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Abstract

Whether brain training programmes are effective and have transferable benefits to wider cognitive abilities is controversial,
especially in older adult populations. We assessed, in a randomised controlled intervention study, whether a commercially
available brain training programme can induce cognitive improvements in a sample of healthy older adults (NV=103). Par-
ticipants completed a three-month intervention of either an adaptive computerised cognitive training programme (through
a brain training app) or active control. Cognition was measured through a comprehensive battery of tasks pre- and post-
intervention to assess working memory, processing speed, attention, and language functioning. Participants in the interven-
tion group significantly improved on all tasks that were trained specifically within the brain training programme (i.e. prac-
tice effects). However, for the cognitive tasks assessed pre- and post-intervention there was no evidence of any of these
practice effects transferring to improvements in cognitive outcome measures compared to the active control group (i.e.
transfer effects). Our results indicate that the benefits of brain training programmes appear to be limited to practice effects
of trained tasks, while no evidence is found for transfer effects to other, related or unrelated, untrained cognitive tasks.

Introduction

Cognitive processes such as working memory, processing
speed, attention, and language functioning all decline during
healthy ageing (Reuter-Lorenz et al., 2021; Salthouse, 2010;
Segaert et al., 2018). As life expectancy in developed coun-
tries continues to increase (Roser et al., 2013), mitigating
age-related cognitive decline has become an increasingly
popular field of research. In the present study, we examined
whether computerised cognitive training improves perfor-
mance across multiple domains of cognition.

< Emma Sutton
emma.sutton@bristol.ac.uk

School of Psychology, College of Life and Environmental
Sciences, University of Birmingham, Birmingham, UK

Centre for Developmental Science, School of Psychology,
College of Life and Environmental Sciences, University of
Birmingham, Birmingham, UK

School of Sport, Exercise, and Rehabilitation Sciences,
College of Life and Environmental Sciences, University of
Birmingham, Birmingham, UK

Centre for Human Brain Health, School of Psychology,
College of Life and Environmental Sciences, University of
Birmingham, Birmingham, UK

A recently popular method of delivering cognitive train-
ing has been to use commercially available brain training
programmes. Applications such as Lumosity (Lumosity,
2023), Peak (Peak, 2023) and BrainHQ (BrainHQ, 2023)
are commercially advertised as training programmes that
will improve cognitive ability and delay cognitive decline.
These applications are easy to use, relatively affordable,
adaptive (increasing in difficulty with improved perfor-
mance, which is key for cognitive training programmes to
work (Brehmer et al., 2012) and include training games that
cover a variety of cognitive processes such as short-term
memory, language, attention, and processing speed.

Support for the effectiveness of brain training pro-
grammes in healthy older populations is mixed. There is
evidence from reviews and meta-analyses that computerised
cognitive training or brain training leads to small but signifi-
cant improvement in skills such as working memory, pro-
cessing speed, and visuospatial skills in healthy older adults
(Bonnechere et al., 2020; Kueider et al., 2012; Tetlow &
Edwards, 2017). Conversely, papers report that efficacy var-
ies across cognitive domains and can be affected by design
choices (Lampit et al., 2014), and a recent meta-analysis has
found no convincing improvement after accounting for pub-
lication bias (Nguyen et al., 2022). Older adults have higher
expectations of brain training compared to younger adults
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(Rabipour & Davidson, 2015), and they could arguably ben-
efit most from their use, if effective. Whether brain train-
ing programmes lead to tangible improvements in cognitive
abilities in healthy older adults therefore warrants further
investigation.

Some of the inconsistencies found in cognitive training
research more broadly can be attributed to methodological
differences (Green et al., 2014; Noack et al., 2014; Simons
et al., 2016). Sample sizes vary substantially and are often
limited; 50% of studies in a 2014 review of transfer effects in
cognitive training studies had fewer than 20 participants in
each group (Noack et al., 2014), and 90% had fewer than 45
in each group. Training duration is also often limited; 50%
of studies reported 8 h and 20 min of training or less, with
the majority (90%) reporting less than 20 h in total (Noack
et al., 2014). Another concern is the size and content of the
test battery (Green et al., 2014). Many studies, especially
early studies when cognitive training was in its infancy,
used a small test battery (i.e., one test per cognitive func-
tion) to assess cognitive outcome measures. However, to
assess valid training benefits, the outcome measures need to
be chosen such that they assess changes across the construct
rather than the individual tasks. For example, executive
function would ideally not be assessed by a single measure:
executive function itself is made up of smaller subprocesses
(inhibition, shifting and updating (Sandberg et al., 2014), so
one outcome measure that focuses on one of those processes
is not enough to encompass executive function as a whole.
Moreover, if cognitive training includes a specific task that
trains, for example, working memory (e.g., an n-back task),
then it’s true benefits can only be assessed through perfor-
mance on a different task which measures skills within this
domain (i.e. a task which also assesses working memory
but is not an n-back task) to rule out that improvements are
mere practice effects. A final consideration is the choice of
control group (Simons et al., 2016). The gold standard is
to use an active control group that mimics the intervention
as closely as possible, while leaving out the ‘active ingre-
dient’ of the training. However, the very nature of cogni-
tive training programmes makes this difficult. The type of
control groups in published studies therefore varies, often
including passive control groups, and not always account-
ing for placebo effects, motivation, or cognitive demands
(Simons et al., 2016). Active control groups can be divided
further; into ‘active-ingredient’ controls and ‘similar-form’
controls (Masurovsky, 2020). ‘Active-ingredient’ control
groups are identical in every aspect apart from the ‘active’
ingredient, but these are difficult to implement and in prac-
tice are rarely used. For example, Brehmer et al. (2012)
tested whether adaptivity of training was key to improve-
ments in working memory. The control group training was
identical to the intervention, but the difficulty remained the
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same throughout. The ‘active ingredient’, and the only thing
that changed, was adaptable difficulty. ‘Similar-form’ active
controls are much more common, mimicking aspects of the
training but differing in more than one way, such as com-
paring computerised cognitive training to video games that
are not designed to train cognitive domains (Ballesteros et
al., 2017). ‘Similar-form” control groups are still consider-
ably more suitable than passive or no-contact control groups
(Masurovsky, 2020).

