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Abstract

Background: Prospective memory (PM) relies on the ability to form, maintain, and retrieve intentions during an ongoing activity.
In this study we examined the neural oscillatory dynamics underlying distinct PM stages: intention formation (Cue trials), intention
retention (Ongoing trials), and intention retrieval (PM Retrieval trials). These stages were investigated using two newly developed PM
tasks: the Animal-cued Prospective Retrieval Task (Ac-PRT) and the Object-cued Prospective Retrieval Task (Oc-PRT).Methods: In
this cross-sectional observational study, twenty-three young adults (mean age = 20.50 years, standard deviation = 2.35) completed the
tasks while electroencephalography (EEG) data were recorded. Results: Behavioral results showed that participants responded more
slowly during the Ongoing trials compared with the Cue and PM Retrieval trials and were less accurate during PM Retrieval trials across
both tasks. Event-related spectral perturbation (ERSP) analyses revealed differences in PM stages in both tasks. PM Retrieval trials
had significantly greater alpha (8–12 Hz) and low beta (12–20 Hz) desynchronization within 350–650 ms relative to the Ongoing trials,
potentially reflecting increased attentional control and task-set reconfiguration during intention retrieval. Cue trials showed enhanced
alpha and low beta desynchronization relative toOngoing trials, suggesting preparatory attentional engagement triggered by the cue. Task-
specific effects included lower theta synchronization in addition to greater alpha and beta desynchronization in the Oc-PRT compared
with the Ac-PRT, which may reflect differential engagement of cognitive control and semantic processing mechanisms. Conclusions:
The observed patterns in theta, alpha, and beta activity suggest that these oscillations are associated with task demands that vary across
PM stages. Together, these findings identify neurophysiological signatures that may guide future research on age-related changes in
prospective memory.
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1. Introduction

Prospective memory (PM) refers to the ability to form,
retain, retrieve, and execute an intended action in the future,
either in response to an event or time cue [1,2,3]. Every-
day activities, such as taking medications or remembering
to go to an appointment, are dependent on successful PM
retrievals. These goal-directed behaviors are critical across
the lifespan.

PM involves multiple stages: (1) a formation stage
during which an intention is encoded and linked to a cue,
that can be event-based (e.g., taking medication after din-
ner) or time-based (e.g., calling the doctor’s office at 8 a.m.
when they open), (2) a retention stage where the encoded
intention is maintained while the person is engaged in on-
going activities with simultaneous monitoring of the rele-
vant cue, (3) a retrieval stagewhere the intention is retrieved
when the cue appears, for example, finishing dinner and re-
membering “I need to take my medication now”, and (4)
and finally, an execution stage where the intended action
is completed, for example, taking medication [1,3]. Given
the complex, multistage process of PM, success at each

stage depends on multiple cognitive processes including at-
tention [4,5], cognitive control [6,7], and episodic memory
[8,9,10].

Our understanding of the neural substrates of PM con-
tinues to grow, with evidence that highlights the critical role
of the rostral prefrontal cortex (for review, see Cona et al.
[11]). Evidence suggests increased activation of the rostral
prefrontal cortex occurs during the PM retrieval task rela-
tive to the ongoing task [12,13,14,15,16]. Notably, differ-
ences between time- and event-based PM have also been
observed in the left rostral prefrontal cortex [15]. Further-
more, different regions of the rostral prefrontal cortex (i.e.,
left, medial, and lateral regions) are implicated in direct-
ing and allocating attention during PM [12,13,17,18]. Al-
though these neuroimaging studies have advanced our un-
derstanding of the neural substrates linked to PM, these ap-
proaches do not provide insights into the underlying neuro-
physiological mechanisms that support the rapid temporal
unfolding of PM-related processes.

Numerous studies have utilized electroencephalog-
raphy (EEG) to examine the neurophysiological mecha-
nisms linked to PM leveraging its millisecond resolution.
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These studies have largely examined event-related poten-
tials (ERPs), primarily parietal positivity (PP; positive peak
that occurs approximately 400 ms after stimulus onset) and
N1 (negative peak that occurs approximately 100 ms after
stimulus onset) to assess PM retrieval, and N3 (negative
peak that occurs approximately 300ms after stimulus onset)
to assess cue detection [3,19,20,21]. The paradigms em-
ployed have typically usedword-based or simple perceptual
stimuli, often varying in focality, cue type, and task com-
plexity [22,23,24]. Relatively few PM EEG studies have
employed semantic judgment tasks [24,25,26], and none to
our knowledge have incorporated picture-based stimuli.

To address this gap, we developed two novel picture-
based semantic judgment PM tasks, the Animal-cued
Prospective Retrieval Task (Ac-PRT) and the Object-cued
Prospective Retrieval Task (Oc-PRT). Both tasks included
four trial types (Cue, Ongoing, Lure, and PM Retrieval)
that allow examination of PM stages. In a feasibility study
examining ERPs, we showed that the intention formation,
retention, and retrieval stages of PM can be differentiated
based on ERPs [27]. We found that PM Retrieval trials had
larger P2 (positive peak that occurs approximately 200 ms
after stimulus onset) amplitude, longer N2 (negative peak
that occurs approximately 200 ms after stimulus onset) la-
tency, and smaller N2 amplitude relative to Ongoing trials.
In addition, Cue trials had larger PP amplitude, longer N2
latency, larger N2 amplitude, and smaller N4 (negative peak
that occurs approximately 400 ms after stimulus onset) am-
plitude than Ongoing trials. Finally, ERPs on PM Retrieval
trials differed between the two PM tasks, with Ac-PRT elic-
iting larger P2 and PP amplitudes and smaller N4 ampli-
tudes compared to the Oc-PRT. One limitation of this study
was its focus on ERPs alone. Although ERPs capture time-
and phase-locked neural responses, they do not capture the
non-phase-locked neural activity, therefore offer only a par-
tial view of PM-related neurophysiological mechanisms.

Event-related spectral perturbations (ERSPs) capture
both phase- and non-phase-locked neural activity. In par-
ticular, ERSPs can capture changes in the power spec-
tra relative to a pre-defined baseline across multiple fre-
quency bands such as delta (1–4 Hz), theta (4–8 Hz), al-
pha (8–12 Hz), beta (12–30 Hz), and gamma (>30 Hz).
These event-related power changes are described as event-
related synchronization (ERS), which reflects an increase
in power relative to baseline, or event-related desynchro-
nization (ERD), where there is a reduction in power rela-
tive to baseline. To our knowledge, a handful of studies
have examined ERSPs underlying PM processes in theta,
alpha, and beta bands [28,29,30,31,32]. In a study with
young adults, time-based PM retrieval was associated with
theta, alpha, and high beta ERS, whereas event-based PM
retrieval resulted in ERS in the theta and alpha bands only
[30]. However, these findings diverged from others, where
theta and alpha ERD were observed during time-based PM
retrieval [28], and alpha and beta ERS were noted during

event-based PM retrieval [32]. Furthermore, ERSPs dur-
ing PM also appear to vary as a function of stimulus char-
acteristics, such as the stimulus modality and cue distinc-
tiveness [29,31]. For example, theta and alpha ERD during
PM retrieval trials emerge at different onsets and durations
depending on modality: visual PM tasks show earlier on-
set and shorter duration of ERD while auditory PM tasks
show later onsets and longer durations of ERD [31]. Age-
related differences have also been observed, in which older
adults have more alpha ERD for highly distinct cues and
more beta ERD for less distinct cues during PM retrieval
[29]. While existing ERSP literature demonstrates that os-
cillatory dynamics are sensitive to PM demands, there are
gaps in our understanding of how neural oscillations differ
across PM stages. Majority of studies have focused on dif-
ferences in neural oscillations across retention and retrieval
stages of PM [28,29,30,31,32], resulting in a limited under-
standing of oscillatory activity during the encoding stage of
PM. Moreover, no study to date has examined oscillatory
activity using picture-based semantic PM tasks in adults.

