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Abstract
Working memory (WM) is a cognitive
function essential for short-term main-
tenance of information in a highly acces-
sible state to support goal-directed
behavior. The classical behavioral model
of WM includes a visuospatial sketch-
pad, a phonological loop and the central
executive. Neuroimaging studies selec-
tively targeted the activity associated
with maintenance and processing of

Pesiome
Pa6oyas namsats (PIT) — 210 KOrHUTHUBHASA (DYHK-
s, HeOOXOMMMAsT JIJIsl KPATKOBPEMEHHOTO XpaHe-
HUS UH(GOPMAIMH B JIETKOJIOCTYITHOM BU/IE /LIS OCY-
IIECTBJIEH 1IeJIeHaIIPaBJIeHHOTO TIoBeaeHms. Kiac-
cuueckast Mojienib PII Brirtouaer B cebst BU3yaJbHO-
OPOCTPAHCTBEHHBIN OJIOKHOT, (hOHOJIOTHYECKYIO
MeTJI0 U HeHTPaJdbHbIl 1polieccop. HeltpoBusya-
JIM3AIMOHHbBIE UCCJIEN0BAHYST OOHAPYKIIN PA3HYIO
AKTHUBHOCTH MO3Ta JIJIs1 KaK/I0T0 OT/IeJIbHOTO KOMIIO-
HeHTa. OJIHAKO Ha TEKYIIMH MOMEHT HET JKCIIepH-
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modality specific information. However,
an experimental design is still missing
that would enable the assessment of all
components of WM drawing a holistic
neuroimaging model. In this study, we
propose a modified paradigm based on
the classical retro-cue task, which allows
disentangling the activity of all WM
components, and in particular of the
central executive. This paradigm con-
sists of five conditions: passive percep-
tion, simple verbal storage, simple visual
storage, alphabetical reordering (com-
plex verbal) and mental rotation (com-
plex visual). Testing on a cohort of 35
healthy adults, we obtained a similar
workload for simple storage conditions
with a low engagement of the central
executive. A different workload was ver-
ified between the simple and complex
conditions in both verbal and visual
modalities. This experimental design
provides the framework to assess the
neural activity associated with the cen-
tral executive components in different
modalities and to address the question of
a unitary or modality-specific central
executive nature. Therefore, the para-
digm is suitable for utilization in neu-
roimaging to potentially advance our
comprehension of the WM organization.

