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Introduction: The efficacy of working memory training (WMT) for cognitive

enhancement in healthy older adults has been extensively investigated. Typically,

WMT results in improved performance on the training task, but limited or no

transfer of improvement to other cognitive tasks. Accordingly, there is a need to

identify optimal intervention parameters to maximize training and transfer task

effects of WMT. The current study aimed to investigate the effect of training

schedule on training and transfer task performance of WMT in healthy older

adults. A secondary aim was to examine the feasibility of participants performing

the intervention online at home, unsupervised, and using their personal devices.

Methods: Participants (N = 71; mean age: 66 years) completed sixteen WMT

or active-control sessions over eight (distributed) or four (intensive) weeks.

Adaptive verbal and spatial n-back tasks were used as the WMT tasks. We tested

near transfer effects to a digit-span task and far transfer effects to an abstract

relational reasoning task.

Results: Participants successfully performed the cognitively demanding

intervention using their own devices, online at home, and with minimal

contact with the researcher. We observed a significant improvement in WMT

task performance in the WMT group relative to active-controls, but no evidence

of near or far transfer. Similar training effects were observed irrespective of the

intensity of the training schedule.

Discussion: Our results suggest that comparable benefits could be observed

when using less intensive schedules that may be more easily accommodated

into everyday life.
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1. Introduction

Changes in cognitive functions over time in normal aging
have been described by Zaninotto et al. (2018). One of the
major concerns for healthy older adults is decline in cognitive
function (Sabia et al., 2012). It is known that different domains of
cognition decline at different rates (Wilson et al., 2002). Therefore,
studying age-related cognitive performance in healthy participants
is important to potentially mitigate such decline and develop early
interventions (Plassman et al., 2010).

It is well understood that working memory (WM) declines with
healthy aging (Chai et al., 2018). WM, defined as the ability to
retain and manipulate material over a short period in service of
cognition (Baddeley and Hitch, 1974), is critical for many higher-
order cognitive activities, like following instructions (Jaroslawska
et al., 2016), decision making (Del Missier et al., 2013), and
reasoning (Cowan, 2014). Even slight declines in WM can impact
everyday functioning and wellbeing significantly (Wilson et al.,
2013). Accordingly, the development of therapeutic interventions
that may prevent or delay the onset or progression of healthy
age-related WM decline is desired (Prehn and Flöel, 2015).

Working memory is considered an essential executive function,
important for the successful execution of goal-directed behavior
(Miyake et al., 2000; Diamond, 2013). The role of WM in higher-
order cognition has motivated the development of cognitive
training programs, with the assumption that if successful, WMT
(WM training) could result in benefits to cognition more
widely (Shipstead et al., 2012; Soveri et al., 2017). Cognitive
training can be defined as a course of regular cognitive activities
designed to challenge certain cognitive abilities to maintain or
improve cognition in healthy and/or clinical populations (Gobet
and Sala, 2022). Cognitive training is hypothesized to facilitate
neuroplasticity, which in turn might mitigate cognitive decline
and/or enhance performance (Duda and Sweet, 2019). Training
typically involves multiple sessions in which participants complete
complex WM tasks to train WM-related mechanisms (e.g.,
maintenance, updating etc.: Nee et al., 2013) according to a pre-
defined schedule (Hou et al., 2020). If WMT is to have a widespread
reach, it is essential that it can be performed outside the lab in an
unsupervised environment using participants’ devices.

Several meta-analyses of WMT in older adults have reported
improved training task performance immediately post-training
(Karbach and Verhaeghen, 2014; Nguyen et al., 2019; Sala et al.,
2019). However, to be beneficial, cognitive enhancement should
translate to improvement on other tasks within the same domain
as the training task (near transfer, such as other WM tasks), on
tasks which tap into other domains (far transfer, for example, spatial
navigation, or prospective memory) and ultimately, to everyday
functioning (Mewborn et al., 2017). However, meta-analyses of
WMT in older adults have reported relatively small or no effects
of near and far transfer (Nguyen et al., 2019; Sala et al., 2019).

A number of training protocol characteristics have been
investigated to identify an optimal intervention procedure to
maximize training and transfer effects following WMT (Wang et al.,
2014). One such dimension is practice distribution, which reflects
the intensity of the training schedule (Takeuchi et al., 2010). For
example, the same number of hours of training may be clustered
into a short period or distributed over a longer period. There is

evidence from other cognitive fields that distributed learning is
superior to massed learning (Cepeda et al., 2006). This is known as
the spacing effect and has been observed during various learning
instances, like second language learning (Kim and Webb, 2022).
A meta-analysis of WMT studies in healthy older adults found that
distributed training (<3 sessions per week) was more effective than
intensive training (>3 sessions per week) (Hou et al., 2020). This
suggests that the spacing effect might apply to WMT in healthy
older adults. However, limited conclusions can be drawn from this
meta-analysis. For instance, the authors were unable to control for
other intervention characteristics (e.g., dose) when investigating
the impact of training schedule given that classical meta-analytical
methods generalize over different study protocols (Wischnewski
et al., 2021).

Single studies that directly compare the effectiveness of
different training schedules have provided mixed results for the
existence of a spacing effect with WMT. Specifically, some studies
report that distributed training results in greater training and/or
transfer effects relative to intensive training (young/middle-aged
adults: Penner et al., 2012; children: Wang et al., 2014), whilst others
report no impact of training schedule on training and transfer
effects (young adults: Linares et al., 2019; older adults: Jaeggi et al.,
2020). Only one study has investigated the effect of WMT training
schedule in healthy older adults (Jaeggi et al., 2020). In this study
participants trained twice per day, once per day, or every other day
for twenty sessions. They observed improvement on the training
and transfer tasks from pre- to post-training in each WMT group,
but no difference in efficacy between the training schedules. This
suggests that there is no impact of training intensity on WMT
success in healthy older adults, at least with the range of schedules
tested (Jaeggi et al., 2020).

