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Abstract

Working memory (WM) enables the detection of mistakes by permitting one to notice when
sensory input is mismatched to their internal prediction. Prior studies support the role of frontal
midline theta activity, with an overlapping N200 event-related potential (ERP), as a mechanism
for comparing incoming sensory stimuli to the internal model. Additionally, posterior low-beta
activity has been proposed as a mechanism for processing incoming sensory stimuli in WM.
However, it is unknown whether frontal midline theta activity and the N200 support mismatch
detection, or whether posterior low-beta activity extends from sensory processing to detecting a
mismatch between sensory input and the internal model. Here, we reveal that frontal midline
theta supports mismatch detection and explains individual WM performance. Unexpectedly,
instead of the N200, results show a positive slow wave ERP overlapping with the frontal midline
theta mismatch response. Results additionally indicate a late posterior low-beta response
persisting from stimulus presentation into the post-stimulus delay. Our findings establish frontal
midline theta as a marker of successful mismatch detection, challenge the domain-general role
of the N200 in error detection, and support theories linking posterior low-beta to processing
incoming sensory stimuli.
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Introduction

Working memory (WM) governs the rapid storage, maintenance, manipulation, and retrieval of
incoming information. Effective WM can detect stimulus mismatches — wherein external stimuli
deviate from one’s internal prediction, like noticing a band play the wrong note while performing
a familiar song — and adjust performance. Mismatch detection is similar to error detection
because, instead of responses being generated from processing unexpected internal actions,
mismatch responses are generated from processing unexpected external sensory stimuli. Prior
studies of WM and control present converging evidence that novelty, error, and conflict elicit
similar frontal midline theta activity (FM6; 4-8 Hz)'. However, it is unclear whether FM6 supports
mismatch detection during WM as information is processed in real time, and whether other
electrophysiological responses to mismatches may be related to or distinct from the FM6
response. Event-related potentials (ERPS) including the N200 and the P300 have also been
linked to novelty, error detection, and conflict monitoring®2. Additionally, maintaining sensory
information in WM has been linked to posterior oscillations in the low-beta range (PR1; 12-20
Hz)34®, There remains a gap in the literature on the electrophysiological mechanisms of
mismatch detection during WM.

A ubiquitous spectral signature of cognitive control across rodents and primates is FM@*.
Substantial evidence supports the role of FM6 in top-down control during events that challenge
the brain’s internal prediction model such as novelty, error, and conflict. For instance, increased
FMO power has been observed both in response to an “oddball” stimulus and to externally
presented feedback following an incorrect behavioral output®. The classic “oddball task,” where
participants listen to a series of the same tones mixed intermittently with oddball (i.e., different)
tones, demands WM to detect a mismatch between the external sensory stimulus and one’s
internal prediction model. Human scalp electroencephalography (EEG) studies have
consistently reported N200 and P300 ERPs, specifically the P3a frontal response to external
stimuli, in response to the oddball stimulus?’. These oddball ERPs share frontal topography but
differ in purpose; the P3a is associated with attentional capture by novel or unexpected stimuli,
whereas the N200 is associated with error detection and stimulus maintenance®2. In addition,
the parietal P3b is associated with updating the brain’s internal model following an oddball
stimulus?. The N200 and FM® are both thought to be generated by the anterior cingulate cortex
(ACC), and the N200 peak during the processing of novelty and conflict shares similar timing
and topography as the FM6 response®. FM0 has also been observed during the manipulation of
letter sequences in WM, demonstrating that it is involved in top-down control and updating the
contents of WM&. Increased FM6 has also been correlated with increased WM load and
decreased retention of unfamiliar shapes®. Accordingly, FM6 has been proposed as an
electrophysiological substrate of the “central executive” (the attention controller) in the classic
three-component model of WM*® which also includes the “phonological loop” (a limited store of
speech related information) and the “visuospatial sketchpad” a limited store of visual and spatial
information)*%1°. One might predict FMO to support mismatch processing during WM and predict
behavioral outcomes.