Keywords: working memory; modified
retro-cue task; central executive; infor-
mation processing.
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MEHTAJIbHON TIapaJIuTMBbl, MO3BOJISIONIEN IIeJ0CTHO
oleHUTh Bce KomioneHTsl PIT ¢ yuetom nx B3ammo-
JeiicTBust. B laHHOM Mccsie[oBaHUM Mbl paspaboTa-
J MOAMGUIIMPOBAHHYIO MApPAJNTMY, OCHOBAHHYIO
Ha KJIACCHYECKOM 3aj1aue ¢ PeTPO-TI0JCKa3KOl, KOTO-
past TT03BOJISIET PA3TPAHMYNTD AKTHBHOCTH KasK/IOTO
kommoHenTa PII, BKioyast 1eHTpasbHBIN Mporiec-
cop. [TapasrmMa cOCTONT M3 TSITH YCJIOBHIA: TTACCHB-
HOe BOCIIPHUSITHE, TIPOCTOE XpaHeHne BepOaTbHOU
nHGOPMAIINK, TPOCTOe XpaHEeHUe BHU3YaJTbHOI
nHGOPMAINY, YIOPs/I0UeHNe TIOCTeI0BATEBHOCTH
OyKB 110 aydaButy (CI0KHOE BepOaJbHOE YCIOBHE)
1 MBICJTIEHHBIN TIepeBOpOT MaTpuilel Ha 90 rpamxycoB
(cnoxHoe Bu3yambHOe ycyoBue). VcciemoBanwe,
HpOBeIeHHOE Ha 35 3[0POBBIX B3POCJIBIX, TOKA3AJIO0,
YTO Mapa/INrMa IMO3BOJISIET TIOJIYYUTh COOCTABUMYIO
TOYHOCTH OTBETOB JIJIST IPOCTBIX YCJIOBUIT C HU3KOM
BOBJIEUEHHOCTBIO IIEHTPAJIBHOTO Tporieccopa. beumm
06HApYKEHbl 3HAYMMBIC OTJIMYUS B PEIIEHUSIX
MEeXKIy NPOCTBIMH ¥ CJIOKHBIMU YCJTOBUSIMH JIJISI
Kaskoi MopaibHocTh. Takum o6pasoM, aKcrepu-
MeHTaJIbHasI TapaJirMa ITI03BOJISIET PAa3TPAHUYHTh
HeHPOHAJIBHYIO aKTUBHOCTb, CBSI3AHHYIO C KOMIIO-
HEHTaMI MOJIJIBHO-CIIEIN(UYECKOTO XPAaHEHUS 1
IIEHTPATbHBIM ITPOIIECCOPOM, 1, B YaCTHOCTH, HICCJIe-
ZIOBaTh BOIIPOC O €IMHOM IIEHTPAJIBHOM IIPOIECCOpe
WIN JIBYX PasiIMYHBIX UL KaKIOH MOJAIBHOCTH.
Jlammast mapaurMa MOJKeT ObITh MCIIOJIb30BaHA JIJIsT
CO3/IaHUST TIEJIOCTHOTO TIOHMMAHMSI B3aMMOCBSI3aH-
HO pabotbl KoMronenToB PII B Mccie0BaHusIX ¢
IPUMEHEHNEM TeXHOJIOTHI HeIPOBU3YAIH3aIHN.
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Working memory (WM) is a cognitive function providing the maintenance of
visual and verbal information in a highly accessible state, supporting goal-directed
behavior (Brady et al., 2024) spanning the domain of language, mathematical skills
(Raghubar et al., 2010), imagery (Baddeley, 1988), spatial navigation (Meneghetti
et al., 2021), and decision-making (Hinson et al., 2003). WM model includes three
main components: a phonological loop, a visuospatial sketchpad and the central
executive with an episodic buffer (Baddeley, 2000, 2010). The Central Executive
(CE) serves as an attentional control system that coordinates the activity of the
short-term storage and allocates the attentional resource for processing tasks
(Collette & Van Der Linden, 2002; Morris & Jones, 1990). Therefore, working
memory is an extension of the concept of short-term memory (STM) by including
the central executive as an attentional controller to storage of verbal and visual
information (Cowan, 2008). This model has defined the agenda of neuroimaging
studies targeting neural correlates of each single component and of their interac-
tion.

Following this schema, several paradigms have been implemented to explore the
impact of different behavioral parameters (Braver et al., 2008; Rottschy et al.,
2012). A consistent body of literature focused on memory storage via Sternberg-
like paradigms, delayed-matching-to-sample tasks and to a lesser extent the retro-
cue task (Gazzaley & Nobre, 2012). These tasks allow disentangling storage from
encoding and retrieval and thus found the application in neuroimaging studies of
storage components (Sternberg, 1966; Vogel & Machizawa, 2004). Moreover, many
studies utilized complex span tasks (reading span, operation span, etc.) to target
the CE activation. These tasks require simultaneous storage and processing of both
relevant and irrelevant information, thus utilizing the dual-task approach (Osaka
et al., 2007; Wager & Smith, 2003). While eliciting the activation of CE, these
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tasks were limited by the overlap of CE and storage in the same temporal window
(Collette & Van Der Linden, 2002). The diversity of experimental approaches
deepens our understanding of each separate component but hinders the integration
of different findings into a holistic understanding of WM.

While characterizing different phases of WM processing, the above-mentioned
experimental designs cannot purely disentangle the activity of the central execu-
tive component (CE). WM studies typically probe one domain, either verbal
(sometimes sequential) or visual (object and spatial) (Emch et al., 2019; Luck &
Vogel, 2013; Pavlov & Kotchoubey, 2022; Rottschy et al., 2012; Wager & Smith,
2003). Several studies investigating multimodal WM brain networks (Boran et al.,
2021; Daume et al., 2017; Li et al., 2014; Perfetti et al., 2014; Xie et al., 2021)
assume independent functioning of the phonological loop and the visuospatial
sketchpad components (except (Li et al., 2014; Perfetti et al., 2014)). However, in
Baddeley’s model, all WM components work interactively and simultaneously,
coding one complex stimulus into visual and verbal modality, and then integrating
the multi-modal information into one complex representation (Logie et al., 2020).
Thus, a considerable amount of literature has been dedicated to cross-modal inter-
actions in WM (Allen et al., 2009; Izmalkova et al., 2022; Zhang et al., 2014).
However, most of the approaches allow neither analyzing the complex components
interplay nor the allocation of the specific neural oscillatory activity to each com-
ponent. Without researching the neural basis of the WM components and their
complex interplay, the architecture of CE remains ambiguous. For example, it is
still unclear whether the CE is unified for all storage components (unitary WM) or
whether each component has its own executive mechanism (two modality-specific
WMs) (Stuss & Knight, 2013).