We note that in the above set of issues, a key concern, but
one most often overlooked, is the need to establish evidence
of transfer effects (the benefits of the training ‘transferring’
to other, untrained, cognitive tasks), as opposed to practice
effects (improvements within the training, or same tasks,
itself). Transfer effects can be categorised by how similar
they are to the trained cognitive domain (Sala et al., 2019).
Near transfer refers to skills generalising to similar domains
(e.g., training in working memory which is transferring to
other, related but untrained, working memory tasks), while
far transfer relies on the cognitive domain being weakly
related, or not related at all, to the trained domain (e.g.,
working memory training which is transferring to language,
or executive control benefits; (Sala et al., 2019). The more
shared features there are between domains, the nearer the
transfer effects (Sala et al., 2019). Of course, the ultimate
aim of brain training programmes is that training of specific
cognitive processes leads to improvements across cognitive
domains (Stojanoski et al., 2018). There is some evidence
that brain training can lead to transfer effects (McDougall &
House, 2012), however, there are also cases where no trans-
fer benefits are found at all (Kable et al., 2017; Stojanoski
et al., 2018). Even when papers report significant positive
effects of brain training programmes on cognition in healthy
older populations, the effects are often driven by improve-
ments on very near transfer tasks (Lee et al., 2020), and little
to no evidence of far transfer is established. Furthermore, a
recent meta-analysis of brain training randomised controlled
trials with older adults found small but significant transfer
to some cognitive domains, however most effects were
no longer significant once publication bias was taken into
account (Nguyen et al., 2022). There are also cases where
previously reported effects have perhaps been exaggerated.
Brain training research sometimes describes improvements
in trained effects (improvement in performance within the
programme) and report these as an improvement in cogni-
tive ability (Bonnechere et al., 2021). Instead, these are in
fact practice effects and do not necessarily entail improve-
ments in cognitive function, since transfer effects (near or
far) were not established or were not even assessed. Trans-
fer effects are essential if a training programme is going to
be effective and wide-reaching, especially in ageing popula-
tions, but concrete evidence for them is often lacking.
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Due to these inconsistencies and the controversy sur-
rounding brain training programmes and their effects,
there is a need for robust and rigorous research to assess its
efficacy. An extensive review paper has given recommen-
dations for how research into brain training programmes
should be conducted and published (Simons et al., 2016).
The researchers recommended a large sample size with ran-
dom allocation to groups and blinding of conditions if possi-
ble. An appropriate active control group should be utilised,
meaning a control group that correctly mimics the level of
engagement of the intervention, but that theoretically will
not result in improved cognitive performance. This allows
for placebo effects to be controlled for, and any effects to
be attributed to the ‘active’ ingredient of the training pro-
gramme (Simons et al., 2016). Furthermore, interventions
need to control for expectations and motivations of both
groups. Finally, the researchers recommend using appropri-
ate outcome measures and a test battery using multiple tasks
to measure each construct. Our study has incorporated each
of these key recommendations.

To assess the possible cognitive benefits of the training
we measured cognition across a wide range of domains.
Among various possible cognitive functions of interest,
working memory stands out as a commonly reported func-
tion. This is not only due to its consistent decline with age
(Salthouse, 2010) but also because it serves as a founda-
tion for many other cognitive abilities. Working memory
training has shown convincing improvements in memory
skills in older adults in recent years (Karbach & Verhae-
ghen, 2014). Another cognitive skill that exhibits consis-
tent decline with age is processing speed, which has been
effectively trained in older adults: the well-known ACTIVE
study demonstrated significant and sustained improvements
in processing speed over a two-year (Ball et al., 2002) and
ten-year (Rebok et al., 2014) period. Although findings on
attention skills are not always consistent, attention skills do
undergo changes with age (Verissimo et al., 2022), and defi-
cits in attention can impact daily life (Glisky, 2007), making
it a worthwhile line of enquiry. Finally, language problems,
specifically word finding difficulties, increase with age
(Maylor, 1990) (Segaert et al., 2018) and are commonly
reported as noticeable deficits by older adults. Assessments
of language function are not often included in brain train-
ing research, but due to the relevance of language abilities
to ageing, we believed it would be interesting to include a
language assessment in the present study.

In sum, cognitive training is an important field of
research that needs methodologically sound experiments to
assess whether brain training programmes are effective in
healthy older adult populations. The aim of the current study
was to do just that: to assess the efficacy of a commercially
available adaptive brain training programme (Peak) for

improving function in a range of cognitive domains, using a
randomised controlled study with healthy older adults.

Popular brain training applications including Lumosity,
BrainHQ, Elevate, and Peak have many similarities; they
aim to improve cognition more broadly by training specific
cognitive tasks in domains like attention and memory. These
applications use adaptive training, track user performance
and scores over time, and some (including Peak) compare
scores to other users or age groups. It can therefore be dif-
ficult to choose one over another. We chose Peak because
it includes some games/exercises that also target emotional
capacity and language skills (Lumosity and BrainHQ do not
include this). Further, compared to its counterparts, it is rel-
atively under-researched and reported on; to our knowledge,
Peak has not been used as a cognitive training programme in
a randomised controlled trial with an active control group.

We aimed to include a larger sample size than has been
used in many previous cognitive training studies (Noack
et al., 2014) and an appropriate active control group. We
assessed cognitive functions known to decline with healthy
ageing and used tasks that are commonly used in ageing
research. These included working memory (Forward Digit
Span task and visual N-back task), processing speed (Choice
Reaction Time task and Letter Comparison task), attention
(Attention Network Task) and language functioning (tip-of-
the-tongue task). We hypothesised that we would find sig-
nificant improvements within the training games (practice
effects) for our intervention group. Whether we would find
transfer effects from the brain training to other cognitive
abilities was uncertain, though we anticipated any transfer
effects would be to similar cognitive tasks (near transfer)
rather than to dissimilar tasks (far transfer).

Methods
Participants

One hundred and nine participants were initially recruited
through existing participant databases at the University of
Birmingham (Birmingham 1000 Elders) and online social
media advertisements. Six participants dropped out and did
not complete the post-intervention measures; 103 completed
both pre- and post-intervention sessions. Participants ranged
from 60 to 84 years old (M=70.57, SD=5.5). The Montreal
Cognitive Assessment (Nasreddine et al., 2005) was used to
exclude participants with suspected impaired cognition. A
recent meta-analysis suggested that a cut-off score of 23 out
of 30 for mild cognitive impairment (rather than the origi-
nal 26/30) provides fewer false positives and better diag-
nostic accuracy (Carson et al., 2018); no participants were
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excluded based on this cut-off point. A participant flow chart
can be found in Fig. 1.

Inclusion criteria required participants to be over 60
years of age, a monolingual native English speaker, have
normal or corrected-to-normal hearing and vision, access to
a smartphone or tablet, and be able to walk short distances
unaided. Participants were also required to be up to date on
COVID-19 vaccinations at the time of visit. Exclusion cri-
teria were as follows: a diagnosis of cognitive impairment
(e.g., dementia, mild cognitive impairment), a diagnosis of
mental health disorder (e.g., depression, anxiety), a diagno-
sis of language impairment (e.g., dyslexia). Participants who
reported they were regularly taking medication known to
interact with cognitive function or inflammation (e.g., medi-
cation for arthritis, anti-depressants) were also excluded.