In addition to control, essential to WM is the encoding and maintenance of sensory information.
To effectively process sensory inputs, there needs to be a temporary space that allows for
control mechanisms to process the incoming stream of information. Baddeley coined this space
the “episodic buffer,” and included it as the fourth component in an update to the classic three-
component model of WM. The episodic buffer is thought to be a higher-level space that has
the capacity to bind multiple features of sensory information and is accessible to the central
executive'?. PB1 is proposed to be a substrate of the episodic buffer by enabling long-range
synchrony to combine sensory information with frontal control decisions to update one’s internal
predictive model. Increased PB1 has been observed during the delay periods of visuospatial
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and Sternberg WM tasks, supporting PB1 as a mechanism by which sensory information is
processed to achieve behaviorally relevant goals®. PB1 has also been observed during the
processing of auditory oddball stimuli, suggesting that it is also involved in detecting novel or
unexpected stimuli as mismatches*®. By processing features of sensory stimuli, PB1 provides
another candidate electrophysiological mechanism for the detection of mismatches during WM
through comparison of external sensory information to one’s internal model.

We designed a sequential WM delayed match-to-sample (WM-DMS) task to establish
electrophysiological mechanisms of mismatch detection during WM (Fig. 1). On each trial,
participants view a sample sequence of three different shapes in specific spatiotemporal
positions, followed by a post-sample delay and one of four test sequences. The test sequence is
either an exact match, or two of three stimuli are mismatched on the identity, temporal, or
spatial dimension. After the post-test delay, participants indicate whether the test sequence is a
match or a mismatch to the sample sequence. We collected scalp EEG data to define ERP and
spectral signatures of mismatch detection as each stimulus is presented in the test sequence.
To identify these signatures, we aligned the EEG data from correct trials to the onset of the first
mismatched stimulus in each test sequence and compared mismatched to matched test
sequences (see Fig. 1A). We hypothesized that the mismatch would elicit N200 and P300
ERPs as well as increased FM8 and PB1 activity. Furthermore, we hypothesized that FM6
would predict task performance measures, that is, behavioral accuracy rate and response time
(RT).

After testing hypotheses, we explored whether mismatch responses might continue to be
represented in a persistently active or latent state by selectively “pinging” the brain during the
delay!+24.0n half of the trials, we briefly flashed a star in the center of the screen at a randomly
jittered time during the post-sample and post-test delays, and participants were told to ignore it.
Flashing the star, a task-irrelevant stimulus, reactivates stimulus-specific activity patterns during
short-term synaptic plasticity and can thus elicit measurable responses related to otherwise
latent WM representations'® . To identify potential latent representations, we realigned the EEG
data from these trials to the onset of the star during the post-test delay and again compared
mismatched to matched test sequences (see Fig. 1C). To identify potential persistent
representations, we analyzed the post-test delay phase on the other half of trials without any
realignment (see Fig. 1B). We considered mismatch responses during the no-star and star
delay periods as indicative of persistent and latent representations, respectively. Evidence of
persistent activity would be indicated by the temporal extension of a mismatch response from
the test sequence into the post-test delay?, supporting the maintenance of match or mismatch
information through the post-test delay and up to the RT. By contrast, evidence of latent activity
would be indicated by a mismatch response following the star?é,
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Figure 1. WM-DMS paradigm.
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mismatched stimulus, which
occurred first or second in the test sequence (pink), fully counterbalanced across conditions.
Matched test sequences were submitted to the same realignment procedure to account for any
position effects. There were three mismatch types: identity (i.e., 2 new shapes), spatial (i.e.,
location of 2 shapes swapped), and temporal (i.e., order of 2 shapes swapped). B) No-star trials
aligned to the ISI between the second and third test stimuli, extending through the post-test
delay period (green) to examine persistent activity. C) Star trials realigned to the star onset
during the post-test delay (brown) to examine latent activity. The epoch was extended -1 s and
+0.85 s from the star onset.

Results
Behavior

Participants were selected on the basis of above-chance behavioral performance across
mismatch and match trials and, accordingly, our sample performed well (M + SD, 0.85 + 0.12;
one-sample t(34) = 40.35, p = 3x10°%). RT was on average 1.78 + 0.52 s. A significant negative
correlation between accuracy rate and RT (rho = -0.34, p = 0.046) demonstrated that individuals
with superior performance tended to respond faster. There were no significant differences in
accuracy rate or RT between star and no-star trials (p > 0.34).