For potential future applications of WMT, it is important
to consider the practicality of the training schedule (Penner
et al., 2012). Performing multiple sessions per day (as in Jaeggi
et al., 2020) may result in cognitive fatigue and stress or be
too demanding and unrealistic, which in turn might impact
on compliance, adherence, and acceptability for the intervention
(Penner et al., 2012; Hou et al., 2020). With this in mind, additional
research using less intensive training schedules is important to
advance the understanding of spacing effects in healthy older
adults. A study in healthy young/middle-aged adults showed that
a more distributed training schedule of two sessions per week for
8 weeks led to superior training and transfer effects relative to
a more intensive schedule of four sessions per week for 4 weeks
(Penner et al., 2012). The aim of the current study was therefore to
determine whether a similarly distributed training schedule (of two
sessions per week over 8 weeks) could result in enhanced training
and transfer effects in healthy older adults compared to an intensive
schedule of four sessions per week over 4 weeks. A secondary
aim was to examine the feasibility of participants performing the
intervention online at home, unsupervised, and using their own
devices. The present study was defined as an efficacy study as
the objective was to investigate the effect of WMT on cognitive
performance relative to an active-control group (Green et al., 2019).
We expected the WMT groups to show greater improvement in
training and transfer task performance relative to active-controls.
Moreover, given the proposed spacing effect during learning, we
predicted greater improvement on the training and transfer tasks in
the distributed-WMT group relative to the intensive-WMT group.
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2. Materials and methods

2.1. Participants

Volunteers were recruited through community platforms in
the Manchester (England) area including online advertisements
in community newsletters, poster advertisements around the
University of Manchester, and in-person advertisements at
community groups (e.g., Age Friendly coffee mornings). All
volunteers were required to meet the eligibility criteria in
Table 1. The literature suggests that WM peaks during an
individual’s early twenties and then shows a gradual decline across
adulthood (Brockmole and Logie, 2013). Similar to other WM-
related studies in older adults (Fournet et al., 2012; Atkinson
et al., 2018; Matysiak et al., 2019; Reinhart and Nguyen,
2019), eligibility was restricted to people aged 55 years and
above.

Participants were allocated to one of four groups: distributed-
WMT, intensive-WMT, distributed-active-control, or intensive-
active-control. There is insufficient existing literature to enable
a power analysis on the schedule (distributed/high-intensity)
effect. Therefore, we powered the study based on the treatment
(training/control) effect. Meta-analyses of WMT in older adults
have reported medium-to-large effect sizes on the training task
(Karbach and Verhaeghen, 2014; Nguyen et al., 2019; Sala et al.,
2019). G∗Power1 software for statistical power analysis and sample
size calculations was used with a partial eta squared of 0.06
(medium). With a sample size of N = 34 (WMT: n = 17; active-
control: n = 17) we had 80% power to detect an effect of this
size on the treatment (WMT/control) outcome measure with an
alpha of 0.05 (default correlation amongst repeated measures,
0.5). Therefore, we aimed to recruit 34 participants to each
schedule (total: N = 68). Participants received a £40 shopping
voucher, or a pro-rata amount if they withdrew early or were
instructed to cease participation due to non-compliance with
the study requirements (see section “2.4. Participant adherence
and exclusions”). Seventy-nine participants started the study
[mean age: 65.89 years ± 6.78 (55–85 years); male/female:
21/58].

1 http://www.gpower.hhu.de/

TABLE 1 Eligibility criteria.

Eligibility criteria

1. Able to provide written informed consent.

2. Aged 55 + years.

3. Normal or corrected-to-normal vision.

4. Fluent English speaker.

5. No severe non-correctable visual impairments.

6. No history of alcohol or substance abuse or dependency.

7. No history of neurological conditions (e.g., Dementia, Parkinson’s disease).

8. No history of psychiatric conditions [e.g., depression (if not in remission),
schizophrenia].

9. Not color-blind.

2.2. Procedure

This study was approved by the University of Manchester
Research Ethics Committee (Ref: 2020-8907-16162) and was
conducted following the 1964 Helsinki declaration. All participants
provided informed consent using an online consent form
completed at the beginning of their first session. Figure 1 illustrates
progress through the study from enrolment to analysis, including
attrition information for each group. A flowchart of the participant
journey can be found in the (Supplementary Figure 1). After
registering an interest in taking part, participants were allocated
to a training schedule (distributed/intensive) on an alternating2

basis and enrolled onto the experimental platform Gorilla.3 On
commencing the first session, participants were informed of
the schedule they were allocated to and subsequently randomly
allocated by Gorilla to the WMT or active-control group with a 1:1
ratio.