To address this gap in literature, the present study
aimed to examine ERSPs across different stages of PM dur-
ing the Ac-PRT and Oc-PRT in neurotypical young adults
by conducting a secondary analysis of the data collected
for our ERP feasibility study [27]. By analyzing oscilla-
tory dynamics across trial types, we sought to characterize
how neural activity in the theta (4–8 Hz), alpha (8–12 Hz),
and beta (12–30 Hz) bands varied across intention forma-
tion, retention, and retrieval stages of PM. The primary aim
was to disentangle the neural mechanisms underlying inten-
tion formation, intention retention, and intention retrieval
trials within each task (Ac-PRT and Oc-PRT) by examin-
ing differences in spectral power across theta, alpha, and
beta bands. The secondary aimwas to compare theta, alpha,
and beta power between the two tasks, given substantial ev-
idence that animal and object categories engage partially
distinct cognitive and neural systems [33,34,35,36,37].

2. Materials and Methods
2.1 Participants

Twenty-three right-handed young adults (18 female;
age: 20.50 ± 2.35 years; education: 14.17 ± 1.89 years)
were recruited from the University of Illinois campus and
the surrounding Champaign-Urbana area. Inclusion crite-
ria involved normal cognitive functioning (Montreal Cog-
nitive Assessment ≥26 [38]), native English proficiency,
and a minimum high school education. Exclusion crite-
ria included neurological conditions, learning disabilities,
psychiatric illness, head trauma, substance abuse, or uncor-
rected hearing or vision impairments. The Institutional Re-
view Board at the University of Illinois Urbana-Champaign
approved all procedures, and participants provided written
informed consent per Helsinki Declaration guidelines. The
study reporting follows Strengthening the Reporting of Ob-
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servational Studies in Epidemiology (STROBE) (see Sup-
plementary Material for completed checklist) [39].

2.2 Experimental Tasks
Participants completed two novel PM tasks, Ac-PRT

and Oc-PRT, which involved semantic judgment, during
which EEG data were collected. Both tasks used 90 black-
and-white line drawings sourced from Snodgrass and Van-
derwart [40] and the International Picture Naming Project
(IPNP) Database [41]. Stimuli depicted animals (typical:
cats, dogs; atypical: whales, snakes) or objects (household
items, clothing, vehicles, instruments, tools) enclosed in
shapes (circle, square, triangle), or empty shapes. All draw-
ings were pilot-tested and standardized to dimensions of 3
× 3 inches. The details of the stimuli can be found in Baby
et al. [27].

Both tasks consisted of four trial types, namely Cue,
Ongoing, Lure, and PM Retrieval trials. Task responses
were collected using a three-button response box. Each task
included 229 stimuli (30 Cue, 151Ongoing, 18 Lure, and 30
PM Retrieval trials). Each task followed the same overall
structure and trial composition, differing only in the seman-
tic category designated as the PM target. In both tasks, the
different trials were presented in a continuous sequence.

2.2.1 Cue Trials
Cue trials consisted of empty geometric shapes (cir-

cles or triangles) presented without an image inside. In both
tasks, participants were instructed to press the “OTHER”
button when an empty shape appeared, indicating the for-
mation of a PM intention. Following a Cue trial, partici-
pants were instructed to resume responding to subsequent
stimuli according to the Ongoing task rules.

2.2.2 Ongoing Trials
During Ongoing trials, participants viewed stimuli de-

picting either animals (Ac-PRT: n = 30; Oc-PRT: n = 121)
or objects (Ac-PRT: n = 121; Oc-PRT: n = 30), each en-
closed within squares. In the Ac-PRT, participants were in-
structed to judge whether the stimulus represented an ani-
mal by pressing the “YES” button for animals and the “NO”
button for objects. In contrast, during the Oc-PRT, partic-
ipants judged whether each stimulus represented an object
by pressing “YES” for objects and “NO” for animals. These
Ongoing trials served as the ongoing task and were contin-
uous throughout each task block.

2.2.3 PM Retrieval Trials
PM Retrieval trials occurred when the designated tar-

get category appeared inside the shape that had previously
been shown as empty. In the Ac-PRT, PM Retrieval tri-
als were defined by the appearance of an animal within the
previously cued empty shape, whereas in the Oc-PRT, these
trials consisted of an object appearing within the previously
cued shape. In both tasks, participants were instructed to

press the “OTHER” button upon detecting these trials, sig-
naling successful retrieval of the PM intention.

2.2.4 Lure Trials
Lure trials were designed to share features with PM

Retrieval trials while not requiring a PM response. These
trials included stimuli from the target semantic category
presented in a shape different from the previously cued
shape (e.g., an animal or object appearing in a non-cued
shape) or stimuli from the non-target category presented
within the previously cued shape. Participants were in-
structed to respond to Lure trials using the same decision
rules as during Ongoing trials. See Fig. 1 (Ref. [27]) for
sample sequences from (a) Ac-PRT and (b) Oc-PRT.

Four counterbalanced versions for each task were cre-
ated controlling frequency and syllable length. Within each
version, trial sequences were pseudorandomized: 2–3 On-
going trials, 1 Cue trial, 0–5 Ongoing trials (including 1
Lure trial in 50% of sequences), and finally 1 PM Retrieval
trial. Stimulus duration was 1200 ms with 1200 ms inter-
stimulus interval. Participants completed practice sessions
requiring ≥75% accuracy before the two tasks, and the or-
der was counterbalanced across participants. Additional de-
tails related to these tasks can be found in Baby et al. [27].