Mismatches elicit positive slow wave ERPs in frontal midline channels

To identify ERP signatures of mismatch detection, we compared mismatched and matched test
sequences locked to the onset of the first mismatched stimulus. A significant cluster-corrected t-
test revealed mismatch > match ERP effects in frontal midline channels (p = 0.0001, Cohen’s d
=1.57; Fig. 2A). Effects were characterized by increased voltage on mismatch trials that was
sustained from 0.35-0.85 s, starting during the ISI following the first mismatched stimulus and
ending during the ISI following the next stimulus. This type of sustained positive ERP has been
termed the positive slow wave (PSW). The PSW effect was not significantly correlated with
behavioral accuracy rate or RT. No other ERP effects reached significance.

In addition, we compared all four types of test sequence without collapsing across the three
mismatch conditions. A significant cluster-corrected F-test confirmed mismatch > match ERP
effects (p = 0.023), with no significant differences between mismatch conditions (Fig. 2B).
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Figure 2. Frontal midline
PSW ERP mismatch effect.
A) Grand mean ERPs across
channels with significant
mismatch (orange) > match
(green) effects (inset),
determined by a t-test. Shading
represents SEM. Time =0
indicates the onset of the first
0.25 m::(s> 075 1 025 Tir::(s) 075 1 mismatched sjcimulus. The

crossed-out triangle represents
the first mismatched stimulus in
the test sequence and the
square represents the next stimulus, separated by fixation ISIs. Grey dotted lines represent
stimulus onsets and offsets. The black bar indicates time points of significant effects. B) Same
as (A) for an F-test examining all four conditions.
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Mismatches elicit increased theta activity and phase clustering in frontal midline channels

We applied the same approach to identify spectral power and ITPC signatures of mismatch
detection. A significant cluster-corrected t-test revealed mismatch > match effects in FM6 power
(p = 0.0001, Cohen’s d = 1.29; Fig. 3A). Effects were characterized by increased power from
2.5-15.0 Hz on mismatch trials that was focused in the 8 range and sustained from 0.25-0.75 s,
starting at the offset of the first mismatched stimulus and ending at the offset of the next
stimulus. The FM8 power effect correlated positively with subsequent behavioral accuracy (rho
=0.53, p = 0.0027; Fig. 3B).

A significant cluster-corrected t-test likewise revealed mismatch > match effects in FM8 ITPC (p
= 0.0001, Cohen’s d = 1.65; Fig. 3C). Effects were characterized by increased ITPC from 2.5-
9.0 Hz that was focused in the 6 range and sustained from 0.40-0.70 s, starting during the ISI
following the first mismatched stimulus and ending during the presentation of the next stimulus.
The FMB ITPC effect correlated positively with both the frontal midline PSW ERP effect (rho =
0.37, p = 0.038; Fig. 3D) and the FM8 power effect (rho = 0.35, p = 0.0093; Fig. 3E).
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Figure 3. FMO power and ITPC mismatch effects. A) Time-frequency representation of t-
statistics on power across frontal channels with significant mismatch > match effects (inset).
Time = 0 indicates the onset of the first mismatched stimulus. The outline indicates time-
frequency points of significant effects, focused in the 6 range. The crossed-out triangle
represents the first mismatched stimulus in the test sequence and the square represents the
next stimulus, separated by fixation ISIs. Grey dotted lines represent stimulus onsets and
offsets. MM, mismatch; M, match. B) Significant positive correlation between FM6 power
mismatch effect in (A) and behavioral accuracy rate. Dots represent individual participant
mismatch — match differences. Shading represents SEM. C) Same as (A) for ITPC. D)
Significant positive correlation between FM8 ITPC mismatch effect in (C) and the frontal midline
PSW ERP effect (see Fig. 2), same conventions as (B). E) Significant positive correlation
between FMB ITPC mismatch effect in (C) and FM6 power mismatch effect in (A), same
conventions as (B).

Mismatches elicit low-beta activity and reduce phase clustering in posterior midline channels

The same cluster-corrected t-tests of spectral power and ITPC also revealed a distinct set of
posterior midline effects. There was a significant mismatch > match effect in PB1 power (p =
0.005, Cohen’s d = 1.11; Fig. 4A). Effects were characterized by increased power from 5.0-30.0
Hz on mismatch trials that was focused in the B1 range and sustained from 0.75-1.0 s, starting
at the offset of the stimulus following the first mismatched stimulus and extending into the
ISl/delay. The PB1 power effect was not significantly correlated with behavior.

