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Abstract

■ Working memory (WM) involves continuous and dynamic
processes, including encoding, maintenance, and retrieval.
While many studies have focused on the maintenance of WM
information, encoding strategies also impact WM performance
and can be shaped by the presentation format of stimuli. How-
ever, how presentation formats modulate neural responses
across WM stages remains unclear. To address this issue, we
conducted an EEG study examining the effects of presentation
formats (simultaneous, location-sequential, and center-
sequential presentation) and WM loads (one and three abstract
shapes). Behavioral results showed longer RTs for the location-
sequential than for the center-sequential format. Additionally,
the recency effects observed in both sequential conditions
reflect the influence of ordinal information. EEG results
revealed distinct load-dependent alpha activity patterns across
presentation formats during WM maintenance. Simultaneous

presentations exhibited a persistent decrease in alpha power,
whereas both sequential presentations exhibited an initial
decrease followed by a subsequent increase. During sequential
encoding, alpha power decreased cumulatively with each addi-
tional item in the location-sequential format, but not in the
center-sequential format. At retrieval, the probe elicited a
load-dependent negative potential (i.e., the N3rs) across all for-
mats. The N3rs load modulation was stronger for simultaneous
presentations than sequential ones and was more pronounced
for earlier positions than for the last position in sequential pre-
sentations. In conclusion, our findings demonstrate that the
spatial and temporal order information embedded in presenta-
tion formats modulates load-dependent neural responses
across WM stages. These effects extend beyond maintenance
to encoding and retrieval, highlighting the influence of presen-
tation formats on WM neural dynamics. ■

INTRODUCTION

Working memory (WM) retains sensory information that
is no longer accessible in the external environment,
enabling it to guide behaviors (D’Esposito, 2007; Miyake
& Shah, 1999; Cowan, 1998; Baddeley, 1992). Extensive
research has demonstrated severe limitations in WM
capacity and its underlying neural mechanisms, as
revealed through brain imaging techniques (Xu, 2017;
Serences, 2016; D’Esposito & Postle, 2015; Stokes,
2015; Luck & Vogel, 2013). Despite significant advance-
ments in understanding the neural correlates of WM
maintenance (Sreenivasan & D’Esposito, 2019), WM
encompasses continuous and dynamic processes, includ-
ing encoding, maintenance, and retrieval ( Jonides et al.,
2008). However, the extent to which the presentation of
external stimuli influences neural responses across all
stages ofWMprocessing remains unclear. In this EEG study,
we investigated whether and how stimulus presentation
formats modulate the neural dynamics of WM processes.
Neuroimaging evidence in humans has revealed that

the representation and storage of sensory information in
WM involves multiple brain regions (Christophel, Klink,

Spitzer, Roelfsema, & Haynes, 2017; D’Esposito & Postle,
2015). Studies using fMRI have shown that the perceptual
attributes of mnemonic information are represented in
early visual areas (Harrison & Tong, 2009; Serences, Ester,
Vogel, & Awh, 2009) and encounter a storage bottleneck in
the posterior parietal cortex (Xu, 2017; Bettencourt & Xu,
2016; Christophel, Hebart, &Haynes, 2012; Todd&Marois,
2004). While these findings highlight how brain regions
represent and maintain WM information under capacity
limitations, it is important to acknowledge that WM pro-
cesses are inherently temporal and dynamic. Electrophys-
iological studies have assessed temporal characteristics by
investigating the ERP and brain oscillations. For example,
neural evidence revealed that the slow-wave negative
potential (i.e., contralateral delay activity) scales with the
number of memory items until reaching a plateau at
higher WM loads (Luria, Balaban, Awh, & Vogel, 2016;
Fukuda, Mance, & Vogel, 2015; Vogel & Machizawa,
2004). Alpha power tracks the content of perceptual infor-
mation persisting throughout the maintenance period
(Chen, van Ede, & Kuo, 2022; Fukuda et al., 2015).

Encoding strategies significantly influence the WM stor-
age capacity. Factors such as task demands (Linke,
Vicente-Grabovetsky, Mitchell, & Cusack, 2011) andNational Taiwan University
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explicit instructions (Bengson & Luck, 2016) can influence
encoding effectiveness. Individuals employingmore effec-
tive encoding or filtering strategies often exhibit superior
WM task performance (Unsworth, 2016; Luck & Vogel,
2013; Vogel, McCollough, &Machizawa, 2005). The format
in which stimuli are presented during encoding influences
task performance. Simultaneous presentation emphasizes
spatial information (e.g., the spatial relationships among
items within a memory array), whereas sequential presen-
tation emphasizes ordinal information (e.g., the serial
position of items in a memory list; Manohar, Pertzov, &
Husain, 2017). These distinct formats can lead to varying
encoding strategies in WM tasks (Chung, Brady, & Störmer,
2024; Brady & Störmer, 2022; Frick, 1985).

Although previous studies using simultaneous presen-
tations have linked electrophysiological responses to
WM load and capacity (Pavlov & Kotchoubey, 2021; Luria
et al., 2016), sequential presentations provide novel
insights into WM encoding and maintenance. For exam-
ple, recent studies have shown that the magnitude of
contralateral delay activity duringWM encoding increases
progressively with each additional item in the sequential
presentation of memoranda, reflecting a cumulative
encoding process where previously encoded items must
be concurrently maintained (Pomper, Ditye, & Ansorge,
2019; Wang, Rajsic, & Woodman, 2019). However, as
simultaneous presentation relies more on spatial infor-
mation and sequential presentation on temporal order,
the two formats differ fundamentally in nature. As a result,
direct comparisons of their associated neural responses
remain challenging due to differences in spatial configura-
tion and temporal dynamics (Pavlov & Kotchoubey, 2021;
Okuhata, Kusanagi, & Kobayashi, 2013).

In this study, we investigated whether and how stimulus
presentation formats influence neural dynamics across
WM processes. We recorded scalp EEG while participants
performed WM tasks of varying presentation formats
(simultaneous, location-sequential, and center-sequential
presentations) and WM loads (one and three abstract
shapes). This design provided a novel opportunity to
investigate the effects of ordinal information derived from
location-sequential presentations compared with simulta-
neous presentations, as well as spatial information derived
from location-sequential presentations compared with
center-sequential presentations (Manohar et al., 2017).
Oscillatory activity in the alpha band was measured during
WM encoding and maintenance (Chen et al., 2022;
Fukuda et al., 2015). In addition, an ERP marker, the
N3rs—specifically associated with searching for the tar-
get item within WM (Kuo, Rao, Lepsien, & Nobre, 2009;
Nobre, Griffin, & Rao, 2008)—was measured during
retrieval. By comparing different presentation formats,
we examined the influence of spatial and ordinal informa-
tion on not only the maintenance of WM but also the
encoding and retrieval processes. Our results reveal that
load-dependent neural modulations across WM pro-
cesses vary with presentation format.