Intervention
Cognitive training intervention

The present study used Peak (Peak, 2023), a commercially
available brain training application, as the intervention. A
total of 48 games focus on seven different categories: Lan-
guage, Problem Solving, Memory, Focus, Mental Agil-
ity, Emotion, and Coordination. The short games focus on
abilities such as vocabulary, working memory, visual or
sustained attention, mathematics, and task shifting. Some
games within Peak closely resemble the outcome measures
used in the present study. As such, our outcome measures
allow the assessment of near-transfer as well as far-transfer.
For example, Rush Back and Rush Back+are N-back style

games, and so assessment of N-back performance would
reflect near transfer. On the other hand, the language-based
games within Peak tap into fluency and vocabulary, rather
than phonological access (which is what tip-of-the-tongue
problems are related to). The tip-of-the-tongue task would
therefore reflect far transfer.

The app tracks progress, comparing one’s scores to
personal previous scores and to other players of a similar
age group. Scores are given out of a possible 1000 and are
updated for each category every time a game or ‘brain work-
out’ is played. Games are adaptive, increasing in difficulty
with improved performance, and are either timed (times
ranging from 45 s to around 4 min) or are self-directed. Par-
ticipants in our study’s intervention group were asked to use
the pre-made ‘daily brain workouts’ which randomly selects
six out of the 48 games each day to ensure a wide range
of cognitive abilities were trained. The daily workouts took
around 15 minutes, after which participants were told they
could explore the app and use other games as they wished.
Peak has been reported by others to improve everyday
functioning and improve measures of processing speed in
younger adults with depression (Motter et al., 2019), how-
ever to our knowledge, no research to date has investigated
the efficacy of Peak on cognition in healthy ageing.

Active control group

Active control groups, matched to the intervention as best as
possible on training intensity, motivation, and engagement,
are the gold standard in intervention studies (Green & Bave-
lier, 2012). Active control groups are crucial to establish that
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Fig. 1 Participant flow chart
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any effects found are a direct result of the intervention itself,
rather than social impacts, expectation effects of training, or
the repetition or structure of completing a daily or regular
task (Green et al., 2014). Following the justification of an
active control group given by Kable et al. (2017), the con-
trol group was chosen to mimic and control for any effects
of cognitive stimulation. The choice of training was a ‘simi-
lar-form’ control group (Masurovsky, 2020), a readily avail-
able free mobile application, Cardgames.io (Cardgames.
i0, 2023), that includes 42 card and board games, such as
Hearts, Rummy, Yahtzee, and Solitaire. Similar to Kable et
al. (2017), participants were not restricted in terms of what
games they played but were encouraged to try a variety of
them, as long as it was for at least 15 min per day, to match
training intensity. Crucially, game difficulty was not adap-
tive to user performance, and the variety of games ensured
novelty and engagement.

Cognitive outcomes measured pre- and post-
intervention

Working memory

Working memory was assessed through two computerised
tasks: the Forward Digit Span task, and N-back task.

Forward digit span Single digits (0-9) are presented to
participants one at a time on a computer screen at 1000
ms intervals. Trials begin with three-digit sequences up to
a possible ten-digit sequence. After the sequence has been
presented, participants are asked to type the digits in the
order they were presented using the computer keyboard,
using the Enter key to confirm. Feedback is given after each
trial. There are three trials in each level, and participants
must get two trials correct to move up to the next level. The
task automatically ends after two incorrect answers within
a level. The participant’s digit span is taken from the high-
est level in which participants get two trials correct. Mea-
suring working memory using Digit Span tests is common
in psychological experiments such as these and has been
established within the ageing literature (Grégoire & Van
der Linden, 1997). The forward Digit Span is suggested to
mostly tap into grouping and short-term retention (Feier &
Gerstman, 1980). This task takes approximately 5 min.

N-back task: This task consists of a visual N-back task.
Participants view a 3 x 3 grid on a computer screen, in which
squares appear in one of the nine possible places (presented
regularly at 1000 ms intervals), one at a time. Participants
are asked to respond by pressing the ‘Space’ key whenever
the target matches the location shown N steps before. There
are two blocks of 60 trials, a 1-back and a 2-back, with 16

targets in the 1-back block, and 12 in the 2-back. Partici-
pants have a practice 1-back block of 12 trials and receive
feedback on their performance at the end of the practice.
No feedback is given for rest of the task. This task is well
established and has been validated as an effective working
memory measure (Jaeggi et al., 2010). RT is measured in
milliseconds and a performance is measured by calculating
a d’ score from the four outcomes of each trial: hit (cor-
rect button press in response to the target), miss (no button
press when the target appears), correct rejection (participant
correctly does not press button) and false alarm (participant
incorrectly presses button when no target appears). The final
score, d’, is calculated as follows:

Z-score Hit Rate [#Hits / (#Hits + #Misses)] minus
Z-score False Alarm Rate [#False Alarms / (#False Alarms
+ #Correct Rejections)]

A higher score indicates better performance or better sen-
sitivity to the target. The task takes approximately 10 min.

Processing speed

Processing speed was assessed through two computerised
tasks, the Choice RT task, and Letter Comparison task.

Choice RT task (CRT) Four empty squares are displayed on
the computer screen, which correspond to the Z, X, N, and
M keyboard keys. Participants rest index and middle fin-
gers on these keys. Intertrial intervals ranged from 1000 and
2500ms (at 250ms increments), after which an X appears in
one of the four squares. Participants are asked to press the
Z, X, N, or M key for which box the X appears in, as fast
and accurately as possible. The task consists of 8 practice
trials, followed by 32 test trials. Feedback is only given after
each practice trial. Target locations and intertrial intervals
are counterbalanced, and trials are randomised. RT is cal-
culated in milliseconds. This task is well established when
assessing processing speed (Deary et al., 2010). The CRT
takes approximately 2 min.

Letter comparison task (LC) A fixation cross is displayed
in the middle of the screen. Two sequences of letters are
then displayed at equal distances above and below the fixa-
tion cross, and participants are asked to decide whether
the letter sequences are the same or different. Participants
are asked to do this as fast and accurate as possible. The
Z arrow key is pressed for the same letters, M for differ-
ent. The task consists of eight practice trials of three letter
sequences, followed by one block of 48 trials, consisting
of three-letter and six-letter strings. Trials are presented at
even intervals (1000ms between trials, fixation cross for
500ms, blank for 100ms, letters presented until response)
and are randomised. RT is calculated in milliseconds. This
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task is a well-known measure of processing speed in ageing
populations (Salthouse & Babcock, 1991). The task takes
approximately 5 min to complete.

