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Selective attention is the collection of mechanisms through which the brain preferentially processes behaviorally important infor-
mation. Many everyday tasks, such as shopping for groceries, require selective sampling of both external information (i.e., informa-
tion from the environment) and internally stored information (i.e., information being maintained in working memory). While there
is clear evidence that selective sampling of external information is influenced by internally stored information (and vice versa), the
extent to which selective sampling of external and internal information compete for the same neural resources and attention-related
processes remains a focus of debate. Previous research has linked theta-rhythmic (3-8 Hz) neural activity in higher-order (e.g., fron-
tal cortices) and sensory regions to theta-rhythmic changes in behavioral performance during selective sampling. Here, we used elec-
troencephalography and a dual-task design (i.e., a task that required both external and internal information), in male and female
humans, to directly compare theta-dependent fluctuations in behavioral performance during external sampling with those during
internal sampling. Our findings are consistent with a shared theta-rhythmic process for selectively sampling external information or
internal information. This theta-rhythmic sampling is associated with both phase-dependent changes in sensory responses (i.e., as
measured with the N1 component) and phase-dependent changes in interactions between external and internal information. The
theta phase associated with weaker sensory responses and relatively worse behavioral performance (i.e., the “bad” phase) is also
associated with a slowed perceptual decision-making process (as measured with the centroparietal positivity component), specifically
during dual-task trials when to-be-detected external information matches to-be-remembered internal information.
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Most everyday tasks require information from both the external environment and internal memory stores; however, the
extent to which selective processing of external and internal information rely on shared neural mechanisms and resources
remains a subject of debate. Recent work has demonstrated attention-related, theta-rhythmic fluctuations (3-8 Hz) in neural
activity and behavioral performance, perhaps reflecting the temporal coordination of competing functions (e.g., attention-
related sampling and shifting). Here, we used electroencephalography and a dual-task design to provide evidence of a shared,
theta-rhythmic process for alternately boosting the sampling of either external or internal information. This shared,
theta-rhythmic process also modulates interactions between external and internal information on dual-task trials, when these
sources of information compete for limited processing resources.
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example, we can selectively sample behaviorally important infor-
mation that is being maintained in working memory (Baddeley,
1992; D’Esposito and Postle, 2015). This internal sampling pro-
cess has been characterized as internal selective attention (Nobre
et al., 2004; Theeuwes et al., 2009; Gazzaley and Nobre, 2012;
Kiyonaga and Egner, 2013; Myers et al, 2017; van Ede and
Nobre, 2021, 2023). While selective sampling of external infor-
mation and selective sampling of internal information are often
investigated separately, there is increasing interest in the relation-
ship between them (Awh and Jonides, 2001; Chun et al.,, 2011;
Gazzaley and Nobre, 2012; Kiyonaga and Egner, 2013;
Oberauer, 2019; van Ede and Nobre, 2023; Nobre and Gresch,
2025). Previous research has demonstrated interactions between
external and internal sampling, often by utilizing dual-task
designs that potentially create competition between these pro-
cesses (Nobre et al., 2000, 2004; Soto et al., 2005, 2006; Olivers
et al., 2006; Rademaker et al, 2015; Teng and Kravitz, 2019;
Teng et al., 2023). For example, there can be a relative advantage
for an external visual target that matches a to-be-remembered
item being concurrently maintained in working memory (Soto
et al., 2005, 2006; Van der Stigchel et al, 2007; Beck et al.,
2012). On the other hand, increasing working memory load
(e.g., the number of to-be-remembered items) can decrease the
detection of near-threshold visual targets (Konstantinou et al.,
2012; Konstantinou and Lavie, 2013; Balestrieri et al.,, 2022).
While such findings are consistent with shared neural resources
(Pasternak and Greenlee, 2005; Emrich et al.,, 2013; Serences,
2016; Christophel et al., 2017), the extent to which selective sam-
pling of external information and selective sampling of internal
information share neural resources remains a focus of debate
(Emrich et al.,, 2013; Ester et al., 2015; Berggren and Eimer,
2016; Hakim et al, 2019; Rademaker et al.,, 2019; Panichello
and Buschman, 2021; Jones et al.,, 2024; Mendoza-Halliday et
al., 2024; Gresch et al., 2024b).

Recent evidence suggests that theta-rhythmic (3-8 Hz) neural
activity shapes both external sampling of environmental infor-
mation and internal sampling of information being maintained
in working memory (VanRullen et al., 2007; Siegel et al., 2009;
Busch and VanRullen, 2010; Landau and Fries, 2012;
Fiebelkorn et al., 2013a, 2018; Dugue et al., 2015, 2016; Landau
et al., 2015; Bahramisharif et al., 2018; Helfrich et al., 2018;
Benedetto et al., 2019; Fiebelkorn and Kastner, 2019; Kaminski
et al., 2020; Peters et al., 2021; Chota et al., 2022; Abdalaziz et
al.,, 2023). In the context of external sampling, preferential pro-
cessing (or sampling) at specific locations in space (i.e., spatial
attention) is sometimes compared with a spotlight that scans
the visual environment, pausing to illuminate behaviorally
important, external information. Whereas the classic view of
this spotlight is that it can be deployed continuously, newer
findings indicate that it dims ~3-8 times per second
(VanRullen et al., 2007; Busch and VanRullen, 2010; Landau
and Fries, 2012; Fiebelkorn et al., 2013a, 2018; Dugue et al,,
2015, 2016; Landau et al., 2015; Helfrich et al., 2018; Benedetto
et al., 2019; Fiebelkorn and Kastner, 2019). That is, attention-
related changes in both neural activity and behavioral perfor-
mance fluctuate at a theta frequency. Similar to these findings,
neural and behavioral measures associated with to-be-remem-
bered items—during working memory tasks—also fluctuate at
a theta frequency (Siegel et al., 2009; Bahramisharif et al., 2018;
Kaminski et al., 2020; Peters et al., 2021; Pomper and Ansorge,
2021; Chota et al, 2022; Abdalaziz et al, 2023). Such
theta-rhythmic fluctuations might reflect the temporal coordina-
tion of shared neural resources, isolating neural activity

Cavanah and Fiebelkorn e A Shared Process for Theta-Rhythmic Sampling

associated with different functions (or representations) over
time (Fiebelkorn and Kastner, 2019). For example, we and others
have proposed that theta-rhythmic neural activity coordinates
sampling (i.e., sensory functions) and shifting (i.e., motor func-
tions) within brain regions that direct both selective attention
and goal-directed orienting movements (i.e., within the “atten-
tion network”; Hogendoorn, 2016; Benedetto et al., 2019;
Fiebelkorn and Kastner, 2019).

Here, we used electroencephalography (EEG) and a dual-task
design (i.e., a behavioral task that requires both external and
internal sampling) to investigate whether there is a shared,
theta-rhythmic process for selectively boosting the sampling of
either external or internal information. We specifically compared
the relationship between the phase of theta-band activity and
behavioral performance across trials that probed external sam-
pling (i.e., with a noise-added visual target) and trials that probed
internal sampling (i.e., by retro-cueing a to-be-remembered
item). That is, we tested whether selective enhancement of exter-
nal information and selective enhancement of internal informa-
tion occur at either the same phase or different phases of
theta-rhythmic neural activity. Figure 1 illustrates different
ways in which external and internal sampling might be phasically
coordinated during a shared, theta-rhythmic sampling process.
We further tested whether theta-rhythmic sampling influences
behavioral and electrophysiological markers of interactions
between internal and external information. For example, beha-
vioral and electrophysiological interactions that occur when
to-be-detected external information matches to-be-remembered
internal information (i.e., so-called match effects; Teng and
Kravitz, 2019; Teng et al, 2023). Our findings are consistent
with a shared theta-rhythmic process for selectively sampling
environmental information or internally stored information.
This theta-rhythmic sampling process is associated with
(1) phase-dependent changes in neural activity attributable to
sensory processing (as measured with the N1 component) and
(2) phase-dependent changes in neural activity attributable to
decision-making [as measured with the centroparietal positivity
(CPP) component]. Effects on decision-making specifically occur
during trials that require both external and internal sampling
(i.e., during dual-task trials).

Materials and Methods

Participants. Thirty-one individuals (18 females), aged 19-33 years
old (average 23.5), participated in the experiment. Participants com-
pleted two sessions of ~2h each, separated by at least 24 h and no
more than 2 weeks. For their time, the participants received $15 per
hour. All participants had normal or corrected-to-normal vision and
no history of neurological conditions. In accordance with the
Declaration of Helsinki, each participant gave written informed consent
prior to data collection. The study protocol was approved by the
University of Rochester Research Participants Review Board. We
excluded six participants from the analyses because of excessive noise
in their EEG signals, resulting in the rejection of >20% of trials (see below
for a description of preprocessing).

Behavioral task. The behavioral task is illustrated in Figure 2A.
Participants were seated in a quiet, light-attenuated recording booth in
front of a 24 in LCD monitor (ASUS Predator, 240 Hz refresh rate).
Head position and viewing distance were controlled with a fixed chin
rest, positioned 57 cm from the screen. At the start of each session, the
experimenter explained the behavioral task to the participant, who was
then given practice trials until they demonstrated an understanding of
the task. The participants used a keyboard to initiate trials (i.e., trials
were self-paced) and to give responses. Throughout all trial stages, until
a response was given, participants were required to maintain fixation on
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a small, gray square (0.5 x 0.5°) at the center of the screen. We measured
eye position with an EyeLink 1000 Plus (SR Research), which samples
binocularly at 2,000 Hz. If the position of a participant’s eyes deviated
by >1° from central fixation, the trial was aborted, and a new trial was
initiated. Aborted trials were replaced, such that each participant com-
pleted the same number of trials.