2.3 EEG Acquisition and Preprocessing
Continuous EEG was recorded using a 64-electrode

Neuroscan Quikcap (Compumedics Neuroscan, Charlotte,
NC, USA) with SynAmpsRT amplifier (Compumedics
Neuroscan, Charlotte, NC, USA) and Curry 7 software
(sampling rate: 1 kHz; bandpass: DC-200 Hz; impedances
<10 kΩ). The vertex between Cz and CPz served as
the reference, and vertical electrooculogram (VEOG) was
recorded above and below the left eye. Offline process-
ing was done using EEGLAB toolbox (v2024.0, Swartz
Center for Computational Neuroscience, University of Cal-
ifornia San Diego, La Jolla, CA, USA) with ERPLAB
plugin (v10.1, Center for Mind and Brain, University of
California-Davis, CA, USA) in MATLAB R2023a. Data
were high-pass filtered (0.15 Hz) and corrected for eye
blinks via spatial filtering. Epochs spanning –500 to 1500
ms relative to stimulus onset were extracted and baseline-
corrected (–200 to 0ms). Epochs containing amplitudes ex-
ceeding ± 75 μV were rejected, and data were re-referenced
to average scalp potential. Analysis excluded incorrect re-
sponses and trials with reaction times <200 ms or >1000
ms.

2.4 Spectral Decomposition
EEGLAB toolbox in MATLAB R2023a with the new-

timef.m function was used to perform time-frequency anal-
ysis. Morlet wavelets, which consist of complex sine waves
modulated by a Gaussian envelope, were utilized for signal
decomposition. To maintain a consistent time–frequency
trade-off across the spectrum, the number of wavelet cy-
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Fig. 1. Sample sequence with trial types and expected responses. (A) Animal cued-Prospective Retrieval Task (Ac-PRT). (B) Object
cued-Prospective Retrieval Task (Oc-PRT). Reprinted from Baby et al. (2025) [27], Neuroscience Insights, 20, under the terms of the
Creative Commons Attribution license. PM, prospective memory.

cles was set to three at the lowest frequency (4 Hz) and in-
creased linearly to eight cycles at the highest frequency (30
Hz). EEG data were segmented into epochs spanning−500
to 1500 ms to ensure adequate length for generating ERSPs
from 0 to 1200 ms using a 3-cycle wavelet, with a baseline
defined from −400 to 0 ms. Power at each time–frequency
point was computed by convolving the signal with Mor-
let wavelets across 4–30 Hz (approximately 1 Hz resolu-
tion) and 0–1200 ms post-stimulus with predefined time
windows—T1: 75–250 ms, T2: 175–350 ms, T3: 350–550
ms, and T4: 350–650 ms [27]. Baseline normalization fol-
lowed the gain model, dividing power at each point by the
mean baseline power at the corresponding frequency [42].
Finally, power values were converted to decibels (dB) for
subsequent statistical analyses.

2.5 Mean Power Estimation

Theta (4–8 Hz), alpha (8–12 Hz), and beta (low beta:
12–20 Hz; high beta: 20–30 Hz) frequency bands were
selected for analysis based on previous work suggesting
oscillatory activity in these bands is linked to PM pro-
cesses [28,29,30,43]. Mean spectral power within each
band was computed for each task (Ac-PRT/Oc-PRT), trial
type (Cue/Ongoing/PM Retrieval), and frequency band
(theta/alpha/low beta/high beta) with the specific time win-
dows, resulting in four time windows for analysis. Within
each time window, mean theta ERS was computed and av-
eraged across a cluster of frontal electrodes (average of Fz,
F1, F2, FCz, FC1, and FC2) and mean alpha and beta ERD
was computed and averaged across a cluster of parietal (av-
erage of Pz, P1, P2, CPz, CP1, and CP2) and occipital
(average of Oz, O1, O2, POz, PO3, and PO4) electrodes.
Electrode sites were chosen based on research demonstrat-

ing that theta power is most prominent at frontal chan-
nels while alpha/beta power is most prominent at parieto-
occipital/posterior channels [44,45,46,47,48,49,50].

2.6 Statistical Analysis

ERSP measures (frontal theta and parietal and oc-
cipital alpha/beta) were analyzed using repeated measures
Analysis of Variance (ANOVA; type III). To address the pri-
mary aim, separate within-task analyses were conducted for
Ac-PRT and Oc-PRT, with trial and electrode cluster en-
tered as within-subject factors. To address the secondary
aim, repeated measures ANOVA (type III) with task, trial,
and electrode cluster as within-subject factors was used to
compare oscillatory activity between Ac-PRT and Oc-PRT.
The between-task analyses focused on trial-specific inter-
actions between the two tasks to assess if one task provided
unique insights into PM processing beyond those captured
by the other. Separate ANOVAs were conducted for each
of the four time windows identified in our prior feasibility
study [27]. When significant interactions were observed,
post hoc pairwise comparisons were performed using the
rstatix package with Bonferroni correction applied to con-
trol for multiple comparisons.

The time windows, frequency bands, and electrode
clusters used in these analyses were defined a priori based
on prior literature and results from our feasibility study,
rather than through data-driven selection. As a result, each
ANOVA was treated as a theoretically motivated test ad-
dressing a specific hypothesis regarding oscillatory dynam-
ics during distinct stages of PM processing. Family-wise
error was controlled within each model using Bonferroni-
corrected post hoc tests. Given the hypothesis-driven nature
of the analyses and the limited number of predefined com-
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Fig. 2. Event-related spectral perturbation (ERSP) across Ac-PRT and Oc-PRT by trial type. (A) Cue trials. (B) Ongoing trials.
(C) PM Retrieval trials.

parisons, results are interpreted conservatively, with em-
phasis placed on effects that were consistent across related
measures rather than isolated significant findings.

3. Results

3.1 Within Task ERSP Analyses
Mean power ANOVA results for theta, alpha, low

beta, and high beta bands for within-task comparisons are
summarized in Table 1. The p-values reported in the ta-
ble are unadjusted. Statistical significance was determined
based on Bonferroni-corrected results, with bolded values
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Fig. 3. ERSP differences between Ongoing, Cue, and PMRetrieval trials. (A) Cue trials. (B) Ongoing trials. (C) PM Retrieval trials.
Boxes denote time windows across frequency bands (theta, alpha, low beta) where significant main effects were observed. Solid white
lines denote a significant main effect of trial, whereas the dotted black line denotes a significant main effect of electrode.

indicating those that remain significant after correction. For
mean power values for each frequency band for both tasks
see Supplementary Tables 1,2,3,4, corresponding to theta,

alpha, low beta, and high beta bands, respectively. Spec-
trograms across Cue, Ongoing, and PM Retrieval trials for
Ac-PRT and Oc-PRT are illustrated in Fig. 2.
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Table 1. Within Task- statistical results for theta, alpha, low beta, and high beta.
Time T1 (75–250 ms) T2 (175–350 ms) T3 (350–550 ms) T4 (350–650 ms)

