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Abstract

Working memory is crucial for maintaining independence in daily activities, especially as we age. Cognitive programs
aim to enhance cognitive performance to support independent living, but the transfer of improvements from these exer-
cises to daily activities remains unclear. This study uses reading comprehension, a complex activity involving informa-
tion storage and processing, as a proxy for everyday functions. I examine the relationship between visuo-spatial working
memory and reading comprehension, and whether training-related improvements in working memory capacity translate
to reading performance. In a sample of 175 individuals undergoing a 5-day cognitive training program, I found that the
extent to which improvements in working memory transfer to reading comprehension may differ descriptively across
age groups, with preliminary evidence of a modest relationship in younger adults but not in older adults. Thus, standard
training programs may not lead to noticeable improvements in real-life tasks, indicating the need for more ecologically
valid measures. This knowledge can help in designing better and more effective training programs to counteract cognitive

decline.
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Introduction

Physiological changes in cognitive functioning come with
aging. For some, these changes are minor nuisances, but
for others, they can significantly impact independence and
quality of life (Cohen et al., 2019). The rise of validated
cognitive training programs offers a potential solution to
improve cognition (Borella et al., 2017; Hou et al., 2020;
Wang et al., 2021). However, their effectiveness, especially
for healthy aging, remains debated, with several meta-anal-
yses and reviews reporting mixed or null transfer of benefits
to untrained functions (Gates et al., 2019; Gobet & Sala,
2023; Melby-Lervdg & Hulme, 2013; Sala et al., 2019;
Simons et al., 2016).

There is a discrepancy between what individuals expect
from cognitive training programs and what these programs
achieve (Ng et al., 2020). Cognitive training programs are
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typically designed using standardized laboratory tests to
assess specific cognitive functions and are then adapted,
sometimes with gamified elements to encourage participa-
tion, for better compliance (Vermeir et al., 2020). However,
participants often seek out these programs due to self-
reported memory complaints related to everyday activities.
This creates a mismatch between the tools used for assess-
ment and the cognitive functions of interest (Goghari &
Lawlor-Savage, 2018; Osborne-Crowley, 2020; Shamay-
Tsoory & Mendelsohn, 2019; Sunderland et al., 1983).

Cognitive programs often target core functions, such
as working memory, to enhance both the trained function
and related activities (Katz et al., 2018). The rationale is
that core cognitive functions support higher-level tasks and
daily living, thus, improvements in e.g., working memory
would lead to overall better performance in daily activities.

One such daily activity is reading comprehension, a criti-
cal skill essential for independent living and the execution
of everyday tasks (Gordon et al., 2016). This study investi-
gates the relationship between working memory and read-
ing comprehension and whether common working memory
training programs can improve reading performance in a
naturalistic task.
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Working Memory Training in Older Adults

Cognitive training programs frequently target working
memory, a fundamental cognitive function, typically declin-
ing with age, that is responsible for temporarily storing and
manipulating information (Naveh-Benjamin & Cowan,
2023). Working memory training programs have been suc-
cessful in enhancing working memory performance in older
adults (Borella et al., 2017; Simon et al., 2018). However,
transfer effects are rarely achieved (Borella et al., 2017;
Melby-Lervag et al., 2016; Richmond et al., 2011; Sala et
al., 2019; Waris et al., 2015; Zelinski, 2009), and improve-
ments in daily activities are seldom quantified (Fan & Wong,
2019; Rebok et al., 2014; Richmond et al., 2011; Tennstedt
& Unverzagt, 2013; Willis et al., 2006).

Working memory training programs target two key com-
ponents of working memory: storage and updating (or
manipulation). In lab settings and animal studies, the storage
component is often measured using a visuo-spatial delayed
match-to-sample task (DMTS, Vogel & Machizawa, 2004),
and DMTS training has shown task-specific improve-
ments in young (Buschkuehl et al., 2017) and older adults
(Tagliabue et al., 2024). The updating component of work-
ing memory is often measured with tasks like the n-back
(NB), engaging the visual, verbal domains, or both (Miller
et al., 2009; Verhaeghen & Basak, 2005), depending on the
materials used.

Reading Comprehension and Working Memory

There are divergent views regarding the relationship
between working memory and reading comprehension.
Some studies suggest that the observed association may
be largely due to collinearity with other cognitive abilities
(Caplan & Waters, 2013; Van Dyke et al., 2014). In contrast,
other research emphasizes that working memory, particu-
larly its storage and updating capacities, is fundamentally
linked to reading comprehension (Daneman & Carpenter,
1980; DeCaro et al., 2016; Just & Carpenter, 1992; Kim et
al., 2016; Norman et al., 1992).

Martin et al. (Martin et al., 2020) proposed that reading
comprehension performance relies on two aspects of infor-
mation processing, not only the ability to maintain (storage)
relevant information but also in the role of forgetting (or
updating information when new information becomes avail-
able). This is in agreement with research showing that com-
plex span tasks are better predictors of reading performance
than simple span (Daneman & Carpenter, 1980; Turner &
Engle, 1989), because of the engagement of more complex
processing in addition to storage (Daneman & Merikle,
1996; Martin et al., 2020).
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Given the link between reading comprehension and work-
ing memory and the fact that working memory declines with
age, one would expect a similar trend for reading compre-
hension performance. This relationship is, however, not that
simple (Radvansky et al., 2001). The link between WM and
reading comprehension may depend on individual cultural
background and reading efficiency, as well as meta-compre-
hension abilities (De Beni et al., 2007; Martin-Aragoneses
et al., 2023). In addition, older adults often adopt strategies
to mitigate working memory deficits.

The relation between working memory and reading
comprehension might also change with age, depending on
the type of reading demands, showing indeed that despite
a significant decline in working memory performance, dif-
ferences in reading skills are not that consistent between
young and older adults (De Beni et al., 2003). Peng et al.
(2018) highlighted that inexperienced younger children
with less decoding and semantic retrieval capabilities
may rely more on WM than more experienced readers.
This relation may remain true between young and older
adults, where experience-rich backgrounds in older adults
may reduce their reliance on WM for reading compared to
younger adults.

When reading a text, individuals should master two
mechanisms: parsing, that is, identifying units of meaning
within a sentence, and interpretation, that is, understanding
the meaning of a sentence (Caplan & Waters, 2013), mecha-
nisms that rely on storing, retrieving, and updating informa-
tion in memory, thus sensitive to working memory capacity.
It is, therefore, not so far-fetched to think that if training can
be used to improve working memory, reading comprehen-
sion might also benefit from these changes.

Considering the variety of working memory training pro-
grams, to understand the potential of training to improve
reading skills, one should consider the “domain-specificity
debate of working memory” (Peng et al., 2018), that is,
whether training in different working memory domains
(verbal or visual) has a differential impact on reading per-
formance. The question stems from the contrasting view of
working memory as a domain-specific or domain-general
model. Many researchers supporting the “domain-general”
view propose that the central executive, as the core com-
ponent of working memory, coordinates the processing of
visual, visuo-spatial, and verbal information. Individual
differences in central executive capacity have been linked
to performance across these domains (Engle, 2002; Engle
& Kane, 2003). Consequently, training that engages these
processes, regardless of the specific material, may influence
central executive functioning, suggesting that visuo-spatial
working memory training could also affect reading skills.
In contrast, researchers that support the “domain-specific”
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model affirm that working memory performance depends on
domain-specific knowledge (Ericsson & Kintsch, 1995).