We used the Presentation software (Neurobehavioral Systems) to
control the presentation of stimuli and to log responses. Trials consisted
of seven sequential stages (Fig. 2A): a 1.1 s fixation/baseline period, a
0.5 s cueing/encoding period, a 0.25 s delay, a 0.1 s flash event, a variable
delay of 0.3-2.5 s (sampled uniformly), a 0.025 s probe, and a response
period (with a response cutoff at 2.0 s). All task stimuli were presented
at either of the two locations: one location to the right of central fixation
and one location to the left of central fixation. Both locations were below
the horizontal meridian, at a distance of 8° from central fixation. Gratings
(i.e., memory items and external probes) were 4° in diameter and cues
(i.e., precues and retro-cues) were 4.4° in diameter. During the encod-
ing/precueing period, combinations of two types of stimuli could be pre-
sented: green circles (i.e., precues to sample external information) and/or
square-wave gratings (i.e., to-be-remembered items). Green circles dur-
ing the encoding/precueing period indicated the potential location(s) for
an upcoming, noise-added grating, which served as a visual target (i.e., an
external probe). Noiseless gratings presented during the encoding/pre-
cueing period were memory items to be maintained in anticipation of
a potentially upcoming orange circle, which served as a retro-cue
(Souza and Oberauer, 2016; i.e., an internal probe). The encoding period
was followed by a brief, 0.25 s delay and then a task-irrelevant, 0.1 s flash
event (i.e., a white circle). This flash event occurred at a previous stimulus
location, with equal probability when there were two stimulus locations.
Flash events, which have been similarly utilized by previous studies, cre-
ate consistent sampling patterns across trials when there are multiple tar-
get locations (Landau and Fries, 2012; Fiebelkorn et al., 2013a; Abdalaziz
et al., 2023). After the flash event, there was a variable delay, 0.3-2.5s,
when participants needed to (1) maintain neural representations of
to-be-remembered gratings (i.e., until a retro-cue); (2) boost sensory pro-
cessing in anticipation of an upcoming, noise-added grating (i.e., a visual
target); or (3) both. Finally, the variable delay was followed by either a
target (i.e., a noise-added, vertical or horizontal grating) or a retro-cue
(Souza and Oberauer, 2016; i.e., an orange circle). The response scheme
was the same for both externally probed trials (i.e., target trials) and
internally probed trials (i.e., retro-cue trials): participants made a
two-alternative forced choice, by pressing the “right arrow” on the key-
board to indicate a horizontal grating and the “up arrow” on the key-
board to indicate a vertical grating. On dual-task trials, which required
both external and internal sampling (i.e., “both” trials), the probe type
was determined randomly, with equal probability. That is, while partic-
ipants anticipated the possibility of either an external probe (i.e., a visual
target) or an internal probe (i.e., a retro-cue) on dual-task trials, only one
or the other was presented following the variable delay. On trials where
only external or internal information was presented during the encoding/
precueing period (i.e., “alone, external” and “alone, internal” trials), the
probe type was always the same as the information (e.g., memory items
on an “alone, internal” trial were always followed by a retro-cue). The
behavioral task included the following trial types (Fig. 2A): external sam-
pling only (i.e., “alone, external”), internal sampling only (i.e., “alone,
internal”), both external and internal sampling at one location (ie.,
“both, 1L same”), both external and internal sampling at different loca-
tions (i.e., “both, 1L different”), and both external and internal sampling
at both locations (“both, 2L same”).

The deployment of attentional resources during external sampling
was promoted by using a noise-added grating as the visual target. To gen-
erate noise-added gratings, a matrix of uniformly distributed random
values was added to square-wave gratings. Importantly, this matrix
was multiplied by a scalar “difficulty constant,” with a value of zero
meaning no noise. This scalar determined the contrast of the dark/light
stripes and served as the difficulty parameter for our staircasing proce-
dure. The noise-added gratings (or noiseless gratings, in the case of
to-be-remembered items) were min-max normalized to grayscale RGB
values between 140 and 220. Every grating stimulus presented during
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the experiment therefore had the same mean grayscale RGB value as
the background (i.e., 180), and the same minimum (i.e., 140) and max-
imum (i.e., 220) values. This ensured that the brightness of the gratings
was always the same, differing only in the coherence of the vertical or
horizontal stripes. Figure 2C shows an example of a noise-added grating
(i.e., an external probe/visual target). The amount of noise added to the
external probe was calibrated for each participant to achieve 80% accu-
racy across “alone, external” trials. Here, we used a staircasing algorithm:
on every trial, we calculated the accuracy (i.e., the proportion of correct
trials) of all previous trials in the “alone, external” condition (throughout
the session). If the accuracy was lower than 0.78, the “difficulty constant”
(see above) was lowered. If the accuracy was higher than 0.82, the
“difficulty constant” was increased. To maximize the effectiveness of
this procedure, we started each experiment with a “baseline” block of
50 “alone, external” trials (and no other trial types). Data from this base-
line established a starting level of difficulty but were excluded from all
analyses.

Behavioral analyses. We first compared accuracy and response times
(RTs) between cue/memory conditions and delay lengths (Fig. 3). For all
analyses, we split dual-task trials depending on whether external or inter-
nal sampling was probed. In accordance with previous research that sug-
gests that interactions between external and internal sampling change
over time, we also split trials depending on median delay length (1.4 s;
Teng et al,, 2023). To determine significant behavioral differences, we
conducted repeated-measure ANOVAs with follow-up f tests. The sign-
ificance threshold for all statistical testing was p <0.05. In Figure 3 and
Supplementary Figure 1, we tested the behavioral difference between
cue/memory conditions (“alone,” “1L same,” “1L diff,” and “2L same”)
and “short” (less than median delay length) versus “long” (longer than
median delay length) trials (i.e., a 4x2 repeated-measure two-way
ANOVA) for each probe (external and internal) and behavioral (accu-
racy and RT) type. In Figure 4, we further compared behavioral perfor-
mance for (1) “both” trials when the external probe (i.e., a noise-added
grating) was a “match” for a previously presented memory item (i.e., a
noiseless grating) and relative to (2) “both” trials when the external probe
was a “nonmatch” for a previously presented memory item. Depending
on the specific condition, matches in orientation could occur either at the
same spatial location or at different spatial locations (Fig. 4A). In
Figure 4, we tested the behavioral difference for the three “both” condi-
tions across “match” versus “nonmatch” and “short” versus “long” trials
(i.e., a 3x2x2 repeated-measure three-way ANOVA). Finally, to more
precisely visualize temporal differences in behavioral performance
between “alone” versus “both” (Fig. 3C,F; Supplementary Fig. 1C,F)
and “match” and “nonmatch” (Fig. 4C) conditions over time, we calcu-
lated accuracy and RT within 0.6 s bins with a step size of 0.01 s (e.g., 0.3-
0.9, 0.31-0.91, 0.32-0.92 s, etc.). For alone versus both windowed analy-
ses (Fig. 3C,F,I,L), we combine “both” conditions (i.e., “1L same,” “1L
diff,” “2L same”). For match versus nonmatch windowed analyses
(Fig. 4C), we combined the same-location “both” conditions (i.e., the
conditions that showed significant “match” effects in the previous anal-
ysis; Fig. 4B). For these windowed accuracy comparisons, we used a
cluster-based approach (Maris and Oostenveld, 2007) to control for mul-
tiple comparisons between windows (see below, Cluster-based statistics
in phase-behavior, windowed behavior, and ERPs).

Data acquisition and preprocessing. We recorded EEG signals at a
rate of 2,048 Hz, using a 128-channel ActiveTwo BioSemi system. For
all preprocessing and data analyses, we used a combination of custom-
ized MATLAB functions (MathWorks) and the FieldTrip toolbox
(Donders Institute for Brain, Cognition, and Behavior, Radboud
University Nijmegen; Oostenveld et al., 2011). We downsampled the
EEG data to 512 Hz and rereferenced using the 128-electrode average
(i.e., an average reference). We then used a discrete Fourier transform
(DFT) filter—applied at 60, 120, and 180 Hz—to remove line noise.
After epoching trials from 4.5 s before the probe to 1.0 s after the probe,
we linearly detrended and demeaned the trial-level data. Trials with
either eyeblinks or saccades (>1°) were aborted during recording ses-
sions, so there was no need for rejection/correction based on eye artifacts
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during the initial preprocessing. We used voltage threshold of +100 uV
for identifying trials/channels with other noise transients, interpolating
electrodes that exceeded this threshold using the nearest neighbor spline
(Perrin et al., 1987). If >10% of electrodes needed to be interpolated on a
single trial, we excluded the trial from further analyses. If >20% of trials
were excluded for a given participant, we excluded all the participant’s
data from further analyses (n=6). The remaining participants (n=25)
had an average of 6% of trials removed during artifact rejection, leaving
an average of 939 trials per participant (across all conditions).