There were significant mismatch < match effects in both PR1 (p = 0.0001, Cohen’s d = 1.50;
Fig. 4B) and posterior midline delta (p = 0.014, Cohen’s d = 1.44; Fig. 4C) ITPC. The PB1
effects were characterized by decreased ITPC from 7.0-21.0 Hz on mismatch trials that was
focused in the B1 range and sustained from 0.70-0.85 s, starting during the presentation of the
stimulus following the first mismatched stimulus and ending soon after. The delta effects were
characterized by decreased ITPC from 2.5-6.0 Hz on mismatch trials that was sustained from
0.75-1.0 s, starting at the offset of the stimulus following the first mismatched stimulus and
extending into the ISl/delay. The posterior midline ITPC effects were not significantly correlated
with behavior or other posterior effects.
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Figure 4. Posterior midline power and ITPC mismatch effects. A) Time-frequency
representation of t-statistics on power across posterior channels with significant mismatch >
match effects (inset). Time = 0 indicates the onset of the first mismatched stimulus. The outline
indicates time-frequency points of significant effects, focused in the 1 range. The crossed-out
triangle represents the first mismatched stimulus in the test sequence and the square
represents the next stimulus, separated by fixation I1SIs. Grey dotted lines represent stimulus
onsets and offsets. MM, mismatch; M, match. B) Time-frequency representation of t-statistics
on ITPC across posterior channels with significant B1 mismatch < match effects (inset), same
conventions as (A). C) Same as (B) for delta effects.

Mismatch effects persist into the delay in posterior midline channels

Having revealed ERP and spectral signatures of mismatch detection, we explored whether
mismatch responses might continue to be represented in a persistently active or latent state. To
identify potential persistent representations, we compared mismatch and match ERP, power,
and ITPC data on no-star trials from the offset of the second stimulus in the test sequence
through the post-test delay without realignment (see Fig. 1B). We operationalized persistent
representation as an effect that persisted from presentation of the test sequence into the post-
test delay?®. Because posterior midline effects in spectral power and ITPC were identified well
after the offset of the first mismatched stimulus (see Fig. 4), we anticipated that they would
persist into the post-test delay. A significant cluster-corrected t-test revealed mismatch > match
effects in PB1 power (p = 0.0001, Cohen’s d = 1.09; Fig. 5A). Effects were characterized by
increased power from 8.0-30.0 Hz on mismatch trials that was focused in the 1 range and
sustained from -0.5-0.75 s from delay onset, starting at the offset of the second stimulus and
persisting into the delay. In addition, a significant cluster-corrected t-test revealed mismatch <
match effects in PB1 and delta ITPC (p = 0.0001, Cohen’s d = 2.39; Fig. 5B). Effects were
characterized by decreased ITPC from 2.5-22.0 Hz on mismatch trials that was sustained from -
0.5-0.5 s, starting at the offset of the second stimulus and persisting into the delay. The 31
effect was time-locked to the offset of each stimulus and clustered with a sustained delta effect.
There were no significant ERP effects.

Pinging the brain reveals latent mismatch effects

To identify potential latent representations of mismatch responses, we compared mismatch and
match ERP, power, and ITPC data from the post-test delay on star trials locked to the onset of
the star (see Fig. 1C). We operationalized latent representation as an effect that was time-
locked to the star presentation®?®, A significant cluster corrected t-test revealed mismatch >
match effects in whole-scalp alpha-beta power (p = 0.006, Cohen’s d = 1.43; Fig. 5C). Effects
were characterized by increased power from 5.0-35.0 Hz on mismatch trials that was largely
focused in the beta range between 0.50 and 0.85 s from star onset, starting after the offset of
the star and extending through the delay. There were no significant ERP or ITPC effects.
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Figure 5. Persistent and latent mismatch effects. A) Time-frequency representation of t-
statistics on power across channels with significant mismatch > match effects on no-star trials
(inset). Time = 0 indicates the onset of the post-test delay. The outline indicates time-frequency
points of significant effects, focused in the 1 range and persisting into the delay. The square
represents the last stimulus in the test sequence, between the second fixation ISI and delay.
Grey dotted lines represent stimulus onset and offset. MM, mismatch; M, match. B) Time-
frequency representation of t-statistics on ITPC across channels with significant mismatch <
match effects on no-star trials (inset), same conventions as (A). C) Time-frequency
representation of t-statistics on power across channels with significant mismatch > match
effects on star trials (inset). Time = 0 indicates the onset of the star during the post-test delay.
The outline indicates time-frequency points of significant effects, largely focused in the beta
range and time-locked to the star presentation. MM, mismatch; M, match.

