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Rehearsal during working memory (WM) maintenance is assumed to facilitate retrieval. Less is known about how
rehearsal modulates WM delay activity. In the present study, 44 participants completed a Sternberg Task with
either intact novel scenes or phase-scrambled scenes, which had similar color and spatial frequency but lacked

?ﬁ::rsal semantic content. During the rehearsal condition participants generated a descriptive label during encoding and
Alpha covertly rehearsed during the delay period. During the suppression condition participants did not generate a

label during encoding and suppressed (repeated “the”) during the delay period. This was easy in the former
(novel scenes) but more difficult in the later condition (phase-scrambled scenes) where scenes lacked semantic
content. Behavioral performance and EEG delay activity was analyzed as a function of maintenance strategy.
Performance during WM revealed a benefit of rehearsal for phase-scrambled but not intact scenes. Examination
of the absolute amplitude revealed three underlying sources of activity for rehearsal, including the left anterior
temporal (ATL) and left and midline parietal regions. Increases in alpha and theta activity in ATL were correlated
with improvement in performance on WM with rehearsal only when labeling was not automatic (e.g., phase-
scrambled scenes), which may reflect differences in labeling and rehearsal (i.e., semantic associations vs.
shallow labels). We conclude that rehearsal only benefits memory for visual stimuli that lack semantic infor-
mation, and that this is correlated with changes in alpha and theta rhythms.

1. Introduction

It is well documented that maintenance via rehearsal benefits
memory for verbal stimuli, such as words and numbers, typically
through cumulative rehearsal when confronted with a list of verbal
stimuli to remember. Baddeley (A. Baddeley, Logie, Bressi, Sala and
Spinnler, 1986) established the idea that rehearsal benefits memory,
suggesting that the repetition of the to-be-remembered item will refresh
the memory trace via the articulatory process in the phonological loop.
Studies support that blocking rehearsal with articulatory suppression,
repeating a word such as “the” over and over again, decreases perfor-
mance compared with when someone rehearses (A. Baddeley, 2012; A.
Baddeley, Lewis and Vallar, 1984). Visual stimuli may also benefit from
rehearsal when the stimulus is recoded into a verbal representation
(Brown et al., 2006; Souza and Skora, 2017; Verhaeghen et al., 2006).
However, the benefit of labeling and rehearsal may depend on the
working memory task and types of stimuli (Dent and Smyth, 2005; Sense

et al., 2017; Souza and Oberauer, 2018). Recently, studies using verbal
stimuli in both serial recall and complex span tasks have suggested that
rehearsal does not benefit working memory (Souza & Oberauer, 2018,
2020).

Most visual stimuli, no matter how simple or complex, have an
affiliated word representation (e.g., a picture of an ocean with sand and
trees has a label of “beach”) which automatically links the stimulus with
stored semantic representations (Logie, 2011) that contains many fea-
tures (e.g., sand and ocean) and associated knowledge (e.g., beaches are
located in warm places and have palm trees). Thus, combining visual
information with a semantic verbal representation may result in a
deeper level of encoding (Craik and Lockhart, 1972; Ensor et al., 2019)
because the stimulus is encoded in both the visual and verbal domains
(Paivio, 1969). The novel features of the visual stimuli may also help to
guide attention to salient features which facilitates encoding (Nelson
and Reed, 1976; Paivio, 1969). Few studies have examined whether
complex visual stimuli such as scenes benefit from recoding. The effect
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Fig. 5. Comparison of Absolute Amplitude Delay Period Activity in
Experiment 2 (Phase-Scrambled Scenes) Reveals Greater Activity for
Rehearsal. The y-axis is frequency (Hz); x-axis is the time in sec. a) Montage of
61-scalp electrodes on head plot with one electrode highlighted (colored black)
P08. b) Absolute amplitude plot for the PO8 electrode during the 6-sec delay
period. PO8 was selected from all electrodes in the head map because it has the
broadest clusters present of the other electrodes. The orange represents the
clusters in frequency-time that are greater in amplitude for the rehearsal con-
dition as compared with the suppression condition (15 significant clusters
across all electrodes, p < 0.05). These cluster details are described in Supple-
mentary Table 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

activity. Rather a transient pattern of delay activity with an early syn-
chronous pattern in the alpha and beta ranges during the first half of the
delay period followed by a desynchronous pattern of activity in the same
ranges until the probe choice were observed. Additionally, early syn-
chronous alpha and beta range activity and greater desynchronous ac-
tivity in the same ranges was related to better short-term performance
for the rehearsal condition with phase-scrambled scenes.

Examination of absolute amplitude during rehearsal with intact
scenes (Experiment 1) and separately with phase-scrambled scenes
(Experiment 2) revealed differences in all observed frequency ranges
when compared with suppression. Additionally, the TAL_BR, PL_BR, and
PM BR regions were identified as a source of delay activity during
rehearsal. In fact, improved performance on rehearsal (as compared
with suppression of rehearsal) in the former region (TAL_BR) was related
to increases in the alpha and theta frequency bands. Interestingly, this
was only the case when the stimuli lack semantic content, suggesting
that increases and alpha and theta are important when maintenance
requires increased effort (i.e., automatic vs. non-automatic labeling).

In Experiment 1, generating a meaningful label for novel scenes and
rehearsing them during the delay period provided neither a short- or
long-term behavioral advantage. Comparison of sensor-level delay ac-
tivity revealed a distinct pattern of greater amplitude in the beta range in
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Fig. 6. Delay Period Activity Brain Region Analysis in Experiment 2
(Scrambled Scenes) Reveals a Left Anterior Temporal Region during
Maintenance Rehearsal. a) 3-D head with the left anterior temporal region
(TAL_BR) highlighted. b) Absolute amplitude plot for the TAL_BR region during
the 6-sec delay period (10 clusters, Time 0-6000 msec, Frequency 4-30 Hz).
The y-axis is frequency (Hz); x-axis is the time in sec. Orange clusters represent
rehearsal delay activity greater than suppression and blue clusters represent
suppression delay activity greater than rehearsal. If focal activity is not visible,
it suggests that the underlying sources of brain activity are more widespread. A
clear focal point of activity for the rehearsal condition is found in the left
anterior temporal region (TAL_BR) and the left- and parietal midline regions
(PL_BR, and PM_BR respectively see Supplementary Fig. 5) which suggests that
these regions are the source of delay activity for articulatory rehearsal. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

the right parietal and centromedial regions for rehearsal compared to
suppression. This activity was not correlated with either short- or long-
term memory. Source-level analysis of EEG activity during rehearsal did
not reveal any clear sources of activity. Additionally, comparison of
change in amplitude over time did not reveal differences between the
conditions. It did, however, reveal a transient pattern of change in
amplitude in the alpha and beta ranges throughout the delay, with an
early synchronous pattern followed by a late desynchronous pattern of
activity. The lack of neural difference between change in amplitude over
time between the suppression and the rehearsal condition, suggests that
the same transient pattern of activity supported the near-ceiling per-
formance in each condition.

When task difficulty increased in Experiment 2 using phase-
scrambled scenes there was both a significant short-term as well as a
long-term advantage with labeling and rehearsal. Sensor-level EEG ac-
tivity during rehearsal showed greater amplitude in the upper alpha and
beta ranges, specifically in the bilateral temporal, occipital and parietal