METHODS

Participants

Twenty-four healthy volunteers (13 females and 11 males,
age range: 20–30 years, mean age = 24.33 years) partici-
pated in this study. The participants were right-handed,
according to theEdinburghHandedness Inventory (Oldfield,
1971); had normal or corrected-to-normal vision; and had
no neurological, psychological, or physical conditions.
The participants provided informed written consent prior
to the experiment and were financially reimbursed for
their time ($750 NTD, approximately $25 USD). We con-
ducted a post hoc sensitivity analysis using theMorePower
software (Campbell & Thompson, 2012), tailored to our 3
(format) × 2 (load) within-subjects design. Assuming α=
.05 and 80% power, our sample size of 24 participants was
sufficient to detect both the main effect and the interac-
tion effect with a partial eta squared (η2p) of approximately
.183 or larger, which corresponds to a large effect size
(Cohen’s f ≈ 0.47). All experimental methods and proce-
dures were approved by the Research Ethics Office of
National Taiwan University.

Stimuli and Apparatus

We selected six abstract shapes from a set of 100 meaning-
less closed-shape contours developed by Endo, Saiki,
Nakao, and Saito (2003). Each stimulus subtended a visual
angle of approximately 1.58° × 1.58° (edge-to-edge). For
the simultaneous and location-sequential presentations
during the encoding phase, each stimulus was positioned
randomly in one of three possible locations of an invisible
1× 3matrix that subtended approximately 1.58° (vertical) ×
6.03° (horizontal). For the center-sequential presentation,
the stimulus was always presented at the center of the
screen. All visual stimuli were gray in color and presented
against a black background. The stimuli were presented
on a 17-in. cathode ray tube (CRT) monitor with a refresh
rate of 60 Hz using Presentation software (Neurobehav-
ioral Systems).

Task Design

The task procedure is illustrated in Figure 1. The participants
performed a delayed response WM task. The experimental
design followed a 3 (presentation format: simultaneous,
location-sequential, and center-sequential) × 2 (WM load:
high, low) within-subjects factorial design.
Each trial began with a centrally displayed fixation cross

for 500 msec, which signaled the onset of the trial. After a
blank interval of 500 msec, a memory array (simultaneous
format) or a memory list (sequential format) consisting of
one item (low load) or three items (high load) was pre-
sented. For the simultaneous format, the memory array
was presented for 450 msec. For the location-sequential
and center-sequential formats, each stimulus was pre-
sented for 150 msec, with an ISI) of 150 msec. Following
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a randomized retention interval (1000–1500 msec, with a
red fixation dot), a probe item was presented at the center
location for 250 msec. Participants were instructed to indi-
cate whether the probe item was present (50%) or absent
(50%) from the memory array or list by pressing the left or
right mouse button using their right hand. After the probe
disappeared, there was a 1000-msec response window.
The intertrial interval (ITI) was 1500–2000 msec. A gray
fixation dot was presented at the center of the screen dur-
ing both ISI and ITI.

Experimental Procedure

The participants sat comfortably in a dimly lit room facing a
CRT monitor placed 57 cm in front of them. Prior to the
formal experiment, the participants were given written

and verbal instructions about the task requirements. For
each presentation format, the participants first completed
a practice session of 24 trials to ensure that they could per-
form the task as instructed. In the formal experiment, the
three presentation formats were presented in separate
blocks (four blocks for each presentation format), and
the order of the blocks was pseudorandom across partic-
ipants. Trials with different WM loads and response types
(target present and target absent) were equiprobable and
randomized within each block. There were 12 blocks of 72
trials, yielding 864 trials in total (288 trials for each presen-
tation format). The participants were instructed to main-
tain fixation on a small fixation marker at the center of
the screen during the experimental trials and to respond
as quickly and accurately as possible. They were encour-
aged to rest between blocks that they could self-initiate

Figure 1. Schematic illustration of WM tasks in simultaneous and sequential presentations and behavioral results. (A) Participants viewed and
memorized a memory array (simultaneous presentation) or a memory list (location-sequential and center-sequential presentations) consisting of one
item (low load) or three items (high load). Participants were then instructed to indicate whether a probe item was present or absent from the
memory array or list. (B) The behavioral results include the mean accuracy (percent correct, %; left panel), RT (msec; middle panel), and capacity
measures (K measure; right panel). Sim = simultaneous; Loc-Seq = location-sequential; Cen-Seq = center-sequential. Filled circles in the raincloud
plots represent group means, box plots show the median and the 25th and 75th percentiles, and individual dots represent data from each participant.
(C) Participants exhibited higher accuracy (left panel) and faster RTs (right panel) when the target was presented in the last (third) position than in
the previous two positions in the two sequential presentations. Asterisks indicate significant differences between the target positions ( p < .05).
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and were also asked to minimize blinking and movement
of their eyes while performing each trial throughout the
experiment. The total experimental time for each partici-
pant was approximately 120 min.

Behavioral Analyses

Behavioral measures, including accuracy and RT, were
analyzed by a 3 (presentation format: simultaneous,
location-sequential, and center-sequential) × 2 (WM load:
high, low) repeated-measures ANOVA. Only correct
responses were included in the RT analyses. We calculated
median RTs for each condition for each participant to
reduce the influence of occasional outliers. Additionally,
the Kmeasurewas calculated using the following equation:
K = S (set size of the memory array or memory list) × (hit
rate – false alarm rate) (Cowan, 2001). The hit rate was
defined as the conditional probability that the participants
responded “target present” when the target was present,
and the false alarm rate was defined as the conditional
probability that the participants responded “target pres-
ent” when the target was absent.