Thus, for a holistic understanding of the WM neural basis, we would need a
cross-paradigm providing different levels of CE involvement for complex stimuli in
both verbal and visual domains at once during storage. This paradigm would pro-
vide a clear distinction between short-term memory and goal-directed WM in
order to isolate modality-specific components and distinguish between the neural
activity of storage and CE, verifying the existence of unitary or separate executive
mechanisms.

Thus, in this study we propose an experimental design to capture and compare
different aspects of WM, comparing sensory modalities and recruitment of CE. The
paradigm features two retention intervals (before and after the retro-cue): while
the first retention corresponds with the storage of the entire item representing the
interplay of WM components, the second retention aims to isolate the CE involve-
ment during processing of the information. The originality of the study is premised
on the application of the complex design with both verbal and visual WM modali-
ties and different levels of attentional involvement in the same cohort of partici-
pants.

We selected a low demanding task and a high demanding operation: filtering
(simple maintenance) and manipulation (complex processing) for spatial and ver-
bal domains (representing visual and verbal WM modalities, respectively). In par-
ticular, in the low demanding task we asked participants to filter either spatial or
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verbal information from a complex stimulus representation. In the high demanding
task, we asked participants to manipulate spatial and verbal information by mental
rotation or alphabetical reordering (for more details about theoretical assumptions
under the paradigm see Supplementary materials: https://psy-journal.hse.ru/
data/2024,/09,/26/1882463452/Supplementary%20materials.pdf). We hypothe-
size that in the new comprehensive WM paradigm similar attentional involvement
is required for simple maintenance of verbal and spatial information. Meanwhile,
different attentional involvement reflecting different involvement of the CE char-
acterizes unimodal conditions for simplex maintenance and complex processing.
Finally, we hypothesize that the attentional involvement in the complex processing
condition might be similar across modalities.

Methods
Participants

Thirty-two adult subjects participated in the behavioral study (mean age =
23.93, SD = 5.41, 20 female/12 male). Inclusion criteria were: age of 18—35 years
old (Ferguson et al., 2021), absence of neurological or psychiatric disorders, and
normal or corrected-to-normal vision. We calculated that the sample size of 25 par-
ticipants would be sufficient to obtain 80% power of statistical analysis for the
repeated measures analysis of variance (ANOVA) with the 0.25 estimated effect
size and the .05 alpha level (G*power 3.1.9.7) (Faul et al., 2007).

The study was conducted in accordance with the Institutional and Ethical
Review Board (IRB) guidelines of the Higher School of Economics. All partici-
pants signed a consent form.

Paradigm

The paradigm is based on a traditional retro-cue task, which allows disentan-
gling different stages of informational processing in working memory: encoding,
storage, manipulation and recall, which is a huge advantage for neuroimaging stud-
ies (Sternberg, 1966; Vogel & Machizawa, 2004). We modified the retro-cue task in
order to involve both WM storage and the central executive.

In our paradigm, participants had to memorize a stimulus — a 3 by 3 matrix that
was filled in with letters: 4 target letters and 5 noise letters. The cells, which con-
tained target letters, were highlighted with a bright grey color (Figure 1). Hence,
the matrix contained both the target (highlighted cells as a foreground) and noise
(the grid as a background) visual information. In order to balance the noise-target
perception between modalities, we added the letter “X” as verbal noise. The struc-
ture of the single trial is depicted in Figure 1. First, participants were presented
with a fixation cross (0.5s). Next, a pro-cue appeared, signaling what participants
should do with the stimulus. If the pro-cue was an “eye”, participants should simply
observe the matrix without a goal to memorize. This condition had the lowest
demand on attention and thus it referred to a simple perception. Since there was no
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behavioral outcome in this condition, it was not analyzed in this study; however,
neural oscillation during perception condition can serve as a baseline for WM con-
ditions in neuroimaging studies.

If the pro-cue was a “brain”, participants should memorize both verbal and spa-
tial information in the matrix for further processing (both letters and their loca-
tions). This condition engaged WM, because participants had a goal to memorize
the stimulus for future manipulation. Participants were trained to read the matrix
from left to right, from top to bottom. The pro-cue lasted 0.5s.