There is evidence supporting both models: in children, it
has been shown that both visual and verbal working memory
can predict successful reading fluency and comprehension
(Peng et al., 2018), suggesting that both types of cogni-
tive training can impact reading comprehension due to the
interconnected nature of the visual and verbal components
of working memory. Pham and Hasson (Pham & Hasson,
2014) reported that both verbal and visuospatial working
memory significantly predicted reading skills, albeit with a
stronger effect for verbal working memory, while the oppo-
site was also found (Shah & Miyake, 1996). In the context
of training, (Borella et al., 2017; Carretti et al., 2014; Payne
& Stine-Morrow, 2017) it was found that cognitive training
targeting verbal working memory improved trained but also
untrained verbal working memory tasks and some language
tasks.

The possibility of improving reading comprehension
through working memory training is enticing as reading
is vital for maintaining independence in everyday activi-
ties (Gordon et al., 2016). Selecting the appropriate train-
ing program is crucial for its effectiveness. Given the nature
of reading comprehension, one might assume that only a
verbal training program would effectively enhance reading
skills.

While numerous studies have emphasized the role of
verbal working memory in supporting reading comprehen-
sion, there are both theoretical and empirical grounds for
examining visuo-spatial working memory as well. First,
individual differences in reading comprehension are influ-
enced not only by task modality but also by the degree of
attentional control required (Carretti et al., 2009). Although
verbal tasks often show larger effect sizes, visuo-spatial
tasks tend to yield more consistent results across studies, as
reflected in their lower heterogeneity indices (I?). This sug-
gests that visuo-spatial working memory, even if less pre-
dictive in magnitude, contributes to reading comprehension
in a more stable manner across populations, possibly due
to smaller sensitivity to individual differences in strategy
use, or language proficiency. From a theoretical perspec-
tive, reading comprehension is not exclusively verbal but
requires domain-general executive processes, such as atten-
tional control, updating, and integration across sentences
and contexts (Gordon et al., 2016). These processes may be
equally well engaged by visuo-spatial tasks that challenge
storage and updating functions.

Second, visuo-spatial training programs may offer practi-
cal advantages. Visual stimuli can be more readily adapted
into interactive, game-like formats (e.g., puzzles, pattern
matching) and are less dependent on language, making
them easier to implement across participants with different

language backgrounds. In contrast, verbal materials rely
heavily on text-based exercises and may require language-
specific adaptation, limiting their gamification potential.
Maintaining participant motivation is critical in multi-
session training studies (Redlinger et al., 2022). Gamifica-
tion, while not directly improving cognitive performance,
has been shown to support persistence in cognitive tasks
(Deveau et al., 2015; Jayalath & Esichaikul, 2022), which
could be particularly helpful for older adults at higher risk
of dropout (Koivisto & Malik, 2020). That said, older adults
may also be intrinsically motivated to participate in cogni-
tive training studies, and this intrinsic motivation may par-
tially compensate for potential engagement differences.

Taken together, this combination of theoretical consider-
ations (the domain-general nature of working memory, the
consistency of visuo-spatial effects across studies) and prac-
tical advantages (higher engagement and lower attrition)
provides a rationale for selecting visuo-spatial working
memory training in the present study. While the engaging
format of such tasks is a practical strength for online, multi-
session interventions, it is important to note that engage-
ment alone does not guarantee transfer to untrained abilities.
Prior work has repeatedly shown that, although training can
produce task-specific improvements, evidence for transfer
to broader skills like reading comprehension remains incon-
sistent (Borella et al., 2017; Melby-Lervag et al., 2016;
Richmond et al., 2011; Sala et al., 2019; Waris et al., 2015;
Zelinski, 2009). Given the mixed evidence in the broader
literature, it remains an open empirical question whether
such training can transfer to improvements in reading com-
prehension when assessed with naturalistic tasks. Address-
ing this uncertainty represents the novel contribution of the
present work.

Purpose of the Present Study

The aim of this study was to investigate whether improve-
ments in working memory (WM) capacity through targeted
training transfer to reading comprehension performance
in young and older adults. To this end, I implemented two
types of visuo-spatial WM training: one focusing on stor-
age and maintenance (Delay Match-to-Sample, DMTS)
and one focusing on updating (n-back, (S. M. Jaeggi et al.
2010a, b)). Participants were randomly assigned to either
one of the two training conditions or to an active control
group.

In the present study, the n-back task was implemented as
a spatial working memory task, as participants were required
to remember the positions of the stimuli on a grid. In con-
trast, the DMTS task was a visuo-spatial working memory
task, as it required participants to remember both the colour
and position of the stimuli. I selected the visuo-spatial
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training format because of previous encouraging results
(Assecondi et al., 2021; Assecondi, Hu, Assecondi et al.,
2022a, b; Assecondi, Villa-Sanchez et al., 2022) and for
its more engaging game-like design, which is particularly
suitable for online, multisession experiments where partici-
pants have no direct contact with the researcher. Reading
skills were tested with a naturalistic task (De Beni et al.,
2003; Martin et al., 2020), where participants were asked
to read a series of paragraphs and answer some questions.
The questions were fact-based or inferential responses (see
Methods section) to assess reading comprehension in more
ecologically valid conditions, capturing the multiple cogni-
tive processes (maintenance, integration, and inference) that
occur during everyday reading. To gain an understanding of
how much memory failures impact the individual’s every-
day life, self-reported memory failures were evaluated using
the Everyday Memory Questionnaire (EMQ) (Ossher et al.,
2013). The EMQ was included as a self-report measure of
perceived memory failures in daily contexts. Although not
a direct measure of reading comprehension, it was consid-
ered relevant as a subjective index of memory functioning
that could plausibly relate to individual differences in cog-
nitive performance. However, given its self-report nature,
any associations with objective measures were expected to
be modest.

Our objectives were threefold: (a) to examine age-related
differences in the relationship between WM capacity and
reading comprehension at baseline; (b) to test whether WM
training improves WM performance in a task-congruent
manner (storage gains from DMTS, updating gains from
n-back); (c) to assess transfer effects of WM training to
reading comprehension, using a naturalistic paragraph-
based comprehension task that included both fact-based and
inferential questions.

I hypothesized that: Individual differences in reading
comprehension performance would be partly explained by
WM capacity, with age modulating this relationship. Train-
ing would lead to improvements in WM capacity, specific to
the type of training (storage vs. updating). Increases in WM
capacity would transfer to improvements in reading com-
prehension performance.

Materials and Methods

This study employed a randomized design with three
groups: two training interventions and one active control.
Participants were assigned either to (1) a visuo-spatial
working memory storage training program based on the
Delay Match-to-Sample (DMTS) task, (2) a spatial updat-
ing training program based on the n-back (NB) task, or (3)
a control condition. The interventions were delivered fully
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online across five sessions. Reading comprehension, WM
capacity (storage and updating), were assessed at baseline
and post-training, while self-report questionnaires assessing
everyday memory, affect, sleep quality, and quality of life
were collected either one day after each training session for
the intervention groups or during the corresponding online
contact for the control group (see “Procedure” for details).