Participation involved 16 training sessions. Following Penner
et al. (2012), under the distributed schedule participants in the
WMT and active-control groups were instructed to train two times
per week for 8 weeks. Under the intensive schedule participants in
the WMT and active-control groups were instructed to train four
times per week for 4 weeks. To prevent fatigue and equivalence
between the two schedules, participants on the distributed schedule
were instructed to have a space of 2 days between their two
sessions per week, with a 5-day gap before the next week’s training.
For example, if they started their first session on a Tuesday,
they would train on a Tuesday and Thursday each week for
8 weeks. Participants on the intensive schedule were instructed
to perform their four sessions per week on consecutive days,
with a 4-day gap before the next week’s training. For instance,
if they started their first session on a Tuesday, they would train
on a Tuesday, Wednesday, Thursday, and Friday each week for
4 weeks. Timed delays between sessions were implemented by
Gorilla (e.g., if a participant in the distributed group trained on
a Tuesday they would not be able to access the next training
session until Thursday). The spacing was implemented to ensure
that (1) participants would not perform all their training tasks for
1 week on a single day, and (2) participants in the distributed group
would not train on, for instance, Saturday/Sunday in week 1, then
Monday/Tuesday in week 2, as this would reflect the intensive
schedule. A figure illustrating the two training schedules can be
found in the (Supplementary Figure 2).

Participants were asked to undertake each session in a quiet
environment free of distractions. They were encouraged to perform
each session at the same time of day, though this was not a
strict requirement. Each session consisted of a verbal and a spatial
WMT/active-control task. Within each group, the order that these
tasks were performed was counterbalanced, with half of each group
starting session one with the verbal task, and the other half with the
spatial task. This order was switched at each session.

In session 1 (S1), participants performed three cognitive tasks
(referred to as pre-training tasks in Figure 2) that collected baseline
measures on near and far transfer tasks (∼15 min). This was

2 Participants were allocated on an alternating basis until group sizes
needed to be balanced due to drop out.

3 https://gorilla.sc/
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FIGURE 1

Flow diagram of progress through the phases of the study (1The number of participants eligible for inclusion in each analysis varies slightly, see
section “2.4. Participant adherence and exclusions”).

followed by a 5-min break and then their first training session
(∼20 min). In sessions 2–15, participants underwent ∼20 min of
training per session. Participation concluded with session 16 (S16),
where the final training task (∼20 min) was followed by a 5-min
break, post-training measures of near and far transfer (referred to
as post-training tasks in Figure 2), and an optional questionnaire
(∼15 min). It was made clear to participants that once they pressed
start on each task it would run automatically without the option
to pause it. Due to the nature of the tasks (e.g., button presses),
participation was restricted to a laptop and/or desktop computer
using a feature on the Gorilla platform.

2.3. Cognitive tasks

2.3.1. WMT tasks
In a review paper on cognitive training methodologies, Simons

et al. (2016), give clear recommendations for the design of training
programs. One of those is adaptive training. In adaptive training,
task difficulty increases as performance improves. It is believed that
this challenges each participant to their limit and rules out the
possibility that a lack of improvement could reflect an insufficiently
demanding training procedure. Numerous studies have found
superior training effects when training task difficulty was adaptive
(e.g., Klingberg et al., 2002; Lövdén et al., 2010; Anguera et al., 2013;
Brehmer et al., 2016). Therefore, an adaptive n-back paradigm
(Figure 3) was used as the WMT task as it is a well-known paradigm
that challenges WM (Sweet, 2011) and has been successfully used
to train cognitive performance within our lab (Garg et al., 2022)
and other labs (e.g., Jaeggi et al., 2008; Li et al., 2020). Two

variants of the task (verbal/spatial) were used to facilitate task
diversification.

A modified version of the adaptive n-back training task used
by Jaeggi et al. (2008) was programmed in Gorilla.4 The verbal
n-back used visual-verbal stimuli, comprised of eight lowercase
English consonants (c, g, h, k, p, q, t, and w), presented on screen
at a rate of one every 3 s (stimulus: 1000 ms; inter-stimulus
interval: 2000 ms). For the spatial n-back, a 3 × 3 grid of squares
were presented. Every 3 s one of the nine grids illuminated blue
(stimulus) for 1000 ms, followed by a 2000 ms inter-stimulus
interval.

Within each block, there were 20 + “n” trials (“n” = additional
screens at the start of the sequence needed to create the
particular n-back level, e.g., the first two screens cannot contain
a target at 2-back). Six out of the 20 critical screens contained
a target (where the letter or position of the illuminated
square on the screen matched the one from “n” steps earlier)
and the other 14 screens contained non-targets (i.e., non-
repeats of the letter or illuminated square presented “n” steps
earlier). The six target screens could appear in any of the
n + 1 to n + 20 positions. The stimuli were arranged in
a pseudo-randomized order, where the position of the targets
changed in each block.

Participants were instructed to respond as quickly and
accurately as possible with a spacebar press whenever the current
stimulus was the same (verbal) or in the same position (spatial)
as the one presented “n” steps back in the sequence (“n” = load
level 1, 2, 3 etc.). No responses were required for non-targets. For

4 Based on the adaptive n-back available here: https://app.gorilla.sc/
openmaterials/53268.
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FIGURE 2

Illustration of the study procedure.

example, at load level 1 (1-back), targets were defined as a stimulus
that matched the letter (verbal) or position (spatial) of the stimulus
immediately preceding it. At 2-back, participants responded if the
stimulus matched the letter (verbal) or position (spatial) of the
stimulus that was presented two trials before, and so on.

During each session, a practice 1-back block with accuracy
feedback provided at each trial was used to enable participants to
understand the task requirements. Participants could re-visit the
task instructions, and repeat the practice block, as many times
as they wanted before moving on to the training blocks. The
task started with two 1-back blocks, followed by a 2-back block.
From the third block, the task followed an adaptive staircase
procedure to ensure that participants were always training at a
challenging level.5 If overall accuracy was ≥90%, the level of the
next block was increased by one. If overall accuracy was ≤70%,
the level of the next block was decreased by one. Otherwise,
the level stayed the same. Overall accuracy in each block was
calculated from the last 20 screens (i.e., n + 1 to n + 20).
A 15 s instruction screen before each block informed participants
what n-back level they would be performing. Both n-back tasks
comprised eight blocks, with a 60 s break after four blocks.
Each task lasted ∼10 min (total: ∼20 min). The mean n-back
level reached over the last five of the eight blocks served as the
outcome measure.