Discussion

Here we reveal dissociable frontal and posterior electrophysiological signatures of mismatch
detection. In line with our hypothesis and prior literature, we found that mismatches elicit FM8
activity during real-time mismatch detection in WM, and that the FM8 power response to
mismatches predicts superior WM accuracy. Our findings support dominant models stating that
increased FMO indicates the need for more executive control! and establish the role of FM@ in
mismatch detection. Our findings further support FM8 as an electrophysiological substrate of the
central executive in the classic three-component model of WM6:1°,

Together with increased FMB8 activity, we hypothesized that we would see an N200 ERP
mismatch response in the same frontal midline topography, as well as a posterior P300
response. Our results did not support this hypothesis. Instead of an N200 response or other
negative components such as the error-related or mismatch negativity?, mismatched stimuli
elicited a frontal midline PSW response that correlated with FM6 ITPC. We did not observe a
significant posterior P300 response, potentially due to our task having more mismatched than
matched trials, making the mismatch novel but not unexpected per se, thus decreasing
prediction error effects. However, we note that a more anterior P300 response may have been
part of the frontal midline PSW response, consistent with literature on the oddball task?. The
PSW ERP is characterized by a late, sustained positive potential in a central topography, and
has been related to arousal and processing novel stimuli?®. The PSW ERP has also been
observed following the detection of an auditory target in a cognitively demanding task ?’. Our
ERP findings suggest that mismatch detection elicits a domain-general novelty response
associated with increased cognitive demand.

We next hypothesized that the mismatched stimulus would elicit PB1 activity. In line with our
hypothesis and prior literature, we found that mismatches increase P31 power but decrease
ITPC. The finding of increased PB1 power extends prior studies showing that PB1 supports the
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encoding and maintenance of mismatched sensory information®!113, Although we did not design
our task to explicitly test Baddeley’s WM model, our results are consistent with evidence
suggesting that PB1 is an electrophysiological substrate of the episodic buffer'*?, Here, the
episodic buffer may provide the space needed compare the incoming stream of information in
the test sequence to the sample sequence to determine whether there was a mismatch.
Additionally, desynchronized PB1 activity may modulate storage capacity for sensory
information, so with increased PB1 activity there would be a decrease in encoded information?s,
The decrease we observed in PB1 ITPC may have served to prevent the maintenance of the
mismatched stimulus. Both P31 responses persisted from presentation of the test sequence into
the post-test delay, consistent with the persistent activity model of WM%-24, Persistent activity is
thought to underlie, in part, a discrete attractor network model that predicts a single outcome
when there is a clear number of competing states?22°, In this case, there would be two
competing states: match or mismatch. Our results suggest that persistent increased PB1 power
and decreased PB1 ITPC activity act as a discrete attractor that allows one to notice the
mismatched stimulus but not maintain it. Collectively, our findings establish P31 in mismatch
detection, support PB1 as an electrophysiological substrate of the episodic buffer in WM and
build support for the persistent activity framework broadly.

Finally, we explored whether mismatch responses might also be represented in a latent state
during the delay, where the response is present but not visible in the EEG. We observed
evidence of latent activity on mismatch trials near the end of the post-test delay. This finding is,
in part, consistent with the latent activity model of WM, in which latent neural activity may help
maintain unattended information that is nonetheless needed to complete the task!#1516:17.18,
However, we also acknowledge that the latent effects we observed may instead be due to
participants no longer needing to actively attend to the series of shapes. Rather, during the
post-test delay, they only need to maintain the decisional state of match or mismatch; as such,
pinging the brain may have revealed a latent decisional state. Overall, in addition to building
support for the persistent activity framework, our findings reveal latent WM activity related to
mismatch detection.

In summary, our EEG findings extend the role of FM6 and PB1 to mismatch detection. We
established that FM@ activity, an electrophysiological substrate of the need for executive control
and proposed substrate of the central executive, underlies successful mismatch detection and
predicts behavior. However, we observed PSW ERPs to mismatches, rather than the N200,
challenging a domain-general role of the N200 across the related domains of novelty, error,
conflict, and mismatch processing. We further demonstrated that PB1 activity, which is
implicated in the maintenance of sensory information and a proposed electrophysiological
substrate of the episodic buffer, dissociates matched from mismatched sensory inputs. Lastly,
our exploratory analyses revealed evidence of both persistent PB1 activity, pointing to its
involvement in mismatch encoding but not maintenance, and latent activity. These findings
contribute to a growing literature on error and mismatch detection 26713 and, broadly, on how
our brains transform sensory information into meaningful behavioral outputs in the service of
goals?.