Measuring phase-behavior relationships. We calculated phase-beha-
vior relationships to determine if RTs and/or accuracy varied as a func-
tion of frequency-specific phase, measured just prior to probe onset (i.e.,
during the variable delay, just prior to the presentation of either a visual
target or a retro-cue; Fiebelkorn et al., 2013b). Here, we first used Morlet
wavelet convolution to derive frequency-specific phase measurements
for each trial (from 3 to 55 Hz). To avoid contamination of the phase
estimates from either flash-evoked visual responses or probe-evoked
visual responses, (1) trials with delay periods <0.75s were excluded
from the phase-behavior analyses (i.e., to avoid probe-evoked visual
responses), and (2) the time point for each phase measurement (i.e.,
the center of the wavelet) was half a wavelet width (i.e., half the temporal
extent of the wavelet) from probe onset. That is, the wavelet was fit for
each frequency such that the last time point included for calculation of
the phase measurement was the time point just prior to probe onset.
For example, phase for the 4 Hz, two-cycle wavelet—with a temporal
extent of 0.5 s—was measured 0.25 s prior to probe onset (i.e., the wave-
let was centered 0.25 s prior to probe onset). We calculated phase esti-
mates from 3 to 8 Hz, in 1 Hz increments, and from 9 to 55 Hz, in
2 Hz increments. The number of cycles per wavelet was two for wavelets
from 3 to 8 Hz and increased logarithmically from two to five cycles for
wavelets from 9 to 55 Hz.

After obtaining electrode- and frequency-specific phase measure-
ments (from 3 to 55 Hz), we paired trial-specific phase measurements
with trial-level RTs. Normalization of RTs was done within participant
and condition of interest. We then binned z-RTs by electrode- and
frequency-specific phase, using bins with a width of 180° (e.g., 0-180°),
shifted in 10° steps (e.g., 0-180°, 10-190, etc.). Following this binning
procedure, we calculated the median RT for each bin, providing z-RT
as a function of frequency-specific phase for each electrode and condition
of interest. We next averaged the participant-level phase-RT functions
(n =25) to determine the frequencies and electrodes with the strongest
phase-RT relationships. We also calculated phase-accuracy functions
(Supplementary Fig. 6) using a nearly identical procedure, except that
the proportion of correct trials was calculated for each phase bin, rather
than median z-RT. Because accuracy was at ceiling for internal-probed
trials (i.e., retro-cued trials), we only calculated phase-accuracy func-
tions for external-probed trials (ie., target trials). Similar to previous
studies (Fiebelkorn et al., 2018), we hypothesized that the phasic modu-
lation of behavioral performance would have a “peak” and a “trough”
(i.e., a “good” phase and a “bad” phase) that were separated by ~180°.
The magnitude of the grand-averaged phase-behavior functions was
therefore summarized by the amplitude of a one-cycle sine wave. We spe-
cifically used a DFT applied to each grand-averaged function (at each fre-
quency and electrode), with the absolute value of the second component
of the DFT output being used to approximate the amplitude of a one-
cycle sine fit to the phase-behavior function (Fiebelkorn et al., 2013b,
2018, 2019; Abdalaziz et al., 2023).

To determine the statistical significance of phase-behavior relation-
ships, we randomly shuffled the observed phases and RT's (1,500 permuta-
tions) before recalculating the magnitude of the phase-behavior
relationships (following the same procedure outlined above). We then
compared the observed values with the null distribution of randomized
values, separately for each condition, to calculate p values (i.e., the propor-
tion of values in the null distribution that exceeded the observed value) for
all electrodes and frequencies. Finally, we applied cluster correction to cor-
rect for multiple comparisons, which has been widely used for EEG and
MEG analyses (Maris and Oostenveld, 2007; see below, Cluster-based sta-
tistics in phase-behavior, windowed behavior, and ERPs).
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To determine whether the “peak” phases (i.e., the phases associated
with better behavioral performance) differed between external and inter-
nal sampling, we compared the distributions of “peak” phases across par-
ticipants for the conditions of interest (i.e., external sampling vs internal
sampling). Here, the analyses were limited to the frequencies and elec-
trodes where the strongest phase-behavior relationships were observed
during previous analyses. We used a circular Watson-Williams test to
determine whether the participant-level distribution of “peak” phases
during external sampling significantly differed from the participant-level
distribution of “peak” phases during internal sampling (Figs. 5E, 6C;
Abdalaziz et al., 2023).

To determine whether the topographical distribution of phase-beha-
vior magnitude significantly differed between external and internal sam-
pling, we used a topographical analysis of variance (TANOVA) test
(Murray et al., 2008). This approach involves normalizing two topogra-
phies and then taking the “global dissimilarity” between them (root mean
square differences of all electrodes). We used condition-label shuffling to
obtain a null distribution of global dissimilarity measures to compare
against the observed value. The proportion of null instances (here, we
used 5,000 permutations) greater than the global dissimilarity was the
p value.

In addition to null hypothesis significance testing approaches to
assess the likelihood of rejecting the null hypothesis (shuffling of
phase-behavior relationships, shufiling of condition labels, Watson—
Williams tests, TANOVA tests), we used a Bayes factor approach to
assess the likelihood of the null hypothesis relative to alternative hypoth-
eses for both phase-behavior magnitude and “peak” phase opposition
(see below, Phase-behavior modeling and Bayes factor calculation).

Excluding trials with microsaccades from phase-behavior relation-
ships. Like behavioral performance, previous research has demonstrated
that the likelihood of microsaccades (i.e., fixational eye movements)
fluctuates as a function of theta phase (Bosman et al., 2009). Previous
work has also shown that phase-behavior relationships persist after
excluding trials with microsaccades, indicating that phase-behavior rela-
tionships are not attributable to microsaccades (Fiebelkorn et al., 2018).
We conducted a control analysis with the present data to similarly
confirm that phase-behavior relationships are not attributable to micro-
saccades. That is, we recalculated phase-behavior relationships after
excluding trials with microsaccades during the delay period (i.e., in the
preprobe period).

To distinguish microsaccadic events, we set the EyeLink online parser
parameters to a velocity threshold of 22°/s, acceleration threshold of
4,000°/s%, and travel distance of <1 visual degree. Using these criteria,
on average, each participant had 522 trials with at least one microsac-
cade. To test whether the relationship between theta phase and beha-
vioral performance was attributable to these small, fixational eye
movements (i.e., microsaccades), we recalculated phase-behavior rela-
tionships (see above) after excluding these trials (Supplementary
Fig. 2A). After excluding trials with microsaccades, there were an average
of 376 trials remaining per subject. It is important to note that the mea-
sured magnitude of phase-behavior relationships depends on trial
counts (as do other phase-based coherence measures, such as intertrial
phase coherence). Therefore, the scales of results with and without
microsaccades (Supplementary Fig. 2A vs B) are not comparable (i.e.,
due to lower trial counts in the analyses without microsaccades). This
control analysis revealed that the pattern of phase-behavior results is
similar, regardless of whether trials with microsaccades are included or
excluded from the analyses.

Probe-locked event-related potentials (ERPs) and CPP. To assess
neurophysiological differences between conditions, we calculated the
grand-average voltage locked to the probe onset. Only correct trials
were included in ERP analyses. For all analyses, we used a baseline
from 0.1 to O s before the probe onset. While both the external and inter-
nal probes elicited notable potentials, we focused our analyses on the
external probe due to the behavioral effects that we observed in associa-
tion with these conditions (Figs. 3, 4). In response to external probes, we
identified two primary components: the N1 and the CPP. The NI is
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associated with the sensory response to a visual stimulus and is enhanced
(more negative) with visual attention to the stimulus (Hillyard and
Anllo-Vento, 1998). In our case, we observed a slightly late
external-probe N1 peak (~230 ms; Fig. 7), presumably due to the low-
contrast nature of the external probe. Not shown is the response to the
full-contrast internal probe stimulus, which exhibited an N1 peak
~160 ms. In Figure 7, we show the difference in external-probe N1
when there is a “bad” preprobe phase versus a “good” preprobe phase
(see below, “Good” versus “bad” theta bin analyses). The other compo-
nent that we observed in response to the external probe, the CPP, is asso-
ciated with the accumulation of evidence toward a decision (O’Connell et
al.,, 2011, 2012). In our task, participants must decide whether a probe
stimulus corresponds to “horizontal” or “vertical.” We observed that
the CPP in our task rises starting at 200 ms after the external-probe onset
and continues to rise for 200-500 ms afterward (Fig. 84; Supplementary
Fig. 8). We show in Supplementary Figure 8 that CPP latency and mag-
nitude strongly correlate with variability in RTs. This supports the pre-
vious interpretation of this component as a marker of ongoing
decision-making (O’Connell et al., 2011, 2012). In Figure 8, we show
the difference in “match” versus “nonmatch” CPP progression when
there is a “bad” preprobe phase versus a “good” preprobe phase (see
below, “Good” versus “bad” theta bin analyses).

For display purposes, we grand-averaged the ERPs across partici-
pants and applied a 30 Hz low-pass filter. To test whether ERPs signifi-
cantly differed between conditions, we used a cluster-based approach to
correct for multiple comparisons, across electrodes and time points
(Maris and Oostenveld, 2007; see below, Cluster-based statistics in
phase-behavior, windowed behavior, and ERPs). All ERP topographies
shown (Figs. 7, 8; Supplementary Fig. 8) have “flipped” electrodes to con-
trol for the probe side. Specifically, for “probe-side right” trials, the elec-
trodes on the left and right sides of the head were mirrored across the
vertical midline, effectively making all trials “probe-side left” trials for
these topographies.