2.3.2. Active-control tasks
Verbal (wordsearch, ∼10 min) and spatial (visual search,

∼10 min) control tasks were presented at each active-control
session (Figure 3). The wordsearch task had four rounds. In each

5 The adaptive n-back training task was programmed up to 5-back. There
was no evidence of ceiling performance as no participant consistently
reached 100% performance at 5-back (one participant reached 100%
performance at 5-back on one block during one session of the spatial
n-back).

round, a novel wordsearch was presented on screen. Participants
had 2 min to locate and mark as many words as possible. In each
trial of the visual search task, a 4 × 4 array of objects was presented
with a target object presented at the top of the screen. Participants
were tasked with locating and clicking on the target object6 from
the array. A different 4 × 4 array and target object was presented at
each trial. Further task details are reported in the Supplementary
material.

2.3.3. Near transfer tasks
Computerized digit-span forward (DSF) and backward (DSB)

tasks were used as near transfer tasks. On each trial a fixation cross
was presented for 750 ms, followed by a sequence of digits (0–
9) displayed one at a time at a rate of 1000 ms in the center of
the screen. At the end of the sequence, participants were asked to
recall the digits in the same (DSF) or reverse (DSB) order that they
appeared, typing their response into the answer box. There were
two trials at each string length (DSF: 3–9; DSB: 2–8). If participants
performed correctly on at least one trial of the two trials at a specific
span length the string length was increased on the next trial. If
participants performed incorrectly on both trials at a specific span
length the task was terminated. The outcome measure was digit
span, defined as the maximum string length at which participants
repeated back the sequence in the correct order on 50% of trials.7

Further task details are reported in the Supplementary material.

6 There was no evidence of ceiling effects on the visual search task as no
participant answered all available trials during any session.

7 On the DSF two participants scored the maximum number of correct
trials at pre-training and one participant at post-training. No participants
scored the maximum at both pre- and post-training. On the DSB three
participants scored the maximum number of correct trials at pre-training
and two at post-training (one participant achieved maximum at both pre-
and post-training–findings stayed the same when removing this participant
from the analysis).
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FIGURE 3

Illustration of the WMT and active-control tasks. Verbal (top left) and spatial (top right) n-back WMT tasks at load level two (2-back). Example verbal
(bottom left) and spatial (bottom right) active-control tasks. ISI, inter-stimulus interval.

2.3.4. Far transfer task
A relational reasoning task modeled on Raven’s Progressive

Matrices (Raven and Raven, 2003) investigated far transfer to
abstract reasoning. A different set of stimuli were used at pre- and
post-training. Trials increased in difficulty throughout the task. On
each trial, a fixation cross was presented (500 ms) followed by a
3 × 3 grid of patterns with one pattern missing from the third
row of the third column. Participants were required to click on the
pattern according to logical rules that best completed the matrix
from one of four patterns. Participants completed as many puzzles
as possible within the 5-min time limit.8 The outcome measure was

8 There was no evidence of ceiling effects on the far transfer task as no
participants achieved the maximum score of 40 correct trials at pre- or post-
training.

the number of correct solutions. Further task details and example
trials are reported in the (Supplementary Figure 3).

2.3.5. Acceptability questionnaire
Following the final post-training task participants were invited

to complete an optional questionnaire that captured their thoughts
on the training (Supplementary Figure 4). In this questionnaire,
participants were asked (1) to rate how much they agreed
with four statements relating to how challenging and engaging
they found the training method, how likely they would be to
adopt a method like this if it were offered in the future, and
how optimal they thought the training schedule was for brain
training, (2) what their motivation was for getting involved in
the study, and (3) if there was anything they would change
about the training.
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2.4. Participant adherence and exclusions

Ninety participants were enrolled. Of these 90 participants,
11 did not begin the study. Seventy-one of the 79 participants
who began the study completed the study (i.e., they completed the
pre-training tasks, 16 training sessions, and post-training tasks),
whilst eight did not (Figure 1). Three participants (two from the
distributed-WMT group, and one from the intensive-WMT group)
were excluded as they were unable to follow their assigned training
schedule. Two participants were excluded due to a technical error
during the training tasks (distributed-WMT: n = 1; intensive-
active-control: n = 1). The final sample, therefore, comprised
67 participants [mean age: 66.12 years ± 6.51 (55–85 years);
male/female: 17/50], which resulted in 12–18 participants per group
in each statistical analysis. A more detailed summary of participant
adherence and exclusions can be found in the Supplementary
material.

2.5. Statistical analysis

Statistical analyses9 were conducted using R (Version 3.6.1) and
IBM SPSS Statistics (Version 28). The alpha level was set to 0.05. If
visual inspection of Q-Q plots showed that data were not normally
distributed, non-parametric statistical tests were used. Extreme
outliers were identified using Box and Whisker plots and defined
as values that fell outside the 3rd quartile + 3∗interquartile range
and 1st quartile—3∗interquartile range. Sensitivity analyses were
run where extreme outliers were identified. Data were visualized
in R using ggplot2 (Wickham, 2016) and the open-visualizations
repository (van Langen, 2020).

2.5.1. Demographics and baseline performance
To assess whether the randomization procedure led to

comparable groups, groups were compared on demographics, pre-
training transfer task performance, and S1 WMT performance
using the appropriate statistical test (one-way ANOVA or chi-
square test).