Methods
Participants

Thirty-five healthy adults were included in this study (20 females and 15 males; M + SD, age:
25.26 + 7.02 years; education: 15.15 + 2.28 years). Post hoc sensitivity analyses indicated that
this sample size provides 80% power to detect small-medium effects at two-tailed alpha < 0.05
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(dependent-samples t-test Cohen’s d = 0.49; correlation n = 0.44)*, Participants were included
based on above-chance task performance (inclusion criterion: <0.35 error in each condition,
chance 0.5)%2. Four additional participants were excluded based on this performance criterion.
All participants had normal/corrected-to-normal vision and hearing, and no neurological or
psychiatric diagnoses. Informed consent was obtained from all subjects. All methods were
carried out in accordance with relevant guidelines and regulations. This study was approved by
the University of California, Berkeley Institutional Review Board.

Working memory delayed match-to-sample task

Participants performed our WM-DMS task, in which they detected mismatches in sequences of
three colored shapes (see Fig. 1). On each trial, they maintained central fixation for 1.5-2.0 s
(i.e., jittered intertrial interval/ITI). Then, they viewed a sample sequence of three different
shapes in specific spatiotemporal positions (0.25 s stimulus, 0.25 s interstimulus interval/ISI).
Each shape appeared in one of four different spatial positions (left, right, top, bottom), followed
by a 2-s delay and one of four conditions of test sequence with identical timing to the sample
sequence. The test sequence matched the sample sequence exactly (i.e., match) or was
changed on one dimension: two out of three stimuli were either new (mismatch: identity),
swapped across spatial positions (mismatch: spatial), or swapped across temporal positions
(mismatch: temporal). On mismatch trials, one stimulus always matched on all three
dimensions, and the temporal positions of the two mismatched stimuli were evenly
counterbalanced (i.e., 1 and 2, 2 and 3, 1 and 3; see Fig. 1A). Following a second 2-s delay,
they responded match/mismatch/unsure by self-paced mouse click. The central fixation
crosshair remained on screen for the duration of the task. Following eight practice trials,
participants completed 256 trials with a break every 16 trials. The four test conditions were
evenly counterbalanced and presented in pseudo-randomized order with four trials per condition
every 16 trials. For half of all trials, a star flashed for 0.1 s midway through both delays in the
center of the screen at randomly jittered times ranging from 1.0-1.15 s from the onset of the
delay (see Fig. 1C). The star trials were evenly counterbalanced across conditions and
appeared on eight of every 16 trials. The task was programmed in MATLAB (MathWorks Inc.,
Natick, MA) with the Psychtoolbox-3 software extension.

Behavioral accuracy rate was calculated per participant as the hit rate (i.e., proportion of match
sequences that were correctly identified as match) minus false alarm rate (proportion of
mismatched sequences that were incorrectly identified as match). This procedure defines
chance accuracy as zero and corrects for differences in trial counts between conditions as well
as an individual’s tendency to respond match/mismatch®3. A 4 (condition: match, mismatch
identity, mismatch spatial, mismatch temporal) x 2 (star, no star) within-subjects ANOVA on
accuracy (proportion correct) indicated that neither the star/no star main effect nor interaction
with condition was significant (p > 0.45). This analysis also revealed an expected main effect of
condition (mismatch > match; F(3,279) = 27.46, p < 0.001), which qualified our decision to
analyze accuracy using the corrected measure of accuracy rate. RT was calculated per
participant across all trials.