Moreover, the recency effect (Murdock, 1962; Deese &
Kaufman, 1957) was examined in the two sequential con-
ditions for high WM load. We tested whether accuracy and
RTs differed according to the serial position of the target
(i.e., the first, second, and third positions) during encod-
ing. Accuracy and RTs were analyzed by a 2 (presentation
format: location-sequential and center-sequential) × 3
(target position: first, second, and third) repeated-
measures ANOVA.

EEG Acquisition and Recording Parameters

The EEG data were recorded continuously using a
NuAmps amplifier (Neuroscan Inc.) with a 37-electrode
elastic cap (Ag/AgCl) arranged according to the 10–20
international system. The montage included six midline
sites (FZ, FCZ, CZ, CPZ, PZ, and OZ) and 12 sites over each
hemisphere (FP1/FP2, F3/F4, F7/F8, FC3/FC4, FT7/FT8,
C3/C4, T3/T4, CP3/CP4, TP7/TP8, P3/P4, T5/T6, and
O1/O2). Vertical eye movements were recorded by elec-
trodes placed on the supraorbital and infraorbital ridges
of the left eye (vertical EOG [VEOG]), and horizontal
eye movements were recorded by electrodes placed on
the outer canthi of the right and left eyes (horizontal
EOG [HEOG]). The ground and reference electrodes were
positioned at AFz (positioned between FPz and Fz) and
the mastoid sites (A1 and A2), with A2 serving as the active
online reference. Electrode impedances were kept below
5 KΩ throughout the recording. Ongoing EEG signals at
each electrode site were sampled at a rate of 1000 Hz.
The activity was filtered with a low-pass filter of 100 Hz,
and no high-pass filter was used. The stimulus presenta-
tion codes for each event were sent to the EEG acquisi-
tion computer via a parallel port from the stimulus

presentation computer to indicate the type and exact
time of presentation.

EEG Preprocessing

Offline, the continuous EEG signals were re-referenced to
the algebraic average of the left and right mastoids (A1 and
A2). Bipolar EOG signals were derived by computing the
difference between the HEOG and VEOG signals. We
epoched the EEG signals based on the onset of memory
and probe stimuli separately. For the encoding and main-
tenance epochs, the continuous data were segmented into
epochs starting 3100 msec before and ending 2950 msec
after the onset of the memory array in the simultaneous
condition or the last stimulus of the memory list in the
two sequential conditions. For the probe epochs, the con-
tinuous data were segmented into epochs starting
1000 msec before and ending 2500 msec after the onset
of the test probe. The encoding and maintenance epochs
were baseline-corrected using a 100-msec prestimulus
period time-locked to the onset of the last stimulus in
the two sequential conditions and to the onset of the
memory array in the simultaneous condition. For the
probe epochs, baseline correction was applied using a
100-msec prestimulus period time-locked to the onset of
the probe stimulus. Epochs containing excessive noise or
drift (±100 μV) at any electrode and epochs with eye
movement artifacts (blinks or saccades) were excluded.
Blinks were identified as large deflections (±60 μV) in
the HEOG or VEOG electrodes. Visual inspection was then
performed to confirm the appropriate removal of artifacts
and identify residual saccades or eye movements in indi-
vidual HEOG traces. Trials with incorrect behavioral
responses were excluded from further analyses. After
preprocessing, the average number of trials per WM load
and presentation format was 108.38 ± 18.57 trials out of
144 trials for the encoding/maintenance epochs and
56.87 ± 8.64 trials out of 72 target-present trials for the
probe epochs.

WM Encoding and Maintenance:
EEG Time–Frequency Analysis

The offline EEG time–frequency analyses were performed
using SPM software (Wellcome Centre for Human Neuro-
imaging, University College London) and the Fieldtrip
toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011) in
MATLAB (MathWorks, Inc.) complemented by in-house
MATLAB scripts. The EEG signal epochs were down-
sampled to 250 Hz and spatially filtered by the spherical
spline surface Laplacian transformation to reduce the
influence of volume conduction (Perrin, Pernier, Bertrand,
& Echallier, 1989). The epochs were then subjected to
time–frequency decomposition using continuous Morlet
wavelet transformation with a length of seven cycles.
Time–frequency representations of power were estimated
for each trial, electrode, and participant across frequencies
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from 1 to 20 Hz in 1-Hz steps. The resulting time–
frequency power was averaged across the trials for each
presentation format and WM load separately. The power
estimates were rescaled to decibels, with a baseline from
−400 to−100msec prior to the onset of thememory array
for the simultaneous format or the first stimulus in the
memory list for the sequential formats.
Statistical analyses were performed on power estimates

across participants using a cluster-based nonparametric
permutation approach (Maris & Oostenveld, 2007) and a
repeated-measures ANOVA. For the nonparametric per-
mutation test, a dependent-samples t statistic was first
computed at each time point across frequencies from 8
to 13 Hz, based on the power estimates averaged over
eight predefined posterior electrodes (e.g., P3/Z/4, T5/6
and O1/Z/2). Samples with p values below the threshold
( p< .05, two-tailed) were selected and grouped into clus-
ters based on temporal adjacency. For each cluster, a
cluster-level t statistic was computed by summing the
t values within the cluster. The cluster with the maximum
cluster-level t statistic (the “maxsum” in Fieldtrip) was
used for hypothesis testing and computing the corrected
p value. Monte Carlo p values were then calculated using
1000 permutations, in which the two conditions were ran-
domly shuffled to generate a null distribution of cluster-
level statistics under the null hypothesis. The observed
cluster-level t statistic was compared against this null dis-
tribution to obtain a corrected p value. A cluster was con-
sidered statistically significant if its p value was less than
.05 (two-tailed), indicating that the observed cluster was
unlikely to have occurred by chance. This analysis
approach effectively controls for Type I errors without
making strong prior assumptions about the distribution
of the data.
We tested the effect of WM load (high vs. low) during

the 1000-msec time window of WM maintenance period
after the stimulus offset separately for each presentation
format: 450–1450 msec after memory array onset for the
simultaneous presentation and 150–1150 msec after the
last stimulus onset for the two sequential presentations.
We also examined the effect of presentation format by
comparing alpha power in two contrasts, separately for
each load condition: (1) simultaneous versus location-
sequential presentation formats and (2) location-
sequential versus center-sequential presentation. The
comparison between simultaneous and location-
sequential presentation formats was designed to assess
the influence of the ordinal information onWMprocessing
(450–1150 msec after memory array onset for the simulta-
neous presentation and after the last stimulus onset for the
location-sequential presentation), as both conditions pro-
vided spatial information. In contrast, the comparison
between location-sequential and center-sequential pre-
sentation formats was designed to assess the influence
of spatial information on WM processing, as both condi-
tions included ordinal information. Moreover, we exam-
ined the interaction between presentation format and

WM load. Load-dependent alpha power differences (high
vs. low) were computed for the following presentation
format comparisons: (1) simultaneous versus location-
sequential and (2) location-sequential versus center-
sequential. Importantly, our design allowed us to analyze
alpha power across the three stimulus positions in both
sequential conditions when WM load was high. Specifi-
cally, we compared alpha power differences between
the location-sequential and center-sequential conditions
during the encoding period (from −600 to 300 msec rel-
ative to the onset of the last stimulus) for high-load trials.