Attention

Attention Network Task (ANT): The Attention Network Task
was used to measure attention. While being a single task for
the participant, this computerised task allows assessment
of the three key domains of the attention network - orient-
ing, alerting and executive control - through the combi-
nation of a flanker (Eriksen & Eriksen, 1974) and spatial
attention task (Posner & Cohen, 1984). During each trial,
a fixation cross is displayed for 400ms before a stimulus
appears. The stimulus is a row of five arrows, each pointing
left or right. Participants are asked to report, using the left
and right arrow keyboard keys, which direction the centre
arrow points. They are asked to do this as fast and accurate
as possible. The centre arrow can be congruent (points in
the same direction as the flankers) or incongruent (points
in the opposite direction to the flankers). The stimuli can
appear above or below the fixation cross and can be cued
with an asterisk (*) or not cued. There are three cue condi-
tions: spatial cue (cue appears either above or below the fix-
ation cross), centre cue (asterisk appears in the centre of the
screen), or double cue (cue appears both above and below
the fixation cross). Only the spatial cue indicates where the
stimulus will appear, the location of the stimuli is ambigu-
ous for the centre and double cue. Participants have a prac-
tice trial of 12 trials followed by three blocks of 96 trials
(total of 288 trials). Feedback is only given during the prac-
tice trials. The ANT has been used in older adults to detect
changes in attention compared to younger adults (Jennings
et al., 2007).

RT is measured in milliseconds and a score is given for
each of the domains. Alerting is measured by the no cue
response time minus the double cue response time, for cor-
rect responses only. Orienting is measured by the centre cue
response time minus the spatial cue response time, for correct
responses only. Executive control is measured by response
time in the incongruent flanker condition minus response
time in the congruent condition, for correct responses only.
High scores for alerting and orienting, and low scores on
executive attention, indicate better performance. The task
took approximately 10 min to complete.

Tip-of-the-tongue
Tip-of-the-tongue (TOT) instances were measured through
a computerised task. In 60 trials, participants are shown

a written definition of a word and are asked whether they
can name the word the definition is referring to. There are
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three available responses: ‘Yes, I know the word’ (par-
ticipant is given the answer and is asked whether that was
the word they had in mind), ‘No, I don’t know the word’
(move onto next trial) or ‘tip-of-the-tongue’ (described to
the participant as ‘you know the word but can’t bring it to
mind just now, or you could think of it with more time”). In
TOT instances, participants are then asked if they can recall
how many syllables the word has, or if they can remember
any of the sounds in the word. Responses are typed on the
keyboard. Participants are then shown the answer and are
asked whether that was the word they had in mind. A “Yes’
response at this stage is recorded as a true TOT instance,
and a TOT score out of 60 is recorded for analysis. This
TOT task has been used in previous research with older
adults and was found to be related to cardiovascular health
(Segaert et al., 2018). There were two 60-word lists for this
task, which were counterbalanced across participants and
sessions (pre- vs. post-intervention). The TOT task takes
approximately 20 min.

Procedure

All participants were screened on the inclusion and exclu-
sion criteria and gave informed consent before being allo-
cated to the intervention or active control group. Groups
were allocated using stratified randomisation (split by sex),
to ensure equal sex distribution in the intervention vs. con-
trol group, to avoid any potential confounds in performance
on the tasks. Participants completed a baseline assessment
of all outcome measures which took around two hours, as
well as a questionnaire to record demographic information.
Age, sex, ethnicity, highest educational qualification, and
regular medication were all recorded. Cognitive measures
were coded and administered using PsychoPy (Peirce et al.,
2019).

The researcher then downloaded either the interven-
tion application (Peak) or control application (Cardgames.
i0) onto the participant’s smartphone or tablet. Participants
were shown how the applications work and were instructed
to train for at least 15 min each day for the duration of the
intervention period (three months). This training intensity
and duration was based on a previous report which found
that 50% of studies had less than 8 h and 20 min of training
in total, and 90% of studies had less than 20 h of training
(Noack et al., 2014). If adhered to correctly, our interven-
tion would result in at least 22.5 h of training. While more
training could in theory be more beneficial to our outcomes,
we wanted to choose a duration and intensity that would be
feasible and achievable for our chosen population. Adher-
ence to the training programme was measured by asking
participants to keep a training diary, which they reported
through weekly emails detailing how much training they
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had completed that week (in minutes per day), what their
Peak brain scores were (intervention) and what games they
had played (active control). This also controlled for the
amount of researcher contact both groups received.

Participants repeated the series of outcome measures
immediately after the three-month intervention, to assess
any direct effects of the training. At post-intervention, addi-
tional questions were asked about motivation (‘How moti-
vated were you to complete the training?’) and enjoyment
(‘How much did you enjoy the training?”) on a 7-point Lik-
ert scale from 1- ‘Not motivated’ / ‘I did not enjoy it’, to
7 — ‘Extremely motivated’ / ‘I really enjoyed it’. Adherence
to the training was determined by asking participants how
many days of training they missed per week.

The study was a randomised, controlled, single-blinded
intervention: participants were randomly allocated and both
groups were told the study aimed to investigate the effects
of computerised smartphone apps on cognitive health, to
ensure the same level of expectation effects (Kable et al.,
2017). The study was approved by the University of Bir-
mingham Ethics Committee (ERN 19-1176) and complied
with ethical considerations outlined in the British Psycho-
logical Society Code of Human Research Ethics (BPS,
2021). Participants received monetary compensation for the
in-person Visits.

Data reduction and analysis

Before analysis, data were cleaned to identify outliers, using
Python 3.7. Outliers for RT data (for N-back, CRT, LC, and
ANT tasks) were detected and removed from 2+ SD from the
mean, per participant per condition. This removed around
1% of RT responses. Individual responses were excluded
from analysis if the % accuracy was below 50% for that task
(this removed one participant’s response for CRT, four for
the Letter Comparison task, four from the N-back task, four
from the ANT, and two from the ToT task).

Pre- vs post-intervention cognitive scores were analysed
in R Studio (RStudio Team, 2020). For those tasks where
outcome variables had repeated observations over tri-
als and/or participants (CRT, Letter Comparison task, and
tip-of-the-tongue task), we ran linear mixed models using
the Ime4 (Bates et al., 2015) and report (Makowski et al.,
2023) packages. Linear mixed models are extensions of
regressions that are increasingly popular in psychological
research (Bono etal., 2021) as a way of analysing data while
being able to account for variability within factors such as
item or participant (Judd et al., 2012). For each model, we
attempted to include a maximal random-effects structure
(Barr et al., 2013). We included participant and item as
random intercepts (as there may be variance between items
or individual differences in participants) and attempted to

include as many random slopes (random adjustments to the
fixed effects) as the model would allow. For other tasks,
where the outcome measure is a single value (i.e., N-back
d’, maximal digit span, or ANT cost score), linear regres-
sions were conducted using the dplyr package (Wickham
etal., 2023).