Participants

A convenience sample was collected online in 2021 and
partly already reported (Tagliabue et al., 2022). Unlike
Tagliabue et al. (2022), which focused on online and
offline learning in a visuo-spatial task (DMTS), the pres-
ent study examines both storage and updating training and
their transfer to reading comprehension across age groups.
Young (20-30 years) and older individuals (65-75 years)
with normal or corrected vision, no cognitive impairments,
dementia, or ongoing mental illness, and fluent in English
were recruited via Prolific (www.prolific.co). Participants
confirmed not using medication for mood disorders, recent
alcohol, caffeine, or drug consumption, and adequate sleep
(>6h). Older adults completed the Self-Administered Tasks
Uncovering Risk of Neurodegeneration (SATURN) (Bis-
sig et al., 2020), excluding those with scores below 25. Of
the 201 participants who completed the training, 40 (15
older, 25 young) were excluded for incomplete tasks, poor
accuracy, or having completed the training outside the allo-
cated time, leaving a final sample of 83 young (50 females,
mean age 24.2+3.2) and 92 older adults (47 females, mean
age 68.0+2.9). (see Fig. 1 for recruitment, allocation, and
exclusion details). Descriptive statistics are in Table 1,
with further details on nationality and levels of education,
in the Supplementary Information Table S1. The study was
approved by the University of Trento Research Ethics Com-
mittee (Protocol N0.2021-041). Participants gave informed
consent via Psytoolkit (https://www.psytoolkit.org, v3.4.4,
Stoet, 2010, 2017) and were compensated £7.00 GBP/hour.

Procedure

The experiment took place online, with participants com-
pleting the training sessions independently over five days.
In addition, they completed a baseline assessment (pre-
training), an outcome assessment (post-training), and a
follow-up session, but the latter was not included in this
analysis. The order of tasks was randomized across baseline
and post-training sessions, and each participant completed a
uniquely assembled set of reading comprehension questions
to avoid repetition and to balance difficulty, ensuring that no
question was presented more than once (see Supplementary
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[ Enrollment ]

Assessed for eligibility (n=301)
Young adults (n=163, age range: 20-30 yrs)
Older adults (n=138, age range: 65-75 yrs)

Excluded (n=7)
Not meeting inclusion criteria:

* Young adults (n=1)
* Older adults (n=6)

* Young adults (n=162)
* Older adults (n=132)

Randomized (n= 294)

[ Allocation ]

Young ]4;[ (0][]

Allocated to experimental group (n=162)
« CONTROL(n= 51)

* DMTS(n=52)

* NB(n=59)

Allocated to experimental group (n= 132)
* CONTROL (n= 41)

* DMTS(n=42)

* NB(n=49)

[ Intervention ]

\4

v

Discontinued intervention (n=54)
« CONTROL(n= 14)

+ DMTS(n=18)

* NB(n=22)

Discontinued intervention (n=25)
* CONTROL(n=6)

* DMTS(n=8)

¢ NB(n=11)

=n

Analysed (n=83)

- Excluded from analysis (n= 25)
* CONTROL(n= 4)
e DMTS(n=9)
* NB(n=12)

Analysed (n=92)

- Excluded from analysis (n= 15)
« CONTROL (n= 5)
« DMTS(n=6)
* NB(n=4)

Fig. 1 Consort-like flowchart of recruitment, exclusion, and allocation of participants

Materials for details). Participants could practice before-
hand and had a chance to take breaks between tasks and
blocks. A diagram of the procedure is shown in Fig. 2.
Baseline assessment (pre-training). Two days before
the training started, participants completed two working
memory tasks (a DMTS and an n-back) to measure working
memory capacity, and a naturalistic reading comprehension
(RC) task. The baseline session lasted for about one hour.

Training regime. About 48 h after the baseline assess-
ment, participants were randomized into three groups
for training: a control and two working memory training
groups. The control group (CONTROL) filled out one or
two questionnaires online every day, following the same
schedule as the training groups. One training group (DMTS)
completed an adaptive delayed match-to-sample task, while
the other training group (NB) completed an adaptive n-back
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Table 1 Descriptive statistics for the two age groups: for each variable (except for gender), mean, standard error, and 95% confidence intervals are
reported. Kst@PRE = working memory storage capacity (DMTS task) at baseline; Kup@PRE = working memory updating capacity (NB task) at
baseline; %Corr@PRE = percentage of correct responses in the reading comprehension (RC) task

Young (n=83) Old (n=92)
M SE 95% CI M SE 95% CI
LL UL LL UL
age 24.20 0.35 23.50 24.90 68.00 0.30 67.40 68.60
gender (f/m) 50/33 -- -- -- 47/45 -- -- --
education (yrs) 16.10 0.26 15.60 16.60 15.30 0.36 14.60 16.00
Saturn - - - - 27.80 0.10 27.60 28.00
Familiarity with technology 19.50 0.34 18.80 20.20 19.30 0.37 18.60 20.10
Quality of life 14.40 0.22 14.00 14.90 15.80 0.24 15.30 16.30
Positive affect 31.10 0.89 29.30 32.80 33.80 0.76 32.30 35.30
Negative affect 20.70 0.90 18.90 22.40 13.60 0.53 12.50 14.60
Pittsburg Sleep 5.42 0.26 4.90 5.95 5.20 0.30 4.60 5.79
Quality Index
Everyday Memory Questionnaire 51.40 3.66 44.10 58.70 30.30 0.30 67.40 68.60
Kst@PRE 2.39 0.08 2.23 2.55 1.80 0.04 1.71 1.89
Kup@PRE 1.21 0.07 1.08 1.35 1.04 0.04 0.97 1.11
%Corr@PRE 0.87 0.01 0.86 0.89 0.88 0.01 0.87 0.89
BASELINE BREAK TRAINING BREAK OUTCOME
day 1 ~48 h day2to5 ~48h day 6
— b
Pre-training Post-training
assessment assessment
(nonadaptive) DMTS training (nonadaptive)

* DMTS Questionnaires —+——» * DMTS

* NBACK Session 1to 5 * NBACK

* Reading * Reading

comprehension comprehension
_> E—

Fig. 2 A diagram of the procedure

task before filling out the same questionnaires as the CON-
TROL group. Details of the tasks are reported below (sec-
tion “Cognitive tasks and questionnaires” and Fig. 2). Each
training session lasted for about 25 min for the DMTS and
NB group, and about 5 min for the CONTROL group.

Outcome assessment. After an additional 48-hour break,
participants completed the post-training assessment, with
tasks presented in a different order and using items that dif-
fered from those in the baseline session. The outcome ses-
sion lasted for about one hour.

Cognitive Tasks and Questionnaires
Cognitive tasks and training were programmed with Psy-

choPy (Peirce et al., 2019), translated into Javascript, and
uploaded to Pavlovia (https://pavlovia.org/). Questionnaires
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were administered through Psytoolkit (https://www.psytool
kit.org/, Stoet, 2010, 2017). Participants were instructed to
sit at arm’s length from the screen (approximately 70 cm)
and guided via on-screen instructions on how to measure
this distance by extending their hand to touch the screen.
Small variations in actual distance were considered unlikely
to meaningfully affect task performance. Before the DMTS,
participants completed a screen dimension estimation to
ensure consistent stimulus size (Card Task procedure; see,
(Li et al., 2020) and https://gitlab.pavlovia.org/Wake/scree
nscale).