In addition to the permutation test, we conducted
repeated-measures ANOVA to analyze power estimates
during the maintenance and encoding periods separately.
First, we extracted the mean alpha power estimates over
the parieto-occipital electrodes (e.g., P3/Z/4, T5/6, and
O1/Z/2) during the maintenance period from 450 to
1450 msec after the onset of the memory array in the
simultaneous condition and from 150 to 1150 msec after
the onset the last stimulus in the sequential conditions.We
conducted a two-way 3 (presentation format: simulta-
neous, location-sequential, center-sequential) × 2 (WM
load: high, low) repeated-measures ANOVA on these data.
This analysis allowed us to examine the effects of presen-
tation format and WM load on alpha power during the
maintenance period.

Second, the mean posterior alpha power estimates
for each memory stimulus during the encoding period
(0–150 msec after each stimulus offset) were extracted
for both location-sequential and center-sequential con-
ditions. We conducted a 2 (presentation format: location-
sequential, center-sequential)× 3 (stimulus position: first,
second, and third) repeated-measures ANOVA on these
data. This analysis allowed us to examine the effects of pre-
sentation format and stimulus position on WM encoding.

WM Retrieval: ERP Analysis

For the probe epochs, we conducted ERP analysis to test
whether WM load can continue tomodulate neural activity
across different presentation formats during WM retrieval.
The probe epochs were filtered with a low-pass filter of
40 Hz and averaged across trials according to the condi-
tions of interest. We used the N3rs as the neural marker
(Kuo et al., 2009; Nobre et al., 2008) and compared the
N3rs magnitudes when participants searched retroactively
for the target item among three items versus one item in
the memory array/list. N3rs was quantified by measuring
the mean amplitudes between 300 and 400 msec for the
anterior (F3/Z/4 and FC3/Z/4), central (C3/Z/4 and
CP3/Z/4), and posterior (P3/Z/4 and O1/Z/2) electrode
sites. We conducted a three-way repeated-measures
ANOVA to test the effects of presentation format,WM load,
and electrode site. This analysis allowed us to examine the
effects of presentation format and WM load on the N3rs
during WM retrieval.
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In addition, we tested whether the magnitude of N3rs
can be influenced by the serial position of the target
(i.e., the first, second, or third position) for high WM load
in the two sequential conditions. To this end, we con-
ducted a four-way repeated-measures ANOVA to test the
effects of presentation format (location-sequential and
center-sequential), WM load, target position (first, second,
and third), and electrode site. For high-load conditions,
trials were sorted according to the target position (first,
second, and third); for low-load conditions, all trials were
based on a single position. This analysis allowed us to
examine the effects of presentation format, WM load,
and target position on the N3rs during WM retrieval. The
Greenhouse–Geisser epsilon correction for nonsphericity
was applied to all ERP analyses where appropriate
( Jennings & Wood, 1976), and only corrected probability
values and degrees of freedom are reported. Bonferroni
correction was applied to all post hoc comparisons in
the behavioral and EEG/ERP repeated-measures ANOVAs,
and adjusted p values are reported.

RESULTS

Behavioral Results

Behavioral results are illustrated in Figure 1. Accuracy data
revealed a significant main effect of WM load, F(1, 23) =
75.83, p < .001, η2p = .77, suggesting a higher accuracy
for low load (97.00 ± 4.07%) than for high load (86.16 ±
6.51%). No other effect on accuracy was significant: the
main effect of presentation format, F(2, 46) = 0.62, p =
.543, η2p = .03, and the interaction between WM load
and presentation format, F(2, 46) = 1.26, p = .294,
η2p = .05. RT data revealed a significant main effect of

WM load, F(1, 23) = 174.09, p< .001, η2p= .88, suggest-
ing faster RTs for low load (535.14 ± 70.16 msec) than
for high load (678.22 ± 96.61 msec). We also observed
a significant main effect of presentation format, F(1.31,
30.19) = 4.11, p = .042, η2p = .15, indicating faster RTs
for the center-sequential condition (598.58 ± 85.68 msec)
than for the location-sequential condition (613.83 ±
81.91 msec), t(23) = 3.44, p = .007, Cohen’s d = 0.70.
The interaction between WM load and presentation for-
mat was not significant, F(2, 46) = 0.71, p = .498, η2p =
.03. The analyses of WM capacity revealed a significant
main effect of WM load, F(1, 23) = 272.57, p < .001,
η2p = .92, suggesting greater K measures for high load
(2.17 ± 0.39 K ) than for low load (0.94 ± 0.08 K ). No
other effect on WM capacity was significant: the main
effect of presentation format, F(2, 46) = 0.75, p = .48,
η2p = .03, and the interaction between WM load and pre-

sentation format, F(2, 46) = 0.97, p = .386, η2p = .04.
We further tested for the behavioral recency effect for

the two sequential conditions for high load. Accuracy data
revealed a significant main effect of target position, F(2,