Task Ac-PRT Oc-PRT Ac-PRT Oc-PRT Ac-PRT Oc-PRT Ac-PRT Oc-PRT

Theta

Trial
F = 1.12
p = 0.33
η2p = 0.04

F = 2.11
p = 0.13
η2p = 0.08

F = 1.14
p = 0.32
η2p = 0.04

F = 1.04
p = 0.35
η2p = 0.04

F = 0.16
p = 0.84
η2p = 0.01

F = 1.86
p = 0.16
η2p = 0.07

F = 0.40
p = 0.66
η2p = 0.02

F = 3.62
p = 0.03
η2p = 0.13

Alpha

Trial
F = 2.12
p = 0.12
η2p = 0.03

F = 3.01
p = 0.05
η2p = 0.05

F = 0.79
p = 0.45
η2p = 0.01

F = 6.56
p = 0.001
η2p = 0.10

F = 7.05
p = 0.001
η2p = 0.10

F = 13.78
p < 0.0001
η2p = 0.18

F = 6.49
p = 0.002
η2p = 0.09

F = 11.30
p < 0.0001
η2p = 0.15

Electrode
F = 3.75
p = 0.05
η2p = 0.03

F = 6.87
p = 0.009
η2p = 0.05

F = 0.32
p = 0.56
η2p < 0.01

F = 0.19
p = 0.66
η2p < 0.01

F = 39.45
p < 0.0001
η2p = 0.24

F = 16.05
p < 0.0001
η2p = 0.11

F = 32.24
p < 0.0001
η2p = 0.21

F = 15.46
p < 0.0001
η2p = 0.11

Trial by Electrode
F = 2.61
p = 0.07
η2p = 0.04

F = 0.67
p = 0.51
η2p = 0.01

F = 2.71
p = 0.06
η2p = 0.04

F = 0.91
p = 0.40
η2p = 0.01

F = 0.59
p = 0.55
η2p = 0.01

F = 0.65
p = 0.52
η2p = 0.01

F = 0.91
p = 0.40
η2p = 0.01

F = 0.88
p = 0.41
η2p = 0.01

Low beta

Trial
F = 1.22
p = 0.29
η2p = 0.02

F = 2.39
p = 0.09
η2p = 0.04

F = 2.43
p = 0.09
η2p = 0.04

F = 5.54
p = 0.004
η2p = 0.08

F = 5.22
p = 0.006
η2p = 0.08

F = 6.22
p = 0.002
η2p = 0.09

F = 5.40
p = 0.005
η2p = 0.08

F = 6.81
p = 0.001
η2p = 0.10

Electrode
F = 9.88
p = 0.002
η2p = 0.07

F = 3.78
p = 0.05
η2p = 0.03

F = 8.70
p = 0.003
η2p = 0.07

F = 6.22
p = 0.01
η2p = 0.05

F = 0.44
p = 0.50
η2p < 0.01

F = 0.51
p = 0.47
η2p < 0.01

F = 0.44
p = 0.50
η2p < 0.01

F = 1.23
p = 0.26
η2p = 0.01

Trial by Electrode
F = 0.58
p = 0.56
η2p = 0.01

F = 0.59
p = 0.55
η2p = 0.01

F = 0.59
p = 0.55
η2p = 0.01

F = 1.17
p = 0.31
η2p = 0.02

F = 0.01
p = 0.98
η2p < 0.01

F = 0.46
p = 0.62
η2p = 0.01

F = 0.07
p = 0.92
η2p < 0.01

F = 0.53
p = 0.58
η2p = 0.01

High beta

Trial
F = 3.15
p = 0.04
η2p = 0.05

F = 0.52
p = 0.59
η2p = 0.01

F = 1.71
p = 0.18
η2p = 0.03

F = 0.25
p = 0.77
η2p < 0.01

F = 0.41
p = 0.65
η2p = 0.01

F = 2.27
p = 0.10
η2p = 0.04

F = 0.85
p = 0.42
η2p = 0.01

F = 4.17
p = 0.01
η2p = 0.06

Electrode
F = 0.40
p = 0.52
η2p < 0.01

F = 0.21
p = 0.64
η2p < 0.01

F = 0.30
p = 0.58
η2p < 0.01

F = 0.03
p = 0.85
η2p < 0.01

F < 0.01
p = 0.99
η2p < 0.01

F = 0.59
p = 0.44
η2p = 0.01

F = 0.13
p = 0.71
η2p < 0.01

F = 0.07
p = 0.78
η2p < 0.01

Trial by Electrode
F = 0.05
p = 0.94
η2p < 0.01

F = 0.41
p = 0.66
η2p = 0.01

F = 0.31
p = 0.73
η2p = 0.01

F = 0.25
p = 0.77
η2p < 0.01

F = 0.27
p = 0.75
η2p < 0.01

F = 0.37
p = 0.69
η2p = 0.01

F = 0.62
p = 0.53
η2p = 0.01

F = 0.42
p = 0.65
η2p = 0.01

Cells display statistics for within-task trial effects for mean power in frontal theta (4–8 Hz), parietal and occipital alpha (8–12 Hz), parietal
and occipital low beta (12–20 Hz), and parietal and occipital high beta (20–30 Hz) bands, across four time windows post-stimulus onset.
The p-values reported in the table are unadjusted. Statistical significance was determined using Bonferroni-corrected results, with bolded
values indicating those that remain significant after correction.

3.1.1 Frontal Theta Event-Related Synchronization
In Ac-PRT, no significant within-task effects were ob-

served. In Oc-PRT, a significant main effect of trial was
observed from 350 to 650 ms (F = 3.62, p = 0.03, η2p
= 0.13) with higher theta synchronization for Ongoing tri-
als compared to PM Retrieval trials. No additional effects
reached significance. Fig. 3 presents spectrograms illus-
trating within-task main effects with statistically significant
effects indicated by boxed regions.

3.1.2 Parietal and Occipital Alpha Event-Related
Desynchronization

In Ac-PRT, significant main effects of trial and elec-
trode were observed in the 350–550 ms (Trial: F = 7.05, p
= 0.001, η2p = 0.10; Electrode: F = 39.45, p < 0.0001, η2p
= 0.24) and 350–650 ms (Trial: F = 6.49, p = 0.002, η2p
= 0.09; Electrode: F = 32.24, p < 0.0001, η2p = 0.21) time
windows. In both intervals, alpha desynchronization was
higher for PMRetrieval trials than for Ongoing trials. Also,
a significant main effect of trial was present from 350–550
ms (F = 7.05, p = 0.001, η2p = 0.10), with higher alpha
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desynchronization during Cue trials compared to Ongoing
trials. The significant main effect of electrodes showed a
general trend of higher desynchronization in occipital com-
pared to parietal electrodes. Additionally, a trending trial
by electrode interaction was observed from 75 to 250 ms
(F = 2.61, p = 0.07, η2p = 0.04) with higher occipital al-
pha desynchronization for PM retrieval trials compared to
Ongoing trials.

