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1 | INTRODUCTION

| Boris Kotchoubey!

Abstract

Brain oscillations likely play a significant role in the storage of information in working
memory (WM). Despite the wide popularity of the topic, current attempts to summa-
rize the research in the field are narrative reviews. We address this gap by providing a
descriptive systematic review, in which we investigated oscillatory correlates of main-
tenance of verbal and visual information in WM. The systematic approach enabled us
to challenge some common views popularized by previous research. The identified lit-
erature (100 EEG/MEG studies) highlighted the importance of theta oscillations in ver-
bal WM: frontal midline theta enhanced with load in most verbal studies, while more
equivocal results have been obtained in visual studies. Increasing WM load affected
alpha activity in most studies, but the direction of the effect was inconsistent: the ratio
of studies that found alpha increase versus decrease with increasing load was 80/20%
in the verbal WM domain and close to 60/40% in the visual domain. Alpha asymmetry
(left < right) was a common finding in both verbal and visual WM studies. Beta and
gamma activity studies yielded the least convincing data: a diversity in the spatial and
frequency distribution of beta activity prevented us from making a coherent conclu-
sion; gamma rhythm was virtually neglected in verbal WM studies with no systematic

support for sustained gamma changes during the delay in EEG studies in general.

measures such as reaction time and accuracy only reflect
the result of information processing in WM. fMRI studies of

Working memory (WM) is the ability to maintain and manip-
ulate information for a short period of time (Baddeley, 2003).
The temporal structure of WM can be subdivided into a pe-
riod of information encoding, maintenance, and retrieval.
The maintenance interval (delay period) is a defining com-
ponent of WM differentiating it from other types of memory.

Dissecting the temporal structure of WM delay using be-
havioral measures as well as by the employment of functional
magnetic resonance imaging (fMRI) is compounded with a
lot of assumptions and limitations (Gitelman et al., 2003;
Lindquist et al., 2009; Steinbrink et al., 2006). Behavioral

WM focus on the spatial distribution of activation in the brain
and have limited time resolution.

Qualitatively different types of information about WM are
available from M/EEG (magneto-/electroencephalography) sig-
nals. Brain oscillations derived from M/EEG play an important
role in human cognition and represent an energy-efficient mech-
anism for communication within the brain (Buzsaki, 2004; Fell
& Axmacher, 2011). An important question is how different os-
cillations relate to the maintenance of information in WM. The
neural activity that persists over the delay period is a subject of
extensive research in psychology (D’Esposito & Postle, 2015).
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At a first glance, the amount of literature on oscillatory
mechanisms supporting WM performance is enormous. The
excessive amount of literature may be one reason why there

is no systematic review of this wide topic. Previous numer-
ous attempts to summarize the findings in the field have led
to a few influential narrative reviews (van Ede, 2018; Hsieh &
Ranganath, 2014; Klimesch, 1999; Roux & Uhlhaas, 2014).
Despite their impactful role in advancing the field, the data
in narrative reviews can be selectively reported, favoring the
most visible studies, or focusing on studies supporting the
narrative (Bushman & Wells, 2001; Pae, 2015). While we ac-
knowledge that there is a place for both types of research syn-
thesis—systematic and narrative reviews—most researchers in
the field will likely agree that a comprehensive review of the
extant findings is needed for building theories and searching
for oscillatory mechanisms underlying WM. In the present re-
view, we did not select data to support or reject any theoretical
claims. We aimed to provide a systematic overview of the em-
pirical findings in two domains of WM—a panoramic view of
the state of the art in research on verbal and visual WM.

Being a cross-modal construct, WM can depend on stim-
ulus modality (Baddeley et al., 2019; Daniel et al., 2016;
Postle, 2006). A non-exhaustive list of the differences between
verbal and visual WM may include the speed of memory
decay, spatial and temporal distribution of associated neural
activity, and the time of encoding and consolidation (Oberauer
et al., 2018). A somewhat special place of verbal WM has been
identified in a collaborative expert report summarizing the find-
ings in WM research (Oberauer et al., 2018). Therefore, one can
expect that some findings would differ between visual and ver-
bal WM. To characterize the generalizability versus specificity
of the findings in verbal and visual modalities, we compared
the descriptive information between the corresponding studies.

The main objective of the review was to systematically
study oscillatory activity during maintenance of verbal and
visual information in WM in healthy young individuals under
normal conditions.

2 | METHOD

2.1 | Search strategy

Two databases (Pubmed and Web of Science) were included
in the search. The first author extracted data from the records.
A first search was conducted with the query (meg OR magne-
toencephalography OR eeg OR electroencephalography OR
electrophysiolog*) AND ((working memory) OR (short-term
memory)) on 22.04.2019. The second search with the same
query was conducted on 02.01.2020 and restricted to 2019
and 2020 publication years. The results were amended by
screening references in the articles identified in the databases
search, and in review articles.