46) = 13.12, p< .001, η2p = .36, suggesting a higher accu-
racy when the target was presented in the last (third) posi-
tion (89.67% ± 7.36%) than in the previous two positions
(first position: 77.47% ± 12.28%, second position: 77.95%
± 17.34%): first versus third position: t(23) = 5.74, p <
.001, Cohen’s d = 1.17; second versus third position:
t(23) = 3.71, p= .003, Cohen’s d= 0.76. No other effects
on accuracy were significant: the main effect of presenta-
tion format, F(1, 23) = 0.24, p = .629, η2p = .01, and the
interaction between position and presentation format,
F(2, 46) = 1.51, p= .231, η2p = .06. RT data also revealed
a significantmain effect of position, F(1.47, 33.82)= 21.65,
p < .001, η2p = .48, suggesting faster RTs when the target
was presented in the last position (609.83 ± 84.63 msec)
than in the previous two positions (first position: 693.73±
114.16msec, second position: 698.70± 152.40msec): first
versus third position: t(23) = 6.62, p< .001, Cohen’s d=
1.35; second versus third position: t(23) = 4.63, p< .001,
Cohen’s d= 0.95. No other effects on RT were significant:
themain effect of presentation format, F(1, 23)= 2.47, p=
.129, η2p = .10, and the interaction between position and

presentation format, F(2, 46) = 2.01, p = .146, η2p = .08.
In summary, a significant load effect was observed

across all three presentation formats. In addition, partici-
pants exhibited longer RTs in the location-sequential con-
dition than in the center-sequential condition, suggesting
the influence of spatial information on WM performance.
Finally, a recency effect was observed in the two sequential
high-load conditions, with higher accuracy and faster RTs
when the target was presented in the last position than
when it was presented in the previous two positions.

EEG Results

WM Maintenance and Encoding:
Time–Frequency Results

The time–frequency results are shown in Figure 2. We first
tested for the effect of WM load on alpha power over the
posterior electrodes during the retention interval for each
presentation format. During the early maintenance stage,
significant decreases in alpha power were observed for
high load relative to low load for the simultaneous condi-
tion from 450 to 1144 msec (corrected p< .001, Cohen’s
d= 1.17), for the location-sequential condition from 150
to 372 msec (corrected p< .001, Cohen’s d= 1.21), and
for the center-sequential condition from 150 to 200 msec
(corrected p = .02, Cohen’s d = 0.59). During the late
maintenance stage, significant increases in alpha power
were observed for high load relative to low load for the
location-sequential condition from 824 to 1150 msec
(corrected p = .005, Cohen’s d = 0.54) and for the
center-sequential condition at 10–12 Hz alpha frequen-
cies from 744 to 902 msec (corrected p = .009, Cohen’s
d = 0.30) and from 1064 to 1148 msec (corrected p =
.021, Cohen’s d = 0.35).
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In addition to the load effect, we also tested the alpha
power differences between the presentation formats for
each load. At high WM load, greater decreases in alpha
power were observed for the simultaneous condition than
for the location-sequential condition from 450 to
1150 msec (corrected p < .001, Cohen’s d = 1.88) and
for the location-sequential condition than for the center-
sequential condition from 150 to 1096 msec (corrected
p < .001), Cohen’s d = 1.18. At low WM load, greater
decreases in alpha power were observed for the simulta-
neous condition than for the location-sequential condition
from 500 to 832 msec (corrected p = .002, Cohen’s d =
0.81) and for the location-sequential condition than for
the center-sequential condition from 340 to 1150 msec
(corrected p < .001, Cohen’s d = 1.29).
Furthermore, we found a significant interaction

between presentation format and WM load. Load-
dependent alpha power attenuation was greater for the
simultaneous condition than for the location-sequential
condition from 450 to 1150 msec (corrected p < .001,
Cohen’s d = 1.55) and for the location-sequential condi-
tion than for the center-sequential condition from

150 to 338 msec (corrected p < .001, Cohen’s d =
0.95).

Repeated-measures ANOVA was conducted to supple-
ment the permutation tests and revealed a significant
interaction effect between the presentation format and
WM load on alpha power, F(1.56, 35.89) = 17.47, p <
.001, η2p = .43 (Figure 3). Post hoc comparisons showed
a greater reduction in alpha power for high load relative
to low load for simultaneous presentations (−0.71 ±
0.90 dB) than for location-sequential presentations (0.01
± 0.75 dB), t(23) = 5.18, p < .001, Cohen’s d = 1.06,
and center-sequential presentations (0.15 ± 0.85 dB),
t(23) = 4.46, p = .001, Cohen’s d = 0.91. This analysis
revealed a stronger load-dependent decrease in alpha
power for the simultaneous condition compared with
both sequential conditions.

In addition tomaintenance-related alpha power, we also
analyzed alpha power across the three serial positions dur-
ing the encoding period in both sequential conditions for
high WM load (Figure 4). We tested the differences in
alpha power between the two sequential presentations
across three memory stimuli in the high-load condition.

Figure 2. Time–frequency results during WM maintenance and encoding for different presentation formats. (A) When comparing high load versus
low load, we found a significant decrease in posterior alpha power throughout WM maintenance in the simultaneous condition and during early WM
maintenance in both sequential conditions. We also identified a significant increase in posterior alpha power during late WM maintenance in the two
sequential conditions. Numbers 1, 2, and 3 indicate the temporal order of the stimulus position during the sequential presentation. “0 msec”
indicates the onset of the memory array in simultaneous presentation and the last stimulus in sequential presentations. The dashed lines on the
time–frequency plots indicate the onset of the stimulus, and the solid lines indicate the offset of the memory array in simultaneous presentation and
the last stimulus in sequential presentations. Topographical maps (bottom) indicate the significant effects on alpha power (8–13 Hz), and the time
windows (msec) are indicated by the dashed-line squares (10–12 Hz for the alpha power increase in the center-sequential presentation). (B) We
found a greater decrease in posterior alpha power in the simultaneous condition than in the location-sequential condition and in the location-
sequential condition than in the center-sequential condition at high and low WM load. We also found a larger load-dependent decrease in alpha
power in the simultaneous condition than in the location-sequential condition and in the location-sequential condition than in the center-sequential
condition.
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Figure 3. Alpha power (8–13 Hz) during WM maintenance and encoding for different presentation formats. (A) Time courses of alpha power across
the posterior electrodes (P3/Z/4, T5/6, and O1/Z/2) are presented for each condition. Numbers 1, 2, and 3 indicate the temporal order of the stimulus
position during the sequential presentation. “0 msec” indicates the onset of the last stimulus. The dashed lines in the plots indicate the onset of each
stimulus, and the solid lines indicate the offset of the last stimulus. Shaded areas represent the SEM. The gray line indicates the time window of
interest. (B) Posterior alpha power during 1000-msec WM maintenance showed a greater load-dependent decrease in alpha power in the
simultaneous condition (Sim) than in the location-sequential (Loc-Seq) and center-sequential (Cen-Seq) conditions. Filled circles in the raincloud
plots represent group means, box plots show the median and the 25th and 75th percentiles, and individual dots represent data from each participant.