In Oc-PRT, significant main effects of trial and elec-
trode were observed in 350–550 ms (Trial: F = 13.78, p
< 0.0001, η2p = 0.18, Electrode: F = 16.05, p < 0.0001,
η2p = 0.11) and 350–650 ms (Trial: F = 11.30, p < 0.0001,
η2p = 0.15, Electrode: F = 15.46, p < 0.0001, η2p = 0.11)
time windows. Significant main effects of trial in 175–350
ms (F = 6.56, p = 0.001, η2p = 0.10) were also observed.
Across the intervals, alpha desynchronization was higher
for PM Retrieval trials compared to Ongoing trials. Alpha
desynchronization was higher for Cue trials compared to
Ongoing trials in 175–350 ms, 350–550 ms, and 350–650
ms intervals. Overall, the general pattern across electrode
clusters was that alpha desynchronization was higher in oc-
cipital compared to parietal electrodes in 75–250 ms, 350–
550 ms, and 350–650 ms intervals. Fig. 3 presents spectro-
grams illustrating within-task main effects with statistically
significant effects indicated by boxed regions.

3.1.3 Parietal and Occipital Low Beta Event-Related
Desynchronization

In Ac-PRT, a significant main effect of trial was ob-
served from 350 to 550 ms (F = 5.22, p = 0.006, η2p =
0.08) with higher low beta desynchronization for PM Re-
trieval trials compared to Ongoing trials. Additionally, sig-
nificant main effects of electrode were observed from 75 to
250 ms (F = 9.88, p = 0.002, η2p = 0.07) and 175 to 350
ms (F = 8.70, p = 0.003, η2p = 0.07) time windows with
higher low beta desynchronization in parietal compared to
occipital electrodes.

In Oc-PRT, a significant main effect of trial was ob-
served in 350 to 550 ms (F = 6.22, p = 0.002, η2p = 0.09)
and 350 to 650 ms (F = 6.81, p = 0.001, η2p = 0.10) time
windows with higher low beta desynchronization for PM
Retrieval trials compared to Ongoing trials. Additionally,
significant main effects of trial (F = 5.54, p = 0.004, η2p =
0.08) and electrode (F = 6.22, p = 0.01, η2p = 0.05) were
observed from 175 to 350 ms with higher low beta desyn-
chronization for Cue trials compared to Ongoing trials. The
significant main effect of electrode showed a higher low
beta power desynchronization in parietal compared to oc-
cipital electrodes. Fig. 3 presents spectrograms illustrating
within-task main effects with statistically significant effects
indicated by boxed regions.

3.1.4 Parietal and Occipital High Beta Event-Related
Desynchronization

No statistically significant effects were observed after
correction for multiple comparisons (p > 0.05).

3.2 ERSP Data: Trial Type Effects Between Tasks
ANOVA results for theta, alpha, low beta, and high

beta bands for between-task comparison are reported in Ta-
bles 2,3,4,5, respectively. The p-values reported in the ta-
ble are unadjusted. Statistical significance was determined
based on Bonferroni-corrected results, with bolded values
indicating those that remain significant after correction.
Figs. 4,5,6,7 presents spectrograms illustrating between-
task main effects for task and trial at theta, alpha, low beta,
and high beta bands respectively. Statistically significant
effects are highlighted by boxed regions.

3.2.1 Frontal Theta Event-Related Synchronization
A significant main effect of task was observed from

175 to 350 ms (F = 5.59, p = 0.01, η2p = 0.04) with higher
theta synchronization for Ac-PRT compared to Oc-PRT. No
additional effects reached significance.

3.2.2 Parietal and Occipital Alpha Event-Related
Desynchronization

Significant main effect of task was observed in 75–
250 ms (Task: F = 4.54, p = 0.002, η2p = 0.02). Signif-
icant main effects of task and trial were also observed in
175 to 350 ms (Task: F = 12.75, p = 0.0004, η2p = 0.04;
Trial: F = 5.93, p = 0.002, η2p = 0.04) and 350 to 550 ms
(Task: F = 4.78, p = 0.02, η2p =0.02; Trial: F = 19.74, p
< 0.0001, η2p = 0.13) time windows. Across trials in the
intervals, alpha desynchronization was significantly higher
in Oc-PRT compared to Ac-PRT. Additionally, significant
main effects of electrode were observed from 75 to 250 ms
(F = 9.58, p = 0.002, η2p = 0.03), 350 to 550 ms (F = 47.87,
p < 0.0001, η2p = 0.15), and 350 to 650 ms (F = 41.89, p
< 0.0001, η2p = 0.13) time windows. Overall, the general
pattern across electrode clusters was that alpha desynchro-
nization was higher in occipital compared to parietal elec-
trodes.

3.2.3 Parietal and Occipital Low Beta Event-Related
Desynchronization

Significant main effect of task was observed in 175–
350 ms (Task: F = 5.95, p = 0.01, η2p = 0.02) and 350-550
ms (Task: F = 6.30, p = 0.01, η2p = 0.02) time windows.
In both intervals, low beta desynchronization was signifi-
cantly higher in Oc-PRT compared to Ac-PRT. Significant
main effects of trial were also observed in 175 to 350 ms
(F = 7.20, p = 0.0001, η2p = 0.05), 350 to 550 ms (Trial:
F = 11.37, p = 0.0001, η2p = 0.07), and 350 to 650 ms
(Trial: F = 12.28, p = 0.0001, η2p = 0.08) time windows
with higher low beta desynchronization for PM Retrieval
trials compared to Ongoing and Cue trials. Additionally,
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Table 2. Between task- statistical results for theta.
Time T1 (75–250 ms) T2 (175–350 ms) T3 (350–550 ms) T4 (350–650 ms)

Trial
F = 2.68
p = 0.07
η2p = 0.04

F = 1.70
p = 0.18
η2p = 0.03

F = 1.04
p = 0.35
η2p = 0.02

F = 2.48
p = 0.08
η2p = 0.04

Task
F = 2.32
p = 0.12
η2p = 0.02

F = 5.59
p = 0.01
η2p = 0.04

F = 1.20
p = 0.27
η2p = 0.01

F = 1.11
p = 0.29
η2p = 0.01

Trial by Task
F = 0.31
p = 0.72
η2p = 0.01

F = 0.10
p = 0.89
η2p < 0.01

F = 0.66
p = 0.51
η2p = 0.01

F = 0.13
p = 0.32
η2p < 0.01

Cells display statistics for between-task trial effects for mean power in frontal theta (4–8 Hz) band across four
time windows post-stimulus onset. The p-values reported in the table are unadjusted. Statistical significance
was determined using Bonferroni-corrected results, with bold values indicating those that remain significant
after correction.