Tasks are briefly described hereafter, while technical
details on their implementation are reported in the Supple-
mentary Information. Participants had a chance to practice
the tasks, which lasted for about 8 to 10 min each.
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Delayed match-to-sample task. The delayed match-
to-sample task (DMTS) (Vogel & Machizawa, 2004) was
used to measure and train working memory storage capac-
ity (K,). Colored dots were presented on a dark grey back-
ground, with targets and distractors differentiated by color.
To match task difficulty across age groups (Sander et al.,
2012), younger adults saw 3 to 5 colored dots per side, while
older adults saw 2 to 4 dots, with 24 items total (12 per hemi-
field). The number of stimuli remained constant to balance
sensory input. The test array followed the memory array,
and individuals had to respond with the right arrow key if
the test array matched the memory array, with the left arrow
key otherwise (no change — change with 50-50 chance).
The percentage of correct responses (%Corr) was recorded.
Working memory storage capacity (K,,) was calculated
for each set size, as K = setsize®(H — FA)/(1 — FA),
where H, and FA are the fraction of hits (correct match) and
false alarms (incorrect match) to match and no-match trials,
respectively (Pashler, 1988), then averaged.

N-back task. The n-back task (NB) required the storage,
update, and manipulation of information in working mem-
ory and was used to measure the spatial working memory
process/updating capacity (K,,,) (Kirchner, 1958). Stimuli
consisted of a square moving on a 3x3 grid (the central
square was reserved for fixation) on a dark grey back-
ground. The color of the moving square was randomized
across blocks and sessions, from the pool of colors used in
the DMTS task. Participants remembered the position of ‘n’
previous stimuli and responded by pressing the left or right
arrow respectively, for ‘match’ (same position, 30%) or ‘no
match’ (different position, 70%). To ensure task difficulty
was comparable across age groups (Sander et al., 2012),
memory loads were assigned based on previous studies
(Assecondi et al., 2021; Assecondi, Hu, Assecondi et al.,
2022a, b). Younger adults had ‘n’ values of 2, 3, or 4, while
older adults had ‘n’ values of 1, 2, or 3. The accuracy of
responses was recorded. Working memory updating capac-
ity (K,,,) was calculated for each ‘n’as K, = n*(H — FA),
where H, and FA are the fraction of hits (correct match) and
false alarms (incorrect match) to match and no-match trials,
respectively (Cowan, 2001), then averaged.

Reading comprehension. A naturalistic reading com-
prehension task (RC) was designed based on (Daneman &
Carpenter, 1980) and (Martin et al., 2020). By “naturalistic
assessment,” I refer to a task in which participants read con-
tinuous, paragraph-length texts (~ 140 words) that resemble
real-world reading material, such as articles or informative
passages, rather than isolated sentences or artificially con-
strained stimuli. This approach captures reading compre-
hension under more ecologically valid conditions, reflecting
the multiple cognitive processes (maintenance, integration,
and inference) that occur during everyday reading.

Participants answered four questions per paragraph
without any time limit: two fact-based questions (mul-
tiple choice), assessing memory for information explicitly
mentioned in the paragraph, and two inferential questions
(TRUE/FALSE/I DON’T KNOW), requiring manipulation
and integration of the information presented. The use of dif-
ferent formats reflects the distinct cognitive demands of the
two question types: fact-based questions primarily involve
maintenance of information, whereas inferential questions
additionally engage executive processes such as updating
and manipulation, consistent with prior evidence that tasks
involving storage and processing better predict individual
differences in reading comprehension than storage-only
tasks (Carretti et al., 2009; Daneman & Merikle, 1996).
Paragraphs and questions, proofread by a native English
speaker, were presented in random order; once the ques-
tions appeared, the paragraph was no longer visible. Each
session included 10 paragraphs (for a total of 20 fact-based
and 20 inferential questions), with no feedback provided.
Paragraph difficulty was balanced across participants and
sessions (see Supplementary Information for details).
The primary dependent variable was the percentage of cor-
rect responses for each question type (%Corr). Reading time
for each paragraph and reading speed (ratio of reading time
to paragraph length in words) were also recorded for both
conditions. This task design allowed us to examine whether
training-related improvements in working memory, specifi-
cally in storage and updating capacities, would transfer to
reading comprehension performance under conditions vary-
ing in cognitive demands.

Everyday Memory Questionnaire. Self-perceived
memory failures in everyday life were measured with the
Everyday Memory Questionnaire (EMQ) (Sunderland et al.,
1984), regarding the preceding two weeks. The EMQ is a
self-report instrument designed to assess the frequency of
everyday memory lapses across various contexts, capturing
deficits that may reflect underlying working memory impair-
ments. It comprises items that evaluate common memory
failures, with higher total scores indicating more frequent
difficulties in daily memory functioning. As it targets every-
day activities, it may plausibly relate to reading comprehen-
sion performance. The EMQ, which has been validated in
healthy adult populations (Rodrigues et al., 2025; Royle &
Lincoln, 2009; Taleb et al., 2024), supporting its use in both
younger and older adults in the present study.

Other questionnaires. In addition to the EMQ, the fol-
lowing questionnaires were administered to each participant
to track their lifestyle and habits and to assess baseline dif-
ferences. Familiarity with technology (in-house developed),
is a short in-home developed questionnaire to measure how
familiar participants are with digital devices for everyday
life: this is important to monitor in online studies when
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data quality relies on participants using a computer, espe-
cially with older populations. The Pittsburgh Sleep Qual-
ity Index (PSQI, Buysse et al., 1989) assesses sleep quality
and disturbances in the month before starting testing: in my
experience with data collection online, participants have
very different schedules and it is important to monitor that
unusual lifestyles are not associated with sleep disturbances.
The Quality of Life Questionnaire (QoL, Skevington et al.,
2004) is a subjective measure of health and physical and
social well-being, and it may impact cognition. Positive
and Negative Affect Schedule (PANAS, Watson et al., 1988)
is a self-rated mood scale, as mood can modulate training
performance.

Working Memory Training

Intervention groups. Adaptive versions of the outcome
DMTS and NB were used during the training sessions, with
difficulty changing according to individual performance,
through a staircase-like procedure (Buschkuehl et al., 2017;
Truong et al., 2022), as follows. For the DMTS group, each
session started with the easiest memory load condition (i.e.,
one colored target): if the participant reached 90% accuracy
in a block, difficulty would be increased (i.e., by adding
one target per block). Maximum difficulty was 6 targets, as
visuo-spatial WM capacity in this task usually plateaus at
around 3/4 elements (Vogel & Machizawa, 2004). Similarly,
for the NB group, each session started with the easiest level
(n=1) and increased in difficulty by one if 90% accuracy
was reached in a block. Each training session comprised a
total of 20 blocks of 20+n trials each (Jaeggi et al., 2010a,
b; S. M. Jaeggi et al., 2008; Verhaeghen & Basak, 2005).

Control group. The control group served as an active
control. During each training session, participants com-
pleted questionnaires without engaging in any formal cog-
nitive training. This procedure matched the intervention
groups in terms of online session scheduling and connection
to the Prolific platform, ensuring equivalence in interaction
across groups.

Statistical Analysis

All analyses were conducted with R (R Core Team, 2025).
A full list of the packages used is provided in the Supple-
mentary Information. This study’s design and its analy-
sis were not pre-registered. I report how I determined our
sample size (see Sample size and power calculations), all
data exclusions (if any), all manipulations, and all measures
in the study, and the study follows JARS (Appelbaum et
al., 2018). All data, analysis code, and research materials
are available on the Open Science Framework at doi:https:
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//doi.org/10.17605/0OSF.IO/A3R6G. Only participants who
completed the sessions within the prespecified times were
included in the analysis.