Figure 4. Time–frequency
results during the encoding
period for the two sequential
conditions. (A) We found a
greater decrease in alpha power
for the location-sequential
condition than for the center-
sequential condition during the
encoding period. Numbers 1, 2,
and 3 indicate the temporal
order of the stimulus position
during the sequential
presentation. “0 msec” indicates
the last stimulus onset. The
topographical map indicates the
significant effect on alpha
power, and the time window is
indicated by the dashed-line
square. (B) EEG data
demonstrated a consecutive
decrease in alpha power with
the presentation of each
additional item in the location-
sequential condition but not in
the center-sequential condition
(left panel). Shaded areas
represent the SEM. The gray
line indicates the time window of interest. The dashed lines in the plots indicate the onset of each stimulus, and the solid lines indicate the offset of
the last stimulus. A greater decrease in alpha power was found in the location-sequential condition than in the center-sequential condition for the
second position compared with the first position and for the third position compared with the second position and the first position (right panel).
Filled circles in the raincloud plots represent group means, box plots show the median and the 25th and 75th percentiles, and individual dots
represent data from each participant. Asterisks indicate significant differences ( p < .05).
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First, the permutation test showed a greater decrease in
alpha power for the location-sequential condition than
for the center-sequential condition from−352 to 300msec
relative to the last stimulus onset (corrected p < .001,
Cohen’s d = 1.06). The repeated-measures ANOVA fur-
ther revealed a significant interaction between presentation
format and serial position, F(2, 46) = 20.65, p< .001, η2p =
.47. Post hoc analysis showed that the alpha power decrease
for the location-sequential condition relative to the center-
sequential condition was greater for the second position
(−0.56 ± 0.63 dB) than for the first position (−0.10 ±
0.42 dB), t(23) = 4.11, p = .001, Cohen’s d = 0.84, and
for the third position (−0.99±0.94 dB) than for the second
position, t(23) = 3.94, p= .002, Cohen’s d= 0.80, and the
first position, t(23) = 4.90, p < .001, Cohen’s d = 0.89.
Post hoc analysis also revealed a greater decrease in alpha
power for the second position relative to the first position
(−0.44 ± 0.68 dB), t(23) = 3.20, p = .012, Cohen’s d =
0.65, and for the third position relative to the first position
(−0.60 ± 0.85 dB), t(23) = 3.43, p = .007, Cohen’s d =
0.70, in the location-sequential condition. However, no sig-
nificant difference was observed among the three positions in
the center-sequential condition, F(1.46, 35.12) = 3.25, p =
.065, η2p = 0.12.

WM Retrieval: ERP Results

The N3rs results for different presentation formats are
shown in Figure 5, and only the effects with WM load were
of interest. We first tested the effect of N3rs on WM load,
F(1, 23) = 65.01, p < .001, η2p = .74, which revealed that
the amplitudes were more negative for high load (2.00 ±
2.32 μV) than for low load (5.92 ± 2.95 μV) across the
three WM tasks. The interaction effect between presenta-
tion format and WM load was significant, F(1, 96, 44.99) =
5.50, p = .008, η2p = .19, reflecting a stronger N3rs load
modulation in the simultaneous presentation (−4.78 ±
3.05 μV) compared with the location-sequential (−3.51 ±
2.43 μV), t(23) = −2.68, p = .040, Cohen’s d = −0.55,
and center-sequential (−3.45 ± 2.58 μV) presentations,
t(23) = −3.18, p = .013, Cohen’s d = −0.65. The inter-
action effect between electrode sites and WM load was
also significant, F(1.33, 30.62) = 13.18, p < .001, η2p =
.36, reflecting a stronger N3rs load modulation for the
anterior (−4.13 ± 2.29 μV) than for the posterior elec-
trodes (−3.10±2.49 μV), t(23)=−2.78,p= .032, Cohen’s
d=−0.56, and for the central (−4.51 ± 2.73 μV) than for
the posterior electrodes, t(23) =−6.14, p< .001, Cohen’s
d = −1.25.

Figure 5. ERP results during
WM retrieval. (A) The N3rs
effect was elicited after the
probe onset across the anterior,
central, and posterior electrode
sites, with more negative
amplitudes for high load (dark-
colored lines) than for low load
(light-colored lines). Grand-
averaged waveforms are shown
for each presentation format
and load. “0 msec” indicates the
probe onset. Shaded areas
represent the SEM. The gray
line represents the time window
of interest (300–400 msec). The
topographical map indicates the
N3rs load modulation (high
load minus low load) within the
time window. (B) ERP
differences between high and
low WM load for each
presentation format (Sim =
simultaneous; Loc-Seq =
location-sequential;
Cen-Seq = center-sequential)
are shown. Waveforms were
averaged across anterior,
central, and posterior
electrodes (left panel). Mean
amplitudes were computed for
300–400 msec and averaged
across the same electrodes for each presentation format (right panel). The N3rs load modulation was larger in the simultaneous condition than in the
sequential conditions. Filled circles in the raincloud plots represent group means, box plots show the median and the 25th and 75th percentiles,
individual dots represent data from each participant. Asterisks indicate significant differences ( p < .05).
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Finally, we investigated whether the position of the tar-
get modulates the magnitude of the N3rs, and only the
effects related to WM load and the target position in
the two sequential conditions were of interest (Figure 6).
We observed a significant interaction between target
position and WM load, F(1.85, 42.62) = 4.80, p = .015,
η2p = .17. This interaction indicated a smaller N3rs
effect when the target was presented in the third posi-
tion (−2.79 ± 1.94 μV) relative to the first (−3.93 ±
2.97 μV), t(23) =−2.59, p= .049, Cohen’s d=−0.53,
and the second (−3.71 ± 2.64 μV), t(23) =−2.63, p=
.045, Cohen ’s d = −0.54, positions in sequential
presentations.