Next, the stimulus (matrix) was presented for 2s (Boran et al., 2019). Following
the encoding phase, a first storage phase is characterized by a blank screen that was
presented for 3s (Proskovec et al., 2019). Then a retro-cue was presented for 0.5s,
indicating which type of processing should be performed with the stimulus. The
paradigm is composed of four conditions: spatial or verbal information with filter-
ing or manipulation.

The retro-cue “A” indicated that only verbal information should be retained
(and spatial information should be filtered out). During retrieval phase following
this condition, the probe was a sequence of three dashes with a letter (- JI — —)
placed either in the correct place or not. The participant had to specify whether the
letter in the probe was placed in the correct position as in the initial matrix. The
retro-cue “A — {I” indicated alphabetical reordering of the sequence (high CE
involvement). During retrieval phase following this condition, the probe was a
sequence of three dashes with a letter (— JI — —) placed either in the correct place
or not regarding the alphabetical order.

Figure 1
The Scheme of the Experimental Paradigm
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The retro-cue “map pin” indicated that spatial information should be retained
(and verbal information should be filtered out). During retrieval phase following
this condition, the probe was a matrix with one cell highlighted. The participant
had to specify whether this cell was highlighted in the initial matrix. The retro-cue
“arrow” indicated the matrix should be mentally rotated by 90 degrees clockwise
(high CE involvement). During retrieval phase following this condition, the probe
was a matrix with one cell highlighted. The participant had to specify whether this
cell would be highlighted in the mentally rotated matrix.

Thus, the first and second conditions aimed to assess verbal information with a
low or high CE involvement. The third and fourth conditions aimed to assess spa-
tial information with a low or high CE involvement. The first and third conditions
are referred to as simple conditions, the second and fourth - as complex conditions.
The participant had 3s to filter or manipulate the information after the retro-cue.
Then the probe appeared for 2s for simple conditions and 3s for a complex condi-
tion. Participants were required to answer within these time intervals, otherwise
the trial was considered a miss. No feedback was presented after the response.

Participants answered “correct” or “incorrect” by pressing a key on the key-
board: Q (marked as blue) and P (marked as red). The answers were balanced
across the participants with half of them answering “correct” by pressing the blue
key (15), and half — by pressing the red key (17).

Both pro- and retro-cues were presented for 0.5s (Schneider et al., 2016). We
aimed to have easily interpretable cues for the task. Thus, we employed visual cues
(pictograms) to indicate the condition types. Detailed information about the cue
selection can be found in the Supplementary materials.

For the verbal domain, we selected Cyrillic letters of the equal or approximately
equal visual and acoustic complexity, which did not have similarity with other
symbols. The final sample contained 10 letters (TJIKM/IITKIII®D). Detailed
information about the letter selection can be found in the Supplementary materials.

In total the participants had five conditions with 60 trials each. All conditions
were randomly mixed in such a way that there could not be more than three trials
of the same condition, and not more than five trials of the same domain in a row.
The duration of the perception condition was 6s, the durations of the WM condi-
tions were 11.5s for the simple conditions and 12.5s for the complex conditions. In
total, the experiment lasted 60 minutes. We divided the experiment into five blocks
each separated by two-minute breaks.

Procedure

Participants performed the experiment in a soundproof room. They were seated
at approximately 50 cm from a 27-inches electron monitor (1920 X 1080 resolu-
tion, 144 Hz refreshing rate). The experimental paradigm was run on Psychopy
(v2022.2.5) in OS Windows.

Before the experiment, participants performed a training session. The first five
practice trials were conducted without a time limit with verbal prompts from the
experimenter. In the next five practice trials participants performed on their own
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with a slow pace. Then participants had 20 practice trials on their own at a real
experiment pace.

Statistical methods

Before data analysis we applied two criteria to consider guesses and the chance
level performance. Firstly, we deleted answers faster than 400ms (Llorens et al.,
2023). Secondly, we aimed to keep at least 30 clear trials for the further neuroimag-
ing task (Chaumon et al., 2021; Cohen, 2014). Considering the average amount of
rejected trials to be 25% (Otstavnov et al., 2024), we calculated that the 70%
threshold is enough to obtain such a number.

Our primary goal was to investigate differences in accuracy and reaction time
among experimental conditions; therefore, we used a within-group design. To mit-
igate the non-normal distribution of the data (see Supplementary material for more
details), we applied a Box-Cox transformation (Osborne, 2010). We tested differ-
ences in the transformed accuracy and median response time by the repeated meas-
ures ANOVA with the factors of Modality (visual and verbal) and Load (simple and
complex). Post hoc pairwise comparisons were conducted by the two-sided t-test
with a Sidak correction to adjust for multiple comparisons (Howell, 2013).