“Good” versus “bad” theta bin analyses. To measure the potential
effect of rhythmic dynamics on the interaction between external and
internal sampling, we performed some electrophysiological analyses
separately for “good” and “bad” theta bins (i.e., theta-phase bins associ-
ated with either better or worse behavioral performance). To define these
bins, we used the phase-RT function for external sampling at the center
of the frontal cluster, at 4 Hz (Fig. 5), and separated the peak and trough
of performance (Fig. 7B). Good-phase trials were defined as trials with
preprobe phases <90° and >270° while bad-phase trials were defined
as trials with preprobe phases >90° and <270°.

Cluster-based statistics in phase-behavior, windowed behavior, and
ERPs. We statistically accounted for multiple comparisons and the auto-
correlation of behavioral and EEG time series data over spatial, temporal,
and spectral dimensions by applying a nonparametric “cluster-
correction” method, which has been widely used in electrophysiological
research (Maris and Oostenveld, 2007). Procedurally, this method
involves four main steps. First, a distribution of 1,500 “null observations”
was generated by repeatedly randomizing the data and recalculating the
results (see below paragraph for details on how this was specifically done
for phase-behavior and windowed behavioral analyses). Second, a distri-
bution of “null cluster magnitudes” was created from this distribution of
“null observations.” To calculate the magnitude of one null cluster, we
first calculated the p value of each null observation, relative to the rest
of the null observations (i.e., the null distribution). Then, the p values
that crossed the significance threshold (p < 0.05) were put into “clusters.”
The clusters were defined by consecutively adjacent significant values.
Adjacency is defined in the spatial domain as electrodes that are directly
next to each other on the scalp, in the frequency domain as frequencies
that are directly previous or next in sequence (e.g., 4 Hz is adjacent to
5 Hz) and in the temporal domain as time points that are directly before
or after (e.g., for a 100 Hz sampling rate time series, 0.01 s is adjacent to
0.02 s, which is adjacent to 0.03 s, etc.). Therefore, a cluster represents a
grouping of significant values that are unbroken in adjacency across N
dimensions. We calculated the magnitude of a cluster by summing 1/p
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value of each point in the cluster. This means that a high-value cluster
will contain values that have a strong effect (e.g., higher phase-behavior
magnitude or a greater difference in accuracy or voltage) and cover many
points in the N-dimensional range of points. After calculating the null
clusters for one null observation, the magnitude of the largest null cluster
was recorded. For 1,500 permutations from the first step, this means
1,500 null cluster magnitudes assuming the null hypothesis. Third, the
real cluster magnitudes were calculated. This follows the same procedure
as step two above, except the real observations are clustered against the
null distribution of observations. Once again, this results in a grouping of
P <0.05 significant values that have unbroken adjacence. Fourth, the real
cluster magnitudes are compared against the null distribution of cluster
magnitudes. This resulted in each observed cluster receiving its own p
value compared with the distribution of null clusters. For cluster-
corrected analyses, only the observed values within clusters of p <0.05
magnitude were treated as significant. In summary, a significant value
within a significant cluster indicates that not only was this value p <
0.05 significant compared with random permutations but that the mag-
nitude and number of consecutively adjacent values were also significant
compared with the null hypothesis.

In the first step described above, a null distribution of observations is
needed to create the null clusters which will be compared against the
observed clusters. The null hypothesis for phase-behavior analyses is dis-
tinct from behavioral and ERP analyses in which the condition labels are
simply shuffled. For phase-RT relationships (Fig. 5), the null hypothesis
is that there is no relationship between phase and RTs. The null distribu-
tion is therefore generated by randomizing trial-level phase measure-
ments relative to trial-level RTs (ie., by breaking the potential
relationship between phase and RTs).

Phase-behavior modeling and Bayes factor calculation. Bayes factor
hypothesis testing has been described as an intuitive and effective means
to quantify evidence for neurophysiological hypotheses, especially in
cases where the null hypothesis is being considered (Keysers et al.,
2020). To assess the likelihood of achieving the null hypothesis relative
to alternative hypotheses for our phase-behavior results, we calculated
the Bayes factor for external versus internal analyses. Specifically, we
computed By, for (1) the magnitude of the external versus internal
phase-behavior functions and for (2) the opposition of behavioral
“peak” phases of the external versus internal phase-behavior functions.
For each, we used the electrode of highest magnitude at 4 Hz (i.e., con-
sistent with Figs. 5-8).

To calculate the likelihood of the alternative hypotheses for magni-
tude and phases of phase-behavior functions, we established a sampling-
based model (Supplementary Fig. 44). The model is parameterized by a
magnitude (M), phase (6), and bin standard deviation (o). Each of these
key parameters are qualities of the observed phase-behavior functions.
Each bin (here, we use the same number of bins from 0 to 27 as in our
phase-behavior analyses, i.e., 36) has a mean (u) given by (M/2)*sin(x;
+6—m/2), which across all bins generates, on average, a sine wave
with peak to trough height of M and a peak behavioral phase of 6.
Sampling from the model is drawing from a normal distribution centered
around each bin [N(y, )] (Supplementary Fig. 4B). By repeatedly sam-
pling the model, using o drawn from the observed data (and therefore
reflecting variation inherent to our dataset), we can sample distributions
of phase-behavior magnitude (Supplementary Fig. 4C) and phase-beha-
vior phase (Supplementary Fig. 4D) for model parameters M and 0.

The alternative hypothesis (H;) for magnitude between external and
internal conditions was the alpha (p=0.05) threshold for phase-beha-
vior (Supplementary Fig. 4G), while the H, was a magnitude difference
of 0 (Supplementary Fig. 4F). Thus, the By, reflects the likelihood that
the difference in observed magnitude of external and internal phase-
behavior functions was of no magnitude difference [p(D | Hy)] compared
with a difference at the threshold of significance [p(D | H,)]
(Supplementary Fig. 4H). For the phase opposition of the phase-beha-
vior functions (Af), we considered a range of alternative hypotheses
with a null hypothesis of AG=0° (Supplementary Fig. 4I). Specifically,
we considered every H; (A6) from 1 to 60°. For all Bayes factor calcula-
tions, we used 10,000 model samplings. For models of phase-behavior
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magnitude hypotheses, we used the same 6 as the observed data and var-
iable M (for H, and H;). Likewise, for models of phase opposition, we
used the same M as the observed data and variable 6.

Results

Here, we tested whether and how the brain temporally coordi-
nates shared neural resources associated with selective sampling
of the external environment and selective sampling of internal
memory stores. We considered two models of temporal coordi-
nation (Fig. 1). The first model predicts that external and inter-
nally stored information (i.e., an external stimulus in space
and/or a memorized stimulus in working memory) are selectively
sampled (or enhanced) at different phases of a theta rhythm
(Fig. 1A). This model is consistent with previous evidence that
neural activity associated with different to-be-remembered items
can be associated with different phases within an oscillatory
cycle, thereby helping to prevent representational conflicts
(Siegel et al.,, 2009; Bahramisharif et al., 2018; Kaminski et al,,
2020; Abdalaziz et al., 2023). The second model predicts that
external information and internally stored information are selec-
tively sampled at different “cycles” of attention-related oscillatory
activity (Fig. 1B). This model is consistent with the “rhythmic
theory of attention,” which proposes that selective processing is
characterized by alternating attentional states associated with
either sampling at the present focus of attention or an increased
likelihood of shifting attentional resources (Fiebelkorn and
Kastner, 2019). During the “shifting state,” attentional resources
might shift from enhancing behaviorally important, external
information to enhancing behaviorally important, internally
stored information (or vice versa). The second model (Fig. 1B)
is also consistent with the conceptualization of internal sampling

A Phases ext/int rhythmic model

Ext Int Ext Int Ext Int Ext Int Ext Int

Time )
Foci of external and internal sampling are
separated by phases of an endogenous oscillator

B Cycles ext/int rhythmic model
Ext Int Ext Ext Int
Time

>

Foci of external and internal sampling are
separated by cycles of an endogenous oscillator

Figure 1.  Suggested models for the coordination of external and internal sampling via a
shared endogenous rhythm. A, Phases model, Within a single cycle of an endogenous oscil-
lation, the sampling of external or internal information is separated by the phase of the cycle.
B, Cycles model, Single cycles are dedicated to processing a single focus at a time (either
external or internal), with intercycle periods (i.e., troughs of sampling) serving as opportu-
nities to shift between foci. The “cycles” model predicts that there is the same peak phase
of sampling for both external and internal information, while the “phases” model predicts
that there are different peak phases of sampling for external and internal information.
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as internal selective attention (Nobre et al., 2004; Theeuwes et al.,
2009; Gazzaley and Nobre, 2012; Kiyonaga and Egner, 2013;
Myers et al., 2017; van Ede and Nobre, 2021, 2023).