2.5.2. WMT task effects10

First, we investigated training gain from the first session (S1)
to the last session (S16) as a function of treatment (WMT/active-
control) and schedule (distributed/intensive). For both the verbal
and spatial n-back training tasks, we conducted a 2 × 2 × 2
analysis of variance (ANOVA) using mean n-back as the dependent
variable, treatment and schedule as between-subjects factors, and
session as a within-subjects factor.

Next, we investigated the dynamics of training task
improvement in the WMT groups via two steps:

Step 1: We investigated how many training sessions were
needed to observe a significant improvement relative to the first

9 Spline regression and Bayes Factor analyses were performed in R. All
other statistical analyses were performed in SPSS.

10 Complementary analyses performed on smoothed data (using a sliding
window average to attenuate volatility) are reported in the (Supplementary
Figure 5 and Supplementary Tables 2, 3) [note: conclusions are the same as
the analyses on the raw (unsmoothed) data].

session, and whether this differed between training schedules.
For this, we ran a 2 × 2 ANOVA, with mean n-back as the
dependent variable, group (distributed-WMT/intensive-WMT) as
a between-subjects factor, and session (S1/SN∗) as a within-subjects
factor (SN refers to each subsequent session after S1, i.e., 15
ANOVAs for each task). P-values for group, session, and group
x session effects were corrected for multiple comparisons using
a 5% false discovery rate [FDR; Benjamini and Hochberg (1995)
procedure].

Step 2: We investigated whether the point of asymptotic-
like performance differed between groups. For this, the data for
each participant were first smoothed using a sliding window
average to attenuate volatility in performance from session-
to-session. Specifically, for each participant, performance at
S1 + S2 was averaged, performance at S2 + S3 was averaged
and so on, resulting in 15 data points (smallest smoothing unit
possible). As learning effects were non-linear (see Supplementary
Table 1), following Jaeggi et al. (2020) we then used spline
regression to model two separate learning curves on the
smoothed data. For each participant, learning rate was modeled
using linear splines with one knot location (i.e., inflection
point) at data point two (i.e., S2 + S3). Linear splines were
specified iteratively through to data point 14 (i.e., at all
data points except the first and last points). The R-squared
value of each model was compared and the model with
the highest R-squared was selected as the spline regression
model for that participant. Two measures were compared
between groups using Mann-Whitney U t-tests: the slope
of the first segment (i.e., learning curve before asymptotic-
like performance) and the data point number of the knot
location (i.e., the point at which asymptotic-like performance was
reached).

2.5.3. Transfer task effects
For each of the transfer tasks, a 2 × 2 × 2 ANOVA was

performed with treatment (WMT/active-control) and schedule
(distributed/intensive) as between-subjects factors and session
(pre-/post-training) as a within-subjects factor.

2.5.4. Attrition and acceptability
A chi-square test compared attrition rate [(number that

did not complete the intervention/number assigned) × 100]
between groups. To explore responses to the questionnaire
numerical values were assigned to each Likert scale response
(1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree,
4 = agree, 5 = strongly agree). A 2 (treatment: WMT/active-
control) × 2 (schedule: distributed/intensive) ANOVA was run for
each Likert scale question.

3. Results

3.1. Demographics and baseline
performance

There were no group differences in participant demographics,
pre-training transfer task performance, or WMT task performance
at the first session (Supplementary Table 4).
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FIGURE 4

Performance on the verbal (top) and spatial (bottom) n-back training tasks at the first and final training sessions, separately for distributed groups
(left) and intensive groups (right). Box plots represent the median (crossbars), 1st and 3rd quartile (upper and lower hinges, respectively), and the
range of the data (whiskers). Single data points represent individual participants. Black circles and error bars show the group mean and 95%
confidence interval.

FIGURE 5

Verbal (left) and spatial (right) n-back task performance as a function of training schedule [error bars represent standard error of the mean;
*represents a significant difference relative to S1 across groups (i.e., a session effect); ˆfor spatial n-back S1 vs. S4 and S1 vs. S7 had n = 17 in the
intensive-WMT group due to excluded data for one participant at S4 and another participant at S7].

3.2. WMT effects

Figure 4 illustrates WMT task performance at the first (S1) and
final (S16) sessions (Supplementary Table 5 contains descriptive
statistics). Figure 5 displays WMT task performance at each session
as a function of training schedule.

3.2.1. Verbal n-back
There was a significant main effect of treatment, main effect

of session, and treatment x session interaction (all p < 0.001;
Table 2). Follow-up t-tests showed a significant difference

between WMT and active-control groups at the final session
[t(64) = 5.55, p < 0.001, g = 1.35] but no difference at
the first session [t(64) = 0.84, p = 0.407, g = 0.20]. The
WMT group showed significantly better performance at the final
session relative to the first session [t(31) = 5.75, p < 0.001,
g = 0.99]; whereas active-controls did not [t(33) = 0.33, p = 0.742,
g = 0.06].

3.2.2. Spatial n-back
There was a significant main effect of treatment (p < 0.05),

main effect of session (p < 0.001), and treatment x session
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TABLE 2 WMT and transfer task performance: inferential statistics.