DISCUSSION

WM involves multiple stages of information processing in
distributed cortical networks (Christophel et al., 2017;
D’Esposito & Postle, 2015; Jonides et al., 2008). Ample evi-
dence has revealed the neural substrates (Sreenivasan &
D’Esposito, 2019) and electrophysiological correlates of
WM load and capacity during maintenance, particularly
in tasks using simultaneous presentations, such as change
detection or delay response tasks (Pavlov & Kotchoubey,
2021; Luria et al., 2016). Extending this line of research, we
investigated whether and how the presentation format
influences electrophysiological responses across WM
processes. EEG data were recorded while participants
performed WM tasks involving simultaneous, location-
sequential, and center-sequential presentations with
varying WM loads. Our findings revealed significant vari-
ations in alpha power not only during maintenance but
also encoding, as well as in N3rs amplitudes during
retrieval, depending on presentation formats and WM
loads. Taken together, our results showed that presenta-
tion formats modulate load-dependent neural responses
across all stages of WM processing.

Influence of Presentation Formats during
WM Maintenance

Consistent with prior EEG findings (Chen et al., 2022;
Fukuda et al., 2015), we observed a persistent decrease
in posterior alpha power when comparing high WM load
with low WM load for simultaneous presentation. More-
over, our EEG results demonstrated distinct neural
dynamics in the load-dependent modulation of alpha
power for both sequential presentations, showing an early
decrease in alpha power followed by a later increase, as
reported in previous research (Bahramisharif, Jensen,
Jacobs, & Lisman, 2018). The distinct characteristics of
the alpha oscillations during early and late periods imply
separate mechanisms involved in WM maintenance
depending on the presentation format.
Our findings characterized distinct temporal profiles of

alpha-band activity between the simultaneous and
sequential presentations. When the memory items were
presented simultaneously in an array, all the items were
integrated with their locations from encoding through
maintenance (Theeuwes, Kramer, & Irwin, 2011; Treisman
& Zhang, 2006; Olson & Marshuetz, 2005; Jiang, Olson, &
Chun, 2000). The greater decrease in alpha power for high
load than low load during maintenance in the simulta-
neous condition represents the sustained maintenance
of memory contents (Chen et al., 2022). Moreover,
compared with the center-sequential condition, the
location-sequential condition showed a greater decrease
in load-dependent alpha power during early maintenance,
as this presentation introduces additional spatial informa-
tion. These findings suggest the heightened engagement
of posterior brain regions to sustain sensory representa-
tions of memory items, especially when they are bound
to spatial locations, during WM maintenance. Our find-
ings were also consistent with previous studies showing
that spatial representations can be coded through alpha
activity during WMmaintenance (Foster, Bsales, Jaffe, &

Figure 6. ERP differences between high and low WM load for each target position in the sequential conditions during WM retrieval. (A) Waveforms
were averaged across anterior, central and posterior electrodes. “0 msec” indicates the probe onset. Shaded areas represent the SEM. The gray line
represents the time window of interest (300–400 msec). The topographical map indicates the N3rs load modulation (high load minus low load)
within this time window for each target position. (B) Mean amplitudes were computed for 300–400 msec and averaged across the same electrodes for
each target position. A smaller N3rs effect was observed when the target was presented in the last position than in the previous two positions. Filled
circles in the raincloud plots represent group means, box plots show the median and the 25th and 75th percentiles, and individual dots represent
data from each participant. Asterisks indicate significant differences ( p < .05).
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Awh, 2017; Foster, Sutterer, Serences, Vogel, & Awh,
2016).
In contrast, when the memory items were presented

sequentially in a memory list, they were integrated with
their temporal order from encoding throughmaintenance
(Pomper et al., 2019; Trübutschek, Marti, & Dehaene,
2019). In both sequential conditions, we observed a
load-dependent decrease in alpha power during the early
maintenance stage, followed by a load-dependent increase
during the late maintenance stage. Increases in alpha
power during maintenance as the WM load increases have
been observed in many WM studies using a modified
Sternberg paradigm (Proskovec, Heinrichs-Graham, &
Wilson, 2019; Tuladhar et al., 2007; Jensen, Gelfand,
Kounios, & Lisman, 2002). This load-dependent
increase in alpha power was hypothesized to be related
to the functional inhibition of irrelevant information
(Klimesch, Sauseng, & Hanslmayr, 2007) or the suppres-
sion of task-irrelevant brain areas ( Jensen & Mazaheri,
2010). In our study, we propose that the sequential pre-
sentations, by providing temporal order information,
may have encouraged the use of verbal strategies to
facilitate the transmission of sensory input from early
to deeper levels of processing (Brady & Störmer, 2022;
Pavlov & Kotchoubey, 2021; van Ede, 2018). These strat-
egies may also have helped protect memory lists from
external interference as maintenance progressed, con-
sistent with the observed increase in alpha power dur-
ing the late maintenance stage. The transmission and
protection of information can also be supported by
the distributed network activity that underlies the selec-
tion and maintenance of temporal order information in
WM ( Johnson, Sutterer, Acheson, Lewis-Peacock, &
Postle, 2011; Palva & Palva, 2007).
Taken together, our findings suggest that the mainte-

nance process involves not only the retention of memory
content but also top–down modulation to organize and
prioritize information according to the presentation for-
mat. Alpha oscillations are multifaceted (Clayton, Yeung,
& Cohen Kadosh, 2018), shifting between excitatory and
inhibitory modes depending on the presentation format.
These results reflect the dynamic and representational
states during WM maintenance (de Vries, Slagter, &
Olivers, 2020).

Influence of Sequential Presentation
during Encoding

Beyond maintenance, our EEG data revealed a significant
interaction between presentation format and serial posi-
tion during sequential encoding. Prior research has dem-
onstrated that themagnitude of contralateral delay activity
during WM encoding increases with each additional stim-
ulus when memory items are presented sequentially
(Pomper et al., 2019; Wang et al., 2019). This cumulative
ERP effect reflects the additive effects of WM storage dur-
ing sequential presentations.

In our study, we observed a consecutive decrease in
posterior alpha power with the presentation of additional
items in the location-sequential condition during WM
encoding for high WM load. Conversely, no successive
decrease was found in the center-sequential condition,
where alpha power attenuation remained consistent
across serial positions. The consecutive alpha power
decreases observed in the location-sequential condition
likely reflect the accumulation of spatial information
across items. These results suggest stronger engagement
of visual processing during sequential encoding when spa-
tial information is present (location-sequential condition)
compared with when it is absent (center-sequential condi-
tion), spanning both encoding and maintenance phases.
Nevertheless, these findings should be interpreted with
caution, particularly given the subtle differences in stimu-
lus presentation between the two sequential conditions
during encoding.