To provide evidence for or against these models, we designed
an experimental task that included conditions of (1) only external
sampling, (2) only internal sampling, or (3) both external and
internal sampling (Fig. 2A). Participants maintained fixation
throughout the duration of each trial and indicated, following
a variable delay (0.3-2.5s), whether a precued visual target
(i.e, “external-probed” trials) or a retro-cued memory item
(i.e., “internal-probed” trials) was either a horizontal grating or
a vertical grating. On nondual-task (“alone”) trials, cue/memory
stimuli were only presented for one modality (only precues or
only memory items). On dual-task (“both”) trials, cue/memory
stimuli were presented for both modalities and either a visual
target or a retro-cue could occur, with equal probability (i.e., par-
ticipants could not anticipate whether a dual-task trial
would conclude with an external probe or an internal probe).
Dual-task trials included three subtypes: (1) external and internal
sampling at the same one location (i.e., “both, 1L same”), (2)
external and internal sampling at different locations (i.e., “both,
1L diff’), and (3) external and internal sampling at the same
two locations (i.e., “both, 2L same”). To promote the deployment
of selective attention in anticipation of visual targets, we added
noise to the visual gratings (Fig. 2A), pinning each subject’s accu-
racy on external-only trials at ~80%. In comparison, accuracy on
external-probed, dual-task trials was allowed to vary from 80%
(i.e., to measure changes in behavioral performance associated
with dual-task trials). Memory items—presented prior to the
variable delay—were noiseless visual gratings.

We first measured whether dual-task trials were associated
with differences in accuracy and RTs relative to external-only
trials and internal-only trials. Previous research has shown that
interactions between ongoing perception and working memory
decrease over time (i.e., at longer delays), perhaps reflecting a
transition from initial working memory representations in sen-
sory regions to more abstract representations in higher-order
regions (Teng et al., 2023). We therefore took delay length into
account for the behavioral analyses. When splitting external-
probed trials by median delay (ie., trials with a delay <1.4s
and trials with a delay longer than 1.4 s), a repeated-measure
ANOVA revealed accuracy effects of cue/memory condition (lev-
els, “alone,” “IL same,” “1L diff,” “2L same”; F3,7,)=4.94; p=
0.012), delay duration (levels, less than median, longer than
median; F(3 17y =30.946; p <0.0001), and an interaction between
cue/memory condition and delay duration (F:7)=6.63; p=
0.0014; Fig. 3A,B). Follow-up two-tailed ¢ tests showed that
external-only (“alone”) trials had significantly higher accuracy
than “1L same” (t24)=2.85; p=0.0089) and “2L same” (to4)=
3.14; p=0.0044) trials at short delays (Fig. 3A). RTs to the exter-
nal probe, like accuracy, showed effects of cue/memory condition
(F,17)=13.59; p<0.0001), delay duration (F,7)=53.47; p<
107°), and an interaction between condition and delay duration
(F,17)=6.60; p=0.0037; Fig. 3D,E). At delays shorter than the
median (1.4s), RTs were significantly faster for external-only
(“alone”) trials than “1L same” (f(4)=2.15; p=0.042) and “2L
same” (fo4)=2.72; p=0.012) trials. Unlike with external-probed
trials, a repeated-measure ANOVA showed no significant effects
for internal-probe accuracy (Supplementary Fig. 1A,B) or
internal-probe RTs (Supplementary Fig. 1D,E).

To better visualize the time course of interactions between
external and internal sampling (relative to the length of the
delay), we plotted time-windowed behavioral performance
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Figure 2.  External/internal dual task. A, Task schematic. Each trial began with a 1.1 s fixation period, followed by a 0.5 s period in which one of five encoding/precue arrays could be displayed

(either external alone, internal alone, or a both condition). The green circles at this stage were precues for possible external probes (low-contrast gratings) later in the trial. The gratings at this
stage were memory items, which could be later tested by internal probes (retro-cues). After the encoding/precue period, a short, fixed delay (0.25 s), a flash event (0.1 s), and then a variable
delay (0.3—2.5 s) occurred. At the probe stage (0.025 s), either the external or internal modality could be probed. In “both” trials, the probe types were equiprobable. The response to external
and internal probes was indicated in the same way—either an “up arrow” report (vertical orientation) or a “right arrow” report (horizontal orientation). B, Trial counts per condition. For each
encoding/cueing condition, the number of trials is shown. There were 1,000 total trials per participant, with eight behaviorally distinct conditions (four external and four internal), equaling 125
trials per condition, and an even split of 500 trials between external and internal probes. C, An example trial, specifically for the “both, 1L diff” condition. At one location, the participant can
expect an external probe with 50% probability, and at the other location, the participant can expect an internal probe with 50% probability. Trials ended with either an external probe or an

internal probe.

(Fig. 3B,D; Supplementary Fig. 1C,F), using overlapping 600 ms
bins. That is, we plotted behavioral performance as a function of
delay length. There were significant clusters for external-probe
time-windowed accuracy (p=0.00055) and RTs (p=0.0094;
Fig. 3C,F). Interference effects (i.e., the effects of working mem-
ory on the processing of an external probe) persisted for between
1.2 and 1.5 s after the offset of the flash stimulus (i.e., 1.55-1.85 s
after the offset of the precue and memory items). Consistent with
previous research, these behavioral analyses suggest that external
and internal sampling share neural resources, with interactions
between ongoing perception and working memory only occur-
ring during shorter delays (Teng et al., 2023).

We next took a closer look at interactions between external
and internal sampling. Previous research has demonstrated
that interactions between external and internal sampling can
depend on the degree of similarity between environmental infor-
mation and internally stored information (Teng and Kravitz,
2019; Teng et al., 2023). Here, we binned external-probed, dual-
task (“both™) trials based on whether the to-be-detected informa-
tion (i.e., the low-contrast grating) was either a “match” or a
“nonmatch” for the to-be-remembered information (i.e., the
memory item). For the “both, 1L same” condition and the
“both, 2L same” conditions (Fig. 4A), a match was defined by
both the orientation (i.e., whether the gratings were horizontal
or vertical) and the spatial location of the gratings (i.e., whether
the matching information occurred at the same location in
space). For the “both, 1L diff” condition, however, a match was

only defined by the orientation of the gratings (i.e., the external
and internal information for this condition always occurred at
different spatial locations). As with the behavioral plots in
Figure 3, we split the trials based on the median delay into short-
delay trials (delays < 1.4 s) and long-delay trials (delays >1.4s;
Fig. 4B). A repeated-measure ANOVA showed main effects of
cue/memory condition (levels: “1L same,” “1L diff,” “2L same”;
F2,13)=4.17 and p=0.040) and delay duration (levels, “less than
median,” “longer than median”; F(;;3=39.04 and p< 107°)
and a significant two-way interaction of cue/memory condition
with delay duration (F13)=4.34; p=0.036) and a significant
three-way interaction of cue/memory condition with delay
duration and match status (F;13)=4.54; p=0.032). Follow-up
two-tailed f tests revealed significantly higher accuracy for “non-
match” relative to “match” trials for the “both, 1L same” (¢(24) =
2.16; p=0.0410) and “both, 2L same” (f4)=2.22; p=0.0365)
conditions but not the “both, 1L diff” condition (f4)=0.25; p =
0.8013). These results indicate that “match effects” only occurred
during shorter delays and were dependent on both matching
orientation and matching spatial location.

To better visualize the time course of match effects, we also
calculated accuracy for “match” and “nonmatch” trials over
time-windowed delay bins (i.e., overlapping 600 ms bins).
Here, we restricted our analysis to the conditions previously asso-
ciated with significant match effects (i.e., the “both, 1L same” and
“both, 2L same” conditions). Figure 4C indicates that match
effects persisted for ~1.4 s after the delay onset, consistent with
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Figure 3. Internal sampling interferes with perceptual sampling at short delays. A, Accuracy for external-alone and external-both (“1L same,” “1IL diff,” and “2L") trials in which the delay

duration was less than the median (<1.4 s). B, Same as A, but for trial delays longer than the median (>1.4 s). C, Delay-duration windowed accuracy for external alone and external both (the
“both” conditions have been combined). Window length was 0.6 s; the window step was 0.01 s. D—F, Same as A—C but for RTs. Asterisks between bars indicate p < 0.05 from a two-tailed ¢ test
comparison. Solid lines indicate p < 0.05 clusters of significant values for the difference between the depicted conditions.
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Figure 4. When the memory item matches the external probe at short delays, there is significantly lowered discriminability of the external probe. A, Depiction of the “both” conditions and
their match/nonmatch outcomes. When the orientation of the to-be-remembered item (i.e., the previously presented memory item) at a particular location matches the orientation of the
external probe, this is considered a “match.” Importantly, the “1L diff” condition does not have a memory item at the same location as the external probe, so the match status is determined
by a memory item presented at the opposite location as the external probe. B, Accuracies in each condition. There was a significant decrease in accuracy for trials in which the delay was shorter
than the median (<1.4's), and the memory item previously presented at the same location matched the external probe. Significance was determined by a two-tailed ¢ test (p < 0.05).
C, Windowed accuracy for same-location match and nonmatch trials. Window length was 0.6 s; the window step was 0.01 s. Solid lines indicate p < 0.05 clusters of significant values for

the difference between the depicted conditions.

our previous analysis of interactions between external and inter-
nal sampling (Fig. 3). These match effects (or interference effects)
partly explain the decrement in behavioral performance for
external probes when comparing “external-alone” trials with
“external-both” trials (Fig. 3).