Data cleaning and outlier detection. Individuals who did
not complete all three outcome cognitive tasks at all time
points (pre, post), with accuracy or reading speed above
or below the mean by three standard deviations, or below
chance in any of the tasks, were removed from further anal-
ysis. Missing data in questionnaires were imputed to their
corresponding population mean (young or old), depending
on the analysis (the whole population, for analysis compar-
ing age groups, and the mean of each age group, for analysis
within the group (Woods et al., 2023).

Demographic differences. T-tests were used to assess
differences between groups.

Age-related effects at baseline. Linear regression models
were used to predict the memory indexes (K, K,,, EMQ
score, and reading comprehension %Corr) with age group,
and years of formal education as fixed effects. In the case of
reading comprehension, condition (fact-based, inferential)
and reading speed were also included as fixed effects, to
capture individual differences in processing efficiency that
might influence reading comprehension. A Pearson correla-
tion coefficient was computed to assess the linear relation-
ship between working memory indices.

Training-related changes in performance. To test train-
ing-related effects on the outcome, I used linear mixed mod-
els to predict working memory performance (K, K,,) and
reading comprehension performance (%Corr: ‘fact-based’,
‘inferential’), including individuals as random factors. In
all models, I used planned contrasts (DMTS versus CON-
TROL, NB versus CONTROL). I did not aim to directly
compare the two training interventions (DMTS vs. NB), as
my primary goal was to examine improvements within each
training type and their potential transfer to reading com-
prehension. Assessing improvements in working memory
performance within each intervention was necessary before
evaluating transfer, as only demonstrated gains in the tar-
geted cognitive domain could plausibly influence reading
outcomes. Direct comparisons between interventions were
not the focus, considering the distinct cognitive processes
targeted by each approach. Including both younger and
older adults was important to investigate age-related dif-
ferences in baseline performance and transfer effects, but I
did not explicitly compare training gains across age groups
because the interventions were not designed or powered
to test age X training interactions, and because the mecha-
nisms underlying learning and transfer may differ between
younger and older adults.

K, was modelled by Session (pre, post), Training (CON-
TROL, DMTS, NBACK), and their interaction, and years
of formal education. Because the n-Back task involves not
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only manipulation/updating but also storage of information,
analyses on working memory updating (Kup) were also
adjusted for baseline differences in storage capacity (Kst).
This adjustment was made because updating performance
depends on the amount of information that can be main-
tained in working memory, and controlling for Kst ensures
that observed training effects on updating reflect genuine
improvements in the updating component rather than differ-
ences in storage capacity.

Finally, the two reading conditions (fact-based, infer-
ential) were modelled by adding to the model above both
storage and updating working memory capacity at baseline
(K, vas> Kup pas) and reading speed, as these covariates cap-
ture individual differences in core cognitive resources and
processing efficiency that are known to influence reading
comprehension performance.

Relation between reading comprehension and work-
ing memory. All analyses were performed separately for
each reading condition (fact-based, inferential). Individuals
may rely on different mechanisms in completing the read-
ing comprehension task, depending on their age or formal
education, thus, performance was modeled separately for
various age groups and adjusted for education, self-reported
everyday memory, and reading speed to allow for the detec-
tion of differences in the dependencies. Linear regression
models were computed to predict the performance at base-
line for ‘fact-based’ and ‘inferential’ responses with work-
ing memory storage (K,), updating (K,,) capacity, years
of formal education, self-reported everyday memory, and
reading speed as fixed effects. EMQ was included only in
the reading comprehension models because it reflects self-
perceived everyday memory rather than objective cognitive
performance. Its inclusion allows me to account for poten-
tial influences of subjective memory experiences on reading
comprehension, while in working memory models, which
focus on objective measures, EMQ is not relevant.

Changes in reading performance were calculated as dif-
ferences between post-training and pre-training performance
and modelled with changes in working memory storage and
updated capacity, years of education, and reading speed as
fixed factors. I did not include EMQ in this model, as the
focus here was on the relation between training-related
improvements in working memory and reading compre-
hension. The EMQ reflects stable, self-reported everyday
memory difficulties rather than session-to-session change
and thus is not directly informative for testing whether gains
in working memory predict corresponding gains in reading
performance.

In all cases, model assumptions were evaluated through
visual inspection of residual plots for normality and
homoscedasticity. When necessary, follow-up analyses were
conducted through planned contrasts, and Holm-adjusted

for multiple comparisons. To ensure that including multiple
covariates did not bias the results, multicollinearity was
assessed using variance inflation factors (VIFs), which con-
firmed that all predictors were within acceptable limits (see
Table S12).

Reporting. 95% confidence intervals (CI) are reported
to aid data interpretation. Descriptive statistics is reported
with standard error and confidence intervals and partial eta
squared as effect sizes. Full model tables for each analy-
sis, and tables containing Bayes factor, when available,
are presented in the Supplementary Information. Bayes
factors were reported in the main text to aid interpretation,
with BFio indicating the strength of evidence for the model
including the factor (or interaction) of interest compared to
a model excluding that factor.

Sample Size and Power Calculations

To estimate the required sample sizes, I modeled a multiple
regression with a varying number of predictors (ranging
from 2 to 7, covering the complexity of the models used
here). Regarding effect size, I drew from meta-analyses
in related domains as direct estimates for WM training
and transfer to reading are scarce. A meta-analysis of 224
articles in memory research reported a median effect size
of 12=0.18 (Morris & Fritz, 2013). Additionally, a review
in clinical psychology found a mean effect size for within-
subject designs of d=0.75, corresponding to 1>=0.12 for
standardized mean changes (Rubio-Aparicio et al., 2018).
While these sources are not specific to the present training-
transfer context, they provide reasonable benchmarks for
expected medium-to-large effects in cognitive intervention
studies. Based on these findings, I conducted a power analy-
sis for two possible effect sizes (7 2, gium = 0-13, 1 f1rge=

0.26), using a significance level of 0.05 and a power level of
0.80, implemented with the “pwr” package in R (Champely,
2020). For the most complex model, detecting a medium
effect size would require a sample of 103 individuals, while
a large effect size would require only 49 participants. When
the focus of the study is on estimating the influence of fixed
effects in a mixed model, and the random effects structure is
relatively simple (e.g., single-level), power analyses based
on multiple regression can provide reasonable approxima-
tions (Scherbaum & Ferreter, 2009).

Because the study was conducted fully online, I antici-
pated greater variability in performance compared to in-lab
settings. For this reason, my recruitment strategy aimed
toward a slightly larger sample. In practice, the final sample
size was determined by the number of eligible participants
that could be recruited within the time and budget con-
straints of the project. Data collection was stopped once
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these constraints were reached, rather than upon achieving
the exact target suggested by the power analysis.