EEG data acquisition and preprocessing

EEG data were acquired at a sampling rate of 1,024 Hz using a 64 + 8 channel BioSemi
ActiveTwo amplifier with Ag-AgCl pin-type active electrodes mounted on a cap based on the
extended 10-20 system (BioSemi, Amsterdam, NL). The horizontal electrooculogram (EOG)
was recorded at both external canthi and the vertical EOG was monitored with a right inferior
eye electrode. Two electrodes were placed on the earlobes for offline referencing. Electrode
impedances were kept below 20 kQ. Raw data were bandpass (0.1-100 Hz finite impulse
response filter) and notch filtered (60-Hz line noise removed using discrete Fourier transform),
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demeaned, and separated into 8.5-s trials (-1 s from the onset of the sample sequence to +1 s
from the offset of the post-test delay). Filtered data were down sampled to 512 Hz and any
artifactual channels (e.g., from signal dropout) were removed. Independent components
analysis was performed on the remaining channels to remove EOG, electromyography, and
other artifacts®*. Any channels removed were replaced with the interpolated mean values from
neighboring channels (mean 7.6 channels). Data were manually inspected blind to task
parameters to remove trials containing residual noise. The surface Laplacian spatial filter was
applied to minimize volume conduction and enhance the source signal *-*’. Finally, incorrect
trials were excludeds3?38:394041,42:4344 “ragylting in a mean of 203.66 (SD: 27.22) artifact-free,
correct trials analyzed per participant. EEG preprocessing and analysis routines utilized
functions from the open-source FieldTrip toolbox for MATLAB*.:

EEG data quantification
Event-related potentials

The 8.5-s data segments were zero-padded to 15 s to minimize filtering-induced edge artifacts,
lowpass filtered at 20 Hz (finite impulse response filter)*¢, detrended, and separated into epochs
corresponding to the pre-stimulus baseline (-0.75 to -0.25 s from sample onset) and test
sequence (3.25-4.5 s from sample onset). Test sequences were realigned per trial so that the
zero point indicated the onset of the first mismatched stimulus (i.e., first or second shape in the
sequence), and then cut into 1-s epochs (0-1s from stimulus onset; see Fig. 1A). Matched test
sequences were submitted to the same realignment procedure, with the zero point randomly
assigned to the second stimulus on one third of trials to account for any position effects. ERPs
were absolute baseline-corrected (i.e., realigned test sequence — baseline mean) and averaged
across each of the four test conditions. ERP data were then averaged across the three
mismatch conditions for comparison against the match condition.

Spectral decomposition

The 8.5-s data segments were zero-padded to 15 s to minimize filtering-induced edge artifacts
and the Hanning taper time-frequency spectrum was calculated by sliding a frequency-
dependent window of three cycles (At = 3/f) in 50-ms steps at each frequency from 2.5-50 Hz
(0.5-Hz resolution, 2-Hz bandwidth). Test sequences were realigned using the same procedure
described above (see Event-Related Potentials). Power and phase clustering (i.e., intertrial
phase coherence/ITPC) were computed from the amplitude and phase outputs of the time-
frequency spectrum, respectively. Power was relative-change baseline-corrected (i.e.,
(realigned test sequence — baseline mean)/baseline mean) and averaged across each of the
four test conditions. ITPC was computed for each of the four test conditions. Power and ITPC
data were then averaged across the three mismatch conditions for comparison against the
match condition.

Exploratory analysis of the post-test delay

ERP, power, and ITPC data were recomputed and averaged separately across conditions for
star- and no-star trials, following the same procedures described above. To explore persistent
representations, the no-star trial data were cut into 2.5-s epochs (-0.5-2 s from delay onset,
including the second ITI and third stimulus in the test sequence; see Fig. 1B), with no
realignment. To explore latent representations, the star trial data were realigned per trial such
that the zero point indicated the onset of the star and then cut into 1.85-s epochs (-1 t0 0.85 s
from star onset; see Fig. 1C).

Statistics
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EEG signatures of mismatch detection were identified using dependent-samples Monte Carlo
permutations on all 64 channels, with cluster-based correction for multiple comparisons®’.
Clusters were formed in space, time, and frequency (for power and ITPC data) by thresholding
t-values at p < 0.05 using the maximum sum criterion. Permutation distributions were generated
by randomly shuffling match/mismatch data labels (1,000 iterations) and corrected p-values
were obtained by comparing the observed data to the random permutation distributions. This is
an extremely powerful approach because it recreates any biases in the data with each
randomization and tests for mismatch effects without any assumptions about their spatial,
temporal, or spectral distribution. We also analyzed differences between all four conditions
using an F-test on all 64 channels, with the same cluster-based correction for multiple
comparisons. Cluster-based statistics were conducted using the FieldTrip toolbox for
MATLAB®.