ANOVA

F p ηp
2 BF10

Verbal n-back

Treatment (WMT/active-control) 16.61 <0.001*** 0.21 1299.05

Session (first/final) 21.70 <0.001*** 0.26 15.01

Schedule (distributed/intensive) 1.29 0.260 0.02 0.41

Treatment × session 25.20 <0.001*** 0.29 32.70

Session × schedule 0.00 0.991 0.00 0.20

Treatment × schedule 2.77 0.101 0.04 0.92

Treatment × session × schedule 3.22 0.078 0.05 0.58

Spatial n-back

Treatment (WMT/active-control) 7.20 0.009* 0.10 16.67

Session (first/final) 36.98 <0.001*** 0.37 177.42

Schedule (distributed/intensive) 2.13 0.149 0.03 0.61

Treatment × session 18.42 <0.001*** 0.23 3.81

Session × schedule 1.87 0.177 0.03 0.39

Treatment × schedule 2.61 0.111 0.04 0.93

Treatment × session × schedule 0.32 0.572 0.01 0.18

DSF

Treatment (WMT/active-control) 0.11 0.739 0.00 0.23

Session (pre-/post-training) 1.15 0.289 0.02 0.31

Schedule (distributed/intensive) 1.59 0.213 0.03 0.59

Treatment × session 0.77 0.385 0.01 0.22

Session × schedule 0.53 0.469 0.01 0.22

Treatment × schedule 0.01 0.908 0.00 0.20

Treatment × session × schedule 2.03 0.160 0.03 0.35

DSB

Treatment (WMT/active-control) 0.11 0.737 0.00 0.23

Session (pre-/post-training) 1.51 0.224 0.03 0.26

Schedule (distributed/intensive) 0.32 0.572 0.01 0.23

Treatment × session 1.19 0.281 0.02 0.22

Session × schedule 0.06 0.812 0.00 0.19

Treatment × schedule 2.24 0.140 0.04 1.07

Treatment × session × schedule 3.33 0.073 0.05 0.31

Relational reasoning

Treatment (WMT/active-control) 2.54 0.116 0.04 0.67

Session (pre-/post-training) 20.65 <0.001*** 0.25 9.16

Schedule (distributed/intensive) 0.88 0.351 0.01 0.27

Treatment × session 3.45 0.068 0.05 0.40

Session × schedule 0.47 0.494 0.01 0.22

Treatment × schedule 3.89 0.053 0.06 1.62

Treatment × session × schedule 0.67 0.416 0.01 0.21

*p < 0.05, ***p < 0.001. BF10 , Bayes factor, BF > 1 indicates evidence in favor of the
alternative hypothesis.

interaction (p < 0.001; Table 2). Follow-up t-tests showed a
significant difference between WMT and active-control groups at
the final session [t(65) = 4.26, p < 0.001, g = 1.03] but no difference
at the first session [t(65) = 0.32, p = 0.751, g = 0.08]. The WMT
group showed significantly better performance at the final session

relative to the first session [t(31) = 7.86, p < 0.001, g = 1.36]; whereas
active-controls did not [t(34) = 1.26, p = 0.218, g = 0.21].

For both the verbal and spatial n-back tasks, performance at the
first session was significantly worse than performance at the fourth
session through to the last session across both WMT groups (i.e.,
a main effect of session). These p-values survived FDR correction.
No group or group x session effects survived FDR correction
(Supplementary Table 6).

Data for the first slope (spatial n-back) were not normally
distributed for the distributed-WMT group. For consistency, non-
parametric Mann-Whitney U-tests were run for each comparison
in Table 3. There were no group differences in the value of the first
slope or the knot location on the verbal or spatial n-back tasks.
Findings remained the same after removing two extreme outliers
(first slope) from the distributed-WMT group during the spatial
n-back.

3.3. Near transfer effects

Figure 6 illustrates DSF and DSB performance at pre- and post-
training (Supplementary Table 5 contains descriptive statistics).
There were no significant main effects or interactions for the DSF
and DSB (Table 2). The findings for the DSB task stayed the same
after removing one participant who scored ceiling performance at
pre- and post-training.

3.4. Far transfer effects

Figure 7 illustrates relational reasoning performance at pre-
and post-training (Supplementary Table 5 contains descriptive
statistics). There was a significant main effect of session (p < 0.001),
indicating significantly better performance at post-training relative
to pre-training across the groups. There were no other significant
main effects or interactions (Table 2). After removing one
extreme outlier (intensive-active-control), the treatment x schedule
interaction was significant (p = 0.011).

3.5. Attrition and acceptability

The overall attrition rate was 10.13% (started: n = 79;
completed: n = 71). There was no significant difference in attrition
rate between groups (χ2 = 12.00, p = 0.213; distributed-WMT:
15.00%; intensive-WMT: 14.29%; distributed-active-control:
0.00%; intensive-active-control: 10.00%; Figure 1). Moreover, there
was no significant difference in participant demographics between
participants who completed the study and participants who did not
(Supplementary Table 7).

Of the 71 participants that completed the study, 93% completed
the end-of-training questionnaire (n = 66; distributed-WMT:
n = 15; intensive-WMT: n = 17; distributed-active-control: n = 16;
intensive-WMT: n = 18). The majority of participants agreed
or strongly agreed that the training was challenging (92%) and
engaging (76%) and that they would adopt a cognitive intervention
method like this if it were offered to them in the future (65%)
(Supplementary Figure 6). There were no significant differences in
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TABLE 3 Comparison of spline regression values.

Distributed-WMT Intensive-WMT Mann-Whitney U-test

M ± SD (median) M ± SD (median) U p g BF10

Verbal n-back (n: DT = 14; IT = 18)

First slope 0.09 ± 0.09 (0.08) 0.10 ± 0.13 (0.11) 122.00 0.879 0.08 0.44

Knot location 8.50 ± 3.39 (8.50) 8.11 ± 3.64 (8.00) 117.00 0.731 0.11 0.38

Spatial n-back (n: DT = 14; IT = 16)

First slope 0.17 ± 0.21 (0.14) 0.13 ± 0.12 (0.11) 103.00 0.708 0.29 0.34

Knot location 7.79 ± 4.10 (6.50) 8.50 ± 3.62 (9.50) 100.50 0.631 0.18 0.35

BF10 , Bayes factor, BF > 1 indicates evidence in favor of the alternative hypothesis; DT, distributed-WMT; IT, intensive-WMT.