Table 3. Between task- statistical results for alpha.
Time T1 (75–250 ms) T2 (175–350 ms) T3 (350–550 ms) T4 (350–650 ms)

Trial
F = 2.77
p = 0.06
η2p = 0.02

F = 5.93
p = 0.002
η2p = 0.04

F = 19.74
p < 0.0001
η2p = 0.13

F = 16.42
p < 0.0001
η2p = 0.11

Electrode
F = 9.58
p = 0.002
η2p = 0.03

F < 0.01
p = 0.97
η2p < 0.01

F = 47.87
p < 0.0001
η2p = 0.15

F = 41.89
p < 0.0001
η2p = 0.13

Task
F = 4.54
p = 0.002
η2p = 0.02

F = 12.75
p = 0.0004
η2p = 0.04

F = 4.78
p = 0.02
η2p = 0.02

F = 2.81
p = 0.09

η2p = 0.010

Trial by Electrode
F = 0.58
p = 0.55
η2p < 0.01

F = 0.51
p = 0.59
η2p < 0.01

F = 0.20
p = 0.81
η2p < 0.01

F = 0.36
p = 0.69
η2p < 0.01

Trial by Task
F = 2.08
p = 0.12
η2p = 0.02

F = 1.83
p = 0.16
η2p = 0.01

F = 1.75
p = 0.17
η2p = 0.01

F = 1.68
p = 0.18
η2p = 0.01

Electrode by Task
F = 0.79
p = 0.37
η2p < 0.01

F = 0.45
p = 0.50
η2p < 0.01

F = 0.60
p = 0.43
η2p < 0.01

F = 0.19
p = 0.65
η2p < 0.01

Trial by Electrode by Task
F = 1.88
p = 0.15
η2p = 0.01

F = 2.49
p = 0.08
η2p = 0.02

F = 1.01
p = 0.36
η2p = 0.01

F = 1.35
p = 0.25
η2p = 0.01

Cells display statistics for between-task effects for mean power in parietal and occipital alpha (8–12 Hz)
band, across four time windows post-stimulus onset. The p-values reported in the table are unadjusted.
Statistical significance was determined using Bonferroni-corrected results, with bold values indicating
those that remain significant after correction.

significant main effects of electrode were observed from 75
to 250 ms (F = 11.86, p = 0.0001, η2p = 0.04) 175 to 350 ms
(F = 14.74, p = 0.0001, η2p = 0.05) time windows. Overall,
the general pattern across electrode clusters was that low
beta desynchronization was higher in parietal compared to
occipital electrodes.

3.2.4 Parietal and Occipital High Beta Event-Related
Desynchronization

A significant main effect of task was observed in the
75 to 250 ms (F = 6.84, p = 0.0001, η2p = 0.02), 175 to 350
ms (F = 8.44, p = 0.003, η2p = 0.03), 350 to 550 ms (F =
8.96, p = 0.003, η2p = 0.03) and 350 to 650 ms (F = 9.16, p
= 0.002, η2p = 0.03) time windows with greater high-beta
desynchronization across all trials in Oc-PRT compared to
Ac-PRT.
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Table 4. Between task- statistical results for low beta.
Time T1 (75–250 ms) T2 (175–350 ms) T3 (350–550 ms) T4 (350–650 ms)

Trial
F = 3.01
p = 0.05
η2p = 0.02

F = 7.20
p = 0.0001
η2p = 0.05

F = 11.37
p = 0.0001
η2p = 0.07

F = 12.28
p = 0.0001
η2p = 0.08

Electrode
F = 11.86
p = 0.0001
η2p = 0.04

F = 14.74
p = 0.0001
η2p = 0.05

F = 0.96
p = 0.32
η2p < 0.01

F = 1.63
p = 0.20
η2p = 0.01

Task
F = 1.80
p = 0.17
η2p = 0.01

F = 5.95
p = 0.01
η2p = 0.02

F = 6.30
p = 0.01
η2p = 0.02

F = 2.55
p = 0.11
η2p = 0.01

Trial by Electrode
F = 0.88
p = 0.41
η2p = 0.01

F = 0.83
p = 0.43
η2p = 0.01

F = 0.24
p = 0.78
η2p < 0.01

F = 0.15
p = 0.85
η2p < 0.01

Trial by Task
F = 0.91
p = 0.40
η2p = 0.01

F = 1.20
p = 0.30
η2p = 0.01

F = 0.08
p = 0.91
η2p < 0.01

F = 0.27
p = 0.76
η2p < 0.01

Electrode by Task
F = 0.11
p = 0.73
η2p < 0.01

F < 0.01
p = 0.92
η2p < 0.01

F < 0.01
p = 0.94
η2p < 0.01

F = 0.13
p = 0.71
η2p < 0.01

Trial by Electrode by Task
F = 0.28
p = 0.75
η2p < 0.01

F = 1.01
p = 0.36
η2p = 0.01

F = 0.26
p = 0.76
η2p < 0.01

F = 0.49
p = 0.60
η2p < 0.01

Cells display statistics for between-task effects for mean power in parietal and occipital low beta (12–
20 Hz) band, across four time windows post-stimulus onset. The p-values reported in the table are
unadjusted. Statistical significance was determined using Bonferroni-corrected results, with bold values
indicating those that remain significant after correction.

4. Discussion
The primary aim of this study was to characterize neu-

ral oscillation dynamics associated with different stages of
PM indexed by Cue (intention encoding), Ongoing (inten-
tion retention), and PM Retrieval (intention retrieval) tri-
als using two newly developed tasks, namely, Ac-PRT and
Oc-PRT. Across trial types, several ERSP differences were
observed, and these effects were largely consistent across
both tasks. Specifically, PM Retrieval trials had signifi-
cantly greater alpha and low beta desynchronization within
350–650 ms time window compared to the Ongoing trials.
Cue trials showed higher alpha desynchronization within
the 350–650 ms time window and greater low beta desyn-
chronization in the 175–350 ms time window relative to the
Ongoing trials. Importantly, no task by trial interactions
were observed, suggesting that both tasks engaged simi-
lar neural mechanisms. Collectively, these findings pro-
vide initial evidence that ERSP markers are sensitive to dif-
ferences in task demands across PM stages, which are dis-
cussed further below.

Behavioral findings from the feasibility study [27]
demonstrated reaction times (RTs) were the longest for the
Ongoing trials, followed by PM Retrieval trials, and short-
est for Cue trials in both tasks. Accuracy of responses was
highest for Cue trials, followed by the Ongoing trials, and

the lowest for PM Retrieval trials in both tasks. Addition-
ally, RTs were shorter, and accuracy was higher in Ac-PRT
compared to Oc-PRT for Ongoing and PM Retrieval trials.
For additional details, see Baby et al. [27].