Data-driven post hoc correlations examined relationships between EEG mismatch detection
effects (e.g., frontal midline ERP and FMBO effects), and between EEG mismatch detection
effects and individual behavioral outcomes (i.e., accuracy rate, RT). Spearman’s rank
correlation coefficients were calculated from mismatch versus match differences averaged
across cluster-corrected data points®°.
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Figure Legends

Figure 1. WM-DMS paradigm. On each trial, participants viewed a sample sequence of three
shapes in specific spatiotemporal positions (0.25 s stimulus, 0.25 s interstimulus interval/ISI),
followed by a 2-s delay and a test sequence with identical timing to the sample sequence. The
test sequence matched the sample sequence exactly or two out of three stimuli were
mismatched on one dimension (identity, spatial, or temporal). ITI, intertrial interval. A) Trials
realigned to the first mismatched stimulus, which occurred first or second in the test sequence
(pink), fully counterbalanced across conditions. Matched test sequences were submitted to the
same realignment procedure to account for any position effects. There were three mismatch
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types: identity (i.e., 2 new shapes), spatial (i.e., location of 2 shapes swapped), and temporal
(i.e., order of 2 shapes swapped). B) No-star trials aligned to the ISI between the second and
third test stimuli, extending through the post-test delay period (green) to examine persistent
activity. C) Star trials realigned to the star onset during the post-test delay (brown) to examine
latent activity. The epoch was extended -1 s and +0.85 s from the star onset.

Figure 2. A) Grand mean ERPs across channels with significant mismatch (orange) > match
(green) effects (inset), determined by a t-test. Shading represents SEM. Time = 0 indicates the
onset of the first mismatched stimulus. The crossed-out triangle represents the first mismatched
stimulus in the test sequence and the square represents the next stimulus, separated by fixation
ISIs. Grey dotted lines represent stimulus onsets and offsets. The black bar indicates time
points of significant effects. B) Same as (A) for an F-test examining all four conditions.

Figure 3. FMO power and ITPC mismatch effects. A) Time-frequency representation of t-
statistics on power across frontal channels with significant mismatch > match effects (inset).
Time = 0 indicates the onset of the first mismatched stimulus. The outline indicates time-
frequency points of significant effects, focused in the 6 range. The crossed-out triangle
represents the first mismatched stimulus in the test sequence and the square represents the
next stimulus, separated by fixation ISIs. Grey dotted lines represent stimulus onsets and
offsets. MM, mismatch; M, match. B) Significant positive correlation between FM8 power
mismatch effect in (A) and behavioral accuracy rate. Dots represent individual participant
mismatch — match differences. Shading represents SEM. C) Same as (A) for ITPC. D)
Significant positive correlation between FM8 ITPC mismatch effect in (C) and the frontal midline
PSW ERP effect (see Fig. 2), same conventions as (B). E) Significant positive correlation
between FMO ITPC mismatch effect in (C) and FMB power mismatch effect in (A), same
conventions as (B).

Figure 4. Posterior midline power and ITPC mismatch effects. A) Time-frequency representation
of t-statistics on power across posterior channels with significant mismatch > match effects
(inset). Time = 0 indicates the onset of the first mismatched stimulus. The outline indicates time-
frequency points of significant effects, focused in the 31 range. The crossed-out triangle
represents the first mismatched stimulus in the test sequence and the square represents the
next stimulus, separated by fixation ISls. Grey dotted lines represent stimulus onsets and
offsets. MM, mismatch; M, match. B) Time-frequency representation of t-statistics on ITPC
across posterior channels with significant 1 mismatch < match effects (inset), same
conventions as (A). C) Same as (B) for delta effects.

Figure 5. Persistent and latent mismatch effects. A) Time-frequency representation of t-statistics
on power across channels with significant mismatch > match effects on no-star trials (inset).
Time = 0 indicates the onset of the post-test delay. The outline indicates time-frequency points
of significant effects, focused in the 31 range and persisting into the delay. The square
represents the last stimulus in the test sequence, between the second fixation ISI and delay.
Grey dotted lines represent stimulus onset and offset. MM, mismatch; M, match. B) Time-
frequency representation of t-statistics on ITPC across channels with significant mismatch <
match effects on no-star trials (inset), same conventions as (A). C) Time-frequency
representation of t-statistics on power across channels with significant mismatch > match
effects on star trials (inset). Time = 0 indicates the onset of the star during the post-test delay.
The outline indicates time-frequency points of significant effects, largely focused in the beta
range and time-locked to the star presentation. MM, mismatch; M, match.
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