Results

Demographic characteristics by age are reported in Table 1.
I found no baseline differences in education, familiar-
ity with technology, or sleep quality between young and
older adults (Table 2). I found a significant difference in
overall quality of life, with young adults reporting worse
quality of life than older adults (estimate=1.37, CI[0.73,
2.02], t(173)=4.23, p,g;<0.001, dcyp,=0.64), a less posi-
tive attitude (estimate=2.72, CI[0.41,5.03], t(173)=2.33,
Pagi=0-085, dcghen= 0.35) and a more negative attitude (esti-
mate=—7.05, CI[-9.12,-4.99], t(173)= —6.763, p,;<0.001,
dCohen:_1 04)

Age-related Effects on Performance at Baseline

Working memory and everyday memory performance.
Memory performance in young and older adults was quan-
tified at baseline using objective (K, K,,) and subjec-
tive (EMQ score) measures. K, is a measure of working
memory storage capacity, while K, is a proxy for working
memory processing/updating capacity. Full model tables
are reported in the Supplementary Information, Table S3.
I found that age significantly predicted performance in all
measures (K b=0.57, 95%CI [0.40;0.75], p<0.001, 7712)
=0.20, BF,,=7.09%10°; K., b=0.16, 95%CI [0.01;0.31],
p=0.037, n ;= 0.03, BF,;=1.26; EMQ: b=21.28, 95%CI
[12.83;29.73], p<0.001, n ;= 0.13, BF,;=9.36*10%), with
young individuals outperforming older adults in objective
memory but older adults reporting better subjective perfor-
mance that young adults. Education did not predict any of
the memory measures. Correlational analysis showed that

K, and K,, are highly positively correlated both in young
(r(81) =0.34, p=0.002, 95%CI [0.14, 0.52]) and older adults
(r(90)=0.28, p=0.008, 95%CI [0.08, 0.46]). The subjective
measure (EMQ) did not correlate with objective measures
in young adults but did positively correlate with working
memory updating capacity in older adults (K,,,: r(90)=0.22,
p=0.035, 95%CI [0.02, 0.41]). While these sample sizes
(=80-90 per group) are sufficient for detecting medium
size correlations, it should be noted that correlations gener-
ally stabilize slowly, and thus effect size estimates may still
carry some uncertainty (Schonbrodt & Perugini, 2013).
Reading performance. Reading performance in young
and older adults was quantified at baseline in terms of per-
centage of correct responses (%Corr) in facts-based and
inferential questions. The full model tables are reported
in the Supplementary Information, Table S4. I found a
significant main effect of condition (b=—0.11, 95%CI
[-0.13;-0.08], p<0.001, n2=0.28, BF,=1.17*10%),
with individuals being more accurate in facts-based ques-
tions than in inferential questions involving elaboration
of the stored information. Reading speed also predicted
the reading comprehension performance (b=0.14, 95%CI
[0.07;0.20], p<0.001, n §=0.04, BF,,=312.63).

Training-related Changes in Performance

Descriptive statistics for each group are shown in Table 3.
Full models are reported in the Supplementary Informa-
tion: storage capacity in Table S5, updating capacity in
Table S6, and reading comprehension in Table S7.
Changes in working memory storage capacity (K,).
I found a significant interaction of training per session,
in both young and older adults (Young: b=0.25, 95%CI
[0.05;0.72], p=0.025, nf,:0.06, B,y=0.24; Old: b=0.21,
95%CI [0.03;0.40], p=0.022, n%20.07, BF,,=0.23), with

K, significantly improving with respect to control only in

Table 2 Comparison of demographic characteristics between age groups. Characteristics that are significantly different between age groups are

marked in bold.

OLD - YOUNG

ESTIMATE 95% CI t(173) Padi cohen’s d

LL UL

gender (f/m)* -- -- -- -- 0.287 --
education (yrs) -0.78 -1.67 0.11 -1.74 0.253 -0.26
Tech -0.14 -1.14 0.85 -0.29 1.000 —0.04
QoL 1.37 0.73 2.02 423 <0.001 0.64
Positive affect 2.72 0.41 5.03 2.33 0.085 0.35
Negative affect -7.05 -9.12 -4.99 —6.76 <0.001 -1.04
PSQI -0.23 -1.01 0.56 -0.57 1.000 —-0.09
EMQ -21.07 —29.61 —12.53 —4.88 <0.001 —0.75

* Chi-square test X(n=175, df=1)=1.13

Abbreviations: Tech= Familiarity with Technology, QoL= Quality of Life, PSQI= Pittsburgh Sleep Quality Index, EMQ= Everyday Memory
Questionnaire, Positive affect = PANAS Positive Affect score, Negative affect= PANAS Negative Affect score
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post-pre change in working memory updating capacity; A%Corr = post-

Table 3 Descriptive statistics in each training group. AKst = post-pre change in working memory storage capacity; AKup

pre change in percentage of correct responses in reading comprehension

YOUNG

NB

DMTS

CONTROL

95% CI
LL

SE

95% CI
LL

SE

95% CI
LL

SE

UL

UL

UL

25.35

22.45

0.71
0.54

0.13

23.90
15.10
0.11
0.51
0.01

25.80
17.22
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0.26
0.02

23.00
15.38
0.10

0.68
0.45
0.12

23.17 25.23 24.40
0.

0.51

24.20
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16.21
0.37
0.79

0.05

13.99
—0.16

0.24

16.30
0.35
0.11

17.44
0.20
0.25
0.03

15.96
—0.28
—-0.07
—0.03

0.36
0.12

0.

16.70
—0.04
0.09
0.00

education (yrs)

AKst

0.13
0.

—0.04
—0.09

07

08

AKpr

—0.03

02

0.03

—0.04

1

0.0

A%Corr
OLD

NB

DMTS

CONTROL

95% CI
LL

SE

95% CI
LL

SE

95% CI
LL

SE

UL

69.65

UL

UL

67.55

0.52
0.60
0.05
0.06
0.01

68.60

68.57

66.43

0.52
0.67
0.09
0.04
0.01

68.85 67.50

66.75

0.51
0.65
0.04
0.04
0.02

67.80

age

16.52
0.30
0.40
0.03

14.08
0.08
0.17

15.30
0.19
0.28
0.01

16.37
0.58
0.16
0.03

13.63
0.20

15.00
0.39
0.08
0.00

16.93
0.26
0.20
0.05

14.27
0.09
0.04

15.60
0.17
0.12
0.02

education (yrs)

AKst

—0.01

AKpr

—0.01

—0.02

—0.01

A%Corr

the groups receiving DMTS training. Individual perfor-
mance is shown in Fig. 3, panel A.

Changes in working memory updating capacity (K, ).
After adjusting for baseline differences in working mem-
ory storage capacity (K,,), I found a significant interac-
tion of training per session, in both young and older adults
(Young: b=0.42, 95%CI [0.16;0.69], p=0.002, n§=0.13,
BF,,=0.37; Old: b=0.16, 95%CI [0.03;0.29], p=0.016, 7712)

=0.11, BF,;,=0.36), with K, significantly improving with
respect to control only in the groups receiving n-back train-
ing. Individual performance is shown in Fig. 3, panel B.

Changes in reading comprehension performance. 1
found no significant effects of training working memory
on reading comprehension performance, either in the fact-
based or inferential condition. Individual performance is
shown in Fig. 4. Thus, training produced statistically sig-
nificant improvements in the working memory component
targeted by each training task, as indicated by the frequentist
analyses (K, with DMTS training and K, with NB train-
ing) in young and older adults, which is in line with previ-
ous studies (Waris et al., 2015), but no changes in reading
comprehension were found at the group level. However, the
associated Bayes factors provided only weak evidence for
these effects, suggesting that the magnitude and robustness
of'the training-related gains should be interpreted cautiously.

Relation between Reading Comprehension and
Working Memory Capacity

I performed a planned analysis to understand whether indi-
viduals who improved after training in either working mem-
ory storage (Kj,) or process (K,,) capacity also improved in
reading comprehension, regardless of the type of training
received.