4.1 Within Task ERSP Findings

Across both tasks, PM Retrieval trials showed higher
alpha and beta desynchronization relative to the Ongo-
ing trials. Higher alpha desynchronization is likely in-
dicative of greater top-down control during the retrieval
and converges with other findings [29]. Likely, higher
alpha desynchronization reflects coordinated attentional
demand required to retrieve the intended action by re-
orienting processing away from the ongoing task [51].
Greater alpha desynchronization in general has been asso-
ciated with increased attentional demands [52,53] in stud-
ies that have examined cognitive control in younger adults
[54,55,56,57,58,59,60,61,62]. Beta desynchronization, on
the other hand, has been linked to task-set updating and a
shift from routine processing. In the context of a PM task,
this would involve departure from routine processing dur-
ing Ongoing trials, flexible rule reconfiguration, and selec-
tion of non-routine PM response. A recent study examin-
ing the neural dynamics of PM retrieval [32], demonstrated
that retrieving a previously encoded intention, whether
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Table 5. Between task- statistical results for high beta.
Time T1 (75–250 ms) T2 (175–350 ms) T3 (350–550 ms) T4 (350–650 ms)

Trial
F = 2.34
p = 0.09
η2p = 0.02

F = 1.36
p = 0.25
η2p = 0.01

F = 1.09
p = 0.33
η2p = 0.01

F = 3.07
p = 0.04
η2p = 0.02

Electrode
F = 0.51
p = 0.47
η2p < 0.01

F = 0.22
p = 0.63
η2p < 0.01

F = 0.26
p = 0.60
η2p < 0.01

F = 0.004
p = 0.90
η2p < 0.01

Task
F = 6.84
p = 0.0001
η2p = 0.02

F = 8.44
p = 0.003
η2p = 0.03

F = 8.96
p = 0.003
η2p = 0.03

F = 9.16
p = 0.002
η2p = 0.03

Trial by Electrode
F = 0.33
p = 0.71
η2p < 0.01

F = 0.27
p = 0.76
η2p < 0.01

F = 0.48
p = 0.61
η2p < 0.01

F = 0.69
p = 0.49
η2p = 0.01

Trial by Task
F = 0.29
p = 0.74
η2p < 0.01

F = 0.18
p = 0.83
η2p < 0.01

F = 1.27
p = 0.28
η2p = 0.01

F = 1.25
p = 0.28
η2p = 0.01

Electrode by Task
F < 0.01
p = 0.99
η2p < 0.01

F = 0.03
p = 0.84
η2p < 0.01

F = 0.26
p = 0.60
η2p < 0.01

F = 0.17
p = 0.67
η2p < 0.01

Trial by Electrode by Task
F = 0.19
p = 0.82
η2p < 0.01

F = 0.22
p = 0.79
η2p < 0.01

F = 0.05
p = 0.94
η2p < 0.01

F = 0.20
p = 0.81
η2p < 0.01

Cells display statistics for between-task effects for mean power in parietal and occipital high beta (20–30
Hz) band, across four time windows post-stimulus onset. The p-values reported in the table are unadjusted.
Statistical significance was determined using Bonferroni-corrected results, with bold values indicating those
that remain significant after correction.

through strategic monitoring or spontaneous retrieval, elic-
its a transient parietal alpha/beta desynchronization im-
mediately preceding the behavioral response. This pari-
etal alpha/beta desynchronization might indicate a release
from cortical inhibition to distinguish retrieval trials from
ongoing-task trials at the single-trial level with over 70%
classification accuracy [32]. Although the magnitude of
these effects are modest, these findings align with previous
work [29] and may reflect subtle and overlapping changes
in neural oscillations during the PM stages of retention and
retrieval. The present ERSP results add to the ERP differ-
ences reported in our previous study [27]. We found that
within each task, several ERP components reliably differ-
entiated the PMRetrieval and Ongoing trials. PM Retrieval
trials elicited greater P2 amplitudes and longer N2 latencies
than Ongoing trials, while Ongoing trials showed larger N4
amplitudes than PM Retrieval trials. Together these find-
ings suggest neural distinctions between intention retention
and retrieval stages of PM.

Although alpha and beta desynchronization are often
associated with efficient processing and attentional engage-
ment, greater ERD does not necessarily correspond to better
behavioral performance. In the present study, PM Retrieval
trials elicited more pronounced alpha and beta desynchro-
nization despite comparatively lower accuracy.

This pattern suggests that ERD magnitude reflects in-
volvement of more neural resources to meet the cognitive
effort and control demands, rather than retrieval success in
itself. PM retrieval requires detection of the target cue, in-
hibition of the ongoing response, task-set reconfiguration,
and selection of a non-routine action, all of which place sub-
stantial cognitive demand are inherently error-prone. Ac-
cordingly, the observed dissociation between behavioral
performance and ERD magnitude is consistent with in-
creased neural engagement that does not necessarily trans-
late into improved performance.

In contrast to the robust alpha and beta effects, theta-
band modulation was more limited in the present study.
Within-task comparisons revealed a significant main effect
of trial only in the Oc-PRT between 350 and 650 ms, char-
acterized by higher theta synchronization for Ongoing trials
relative to PM Retrieval trials. Theta oscillations have pre-
viously been associated with cognitive control and intention
reactivation during PM retrieval [28,29,30,31,32]; the com-
paratively attenuated theta effects observed here may re-
flect the semantic nature of the task demands, differences in
control strategies, or limited statistical power. These find-
ings suggest that, within the present paradigm, alpha and
beta oscillatory dynamics may be more consistently asso-
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Fig. 4. ERSP differences between Ac-PRT and Oc-PRT. Boxed regions denote time windows across frontal theta band where signif-
icant main effect was observed. Dotted black line denotes significant main effect of task.

ciated with differences in task demands across PM stages
than theta activity.

ERSP difference also emerged between Ongoing and
Cue trials, with Cue trials showing higher alpha and beta
desynchronization relative to Ongoing trials. This pattern
suggests that PM cues trigger an early shift in attention from
the ongoing task as preparatory control before occurrence of
a PM Retrieval trial. This finding also converges with work
suggesting that alpha dynamics are sensitive to the atten-
tional demands of the prospective component, such as cue
detection difficulty or distinctiveness, with parietal alpha
modulation reflecting the allocation of resources needed to
identify PM retrieval-relevant events [29]. It is noteworthy
that alpha, in the context of PM, has been shown to be sensi-
tive to variations in cue salience/focality, as well as the ex-
tent to which participants rely on strategic monitoring ver-
sus more automatic cue-triggered retrieval [32]. This sen-
sitivity may help explain why prior PM studies that have
examined alpha have reported mixed results. The ERSP
findings in the current study, despite modest effect sizes,
when considered alongside the ERP differences identified
in our previous study [27], offer converging evidence for
differential neural dynamics for intention formation and re-
tention stages of PM. Our prior work found that Cue trials
were characterized by larger P2 amplitudes, longer N2 la-
tencies, and larger N2 amplitudes in comparison toOngoing

trials, whereas Ongoing trials interestingly showed greater
N4 amplitudes compared to Cue trials possibly reflecting
enhanced attentional orienting at the moment of intention
formation.