After establishing behavioral interactions between external
and internal sampling within the context of the present

experimental task, we tested whether and how external and inter-
nal sampling share a theta-rhythmic sampling process (i.e., our
primary research question; Fiebelkorn and Kastner, 2019).
Here, we calculated phase-behavior relationships, which are a
quantification of how preprobe phase predicts behavioral perfor-
mance (Fig. 5). We used wavelets to measure frequency-specific
phase (from the EEG signal) during the variable delay, just prior



Cavanah and Fiebelkorn e A Shared Process for Theta-Rhythmic Sampling

A Magnitude of phase-RT relationships

External-probed trials Internal-probed trials

— 0.15
® ] n=25 ® s
» . .
o o B 0.10
HE, )
3 ® PSS ®-!‘-—-—= 0.05
L — - .
® 2 = 0
4 91725 35 45 55 4 91725 35 45 55
Frequency (Hz) Frequency (Hz)
B Magnitude of phase-RT relationships across electrodes
External-probed trials Internal-probed trials
= 0.0
o«
N
< &
9 0.04 0.04 b
< <}
5 ?
5 0.02 0.02 N
(]
=
4 917 25 35 45 55 4 917 25 35 45 55
Frequency (Hz) Frequency (Hz)
Figure 5.

1Y paJoos-7 ul sbueyd

0.08

0.0

D

J. Neurosci., March 11, 2026 - 46(10):¢1560252026 - 9

Cc

Magnitude of phase-RT relationships at peak frequencies
External, 9 Hz

External, 4 Hz Internal, 4 Hz Internal, 9 Hz

C e——
0 0.04 0.08 0.12
Change in Z-scored RT

E Subject-level peak behavioral
phase (fastest RT bin)

Single electrode
phase-RT functions

—Ext. trials 90° Ext. trials
—Int. trials 10 Int. trials
4 '%

180 @ﬁ o0°]ns

0

90 180 270 360
4 Hz phase (deg)

270°

The preprobe EEG phase similarly predicts external and internal performance. A, Magnitude of phase—RT relationships are shown for a range of frequencies (from 3 to 55 Hz) and

electrodes (128 total). All values that are not part of p < 0.05 significant clusters are zeroed. Left, Magnitude of phase—RT relationships in response to external probes (low-contrast gratings).
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to either a visual target (i.e., during external-probe trials) or a
retro-cue (i.e., during internal-probe trials; Fiebelkorn et al.,
2013b, 2018, 2019; Abdalaziz et al., 2023). Because accuracy on
internal-probe trials was near ceiling, we focused on the relation-
ship between frequency-specific phase (from 3 to 55 Hz) and RTs
(but see later analyses showing that accuracy for external-probe
trials similarly fluctuates as a function of theta phase;
Supplementary Fig. 6). After obtaining preprobe phase measure-
ments for each trial at each electrode, we calculated median RT's
in overlapping phase bins (i.e., we measured RTs as a function
of phase; Fig. 5D). We then fit the phase-RT functions with a
one-cycle sine wave and used the amplitude of that sine wave
to measure the magnitude of the phase-RT relationships (after
averaging the phase-RT functions across participants;
Fiebelkorn et al., 2013b, 2018, 2019; Abdalaziz et al., 2023).
This approach is based on the assumption that there will be a
phase associated with relatively better behavioral performance,
and 180 degrees from that phase, a phase associated with rela-
tively worse behavioral performance (Fiebelkorn et al., 2013b,
2018). Figure 5A shows the magnitude of the phase-RT relation-
ships for every electrode (1-128) and frequency (3-55 Hz) com-
bination, separately for external- and internal-probed trials (after
combining the “only” and “both” conditions). Here, we zeroed
statistically insignificant results, based on a nonparametric per-
mutation approach and cluster-based statistics (i.e., to correct
for multiple comparisons; Maris and Oostenveld, 2007).
Supplementary Figure 2B shows the nonzeroed results. The fre-
quencies and electrodes associated with significant phase-RT
relationships (p <0.05) were strikingly similar across external-
and internal-probed trials (Fig. 5A), with significant phase-RT
relationships primarily occurring in the theta- and alpha-
frequency bands, peaking at 4-5 and 9-11 Hz (Fig. 5B).
Figure 5C shows the clusters of electrodes with significant

phase-RT relationships and the associated topographies at 4
and 9 Hz. We used a TANOVA to statistically test whether the
topographical distribution of phase-behavior magnitude differed
between external and internal trials. This showed that there was
not a significant difference between external and internal topog-
raphies at 4 Hz (p=0.9990; GD =0.5402) and 9 Hz (p=0.9632;
GD =0.6123). Because the likelihood of microsaccades has also
been shown to fluctuate as a function of theta phase (Bosman
et al., 2009), we recalculated our results after excluding trials
with microsaccades occurring during the delay. Supplementary
Figure 2A, consistent with previous research (Landau et al.,
2015; Fiebelkorn et al., 2018), shows that the pattern of phase-
RT relationships is similar with and without microsaccades, indi-
cating that phase-RT relationships are not attributable to
microsaccades.

In addition to examining whether significant phase-RT rela-
tionships for external and internal sampling occurred at similar
electrodes and frequencies, we measured whether faster and
slower RTs for external and internal sampling were associated
with similar phases (Fig. 5D; Abdalaziz et al., 2023). Here, we
used phase-RT functions from the electrode with the maximum
phase-RT relationship across all conditions. This single electrode
belonged to the significant frontal phase-RT cluster in external-
probed and internal-probed subsets of trials at 4 and 9 Hz
(Fig. 5C). Furthermore, the phase of this representative “maxi-
mum” electrode aligned closely with the phase of the phase-RT
function averaged across the cluster of significant electrodes
(Supplementary Fig. 3A-H). As shown in Figure 5D, the phases
associated with faster and slower RTs, at 4 Hz, were consistent
for external- and internal-probed trials. We used a circular
Watson-Williams test (VanRullen, 2016; Abdalaziz et al,
2023) to statistically test whether the specific phase associated
with faster RTs differed between external- and internal-probed
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trials. This test demonstrated that the distributions of fast-RT
phases (across participants) for external- and internal-probed
trials were not statistically different between these conditions
(F1,49)=1.167; p=0.2435). Figure 5E shows the circular
histograms associated with fast-RT phases for external- and
internal-probed trials (i.e., the distributions of subject-specific,
fast-RT phases). While these analyses were conducted for the
electrode of maximum phase-behavior magnitude at 4 Hz,
Supplementary Figure 3 demonstrates that phase-behavior rela-
tionships have similar peak behavioral phases (i.e., similar phases
associated with better and worse behavioral performance) across
multiple electrodes at both 4 and 9 Hz and that similar to 4 Hz,
9 Hz peak phases at the frontal maximum electrode were not
significantly different (F; 49)=0.629; p=0.4315).

In addition to using Watson-Williams tests for measuring
phase opposition, we used a Bayesian approach to quantify the
likelihood of peak-phase opposition at various deltas (e.g., the
likelihood of a 20° difference, a 40° difference, etc.) compared
with the null hypothesis (zero® difference), given our observed
data (Supplementary Fig. 4). Specifically, we calculated the
Bayes factor for phase opposition of external versus internal
phase-behavior functions (see Materials and Methods, Phase-
behavior modeling and Bayes factor calculation). These results
show that the difference in peak behavioral phase (i.e., the
“good” phase) of the external versus internal phase-behavior
functions (observed, 7.1° difference) is moderately unlikely
to exceed 30° (By; >3) and is strongly unlikely to exceed 45°
(Bo1 > 10; Supplementary Fig. 4]).

Figure 6 shows condition-specific phase-RT relationships for
external- and internal-probed trials at 4 Hz, i.e., separately for
“only” trials and each subtype of the dual-task conditions (i.e.,
“both, 1L same,” “both, 1L diff,” and “both, 2L same”).
Supplementary Figure 5 shows the same phase-behavior rela-
tionships for 9 Hz. While the significant electrode clusters vary
across these conditions, the topographies (Fig. 6A) and the
specific phases (Fig. 6B,C) associated with faster and slower
RTs are similar. That is, the results are largely similar for
external- and internal-probed trials, regardless of whether trials
required only external sampling, only internal sampling, or
both external and internal sampling. We again used TANOVA
(Murray et al., 2008) for topographical comparisons and a circu-
lar Watson-Williams test (VanRullen, 2016; Abdalaziz et al.,
2023) to measure whether the specific phases associated with
faster RTs differed between external- and internal-probed trials
(Fig. 6C). Topographical differences were insignificant across
external and internal conditions for “only” trials (p=0.4972;
GD=1.038), “both, 1L same” trials (p=0.5878; GD =1.023),
“both, 1L diff” trials (p=0.9618; GD =0.735), and “both, 2L
same” trials (p=0.0550; GD=1.333). The Watson-Williams
tests demonstrated that the distributions of fast-RT phases
(across participants) for external- and internal-probed trials
were not statistically different between these trial types for
“only” trials (F(; 49y =0.6150; p=0.5121), “both, 1L same” trials
(F(1,49)=0.0050; P209934), “both, 1L diff” trials (F(1,49)=
3.0450; p=0.0798), or “both, 2L same” trials (F(;49)=2.2701;
p=0.1650). Rather than being coordinated at different phases
of oscillatory activity, the present results are consistent with a
rhythmic process that selectively samples either external or inter-
nal information at a shared peak behavioral phase (Fig. 1B, the
“cycles” model).

In addition to phase-RT relationships, we calculated phase-
accuracy relationships (Supplementary Fig. 6). Due to ceiling
effects for internal-probe accuracy (>90%), we only used the
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external-probe condition. We found that the magnitude of
phase-accuracy relationships created a highly similar fre-
quency/electrode cluster (Supplementary Fig. 6A) to phase-RT
relationships (Fig. 5). Likewise, the topography of the phase-
accuracy relationships (Supplementary Fig. 6B) was comparable
to the topography of the phase-RT relationships (Fig. 5C).
Furthermore, the phase associated with the highest accuracy
(Supplementary Fig. 6C,D) was the same as the phase associated
with the fastest RTs (Fig. 5D,E).