The data analysis was conducted with custom scripts in Python with the pin-
gouin package (v0.5.4). Visualization of the results was performed by matplotlib
(v3.7.0) and seaborn packages (v0.12.2).

Data availability

All data used to design a new comprehensive WM paradigm is available at
https://github.com/meggrouphse/working-memory-project including psychopy
file, python scripts for stimulus creation, stimulus descriptive statistics and data
analysis pipeline.

Results
Accuracy

Repeated measures ANOVA (N = 32, RT > 400ms) revealed significant differen-
ces in accuracy across Modalities (F(1, 31) = 8.87, Pucermead < -01) and Load (F(1,31) =
57.22, Picemeea < -01). The interaction of factors was also significant (F(1, 31) = 4.65,
Doceoneated = -04). Post-hoc comparison revealed no differences between simple visual
and simple verbal conditions (T(31) = —0.72, p.... = .98, common language effect
size (CLES) = .47). Significant differences were observed between simple verbal
and complex verbal condition (T(31) = —7.50, p.... < 0.01, CLES = .14); simple and
complex visual conditions (T(31) = —4.60, p.... < 0.01, CLES = .25); complex visual
and complex verbal conditions (T(31) = —3.606, p = 0.02, CLES = .32). The results
are visually represented in Figure 2. The accuracy means and standard deviations
for each condition are presented in Table 1.
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Figure 2
Accuracy across Conditions Expressed as Percentage of Correct Responses
Accuracy across conditions
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Table 1

Means and Standard Deviations of Accuracy (in Percentage) for Each Condition for General,
Male and Female Samples

Simple Visual Simple Verbal
Measure
General Male Female | General Male Female
Accuracy Mean 92.86 91.53 93.67 92.14 92.36 92.00

Accuracy Standard deviation 5.19 5.53 4.94 5.43 5.88 5.29

Complex Visual Complex Verbal

Accuracy Mean 86.40 87.78 85.58 81.25 78.61 82.83

Accuracy Standard deviation 7.82 7.86 7.88 7.90 8.61 7.20

Median response time

Repeated measures ANOVA (N = 32, RT > 400ms) revealed significant differ-
ences in median response time across Modalities (F(1, 31) = 41.38, Poceomeea < -01)
and Load (F(1, 31) = 143.13, Pecemea < -01). The interaction of Modality and Load
was significant (F(1, 31) = 5.58, Pooeomecd = -03). Post-hoc comparison revealed dif-
ferences between simple visual and simple verbal (T(31) =4.67,p <.01, CLES =.65),
simple verbal and complex verbal (T(31) = 10.63, p < .01, CLES = .82), simple
visual and complex visual (T(31) =7.09, p <0.01, CLES =.72) and complex visual
and complex verbal conditions (T(31) = 5.67, p < .01, CLES = .75). The results are
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visually represented in Figure 3. The response time median and standard deviation
for each condition are presented in Table 2.

Discussion

Our findings show that the proposed experimental paradigm is suitable for fur-
ther neuroimaging studies. There are no significant differences between simple
conditions of different modalities (condition balance), which indicates relatively
similar attentional involvement for filtering operation and supports the first
hypothesis. Importantly, significant differences were found between conditions of

Figure 3
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Table 2

Means and Standard Deviations of response Time (in Seconds) for Each Condition for General,
Male and Female Samples

Simple Visual Simple Verbal
Measure
General | Male | Female | General | Male | Female
Response time median 0.88 0.84 0.89 0.97 0.97 0.97

Response time Standard deviation 0.15 0.16 0.15 0.17 0.24 0.12

Complex Visual Complex Verbal

Response time median 1.01 0.98 1.03 1.22 1.14 1.23

Response time Standard deviation 0.27 0.38 0.18 0.24 0.35 0.15
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the same modality mirroring different levels of involvement of the CE (between fil-
tering and manipulation) along with the second hypothesis.

The paradigm provides the opportunity to verify, in a single experiment, the
neuropsychological difference between WM storage and involvement of the CE for
each sensory modality and the presence of a unified or modality specific CE (Stuss
& Knight, 2013). The retention during the first storage reveals the complex inter-
play of WM components, as the stimulus is retained in its entirety. The cue
between first and second storage guides participants into prioritizing the informa-
tion, splitting it into task-relevant and task-irrelevant (De Vries et al., 2020). The
filtering and manipulation occurring during the second storage in the simple and
complex conditions, respectively, involve CE at different levels (Ecker et al., 2014).
Therefore, the distinct contribution of the CE in a specific sensory modality can be
obtained by contrasting simple vs complex conditions in the second storage
(Figure 4). The further comparison of the obtained activity between modalities
may allow answering the question whether CE is unified or modality-specific
(Stuss & Knight, 2013). Therefore, we believe that implementation of this para-
digm in the EEG/MEG settings might elucidate critical aspects of the WM archi-
tecture.