For the CRT task, 3-letter condition, and 6-letter condi-
tion of the Letter Comparison task, we fitted separate linear
mixed models predicting reaction time, including session
(pre vs post) and condition (intervention and control) as
fixed effects. Random intercepts were included for partici-
pants and items. Random slopes for items were not included
in the final models as they did not converge (Barr et al.,
2013). These models were estimated using REML (Corbeil
& Searle, 1976) and used nloptwrap optimizer. ToT data
was analysed by a generalised linear mixed effects model,
as the dependent variable (tip-of-the-tongue occurrence)
was binomial (ToT response was either a 0 —no ToT, or 1 —
ToT). ToT occurrence was predicted by fixed effects of ses-
sion, condition, and the number of phonemes in each item
(Segaert et al., 2018), as well as including random inter-
cepts for item and participant. Random slopes were again
not included in the final model due to non-convergence.
ToT models were estimated using maximum likelihood and
BOBYQA optimizer, with the logit link function. Maximal
digit span, 1-back d’, 2-back d’, and alerting score, orient-
ing score, and executive control score from the ANT were
all investigated using session and condition as predictor
variables in a linear regression model. As less than 5% of
data was missing, missing data was not estimated (Jakob-
sen et al., 2017; Roth & Switzer III, 1995; Schafer, 1999).
All continuous variables were scaled prior to analysis. As
we were assessing many outcome variables and conducting
multiple statistical analyses (N=10), a Bonferroni adjusted
p-value was calculated (new p-value=0.005). 95% Confi-
dence Intervals (CIs) and p-values were computed using a
Wald t-distribution approximation.

Results
Demographics

Table 1 reports demographic information for the 103 par-
ticipants who completed both pre- and post-intervention
assessment sessions. There were no significant differences
between groups at baseline in terms of age, gender, or
MoCA score (all p>.05). Participants were excluded from
further analyses if total training was less than 80% (less
than 18 h in total during the three-month intervention). Four
participants (n=2 intervention, n=2 control) were excluded
due to low training, meaning a total of 99 participants
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Table 1 Baseline demographics for intervention and active control
groups

Inter- Active p
vention control  value
(n=52) (n=51)
Age — years (SD) 70.7 70.5 0.84
(5.5) (5.6)
MoCA score — M (SD) 28.3 28.5 0.45
(1.3) (1.5)
Sex - N 0.94
Female 31 30
Male 19 19
Ethnicity - N 0.99
White 48 47
Mixed/Multiple Ethnic Groups 1 1
Other 1 1
Highest educational qualification - N 0.125
GCSEs, O-levels or equivalent 4 2
A-levels or equivalent 7 15
University undergraduate (e.g., BSc, 13 14
BA)
University postgraduate (e.g., MSc, 12 13
MA, PhD)
Other 13 5

Note: MoCA =Montreal Cognitive Assessment

(n=50 intervention, n=49 active control) were included in
analysis. It is worth noting that, following Intent to Treat
principles (Montori & Guyatt, 2001), we also ran analyses
on the full dataset (N=103). Overall effects did not change
for any of the analyses reported below.

Adherence to training and motivation

Overall adherence to both intervention and active control
was high. Participants were asked to train for at least 15 min
per day on their respective programmes for three months.
The expected training time was a minimum of 22.5 h. On
average, participants trained for 42.22 h (SD=26.28, rang-
ing from 18.67 to 176 h) and missed 4.5 days of training
between baseline and follow-up during the three-month
intervention. Total hours of training were calculated per par-
ticipant by time trained across the three months, multiplying
by the number of days participants trained for. Total train-
ing hours did not differ between intervention (M=41.34,

SD=28.05) and active control (M=43.13, SD=24.59),
t(97)=0.336, p=.3609.

Motivation to complete the training and enjoyment of the
training were measured through questions post-intervention.
There were no significant differences between intervention
(M=6.5, SD=0.9) and active control (M=6.3, SD=0.7) in
terms of motivation (p=.118) of the respective training pro-
grammes. There was also no significant difference between
intervention (M=6.3, SD=1.1) and active control (M=6.3,
SD=0.8) regarding training enjoyment (p=.895). Interven-
tion and active control groups were therefore matched well
in terms of motivation and enjoyment.

Intervention group practice effects: performance on
peak improves during the intervention

Repeated measures analyses of variance (ANOVAs) were
conducted to compare first and last reported scores for the
intervention group, for each of the seven Peak categories.
Results were significant for all measures (all p<.001), indi-
cating that participants in the intervention group improved
significantly in their performance within the app (i.e.
practice effects). Descriptives and results can be found in
Table 2. Visual representations are shown in Fig. 2.

Cognitive benefits of the intervention: pre- vs. post-
intervention cognitive outcomes

We investigated pre- versus post-intervention cognitive
outcomes using mixed models (where there were repeated
observations over participants and/or items) and linear
regressions (where the outcome variable was one value)
(see methods for more detailed descriptions). Raw pre- and
post-intervention scores can be found in Table 3. Detail on
best fitting models can be found in Table 4 (mixed models)
and Table 5 (linear regressions). Visual representations can
be found in Fig. 3. Alpha level (o)) was adjusted for multiple
comparisons (0.05 / 10=0.005).

Because dosage varied between participants, we also ran
analyses to investigate whether dosage had any impact on
pre- to post-intervention cognitive changes. Across all out-
come measures, we only found one session (pre vs. post)

Table 2 Mean (SD) pre- and post-intervention peak scores for participants in the intervention group

Peak category M (SD) pre-intervention (/1000)

M (SD) post-intervention (/1000)

ANOVA result (main effect of time)

Memory 262.47 (63.08)

Problem solving 222.12 (55.01)

Language 338.00 (107.48)
Mental agility 180.61 (29.63)
Focus 178.61 (26.38)
Emotion 194.41 (53.64)
Coordination 155.14 (14.34)

435.49 (94.44)
363.51 (95.28)
534.37(133.22)
317.00 (93.55)
313.35 (89.67)
413.45 (184.92)
219.39 (85.02)

F(1,50)=206.08, p<.001, 1> =0.81
F(1,50)=121.77, p<.001, 1> =0.71
F(1,50)=175.03, p<.001, 1> =0.78
F(1,50)=126.20, p<.001, 1> =0.72
F(1,50)=144.82, p<.001, 12 =0.74
F(1,50)=98.56, p<.001, 1> =0.66