4.2 Between Task ERSP Findings

Across Ac-PRT and Oc-PRT, ERSP analyses did not
reveal significant Task by Trial Type interactions. This pat-
tern suggests that the two tasks engage largely similar os-
cillatory mechanisms during encoding, retention, and re-
trieval of PM intentions. However, task-specific differ-
ences emerged across frequency bands with greater early
theta synchronizations in Ac-PRT compared to Oc-PRT and
higher alpha desynchronizations in Oc-PRT compared to
Ac-PRT. As discussed earlier, frontal theta ERS reflects
cognitive control and intention reactivation during PM re-
trieval [28,29,30,31,32], therefore attenuated theta effects
in Oc-PRT may reflect the differences in semantic nature of
the tasks. Similarly, while alpha desynchronization is well
established as a marker of attentional control, an expanding
body of research suggests that alpha power is also impli-
cated in semantic processing [47,54,55,56,57,59,61,63,64].
Thus, the greater alpha desynchronization in Oc-PRT may
reflect greater semantic retrieval demands compared to Ac-
PRT. Taken together, this pattern may suggest a functional
trade-off, whereby Ac-PRT is more strongly associated

12

https://www.imrpress.com


Fig. 5. ERSP differences between Ac-PRT and Oc-PRT. (A) Parietal Electrodes. (B) Occipital Electrodes. Boxed regions denote time
windows across alpha frequency band where significant main effects were observed. Solid white lines denote significant main effects of
trial whereas the dotted black lines denote significant main effects of task.

with theta-mediated cognitive control processes, while Oc-
PRT may rely more on distributed semantic processing, as
reflected in enhanced alpha desynchronization. We also
observed task-specific differences with greater beta desyn-
chronization in Oc-PRT compared to Ac-PRT. Beta oscil-

lations have been reported to occur directly before accu-
rate retrievals and reflect a shift from cortical inhibition to
active neural processing. Greater beta desynchronization
in Oc-PRT likely indicates that participants required more
neural resources to retrieve intentions in Oc-PRT compared
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Fig. 6. ERSP differences between Ac-PRT and Oc-PRT. (A) Parietal Electrodes. (B) Occipital Electrodes. Boxed regions denote
time windows across low beta frequency band where significant main effects were observed. Solid white lines denote significant main
effects of trial whereas the dotted black lines denote significant main effects of task.

to Ac-PRT. Importantly, this pattern of neural engagement
was reflected in behavioral data as well, as participants re-
sponded more quickly and accurately to trials in Ac-PRT
than in Oc-PRT [27]. Nevertheless, these observed differ-
ences across Ac-PRT and Oc-PRT had relatively small ef-
fect sizes; thus should be interpreted cautiously and require

further validation. We observed task effects in our previ-
ous study that examined ERPs as well [27]. PM Retrieval
trials in Ac- PRT showed larger P2 amplitudes than PMRe-
trieval trials in Oc-PRT, whereas N4 amplitudes were larger
for PM Retrieval trials in Oc-PRT task implying semantic
processing load. Additionally, PP amplitudes were larger
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Fig. 7. ERSP differences between Ac-PRT and Oc-PRT. (A) Parietal Electrodes. (B) Occipital Electrodes. Boxed regions denote
time windows across high beta frequency band where significant main effect was observed. Dotted black line denotes significant main
effect of task.

for both Ongoing and PM Retrieval trials in Ac-PRT com-
pared to Oc-PRT, indicating broader task level differences
in late positive activity.

5. Limitation
This study has several limitations. First, the rela-

tively small sample size may have constrained statistical
power, particularly for detecting subtle interactions be-

tween task and trial type in induced oscillatory activity.
As a result, the ERSP findings, especially the absence of
task-by-trial interactions, should be interpreted cautiously.
ERSP measures are known to exhibit greater interindivid-
ual variability than phase-locked ERP measures [65]. Un-
der this account, task-specific differences may exist but
remain below detection threshold, underscoring the need
for larger samples to more conclusively evaluate task-by-
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trial effects. Additionally, although Bonferroni correction
was applied to account for multiple comparisons, several
findings remained marginally significant, warranting cau-
tious interpretation and highlighting the need for replica-
tion in future studies. Future work may also benefit from
using complementary approaches such as false discovery
rate (FDR) to better balance sensitivity and Type I error.
An alternative, but not mutually exclusive, interpretation
is that the Ac-PRT/Oc-PRT manipulation primarily influ-
ences time- and phase-locked neural responses, captured by
ERPs, more than induced, non–phase-locked oscillatory ac-
tivity, which is included in the ERSP measures. From this
perspective, category differences modulate precise timing
and consistency of stimulus-locked processing (e.g., early
perceptual/semantic components and later parietal positiv-
ity) without producing sufficiently distinct changes in sus-
tained oscillatory activity. It is also possible that the task
manipulation was not strong enough to differentially recruit
sustained oscillatory control mechanisms, especially given
that we intentionally designed the two tasks to be as similar
as possible apart from their semantic category. Alpha and
beta changes are often interpreted as a relatively domain-
general signature of cortical engagement, gating, and task-
set reconfiguration, such that both tasks may engage a sim-
ilar level of attentional and retrieval-related neural mech-
anisms [32]. Overall, these findings highlight why incor-
porating both ERP and ERSP approaches provides a more
comprehensive account of PM mechanisms however, the
absence of task-by-trial interactions should be interpreted
cautiously and should not be taken as evidence of equiv-
alent neural mechanisms across tasks. A further limita-
tion is the absence of an ongoing-only task baseline block.
This limits our ability to isolate pure ongoing-task process-
ing without the influence of PM demands. Because the
ongoing task was always performed within the context of
category judgment, neural responses during ongoing trials
may reflect not only sustained intention maintenance but
also semantic processing demands. Given this overlap, ob-
served desynchronization should be interpreted cautiously
as indexing a combination of semantic processing and in-
tention maintenance or monitoring in the context of this
paradigm. Future studies should incorporate an ongoing-
only task baseline block in their study procedure. Finally,
the present findings should also be interpreted in light of the
relatively homogeneous participant sample which consisted
of predominantly females andwith similar background edu-
cation. While healthy samples are appropriate for identify-
ing foundational neural mechanisms of prospective mem-
ory, it limits generalizability to the broader population of
young adults.

6. Conclusions
In summary, the ERSP findings indicate that PM Re-

trieval trials can be differentiated from Ongoing and Cue
trials highlighting the utility of both Ac-PRT and Oc-PRT

and the derived electrophysiological measures in disentan-
gling the different stages of PM. Alpha and beta markers
appear to be emerging as useful in capturing the differ-
ences between the PM stages. However, the absence of
trial-specific between-task differences in oscillatory activ-
ity, despite behavioral and ERP distinctions observed in the
prior study, highlights the importance of examining differ-
ent neural markers to advance our understanding of the neu-
ral mechanisms linked to PM.While ERPs are well suited to
capturing phase-locked, time-specific neural responses as-
sociated with intention formation, retention, and retrieval,
the present ERSP analyses provide novel insight into in-
duced, non–phase-locked oscillatory dynamics that reflect
broader and more sustained control processes not fully cap-
tured by ERP measures alone. Extending this paradigm to
aging research is a promising next step; understanding how
ERP and ERSP markers of PM shift in older adults could
provide critical insight into age-related changes in atten-
tional control, cue detection, and retrieval-related neural ef-
ficiency. Together, these directions emphasize the value of
integrating ERP and ERSP approaches to capture comple-
mentary aspects of PM processing and to advance a more
complete understanding of the neural architecture support-
ing prospective remembering.
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