However, it is important to address difference between complex conditions, at
least through the qualitative comparison of neurophysiological patterns. Firstly, we
assumed that CE is engaged in the same way for complex processing of the verbal

Figure 4
Paradigm Contrasts in the Neuroimaging Studies
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and spatial domain. However, alphabetical reordering of the verbal information
might require the additional involvement of an episodic buffer as the alphabet is
stored in the long-term memory (Artuso & Palladino, 2016). Thus, while the com-
plex visual condition might induce the activation of modality-specific storage and
CE, the complex verbal condition additionally engages the episodic buffer
(Baddeley, 2003; Nobre et al., 2013). Therefore, the manipulation of the verbal
(alphabetization) and spatial (mental rotation) information cannot be directly
compared in terms of attentional involvement. Neuroimaging studies point to the
involvement of different brain areas across modalities and confirm this assumption.
The FRMI targeting stimulus alphabetization showed an increased activity in the
dorsolateral prefrontal cortex (Postle et al., 1999), the right anterior prefrontal
cortex and the left superior frontal area (Collette et al., 1999), while the mental
rotation task revealed a higher activity in the left premotor and left primary motor
cortex (Wraga et al., 2005). Moreover, alphabetization is associated with the alpha
power suppression and midline theta increase (Pavlov & Kotchoubey, 2017), while
mental rotation elicited the enhancement of alpha and low beta oscillatory power
over the parietal area, with subsequent spreading to the frontal area (Rie¢ansky &
Katina, 2010). Thus, the neural activity patterns for verbal manipulation possibly
involve additional WM components, like the episodic buffer.

Secondly, this type of experimental design has been previously implemented to
compare the storage of sequential and spatial information in WM, which are con-
ceptually close to the retention of the letter order and location in a particular study.
Such domains induce specific brain activation, modulate oscillatory power in theta,
alpha and beta frequency ranges (Roberts et al., 2013), and rely on different net-
work profiles (Otstavnov et al., 2024). The theoretical background of this domain
specificity of WM was proposed by E. Abrahamse, S. Majerus and W. Fias (2014)
who formulated the mental whiteboard hypothesis implying that the retention of
sequential information requires constant translation into a spatial code, which is an
additional step for WM (Abrahamse et al., 2014). Thus, storage and processing of
letter sequence require additional activity because of information recoding and
result in a higher response time for both simple and complex conditions. This effect
becomes obvious in the complex verbal condition. We believe that these scenarios
might be validated by further neuroimaging studies providing the comparison of
neurophysiological activity under different conditions.

This study also presents some limitations. Firstly, the sample size of the behav-
ioral study was limited by 32 participants, which met our power analysis criteria,
but does not allow a deep stratification of the population (i.e. male vs female, see
Supplementary material for more details). Secondly, we observed an unbalance
between the complex visual and verbal conditions in the analyzed cohort. While
this requires further investigation in the potential sources of variability in the pop-
ulation, a refined tuning of the threshold might mitigate this difference, allowing
for the direct comparison of CE involvement across modalities. Thirdly, the assess-
ment of visual modality was limited by a spatial information, which is only one
aspect of the visuo-spatial sketchpad (Jonides et al., 1993). Further studies can
address object aspects of the visuo-spatial sketchpad by changing letter stimuli to
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shapes or objects. Finally, the rearrangement of the verbal sequence might be con-
tributed by spatial WM, weakening the contrast between complex conditions.
However, alphabetization seems to rely mostly on the retention mediated by inner
speech (phonological loop) (Marvel & Desmond, 2012). This should be further
addressed in neuroimaging studies.

In conclusion, we developed an experimental paradigm for WM components
investigation, which can be implemented in future neuroimaging research. The
paradigm supports the comparison between different levels of CE engagement
within a single domain and across modalities, potentially offering an opportunity
to investigate the unitary or modality-specific nature of CE at the neurophysiolog-
ical level. Thus, the paradigm validated in this study at a behavioral level is already
structured to expand our knowledge on the neural organization of the multicom-
ponent nature of working memory in future neuroimaging studies.
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