. Due to problems such as program errors and data transmission during the experiment, some
data was damaged and rendered unusable. Therefore, not every cognitive task had 148 pieces of complete data:
139 data for dual n-back task, 147 data for words memory task, 148 data for digit-span task and 142 data for
change detection task.

All data were analyzed with SPSS Statistics version 21.0 (Inc., an IBM Company). To compare the baseline
performance on cognitive tasks among three groups, we employed one-way analyses of variance (ANOVA). To
elucidate training efficacy, three-way and two-way repeated measures ANOVA were conducted separately in each
cognitive task with group (NBG vs. MPG vs. BCG) as a between-subjects factor and time (pre-test vs. post-test) as
a within-subjects factor. For all ANOVA analyses, Greenhouse-Geisser corrections were used for non-sphericity
data as needed and Bonferroni corrections were applied for post-hoc multiple comparisons. Partial eta square
(nﬁ) was treated as effect size and p <0.05 was considered as statistically significant.
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