F(1,50)=33.06, p<.001, 1> =0.40

Note: Peak category scores are out of 1000
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Fig. 2 Pre- and post-intervention 600
scores for Peak games, demon-
strating practice effects within the
intervention. Error bars reflect
standard error. Peak scores are out
of 1000
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Table 3 Pre-intervention and Cognitive Measure Group Pre intervention [95%CI] Post intervention
post-.interventiqn scores in inter- function [95%CT]
;::2‘(‘)’“n?g‘vieagﬁtvceofr‘l’:il‘gai‘isfS Working Digit Span Intervention 5.65 [5.27, 6.03] 6.00 [5.67, 6.33]
& memory Active control  5.84 [5.46, 6.22] 6.06 [5.73, 6.40]
Iback d’ Intervention 3.817[3.69, 3.95] 3.914[3.84,3.99]
Active control 3.706 [3.57, 3.84] 4.090 [4.02, 4.17]
2back d’ Intervention 2.415[2.14, 2.69] 3.045 [2.83, 3.26]
Active control  2.632 [2.35, 2.91] 2.724[2.50, 2.95]
Processing CRT average RT Intervention 0.602 [0.57, 0.64] 0.547[0.52, 0.58]
speed (ms)
Active control  0.597 [0.56, 0.63] 0.540 [0.51, 0.57]
LC 3 letter RT (ms)  Intervention 1.061 [1.02, 1.10] 1.052 [1.02, 1.09]
Active control 1.052[1.01, 1.10] 1.020 [0.99, 1.06]
LC 6 letter RT (ms) Intervention 1.595[1.52, 1.67] 1.635[1.57, 1.70]
Active control 1.569 [1.49, 1.65] 1.537 [1.47, 1.60]
Attention ANT alerting Intervention -2.19[-8.27, 3.87] 2.18 [-2.96, 7.31]
Active control  4.91 [-1.16, 10.98] 5.09 [-0.04, 10.23]
ANT orienting Intervention 21.14[14.31,27.97] 27.10 [20.25, 22.95]
Active control 22.01[15.17, 28.84] 22.12[15.27,28.97]
Note: CRT: Choice Reaction ANT executive Intervention  128.00 [110.02, 145.98]  122.59 [104.24,
Time. LC: Letter Comparison. control (ms) 140.94]
ANT: Attention Network Task. Active control  147.42 [129.44, 165.39]  137.44 [119.09,
TOT: Tlp—.of—'the—tong'ue. There 155.97]
vaere nosignificant differences o TOT states (%) Intervention 4.17 [2.93, 5.40] 3.13[1.93, 4.33]
etween groups at baseline (all Joe
functioning Active control 3.50[2.25, 4.75] 3.30[2.09, 4.51]

p>1)

by condition (training vs. control) by dosage (number of
training hours) interaction, for the CRT (p=.001). However,
the effect was in the opposite direction to what might be
expected (i.e., those who trained for /ess time improved on
their performance on the CRT in terms of response time at
the second session). We do want to note also that we did not
manipulate the dosage in this study, so there are certainly
limitations to this additional (post-hoc) set of analyses. In

light of this, we suspect that this one interaction with dosage
is likely a spurious result.

CRT task
We fitted a linear mixed model to predict reaction time

from session (pre and post) and condition (intervention and
active control). The model included item and participant ID
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Table 4 Summary of the best fitting models for cognitive data analysed using linear mixed models

Task (outcome) Predictor Coefficient 95% CI SE t- or z-value p

CRT task (RT) Intercept 0.02 —0.03, 0.07 0.028 0.731 0.497
Session —0.055 —=0.07,-0.05 0.005 -10.63 <0.001
Condition 0.013 —-0.02, 0.05 0.019 0.687 0.493
Session*Condition 0.0008 —-0.01, 0.02 0.0007 0.117 0.907

Letter Comparison — 3 letter (RT) Intercept 0.018 —0.03, 0.06 0.023 0.776 0.439
Session -0.033 -=0.05,-0.02 0.008 -4.295 <0.001
Condition —0.003 —0.06, 0.05 0.028 —0.104 0.917
Session*Condition 0.03 0.00, 0.05 0.011 2.72 0.007

Letter Comparison — 6 letter (RT) Intercept 0.01 —-0.07,0.09 0.043 0.224 0.824
Session —0.035 —0.06, —0.00 0.014 -2.558 0.011
Condition 0.004 —0.08, 0.09 0.045 0.098 0.922
Session*Condition 0.077 0.04, 0.12 0.019 3.977 <0.001

ToT occurrence (0/1) Intercept -3.780 -4.15, -3.41 0.191 -19.787 <0.001
Session 0.119 —0.14, 0.38 0.134 0.891 0.373
Condition 0.219 —-0.25,0.69 0.238 0.922 0.356
Nb Phonemes 0.098 0.00-0.20 0.050 1.960 0.050
Session*Condition -0.541 -0.92,-0.16 0.195 -2.770 0.006

Note. This analysis was conducted on N=99 participants who completed more than 80% of minimum training hours. Bonferroni adjusted
p-values were used based on N=10 comparisons (p=.005). Significant effects that remained after correcting are highlighted in bold. T- values
are used for CRT and Letter Comparison task. Z-value is used for ToT task

Table 5 Summary of regression models for cognitive data analysed using linear regression

Outcome Predictor Coefficient 95% CI SE t-value D
1-back d’ Intercept -0.187 -0.29,-0.08 0.053 -3.505 <0.001
Session 0.226 0.08, 0.38 0.076 2.972 0.003
Condition 0.124 —-0.02,0.27 0.075 1.650 0.101
Session*Condition 0.047 —0.16,0.2 0.107 0.443 0.658
2-back d’ Intercept —0.067 —0.32,0.18 0.126 —0.533 0.595
Session 0.059 —0.29, 0.41 0.178 0.333 0.739
Condition -0.212 —0.56,0.14 0.177 -1.200 0.232
Session*Condition 0.571 0.08, 1.06 0.250 2.286 0.023
Digit Span Intercept —0.046 —0.40, 0.31 0.180 —0.259 0.796
Session 0.224 —0.28,0.73 0.254 0.884 0.378
Condition -0.197 —0.70, 0.30 0.253 —0.778 0.437
Session*Condition 0.135 -0.57,0.84 0.358 0.378 0.706
ANT: Alerting score Intercept 2.767 -2.92, 8.46 2.884 0.959 0.339
Session —0.807 -8.81,7.20 4.058 -0.199 0.843
Condition -7.110 -15.16, 0.94 4.079 -1.743 0.083
Session*Condition 4.741 -6.55, 16.03 5.725 0.828 0.409
ANT: Orienting score Intercept —1.261 -8.12, 5.60 3.478 —0.363 0.717
Session -0.244 -9.90, 9.41 4.893 —0.050 0.960
Condition —0.868 -10.57, 8.83 4918 -0.176 0.860
Session*Condition 7.104 -6.51,20.72 6.902 1.029 0.305
ANT: executive control score Intercept 12.259 -6.45,30.97 9.486 1.292 0.198
Session -9.174 -35.50, 17.15 13.347 —0.687 0.493
Condition -19.420 -45.88, 7.04 13.415 -1.448 0.149
Session*Condition 8.419 -28.72,45.56 18.828 0.447 0.655