Influence of Presentation Formats during
WM Retrieval

The presentation of a probe item during WM retrieval elic-
ited a load-dependent negative potential over midline
electrodes approximately 300 msec after probe onset,
known as the N3rs. This ERP is hypothesized to reflect ret-
roactive search and internal evaluation of potential targets
and competing nontargets within maintained information
during retrieval (Kuo, Nobre, Scerif, & Astle, 2016; Kuo
et al., 2009; Nobre et al., 2008).

Our ERP results replicated earlier findings, showing a
significant N3rs load modulation during WM retrieval in
the simultaneous condition. Extending these findings,
we also observed significant N3rs load modulations in
both sequential conditions, indicating load-dependent
activity when searching for the target among sequentially
presented items during WM retrieval. Moreover, the N3rs
amplitudes varied with presentation formats and target
positions, with stronger amplitudes in simultaneous pre-
sentation than in sequential presentations and in earlier
stimulus positions than in the last position in sequential
presentations. Our results suggest that searching for a tar-
get item in the simultaneous condition and earlier posi-
tions of the sequential conditions requiredmore extensive
evaluations of target and nontarget competition from the
maintained information. In contrast, targets in the last
serial position of the memory list were accessed more eas-
ily (Morrison, Conway, & Chein, 2014; Nee & Jonides,
2011; McElree, 2006), contributing to the recency effect
(Monsell, 1978; Sternberg, 1969). To our knowledge, this
study is the first to demonstrate that presentation formats
continue to shape WM retrieval processes, as reflected by
the N3rs.

One may wonder whether the N3rs may also reflect the
transformation of sensory information into a decision-
making process, as indexed by the ERP known as the cen-
tral parietal positivity (CPP). For example, an early EEG
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study measured the CPP in a gradual target detection task
in which participants continuously viewed a flickering
annulus and detected intermittent reductions in contrast
(O’connell, Dockree, & Kelly, 2012). The study found that
CPP amplitudes increased steadily with accumulating evi-
dence and peaked at the time of response execution. More
recently, an EEG study demonstrated a similar neural deci-
sion signal supportingWM-guided behavior in the absence
of external sensory input (van Ede & Nobre, 2024). In that
study, participants performed aWM task requiring delayed
orientation reproduction, and the CPPwas observed when
participants made decisions based on internally main-
tained information. In contrast to these studies in which
the CPP was time-locked to response onset and reflected
a gradual accumulation of external or internal evidence,
the N3rs in our study was time-locked to the onset of
target-present probes (Nobre et al., 2008). The relation-
ship between retroactive search, as indexed by the N3rs,
and gradual decision processes, as indexed by the CPP,
during WM retrieval remains an open question. Future
studies should investigate these WM-related processes
by tracking N3rs and CPP while systematically manipulat-
ing decision evidence across varying WM loads.

Implications for Encoding Strategies

In the present study, we observed a robust load effect on
behavioral performance across all three presentation for-
mats, with no significant differences among them. These
behavioral results are consistent with recent research sug-
gesting that although simultaneous and sequential presen-
tations may favor distinct encoding strategies, they share a
similar bottleneck in WM capacity (Zhao & Vogel, 2023).
By using EEG, we demonstrated that presentation formats
distinctly influenced neural responses across various WM
processes. Our EEG results revealed how different presen-
tation formats promote distinct encoding strategies inWM
tasks: Simultaneous presentations may encourage spatial
encoding, whereas sequential presentations may encour-
age temporal encoding (Manohar et al., 2017). Recent
studies have proposed that sequential presentations
facilitate an “each-item-at-once” strategy that increases
memory for meaningful objects, whereas simultaneous
presentations support a “take-a-snap-shot” strategy that
favors simple or unrecognizable objects (Chung et al.,
2024; Brady & Störmer, 2022; Asp, Störmer, & Brady,
2021; Brady, Störmer, & Alvarez, 2016). Future research
may consider exploring different encoding strategies
using real-world or meaningful objects to gain deeper
insights into their neural correlates across WM stages.

A limitation of the present study is the imbalance in sen-
sory input between low-load (one item) and high-load
(three items) trials. This imbalancemay introduce a poten-
tial confound of a rebound effect (Tuladhar et al., 2007;
Jensen et al., 2002)—a transient increase in alpha power
following visual stimulation. Some studies have equated
perceptual input by adding task-irrelevant stimuli (i.e.,

fillers) to low-load conditions (Chen et al., 2022; Jensen
et al., 2002); however, this approach can also create stra-
tegic differences, particularly in sequential presentations
where participants might anticipate the target’s location.
To minimize such confounds and ensure comparability
across conditions, we presented only task-relevant stimuli.
Importantly, the observed load-dependent attenuation of
alpha power in the simultaneous condition replicated pre-
vious findings bothwith fillers (Chen et al., 2022) andwith-
out fillers (Fukuda et al., 2015), supporting the robustness
of our design. In the simultaneous condition, alpha power
decreased during maintenance and gradually returned to
baseline for both WM loads, with a larger late increase
toward the end of the maintenance period for high load.
Because retention intervals were jittered and this late
increase in alpha power overlapped with probe onset, it
cannot be conclusively interpreted as a rebound effect.

Conclusion

In conclusion, our results provide novel evidence that the
spatial and ordinal information embedded in presentation
formats modulates load-dependent neural responses
across WM processes. Importantly, these effects extend
beyond maintenance to include encoding and retrieval
processes, highlighting the influence of stimulus presenta-
tion formats on changes in neural responses over different
stages of WM processing.
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Diversity in Citation Practices

Retrospective analysis of the citations in every article pub-
lished in this journal from 2010 to 2021 reveals a persistent
pattern of gender imbalance: Although the proportions of
authorship teams (categorized by estimated gender iden-
tification of first author/last author) publishing in the Jour-
nal of Cognitive Neuroscience ( JoCN) during this period
were M(an)/M = .407, W(oman)/M = .32, M/W = .115,
and W/W = .159, the comparable proportions for the arti-
cles that these authorship teams cited were M/M = .549,
W/M = .257, M/W = .109, and W/W = .085 (Postle and
Fulvio, JoCN, 34:1, pp. 1–3). Consequently, JoCN encour-
ages all authors to consider gender balance explicitly when
selecting which articles to cite and gives them the oppor-
tunity to report their article’s gender citation balance.
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