At baseline, before any training took place, I found no
effect of working memory storage capacity K, on reading
performance, regardless of the question type (fact-based,
inferential) or the age group considered. Working memory
updating capacity K, significantly predicted performance
for fact-based questions in older adults only (b=—0.04,
95%CI [-0.08;-0.01], p=0.017, 7712,:0.04). However,
Bayes factors provided only anecdotal evidence in either
direction (inclusion or exclusion of K, and K, from the
model, all BFs<=3). Table S8 and Table S9 in Supple-
mentary Information report the full models and BFO1 and
BF10 for all models and conditions, respectively.

When modeling training-related changes in reading per-
formance (fact-based or inferential) as a function of changes
in working memory storage (K,) or updating (X, capac-
ity, while adjusting for education and reading speed, I found
that changes in K, significantly predicted same-direction
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Fig. 3 Working memory storage )
(Kst, panel A) and updating (Kup,

panel B) capacity in young and 4
older adults, before and after
training (CONTROL, DMTS,
NBACK). Values represent raw
means
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changes in inferential performance in young adults only
(b=0.05, 95%CI [0.01;0.09], p=0.013, 7 12,:0.06), with the
associated Bayes factor providing moderate evidence for the
relationship (BF;,=4.30). Details of the models, and corre-
sponding Bayes factors are reported in the Supplementary
Information, Table S10, Table S11.

Discussion

The primary objective of this study was to investigate the
relationship between memory (storage capacity - K,,, updat-

ing capacity - K,,,, and Everyday Memory Questionnaire
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- EMQ) and reading comprehension performance (as a
proxy for everyday activities), and their sensitivity to age
differences. Additionally, I examined whether training-
related changes in working memory transfer to enhance-
ments in a reading comprehension task.

In this study, I chose to investigate these questions using
a brief working memory training program focused on visuo-
spatial memory. While this choice may seem counterintui-
tive, it was informed by previous findings from our lab,
where visuo-spatial adaptive tasks have consistently led to
improvements after just a few sessions (Assecondi et al.,
2022; Assecondi, Villa-Sanchez et al., 2022; Tagliabue et al.,
2024). A key question remains whether such improvements
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extend beyond trained tasks and transfer to a more ecologi-
cally relevant ability, such as reading comprehension. This
consideration aligns with the broader debate on domain-
general versus domain-specific mechanisms in cognitive
training (Peng et al., 2018).

The decision to focus on visuo-spatial working mem-
ory rather than verbal working memory was further moti-
vated by several advantages of visuo-spatial training. First,
visuo-spatial tasks reduce linguistic dependency, making
them more resilient to biases associated with cultural dif-
ferences in language, idioms, and educational backgrounds,
thus enhancing their generalizability. Second, visuo-spatial
tasks are inherently more engaging and dynamic, which can

Posttest Baseline

Posttest Baseline

DMTS NBACK

Posttest Baseline Posttest

DMTS NBACK

Posttest Baseline Posttest

improve participants’ motivation and compliance. This is
particularly relevant for home-based online experiments,
where participant attrition is a concern.

Age Differences in Memory Performance

In this study, I assessed working memory capacity using
two different indices: K, derived from a delayed match-
to-sample task, which primarily reflects storage capacity,
and K, obtained from an n-back task, which captures both
storage and updating processes. Additionally, I included a
self-report measure (EMQ) to evaluate perceived memory

performance at baseline.
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Consistent with my first hypothesis, young adults signifi-
cantly outperformed older adults in objective memory tasks,
confirming well-established age-related declines in working
memory storage and updating capacity (Bopp & Verhaeghen,
2020). However, this hypothesis was not fully supported for
subjective memory performance, as older adults reported
fewer subjective memory failures than younger adults. This
discrepancy between objective and self-perceived memory
performance may reflect age-related differences in metacog-
nitive awareness, memory expectations, or compensatory
strategies rather than actual functional abilities.

Interestingly, I found no significant age-related differ-
ences in reading comprehension performance, aligning with
previous studies (Cansino et al., 2013; Noort et al., 2006):
while working memory declined with age, reading compre-
hension remained relatively preserved. However, question
type played a key role, with participants performing better
on factual questions than on inferential questions requiring
elaborative processing. This suggests that more complex
comprehension tasks engage additional cognitive demands,
consistent with prior research on reading comprehension
difficulty (Schroeder, 2014).

One limitation of this study is the use of a naturalistic
reading comprehension task. While such tasks have ecologi-
cal validity by better reflecting real-world reading experi-
ences, they may lack the structured format of standardized
assessments like the Nelson-Denny reading test (Brown
et al., 1993), potentially reducing sensitivity to subtle dif-
ferences in comprehension performance. This trade-off
between ecological validity and experimental control should
be considered when interpreting the findings.

Greater variability was observed among younger adults,
including some individuals who performed worse at post-
test (Figs. 3 and 4). This may reflect the online testing modal-
ity, as younger participants are more likely to multitask or
be distracted during web-based tasks (Kosti¢ & Randelovic,
2022). Older adults, by contrast, may approach the tasks
with greater motivation and commitment, resulting in more
stable performance. Recent evidence also suggests that in
online cognitive research, who is tested is often more conse-
quential than ow the testing is conducted (Uittenhove et al.,
2023), which could further explain the observed differences
in variability across age groups. Such factors should be con-
sidered when interpreting individual differences in training
outcomes and transfer effects.

To summarise, while age-related declines were evident
in both storage and updating capacities, reading comprehen-
sion performance remained relatively stable across groups.
This suggests that reading comprehension may draw not
only on core working memory resources but also on com-
pensatory mechanisms such as accumulated linguistic

@ Springer

knowledge, contextual inference, or strategy use, especially
in older adults. Moreover, the stronger cognitive demands of
inferential questions highlight that the extent to which work-
ing memory supports comprehension depends on the type
of task involved. Finally, the discrepancy between objective
and subjective memory assessments underscores the impor-
tance of using objective measures when investigating cogni-
tive predictors of comprehension, as self-reported memory
complaints may be shaped more by metacognitive factors
than by actual capacity. Together, these results indicate that
working memory plays a role in reading comprehension,
but its contribution is modulated by age, task demands, and
compensatory processes.

Overall Training Effects

The present study supports the notion that training effects
in working memory are process-specific. Consistent with
my hypotheses, training led to improvements in the targeted
processes: working memory storage capacity (K,,) increased
following DMTS training and working memory updating
capacity (K,,) improved following n-back training, in both
age groups, relative to the control condition. Although the
associated Bayes factors indicated only weak evidence, this
may reflect the relatively brief training duration rather than
the absence of genuine effects. Overall, these results suggest
that even short visuo-spatial training interventions can pro-
duce selective and meaningful gains in the intended work-
ing memory components.

In line with previous findings (e.g., Matysiak et al., 2019)
the efficacy of n-back training appears to be moderated by
individuals’ initial capacity, suggesting that baseline ability
may influence the extent to which training-related benefits
can be realized. This aligns with the view that training out-
comes in working memory are constrained by individual dif-
ferences, which has implications for tailoring interventions.

However, despite these training-related gains in working
memory capacity, the hypothesis that such improvements
would transfer to reading comprehension was not supported
at the group level. This finding point to a limited generaliz-
ability of working memory training effects and suggests that
transfer to complex tasks like reading comprehension may
require broader or more integrative training approaches.