Note. This analysis was conducted on N=99 participants who completed more than 80% of minimum training hours. Bonferroni adjusted
p-values were used based on N=10 comparisons (p=.005). Significant effects that remained after correcting are highlighted in bold

as random effects. The total effect of both fixed and random  but we found no main effect of condition (p=.492) or inter-
factors (conditional R?) was 0.38, and the variance explained ~ action between session and condition (p=.907). Overall,
by the fixed effects alone (marginal R?) was 0.03. The main ~ RTs got faster post-intervention regardless of condition,
effect of session was significant (t(6058) =-10.63, p<.001),  after accounting for variability in items and participants.
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Fig. 3 Pre- and post-intervention scores for outcome measures split by
condition, demonstrating a lack of transfer effects of the intervention to
the cognitive outcome measures. a: scores for working memory mea-
sures, analysed using linear regression. Higher scores represent better
performance. b: scores for attention measures, analysed using linear
regression. Higher performance for alerting and orienting, and lower

scores for executive control, represent better performance. c: scores
for processing speed measures, analysed using mixed models. Lower
scores represent better performance. d: score for tip-of-the-tongue
measure, analysed using mixed models. Lower scores represent better
performance. Asterisks (¥) represent significant session by condition
interaction. Error bars reflect standard error
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Letter Comparison task

We fitted a linear mixed model to predict reaction time for
the 3-letter condition of the Letter Comparison task from
session (pre and post) and condition (intervention and active
control). The model included item (each letter string) and
participant ID as random effects. The variance of fixed and
random factors together (conditional R?) was 0.42, and
the variance explained by the fixed effects alone (marginal
R?) was 0.003. The model showed a main effect of session
(t(4399) = -4.29, p<.001) but no significant effect of con-
dition (p=917) or interaction between session and condi-
tion (p=.007), once Bonferroni adjusted p-values were
accounted for. Similar to the CRT, after accounting for
variance between item and participant, RTs got faster post-
intervention, regardless of condition.

We fitted a linear mixed model to predict reaction time
for the 6-letter condition of the Letter Comparison task
from session (pre and post) and condition (intervention and
active control). The model included item (each letter string)
and participant ID as random effects. The variance of fixed
and random factors together (conditional R?) was 0.45, and
the variance explained by the fixed effects alone (marginal
R?) was 0.005. After correcting for multiple comparisons,
there was no significant effect of time (p=.01) or condition
(p=.922) but there was a significant interaction between ses-
sion and condition (t(3778)=3.98, p<.001). Results showed
that post (compared to pre) intervention, the control group
significantly reduced their reaction times (i.e., they got
faster), compared to the intervention group.

ToT

We fitted a logistic mixed model to predict ToT occurrences
per trial with session, condition, and number of phonemes
per item as fixed effects, as an increase in phonemes has
been associated with increased ToT occurrences (Segaert et
al., 2018). The model included item (each word) and partici-
pant ID as random effects. The variance of fixed and random
factors together (conditional R?) was 0.33, and the variance
explained by the fixed effects alone (marginal R?) was 0.01.
After correcting for multiple comparisons, the model did
not show significant effects of session (p=.373), condition
(p=.356), number of phonemes (p=.05) or an interaction
between session and condition (p=.006).

Working memory tasks
A linear regression predicting 1-back d’ was statistically
significant and explained a moderate proportion of vari-

ance (F(3, 190)=9.97, p<.001, adj. R*=0.12). There was a
main effect of session (t(190)=2.97, p=.003; Std. =0.57),
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but condition (p=.101) and interaction between session and
condition (p=.658) were not significant. Results show that
participants in both conditions improved performance in the
post-intervention session compared to pre-intervention. It is
important to note that scores here reflect a potential ceiling
effect, as has been found in previous studies (e.g., Tusch et
al., 2016).

A linear regression predicting 2-back d’ was statisti-
cally significant (F(3, 188)=4.49, p=.005, adj. R>=0.05).
However, after correcting for multiple comparisons (new
p=.005), main effects of session (p=.739), condition
(p=.232), and interaction between session and condition
(p=.023) were not significant.

Linear regression predicting digit span from session (pre
and post) and condition (intervention and control) was con-
ducted. The model was not significant and explained little
of the variance (F(3, 193)=1.11, p=.344, adj. R?=0.002).
There were no significant effects of session (p=.378), con-
dition (p=.437) or an interaction between the two (p=.704).
Participant performance did not change as a result of session
or condition.

Attention Network Task

Similarly, linear regression predicting alerting score from
session and condition was not significant (F(3, 191)=1.23,
p=2301, adj. R?=0.003). Results showed no significant
effects of session (p=.843), condition (p=.083) or inter-
action between session and condition (p=.409). A linear
regression predicting orienting score from session and con-
dition was also not significant (F(3, 191)=0.88, p=.455,
adj. R2=-0.001). Results showed no significant effects of
session (p=.96), condition (p=.861) or interaction between
session and condition (p=.305). A final linear regression
predicting executive control from session and condition
was also not significant (F(3, 191)=1.02, p=.383, adj.
R%=0.0003). Results showed no significant effects of ses-
sion (p=.493), condition (p=.149) or interaction between
session and condition (p=.45). Results showed no effects of
time or condition for any of the ANT cost scores.

Discussion

This study explored whether cognitive training using Peak
(a commercially available but relatively under-researched
adaptive brain training programme) results in cognitive
improvements in a sample of older adults. We designed
the study in order to rigorously assess Peak: we used a ran-
domised controlled intervention study design, with a suffi-
ciently large sample of healthy older adults, a blinded active
control group, and assessed the potential cognitive benefits
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using a comprehensive test battery (including multiple out-
come measures for cognitive functions and including dif-
ferent cognitive domains). In line with our hypothesis, we
found practice effects in the intervention group, specifically
observing improvements on the Peak training game scores.
However, we found no evidence of transfer to untrained
tasks. While a subset of the previous research had suggested
promising effects of brain training programmes (Anderson
et al., 2013; Meltzer et al., 2023; Savulich et al., 2019), the
literature is mixed and many other studies, alongside our
own, find little to no transfer effects (Guye & von Bastian,
2017; Stojanoski et al., 2018).