Across all conditions, there was a preprobe phase associated
with better behavioral performance (i.e., faster, more accurate
behavioral performance) and a preprobe phase associated with
worse behavioral performance (i.e., slower, less accurate beha-
vioral performance; Fig. 7B). These “good” and “bad” phases
are ~180° apart, and therefore the 360° span of phases can be
used to split trials into two bins: “good-phase” trials and “bad-
phase” trials (Fig. 7B). To investigate how these preprobe phases
are linked to differences in behavioral performance, we calculated
probe-locked ERPs (Fig. 7A), separately for these two types of tri-
als (i.e., trials binned by “good” or “bad” preprobe phase, with
only correct trials included; Fig. 7C). We found that there was
a significant spatiotemporal (i.e., across electrodes and
time) cluster (p<0.001) of posterior electrodes where the
probe-evoked initial negativity (i.e, the N1 component;
Hillyard and Anllo-Vento, 1998), contralateral to the probe,
was significantly stronger on “good-phase” trials relative to “bad-
phase” trials (Fig. 7C). These results indicate that preprobe phase
was associated with the subsequent magnitude of the
probe-evoked visual response (on external-probe trials), with
stronger probe-evoked visual responses on trials associated
with better behavioral performance.

Due to these results that the magnitude of the visual response
was modulated by preprobe phase, we tested whether the pattern
of phase-behavior relationships was sensitive to the laterality of
visual stimuli (Supplementary Fig. 7). First, we binned external
and internal trials based on whether the probe occurred to the
left or the right of central fixation. We tested for topographical
differences via TANOVA, which showed that there was no sign-
ificant difference in the topographies of phase-behavior magni-
tude for left versus right probes for both external (p=0.7916;
GD =0.7067) and internal (p=0.9270; GD = 0.6034) subsets of
trials at 4 Hz (Supplementary Fig. 7A). Likewise, at 9 Hz, there
was no significant topographical difference between left versus
right external (p=0.3308; GD=0.7366) and internal (p=
0.2812; GD =0.8202) probes (Supplementary Fig. 7B). In addi-
tion, the peak behavioral phases (i.e., the phases associated
with slower RTSs) of left versus right trials were not significantly
different via Watson-Williams tests for external at 4 Hz (F(j 49) =
0.0590; p=0.8091; Supplementary Fig. 7C), internal at 4 Hz
(F1,49)=2.983; p=0.0906; Supplementary Fig. 7D), external at
9 Hz (F(1,49)=0.0070; p=0.9336; Supplementary Fig. 7E), or
internal at 9Hz (F(349)=1.692; p=0.1995; Supplementary
Fig. 7F). When instead binning the trials based on whether the
probe occurred contralateral or ipsilateral to the flash event
(Supplementary Fig. 7G,I), we found similar results. That is, there
were no significant topographical differences between phase-
behavior magnitude at 4 Hz when flashes were contralateral
versus ipsilateral to external (p =0.3188; GD = 0.7251) or internal
(p=0.5278; GD=0.6873) probes nor at 9 Hz for external
(p=0.4420; GD =0.6383) or internal (p=0.1724; GD =0.8564).
Likewise, there were no significant phase-opposition differences
in the peak behavioral phase (ie., the phases associated with
slower RTs) at 4 Hz when the flash was contralateral versus
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Phase—RT relationships are consistent across conditions. A, Topographies and significant electrodes for phase—RT relationships across the different “alone” and “hoth” (i.e., dual-task)

conditions, separately for external- and internal-probe trials. B, Phase—RT functions for external- (green) and internal-probe (orange) trials, for the same conditions as A. Inset on far right depicts
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inset on the far right depicts electrode location (frontal) and frequency (4 Hz).

ipsilateral to the external (F; 49)=0.0632; p=0.8026) and inter-
nal probes (F(; 49y =0.3871; p=0.5368) nor at 9 Hz for external
(F(1,49)=0.1841; p=0.6698) or internal (F(49)=0.2699; p=
0.6058). Overall, these analyses suggest that phase-behavior rela-
tionships in the present experiment are invariant to stimulus
location.

Finally, we tested whether the “good” and “bad” preprobe
phases had differential effects on neurophysiological interactions
between external and internal sampling, specifically by further
binning same-location “match” and “nonmatch” trials (Fig. 4)
based on preprobe phase (i.e., based on whether there was a

“good” or a “bad” phase prior to the occurrence of the external
probe). Again, a “match” occurred when the to-be-detected
information (e.g., a horizontal grating in noise) on an
external-probe trial matched the to-be-remembered informa-
tion. We specifically measured whether probe-evoked ERPs
were different across memory interference conditions (i.e.,
“match” vs “nonmatch”) associated with either a “good” prep-
robe phase or a “bad” preprobe phase (Fig. 8B,C). The results
revealed a significant cluster (p =0.006) of spatiotemporal (over
electrode and time) differences between match and nonmatch
trials when the preprobe phase was “bad” (Fig. 8B), but not
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Right, Topography of a probe-locked ERP at the time of peak negativity (t = 0.23 s after the probe). B, Depiction of the “good” and “bad” preprobe phases from the phase—RT function (at 4 Hz).
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that formed a p < 0.05 significant spatiotemporal (i.e., across the head and across time points) cluster of the voltage difference between the “good” and “bad” preprobe phase conditions. The
solid line (C, left) indicates time points for which the inset electrode (included in the cluster in C, right) was significant. Only correct trials were included in ERP analyses.

when the preprobe phase was “good” (Fig. 8C). These differences
were consistent with a modulation of the CPP: an ERP compo-
nent that is associated with the accumulation of perceptual and
decision-related evidence (Fig. 84; O’Connell et al., 2011,
2012). Supplementary Figure 4 demonstrates that both the mag-
nitude and the latency of the CPP were dependent on RTs, pre-
sumably reflecting the accumulation of evidence toward a
decision (i.e., either vertical or horizontal; O’Connell et al,
2011, 2012). The results shown in Figure 8 indicate that interac-
tions between external and internal information (e.g., interfer-
ence associated with matching external and internal
information) can fluctuate with the preprobe phase of rhythmic
sampling processes.

Discussion

Everyday tasks require the selective sampling (i.e., the attention-
related sampling) of behaviorally important information, both
environmental information and internally stored information
(e.g., information being maintained in working memory).
Recent evidence suggests that aspects of this selective sampling,
whether turned outward (VanRullen et al., 2007; Busch and
VanRullen, 2010; Landau and Fries, 2012; Fiebelkorn et al.,
2013a, 2018; Dugue et al, 2015, 2016; Landau et al, 2015;
Helfrich et al., 2018; Benedetto et al., 2019; Fiebelkorn and
Kastner, 2019) or inward (Peters et al, 2021; Chota et al,
2022), fluctuate at a theta frequency (3-8 Hz). In the context of
external sampling (i.e., from the environment), attention-related
behavioral and neural effects wax and wane as a function of theta
phase (VanRullen et al., 2007; Busch and VanRullen, 2010;
Landau and Fries, 2012; Fiebelkorn et al., 2013a, 2018; Dugue
et al, 2015, 2016; Landau et al., 2015; Helfrich et al., 2018;
Benedetto et al., 2019; Fiebelkorn and Kastner, 2019). We have
proposed that these temporal dynamics reflect alternating atten-
tional states associated with either sampling (i.e., sensory func-
tions of the large-scale network that directs selective attention)
or a greater likelihood of shifting (i.e., motor functions of the
large-scale network that directs selective attention; Fiebelkorn
et al, 2018; Benedetto et al., 2019; Fiebelkorn and Kastner,
2019). These alternating attentional states (Fiebelkorn et al,
2018, 2019) might help to resolve “functional” conflicts attribut-
able to shared neural resources. In the context of internal
sampling (i.e., from internal memory stores), theta-rhythmic
neural activity might also, for example, help to resolve

“representational” conflicts attributable to shared neural
resources. Specifically, previous work has shown that the strength
of neural representations associated with to-be-remembered
items waxes and wanes as a function of theta phase (Siegel et
al., 2009; Bahramisharif et al, 2018; Kaminski et al., 2020;
Peters et al., 2021; Chota et al., 2022; Abdalaziz et al., 2023) or
theta-dependent, higher-frequency phase (Siegel et al., 2009;
Abdalaziz et al., 2023), with different to-be-remembered items
being associated with different phases (i.e., there is a phase-
specific coding of different items). In other words, whether a
task involves the selective sampling of environmental informa-
tion or the selective sampling of internally stored information,
the selection and/or enhancement of behaviorally important
information fluctuates at a theta frequency.

Whereas previous work has separately investigated
theta-rhythmic, attention-related sampling of environmental
and internally stored information, we tested whether there is a
domain-general process for the selective sampling of behaviorally
important information. That is, we investigated whether
theta-rhythmic sampling of environmental and internally stored
information share neural resources. Here, we considered two
potential proposals for how external and internal sampling might
be coordinated relative to oscillatory phase, given a shared neural
mechanism for theta-rhythmic sampling: (1) the selective
enhancement of external information and the selective enhance-
ment of internal information might alternate within a theta cycle
(Fig. 1A), or (2) the selective enhancement of external informa-
tion and the selective enhancement of internal information might
alternate across different theta cycles (Fig. 1B). The second pro-
posal would be consistent with “the rhythmic theory of atten-
tion,” with theta-dependent increases in the likelihood of
attentional shifts (i.e., the “shifting state”) being associated with
either within-domain shifts (e.g., across different locations in
the visual field) or between-domain shifts (e.g., from external
information to internal information).