FIGURE 6

Performance on the DSF (top) and DSB (bottom) near transfer tasks at pre-training and post-training, separately for distributed groups (left) and
intensive groups (right). Box plots represent the median (crossbars), 1st and 3rd quartile (upper and lower hinges, respectively), and the range of the
data (whiskers). Single data points represent individual participants. Black circles and error bars show the group mean and 95% confidence interval.

FIGURE 7

Performance on the relational reasoning task at pre-training and post-training, separately for distributed groups (left) and intensive groups (right).
Box plots represent the median (crossbars), 1st and 3rd quartile (upper and lower hinges, respectively), and the range of the data (whiskers). Single
data points represent individual participants. Black circles and error bars show the group mean and 95% confidence interval.
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responses to Likert questions depending on treatment or schedule
(Supplementary Table 8).

4. Discussion

The objective of this study was to investigate the effect
of training schedule on training and transfer task effects of
WMT in healthy older adults. Participants completed sixteen
WMT or active-control sessions over eight (distributed) or four
(intensive) weeks. The participants successfully performed the
cognitively demanding intervention using their own devices,
online at home, and with minimal contact with the researcher.
Consistent with our hypothesis, we observed an improvement in
WMT task performance in the WMT group, but no change in
the active-control group. However, contrary to our predictions,
we found no evidence of transfer effects and the distribution
of training sessions had no impact on WMT or transfer
task effects.

4.1. WMT and transfer task effects

The magnitude of the training effect on the verbal and spatial
WMT tasks was large. This is in keeping with previous meta-
analyses of WMT in healthy older adults that report large effect
sizes on trained tasks (Nguyen et al., 2019; Sala et al., 2019).
For both WMT tasks, a significant improvement in performance
relative to the first session was observed from session four onward.
This is similar to an existing WMT study in healthy older adults
that observed significant improvement in WMT task performance
from session five (Bürki et al., 2014).

We observed greater performance at post-training relative
to pre-training regardless of treatment or schedule allocation
(i.e., a main effect of session) on the abstract relational
reasoning task. The marginal (p = 0.068) treatment (WMT/active-
control) x session (pre-/post-training) interaction for the relational
reasoning task was driven by a steeper increase in performance
in the active-control group relative to the WMT group. An
increase in performance on this far transfer task was not
expected for the active-control group. We might speculate
that improvement in the active-control group arose from the
similarity in structural properties of the visual search active-
control task and the relational reasoning task. Specifically, both
tasks required scanning a matrix and selecting an object from an
array of choices.

We did not observe any significant transfer effects on a digit-
span task (near transfer, measuring WM). This finding adds to the
conflicting evidence base for near transfer effects following WMT.
For instance, some studies report improved digit span following
WMT in older adults (DSF: McAvinue et al., 2013; Heinzel et al.,
2014), whilst others do not (DSF/DSB: Buschkuehl et al., 2008;
Dahlin et al., 2008; Richmond et al., 2011; DSB: McAvinue et al.,
2013; Heinzel et al., 2014).

An absence of near and far transfer effects is in contrast with
Penner et al. (2012) findings. Using the same training schedules,
they reported significantly greater near and far transfer effects in the
distributed-WMT group (i.e., two sessions per week for 8 weeks)

relative to controls. However, Penner et al. (2012) study used a
no-contact control group as opposed to an active-control group
like the present study, which might explain our different findings.
Our observation of a session effect on the relational reasoning task
highlights the importance of using an active-control group in WMT
research. Overall, the absence of transfer effects is consistent with
meta-analyses of WMT in older adults that have reported smaller
or null effects of near and far transfer (Nguyen et al., 2019; Sala
et al., 2019).

There are several possible explanations for the lack of
transfer observed. For example, a lack of evidence for near
transfer may stem from a reliance on rehearsal to perform the
digit-span task (Buschkuehl et al., 2008). Rehearsal is a well-
learned process that may be automatic and therefore difficult to
modulate (Buschkuehl et al., 2008). Moreover, studies that have
evidenced far transfer to other tests of fluid intelligence (e.g.,
abstract reasoning) have administered WMT tasks that place a
high demand on executive functioning, such as task-switching
(Karbach and Kray, 2009) and dual n-back paradigms (Jaeggi
et al., 2008). We used a hybrid approach (i.e., an adaptive
procedure with task diversification) to promote engagement and
motivation (Borella et al., 2010). However, participants only
trained on a single domain, verbal or spatial, at any one
time. Therefore, the demand for executive control may not
have been high enough to facilitate transfer to other domains
of fluid intelligence (Karbach and Kray, 2009; Heinzel et al.,
2014).

Finally, the adaptive feature of the n-back training task
is believed to facilitate constant engagement of executive
processes and subsequently dissuade the development of
automatic processes and task-specific strategies (Jaeggi et al.,
2008). However, a study directly testing the mechanism(s) of
WMT transfer has suggested that n-back training results in
the acquisition of a set of strategies, as opposed to domain-
general mechanisms (e.g., strengthening of a process utilized by
various tasks) (Linares et al., 2019). Specifically, Linares et al.
(2019) observed transfer only to tasks with close structural
similarity (known as nearest transfer), like tasks with information
displayed in the same manner (e.g., in boxes) and requiring
the same procedural steps (e.g., concentrating on the current
stimulus to be remembered, retrieving the previous stimulus,
and then modifying what is to be remembered). Therefore, the
lack of structural similarity between the WMT and transfer
tasks used in this study might play a role in the lack of
transfer.