Our data demonstrated that participants in our interven-
tion condition significantly improved their game scores for
all seven of Peak’s categories: Memory, Problem Solving,
Language, Mental Agility, Focus, Emotion, and Coordi-
nation. Such practice effects are shown regularly in brain
training studies, so this was not unexpected. We also found
some test re-test effects, where both our intervention and
active control group improved in performance on our cog-
nitive outcome measures. Test re-test effects (which are
well documented in the literature (Scharfen et al., 2018) as
well as improvements within the training programme are
unlikely to indicate true improvements in cognitive abili-
ties as a result of the intervention. Instead, they are merely
learning effects of being able to do the training task.

The key aim for the present study was to assess whether
brain training leads to transferable benefits to wider cogni-
tive abilities. We assessed cognitive performance pre- and
post-brain training intervention, using multiple measures of
attention, working memory, processing speed, and language
functioning. We did not find any evidence that brain training
significantly improved cognitive performance in the inter-
vention group when comparing to the active control. As
mentioned in the introduction, transfer effects are few and
far between in existing brain training literature, and it is pos-
sible that ‘transfer effects’ in published research are some-
times misinterpreted practice effects instead. For example,
one recent study reported transfer effects for a composite
of memory measures, however these were driven solely by
improvements in N-back training (Lee et al., 2020). Upon
closer examination of Lee et al., 2020, the cognitive train-
ing programme administered in the intervention group
(BrainHQ) involved an N-back style game, and therefore
any suggested transfer is arguably due to a practice effect.

It is important in this field to closely scrutinise previous
research, as the terms practice effects and transfer effects
are sometimes not clearly defined or fully explained. For
example, one recent study analysed retrospective data from
Peak and suggested that from a sample of 12,000 users, pro-
cessing speed increased after 100 sessions of Peak training
(Bonnechere et al., 2021). While this finding is impressive

at face value, what is important here is that the authors’ mea-
sure of processing speed was performance on the trained
games and thus should be interpreted as practice effects.
Our data show practice benefits do indeed take place during
brain training, but in the present study at least, this does not
transfer to other measures of the same cognitive constructs,
or to different cognitive constructs.

The only session by condition interaction we found was
for the 6-letter condition of the Letter Comparison task,
where data showed that reaction times were faster in the
active control group compared to the intervention group
post vs. pre-intervention. There was a similar trend for the
3-letter condition. These findings are slightly unexpected,
but the finding that a control group improves more than a
cognitive training group has previously been shown (Hardy
et al., 2015; van Muijden et al., 2012). Further, the effect is
small, with the average RT in the intervention group increas-
ing by 40ms, while the control group decreasing by 32ms.
We believe this interaction is a spurious one, as the games
the control group played do not have any features that may
have indirectly trained processing speed (e.g., time limits),
though we cannot rule out the possibility that some aspect of
the control condition may have had this effect.

There are potential issues with our choice of active
control; it is a similar-form control rather than an active-
ingredient control (Masurovsky, 2020). However, our
active control group, who played computer games on a free
smartphone application, was similar regarding the novelty
and variety of tasks. We found no significant differences
between our intervention and active control groups in terms
of motivation or enjoyment. This is important as research
has shown these factors can affect intervention success
(Green & Bavelier, 2008). Furthermore, there were no sig-
nificant differences between groups in how much time par-
ticipants trained for. This shows that the active control group
was a suitable match for the experimental condition — they
were comparable in these important factors, but their train-
ing did not include the brain training element. Note that our
study design is comparable to a cognitive training study that
used Lumosity to assess improvements in executive func-
tion in younger adults (Kable et al., 2017). Similar to our
study, they used an active control group that was matched to
the intervention group in terms of engagement, motivation
and novelty (Kable et al., 2017). In line with our findings,
they found practice effects but did not find any evidence of
transfer effects from the brain training programme to any
cognitive outcome measures. We have both corroborated
the findings from this study and extended the research to an
older adult population.

Although our data suggest there are no direct benefits of
brain training on cognitive performance in the older adult
population, there may be indirect benefits. There is rarely a
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negative impact of using these programmes, and perhaps a
belief of these applications working might lead to improve-
ments in wellbeing, which itself is helpful. For example,
worries about cognitive health has been associated with
poorer psychological wellbeing (Sutton et al., 2022) and
have even been linked with poorer cognitive performance
(Caughie et al., 2021). Therefore, even if these applications
do not directly improve general cognitive ability, if they
reduce worry about cognitive decline in older adults this is
still beneficial. This is a possible avenue for future research.

Limitations of the present study include that the sample
consisted of mainly White participants, which limits the gen-
eralisability of the findings. A positive of our sample how-
ever is that the sample size was larger than 90% of previous
cognitive training studies (Noack et al., 2014). While our
intervention was adaptive, i.e. it increased with difficulty as
participant performance improves, it would have been ben-
eficial to include an explicit measure to assess whether the
intervention sufficiently challenged participants, or whether
there were differences between conditions, as per Lovdén et
al.’s (2010) framework of cognitive plasticity. We did not
include a passive control group, which would have allowed
direct comparison of training effects without revealing to
the active control group what condition they were in. Tim-
escales and study design did not allow for this in the pres-
ent study, but this could be beneficial in future research. We
acknowledge that only one language functioning task was
included in the methodology, however, language function-
ing is time-consuming to measure. Including multiple mea-
sures of language in future research (such as measures of
comprehension or sentence production, e.g. (Fernandes et
al., 2024) would be valuable. Finally, one could argue that
the flexibility participants were afforded in training duration
is a limitation of our study design. Indeed, there were large
differences in how long participants trained for; some main-
tained the minimum 15 min a day, but many went above
and beyond. While we designed this intervention to be con-
trolled and robust, we also wanted it to be enjoyable and
not too restrictive for the participants. A small pilot study
found limiting training to 15 min a day was difficult due to
participants enjoyment of the training, so we removed this
requirement for the study presented here. Importantly, train-
ing duration did not significantly differ between the inter-
vention and the control group, so this is unlikely to have
impacted our findings.

In sum, we have shown that making a clear distinction
between transfer and practice effects in the cognitive train-
ing literature is important. A recent meta-analysis concluded
that at present there is no convincing empirical evidence to
suggest brain training programmes lead to tangible transfer
effects in older adults (Nguyen et al., 2022). Our data is in
line with this and suggests that commercial brain training

@ Springer

leads to practice effects, without convincing evidence of
transfer to cognitive abilities beyond the practiced tasks. In
short, we offer a rigorous investigation into a brain training
product (i.e. Peak) which had not been studied extensively,
and in our sample of healthy older adults, practice makes
perfect, but it does not transfer to wider cognitive benefits.
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