To test these hypotheses, we compared evidence of
theta-rhythmic sampling across trials that required (1) only
external sampling, (2) only internal sampling, or (3) both exter-
nal and internal sampling (i.e., dual-task trials). Given a shared
neural mechanism for theta-rhythmic sampling, dual-task trials
would create a competition for limited processing resources.
Prior to testing for theta-rhythmic sampling, we measured beha-
vioral interactions between external and internal sampling on
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Figure 8. A decision-related ERP component of the memory interference effect is differentially affected by preprobe phase. A, Depiction of the central positivity in response to the low-contrast
external probe (consistent with the CPP component; Fig. S5). Left, The voltage at a central electrode for all external-probe trials, grand-averaged across participants. Inset shows electrode
location. Right, Topography of grand-averaged voltage from 0.2 to 0.5 s for all external-probe trials. B, The CPP component for “match” and “nonmatch” trials, specifically for trials when
the 4 Hz phase at the frontal electrode was between 90 and 270° (i.e., the “bad phase”). €, Same as B, but for trials when the 4 Hz phase at the frontal electrode was between 270 and
90° (i.e., the “good phase”). The solid bar depicts values belonging to a p < 0.05 two-tailed, significant cluster. Only correct trials were included in ERP analyses.
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dual-task trials relative to external- and internal-only trials
(Figs. 3, 4). These behavioral interactions provided indirect evi-
dence of shared neural resources, consistent with previous
research (Emrich et al., 2013; Ester et al., 2015; Berggren and
Eimer, 2016; Hakim et al., 2019; Rademaker et al, 2019;
Panichello and Buschman, 2021; Jones et al., 2024; Mendoza-
Halliday et al., 2024; Gresch et al., 2024b). We next demonstrated
that theta phase prior to the onset of either a visual target (i.e.,
during external-probe trials) or a retro-cue (ie., during
internal-probe trials) was linked to similar fluctuations in beha-
vioral performance (Figs. 5, 6), regardless of whether there was a
potential conflict between external and internal sampling (i.e.,
during dual-task trials) or not (ie., during external-only trials
or internal-only trials). Both the topographies of behaviorally rel-
evant theta-band activity (i.e., phase-RT relationships) and the
specific theta phases associated with either better or worse beha-
vioral performance were similar across trials that probed external
sampling and trials that probed internal sampling (Figs. 5, 6).
The present findings are therefore consistent with a shared
theta-rhythmic process for enhancing either environmental
information or internally stored information. Given the spatial
limitations of the EEG signal, attributable to volume conduction,
future research—using methods with greater spatial resolution
(e.g., neurophysiology in nonhuman primates; Panichello and
Buschman, 2021; van Ede and Nobre, 2021; Mendoza-Halliday
et al., 2024)—will need to address whether this shared sampling
process (i.e., domain-general sampling process) (1) can concur-
rently sample external and internal information, perhaps by
interacting  with  domain-specific  neural  populations
(Panichello and Buschman, 2021; Mendoza-Halliday et al,
2024), or (2) alternates between periods of sampling external
information and periods of sampling internal information
(Fig. 1B). To clarify the second alternative, it may be that the
shared process for theta-rhythmic sampling can either be turned
inward or outward at any given moment in time (but not concur-
rently inward and outward).

While definitively establishing temporal isolation of atten-
tion-related external sampling from attention-related internal
sampling will require further research, consistency in the theta
phases associated with either better or worse behavioral perfor-
mance (Figs. 5D, 6B) indicates that external and internal sam-
pling are not being temporally coordinated within a single
theta cycle (Fig. 1A). That is, there was no apparent difference
between the phases associated with better behavioral perfor-
mance for external versus internal sampling. If theta-rhythmic
enhancement of external information and theta-rhythmic
enhancement of internal information are occurring during differ-
ent time periods (rather than concurrently), switches between
these processes must occur between theta cycles (Fig. 1B).

Future research will also need to test whether there is a specific
theta phase associated with a higher likelihood of shifts (or
switches) between periods of bias toward either external sam-
pling or internal sampling. Although between-domain shifts
(e.g., from external to internal) have yet to be examined in the
context of theta-rhythmic sampling, previous work has provided
evidence that within-domain shifts (e.g., attentional shifts
between different locations in the environment) occur at a con-
sistent theta phase (Dugue et al., 2016; Hogendoorn, 2016;
Fiebelkorn and Kastner, 2019; Senoussi et al., 2019). Evidence
for or against a common mechanism for shifting within or
between domains is mixed (Nobre and Gresch, 2025). Most
research has separately investigated shifting within the contexts
of either external sampling or internal sampling (i.e., focusing
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exclusively on within-domain shifts). Recent research, however,
has shown (1) that between-domain shifts lead to greater beha-
vioral (or switch) costs than within-domain shifts (Gresch et
al., 2024a,b) and (2) that a multivariate classifier can discriminate
within- from between-domain shifts (Gresch et al., 2024b). These
findings suggest at least partly distinct underlying neural pro-
cesses. The same research, however, also demonstrated that
changes in alpha-power lateralization attributable to within-
and between-domain shifts have equivalent time courses
(Gresch et al., 2024b). Alpha-power lateralization is associated
with spatial orienting (Foxe and Snyder, 2011), and equivalent
time courses for changes in alpha-power lateralization (i.e.,
when the to-be-sampled information shifts from one visual
hemifield to the other) provide evidence that within- and
between-domain shifts have equivalent time courses. Based on
evidence from the present experiment (Figs. 5, 6) of a shared,
theta-rhythmic process for selective sampling of either external
or internal information, we predict that the likelihood of
between-domain shifts—like within-domain shifts (Dugue et
al., 2016; Hogendoorn, 2016; Fiebelkorn and Kastner, 2019;
Senoussi et al., 2019)—fluctuates as a function of theta phase.

While we have focused on the relationship between theta
phase and behavioral performance (peaking at 4-5 Hz), phase-
RT relationships in the present experiment spanned lower fre-
quencies, with a second peak in the alpha band (at 9-11 Hz).
The topographies of phase-RT relationships in the theta and
alpha bands were highly consistent (Fig. 5C), suggesting that
these effects reflect the same neural generators. The presence of
phase-behavior relationships across multiple frequencies is con-
sistent with previous findings (Fiebelkorn et al., 2013b, 2018,
2019; Abdalaziz et al., 2023). We have previously linked different
behaviorally relevant frequencies, for example, to different func-
tionally defined cell types (via spike-LFP phase coupling;
Fiebelkorn et al., 2018). Future research (e.g., using intracortical
recordings in nonhuman primates) will need to better parse the
functional overlap and/or segregation between theta- and alpha-
band activity (i.e., the specific functions associated with behavio-
rally relevant theta- and alpha-band activity).

Finally, we tested whether theta phase modulates (1)
target-evoked visual responses (on external-probe trials) and
(2) neurophysiological evidence of interactions between external
and internal sampling. The theta phase associated with better
behavioral performance (i.e., the “good” phase) was also associ-
ated with stronger target-evoked visual responses, onsetting dur-
ing the N1 component of the ERP (Fig. 7). For dual-task trials
(i.e., “both” trials), the theta phase associated with worse beha-
vioral performance (i.e., the “bad” phase) was also associated
with a slower accumulation of perceptual evidence for decision-
making (as measured via the CPP component), specifically when
to-be-detected information matched to-be-remembered infor-
mation (Fig. 8). In the present experimental task, a match
between the orientation (i.e., horizontal or vertical) of a
to-be-remembered item and the orientation of a to-be-detected
item slowed RTs. That is, there was behavioral interference
when processing a to-be-detected item that matched a previously
presented to-be-remembered item (i.e., presented during the
same trial). We propose that the “bad” phase is associated with
a reduced sensory response and therefore a slower accumulation
of sensory evidence, specifically when there was also interference
associated with a “match effect.” A shared, theta-rhythmic sam-
pling process can therefore modulate interactions between envi-
ronmental information and internally stored information during
dual-task trials, when these sources of information compete for
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limited processing resources. Theta-rhythmic sampling
influences both selective sensory processing and subsequent cog-
nitive processing (i.e., evidence accumulation and decision-
making), leading to phasic fluctuations in behavioral perfor-
mance (e.g., RTs).

The present findings demonstrate that theta-rhythmic sam-
pling reflects a more general process for selecting and boosting
behaviorally important information, regardless of whether that
information is sampled from the environment or sampled from
internal memory stores. That is, there is a domain-general,
theta-rhythmic process—with a shared neural basis—for period-
ically enhancing either external or internal information. While
this process is shared between external and internal sampling,
there are likely other aspects of external and internal sampling
that are domain specific (Verschooren et al., 2020; Gresch et
al., 2021, 2024b). Future research will need to (1) determine
the neural circuits through which this sampling process interacts
with neural representations of environmental information and
internally stored information and (2) determine the extent to
which environmental information and internally stored informa-
tion can be concurrently sampled through attention-related
mechanisms.
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