4.2. Training schedule

Similar training effects were observed irrespective of whether
participants trained two times per week for 8 weeks (distributed-
WMT) or four times a week for 4 weeks (intensive-WMT).
We extended the restricted range of spacing schedules used by
Jaeggi et al. (2020). Nevertheless, the lack of evidence for an
impact of schedule intensity is consistent with Jaeggi et al. (2020)
findings. Thus, it seems that the spacing effect observed during
various other learning instances (e.g., language learning; Kim
and Webb, 2022) might not apply in the context of WMT in
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healthy aging, owing to no obvious benefit of distributed practice.
Ultimately, our findings suggest that comparable benefits could
be observed when using less intensive schedules that may be
more easily accommodated into a person’s life. As a next step, it
would be informative to investigate whether less regular schedules
(e.g., a combination of an intense training period followed by a
distributed training period, or vice versa) or allowing individuals
to choose their own training schedule would result in similar
training benefits.

One speculative reason as to why a spacing effect is not
observed on WMT in healthy aging but is a common observation
in other learning instances could reflect a difference between WM
and long-term memory. More specifically, WMT could be viewed
as training a skill, whilst learning a language, for instance, requires
encoded material to be remembered. These two processes may
be differentially affected by spacing. Nevertheless, this speculation
does not explain why some studies investigating the spacing effect
in other populations (e.g., healthy younger adults and children)
have reported a benefit of spaced over massed training (Penner
et al., 2012; Wang et al., 2014).

4.3. Feasibility

Most of the participants were successfully able to perform
the demanding intervention using their own devices, online at
home, and with minimal contact with the researcher. Beyond
simply completing the intervention, they demonstrated significant
improvements in WMT task performance, consistent with other
lab-based studies (Nguyen et al., 2019). Additionally, the majority
of participants agreed that the WMT was challenging and
engaging and that they would adopt a cognitive intervention
like this if it were offered to them in the future. This success
is noteworthy as if WMT is to have a widespread reach it
is essential that it can be administered outside the lab in an
unsupervised environment without the need for externally supplied
equipment.

4.4. Study limitations

We should consider the contribution of this study in light
of several limitations. Firstly, despite the accessibility of home-
based interventions, we must acknowledge that relative to lab-
based interventions, unsupervised research, performed outside
the lab, using participants’ devices, has reduced experimental
control. For instance, there was no researcher present to clarify
instructions or assist with technical problems in real time. To
attenuate potential problems arising from reduced control several
methods were implemented to ensure the quality of the training
provided. For example, to enable understanding of the task
requirements, participants could re-visit task instructions and
repeat practice trials as many times as needed. Additionally,
lack of engagement and/or understanding of the tasks (e.g.,
letting the task run through without responding, scoring zero
correct responses) and instances of technical error (e.g., crashing
and re-starting) were identified during data analyses. We

believe that these methodological choices have allowed us to
ensure the quality of the training sufficiently whilst conducting
remote research.

Secondly, our conclusions are only applicable to the WMT tasks
used in this study, so we cannot conclude whether the spacing
effect would be observed using other WMT paradigms. Next, the
absence of a follow-up assessment prohibits an investigation of
whether improvements on the training tasks persist over time and
whether spacing effects arise after a longer delay (Cepeda et al.,
2006). Moreover, it is desirable within WMT research that the only
difference between the WMT task and the active-control task is
the demand on WM (Simons et al., 2016; Gobet and Sala, 2022).
Although the active-control tasks were designed to mirror the
verbal and spatial elements of the WMT, future research should
implement adaptive active-control tasks to further isolate the effect
of WMT (Simons et al., 2016; Gobet and Sala, 2022).

Furthermore, a higher percentage of participants reported
having tertiary education (73%, n = 49) compared to the UK
population (39% of 55–64-year-olds; OECD, 2022). Therefore, the
sample might not be representative of the typical healthy older
population, reducing the generalizability of our findings. Moreover,
the sample (mean age: 66 years) can be considered a young-old
sample (Borella et al., 2010). Thus, future studies should investigate
spacing effects in older-old adults (85 + years).

Finally, the intervention was not double-blinded. However,
the absence of face-to-face interaction and minimal participant-
researcher email correspondence reduced the likelihood of
unintentional differences in researcher behavior dependent on
group allocation. Moreover, the active-control task had some
degree of face validity as a cognitive training intervention. For
instance, given the commercialized nature of brain training we
believe that the wordsearch and visual search control tasks
would have been perceived as an active intervention by the
participants, providing good face validity (Green et al., 2019).
Additionally, the study advertisements stated that the study
aimed to compare two training schedules, without reference to
the WMT and active-control group allocation. This conscious
effort to create equivalent expectations in the WMT and
active-control groups served to promote participant blinding to
treatment allocation.

5. Conclusion

The current study investigated the effect of training schedule
on training and transfer effects of WMT in healthy older adults.
The magnitude of the training effect on the verbal and spatial
WMT tasks was large. However, we observed no evidence of
near and far transfer measures of WM or abstract relational
reasoning. Despite the absence of transfer effects, this study
suggests that healthy older adults can successfully complete
a cognitively demanding intervention unsupervised using their
personal devices at home. Our findings suggest that similar effects
of WMT can be observed in healthy older adults irrespective
of the training schedule, at least using the two schedules tested
here, suggesting that intensive training is just as effective as
distributed training.
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