A limitation of the current study is the nature of the con-
trol group. Although control participants completed ques-
tionnaires to match the training schedule of the intervention
groups, they did not engage in an alternative cognitive task.
Consequently, placebo effects, expectancy, or engagement-
related influences cannot be fully ruled out, which should be
considered when interpreting the observed training-related
improvements.
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Relation between Working Memory Capacity and
Reading Comprehension Performance

Age-related differences emerged when considering the rela-
tionship between reading comprehension performance and
working memory capacity. At baseline, our results indicated
that working memory storage capacity (K,,) did not predict
reading comprehension performance, irrespective of ques-
tion type (fact-based or inferential) or age group, while
working memory updating capacity (K,,,) significantly pre-
dicted performance for fact-based questions in older adults
only. Thus, our hypothesis that individual differences in
reading comprehension would be explained by working
memory capacity was not broadly supported, with only lim-
ited and age-specific evidence for an association between
K,, and factual comprehension in older adults. It should
also be noted that the observed effect of updating (K,,,) on
reading comprehension emerged only when self-reported
memory complaints (EMQ) were included as a covariate,
and the associated Bayes factor provided only anecdotal
evidence, warranting cautious interpretation.

These findings suggest that, overall, there is no robust
baseline relationship between objective working memory
measures and reading comprehension performance in a
naturalistic task. In older adults, however, the, albeit weak,
association between K,, and fact-based reading perfor-
mance may reflect the multifaceted nature of the n-back task,
which, although designed to assess both storage and updat-
ing, appears to tap more into attentional, verbal memory,
and updating processes in this age group (Gajewski et al.,
2018). Given that reading comprehension involves several
cognitive steps, from encoding new information to retriev-
ing and integrating previously stored knowledge (Gordon et
al., 2016), it is plausible that in older adults, Kup is a better
predictor of performance when these processes are engaged.

Furthermore, these results resonate with previous meta-
analytic findings (McVay & Kane, 2012) suggesting that
working memory capacity alone, especially as measured by
simple span tasks, is less predictive of reading comprehen-
sion than more complex tasks that incorporate strategy use
(see also Carretti et al., 2009; Engle et al., 1999). Thus, the
link between working memory and reading comprehension
cannot be reduced to raw storage or updating measures, but
instead depends on the interplay between task demands and
individual strategy use. It is possible that the variability in
cognitive strategies, particularly in older adults, who may
rely more on accumulated knowledge to offset declines
in raw memory capacity (Hannon & Daneman, 2009),
obscures a straightforward relationship between capacity
measures (K|, or K,,,) and reading outcomes (Bailey et al.,
2008; Dunlosky & Kane, 2007; Friedman & Miyake, 2004).

Lastly, the lack of a significant relationship between
the self-reported Everyday Memory Questionnaire (EMQ)
scores and reading performance in both age groups may
indicate that subjective assessments of memory are prone
to biases or do not accurately capture the specific cogni-
tive processes involved in reading comprehension (Sunder-
land et al., 1983; Zelinski et al., 1980). Given that the EMQ
captures subjective memory complaints rather than direct
cognitive performance, its lack of association with reading
comprehension is not unexpected. Although the EMQ has
been validated in healthy adults, differences in self-aware-
ness or metacognitive monitoring across age groups may
still influence the relationship between subjective memory
complaints and objective working memory performance.
This should be considered when interpreting the observed
correlations in younger versus older participants.

Improving Reading Comprehension Performance by
Training Working Memory

When examining training-related changes, 1 found that
improvements in working memory storage capacity (K,
significantly predicted enhancements in reading compre-
hension, specifically for inferential questions, in young
adults only, with moderate evidence supporting this rela-
tionship (BF,,=4.30). Thus, our hypothesis that training-
related gains in working memory would transfer to reading
comprehension was only partially supported: transfer effects
emerged descriptively in younger adults but were absent in
older adults. Although no formal age-group comparisons
were conducted, the pattern of results suggests that the
extent to which working memory improvements transfer to
reading comprehension may differ descriptively across age
groups, with preliminary evidence of a modest relationship
in younger but not older adults. Importantly, however, the
Bayesian evidence was only moderate, and so this finding
should be interpreted with caution rather than as a definitive
effect.

This finding tentatively suggests that in young adults,
gains in working memory storage capacity may facilitate
more effective processing in tasks that require elaborative
integration of information. In contrast, no such relation-
ship was observed in older adults, implying that for this
group, increases in working memory capacity alone may
not be sufficient to boost reading comprehension. Older
adults might instead rely on compensatory strategies or
prior knowledge to support performance on complex com-
prehension tasks. Taken together, these results indicate that
our transfer hypothesis was not broadly supported, but they
point to potential age-related differences in the mechanisms
underlying transfer.
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It should be noted that although performance on the fact-
based questions was generally high, suggesting a potential
ceiling effect, there was still some variability across partici-
pants. This limitation may have constrained the sensitivity
to detect transfer effects of working memory training on
fact-based comprehension, potentially contributing to the
lack of significant improvements observed for these items,
despite clear gains in working memory capacity.

Furthermore, in our data, baseline working memory and
reading comprehension were not strongly or reliably corre-
lated. At first glance, this might raise the question of what a
“successful” transfer effect would imply under such circum-
stances. However, the absence of a robust cross-sectional
association at baseline does not preclude the possibility of
training-related changes leading to transfer. I suggest that
transfer reflects a dynamic process rather than a static corre-
lation: improvements in working memory may change how
readers engage with texts, even if baseline associations are
weak. For example, enhanced working memory may sup-
port better allocation of attentional resources, more efficient
integration of information across sentences, and greater
flexibility in updating situational models during reading
(Martin et al., 2020; Daneman & Merikle, 1996). These
are mechanisms that would not necessarily be reflected in
a simple baseline correlation but may emerge when cogni-
tive capacity is experimentally enhanced. Thus, evidence of
transfer should be interpreted as reflecting changes in func-
tional engagement of cognitive resources rather than a mere
amplification of baseline associations.

One potential explanation for the limited transfer is that
our training focused on visuo-spatial working memory,
which may not engage the verbal-processing mechanisms
most critical for reading performance. Previous studies have
shown that while visual working memory is associated with
reading comprehension (e.g., Pham & Hasson, 2014; Walc-
zyk & Taylor, 1996), in a complex way. For example, while
general working memory correlates with sentence compre-
hension (Moser et al., 2007), visual working memory spe-
cifically predicts reading comprehension but not necessarily
reading fluency (Pham & Hasson, 2014) and its predictive
power may differ from that of verbal complex span tasks
(Daneman & Merikle, 1996; Kane et al., 2004). Thus, our
findings suggest that to achieve stronger and more consis-
tent transfer effects on reading abilities, future interventions
may need to incorporate training paradigms that engage ver-
bal as well as visuo-spatial working memory processes.

To conclude, the present study shows that working
memory training produced process-specific improvements,
but transfer to reading comprehension was modest. Gains
in storage capacity predicted enhanced comprehension in
young adults under certain conditions, whereas no such
effects were observed in older adults. For young adults,

@ Springer

gains in storage capacity supported performance on more
demanding comprehension tasks, whereas for older adults,
such improvements did not translate into reading benefits,
pointing to the need for additional or alternative approaches.
These results highlight the nuanced relationship between
working memory and reading comprehension and suggest
that future interventions may benefit from multidomain
training programs that combine different cognitive pro-
cesses and account for age-specific strategies to promote
more meaningful transfer to real-world skills.
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