2.2 | Definition of the eligibility criteria
Among verbal WM tasks, the n-back task is one of the most
frequently used. In a n-back task, a continuous sequence of
items (e.g., letters or digits) is presented to the participant. At
the presentation of each display, the participant makes the de-
cision with a button press whether the item in the current dis-
play matches the item presented N displays back. Thus, in the
1-back task, the participant has to compare the stimulus being
currently displayed and the immediately previous stimulus
stored in memory and press the button if the two are identical.
In the n-back task, memory-related brain activity is con-
founded with the activity related to the motor response.
Therefore, the results of the time-frequency analysis obtained
in studies employing this paradigm are likely to be biased.
Alpha/beta activity related to the preparation of the response
and the rebound after its execution overlaps with the activity
related to the maintenance of information in WM and decision
making (Pesonen et al., 2007). For instance, Chen and Huang
(2015) reported a significant effect of WM load on the activity
in the beta frequency band. However, the difference in the onset
of beta activity between 1-back and 2-back conditions was the
same as the difference in reaction time between the two con-
ditions. Beta suppression latency in the n-back task correlated
with reaction time in another study (Palomaki et al., 2012).
Therefore, the effect observed by the authors is more likely to
be related to the preparation of the response than to WM pro-
cesses. Even using longer inter-stimulus intervals (ISI) as in
Deiber et al. (2007) (3.5 s) does not protect from the rebound
of alpha-beta activity after the response. Even if no response
trials are analyzed, the EEG activity may be contaminated by
response suppression. The difficulty in the isolation of directly
WM related cognitive operations makes the task hardly suit-
able for EEG. Therefore, only studies with a clear separation
between maintenance and other cognitive operations were in-
cluded in the review. All n-back studies were excluded.
Patterns of oscillatory activity obtained from EEG, MEG and
intracranial EEG (iEEG) data can be similar. However, some
differences exist (Leijten et al., 2003; Malmivuo, 2012; Sharon
et al., 2007; Stefan et al., 1994). Particularly, a number of prop-
erties make iEEG studies less generalizable. First, the sample of
human iEEG studies is much smaller than that of studies using
MEG and EEG. Second, physical properties of the signal are
different, because more local neuronal populations are recorded
by means of iEEG. Third, iEEG is most frequently recorded in
epilepsy patients. The patients regularly take painkillers, while
recovering from the implantation of electrodes, they also stop
taking antiepileptic drugs to provoke seizures. The mild cogni-
tive impairment that may take place in this population requires
the cognitive tasks to be modified accordingly. For these rea-
sons, we decided to exclude iEEG literature from the analysis.
Oscillatory brain activity during the delay was the focus
of the review. Short delay periods, typical for some EEG
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research, may complicate the interpretation of the findings
in the context of numerous behavioral studies. Furthermore,
the first few hundred milliseconds after a stimulus are usually
covered by phase-locked evoked and event-related responses
(ERP), which were explicitly not the target of the present
work. In this review, we aimed to study sustained oscillatory
brain activity as opposed to transient short-lived oscillatory
surges elicited by the stimulus onset.

Therefore, we included in the analysis only WM studies with
the delay period equal to or longer than 1 s. This inclusion crite-
rion will not give a full guarantee that the sustained oscillatory
activity is not contaminated by ERP. We consider this decision
a reasonable trade-off to include as many studies as possible to
the review to increase the sample size, while avoiding mixing
up different processes with different underlying mechanisms.

2.3 | Screening on eligibility criteria
abstracts/titles

Inclusion criteria:

. EEG or MEG study

. human subjects

. study oscillatory brain activity

. population of healthy young adults

AW N =

Exclusion criteria:

. animal research

. ERP study

. iEEG study

. special population (such as children, elderly, patients,
etc.)

5. motor (e.g., sequential motor task), tactile, or auditory
WM task

6. mathematical modeling or methods paper

7. review, editorial, letter to the editor

8. brain stimulation studies (e.g., transcranial electric stim-
ulation, transcranial magnetic stimulation (TMS))

9. interventional study (e.g., the influence of physical ex-
ercise, alcohol, caffeine, nicotine consumption, or other
drugs)

10. concurrent real-life tasks (e.g., driving, flight simulator,
jogging, cycling)

AW N =

2.4 | Full texts screening and data extraction
The inclusion/exclusion criteria were refined to satisfy the
objective to study oscillatory activity during the maintenance
of information in WM. To achieve this goal, we extracted
data on absolute or relative spectral power in theta (~4-8 Hz),

IPSYCHUPHYSIOI.OGY K | o

alpha (~8-13 Hz), beta (~13-30 Hz), and gamma (>30 Hz)
frequency bands. Delta frequency band was not included.

Brain oscillations are characterized not only by frequency
but also by spatial distribution. Among different types of
theta rhythms, the most closely related to the current work
theta is frontal midline theta (FMT) rhythm. In the rest of the
manuscript, any mention of theta rhythm or FMT will refer to
frontal midline theta unless stated otherwise. Similarly, alpha
activity, when the separation was possible, was sourced from
posterior cortical areas (as opposed, for example, to central
or frontal alpha). We did not restrict our analyses of beta and
gamma activity to particular spatial locations.

An inclusion criterion that was difficult to infer from the
abstracts was the type of analysis. Only those studies were
included where spectral power was calculated and statistical
output was reported. If one article comprised multiple exper-
iments in different samples, they were treated as independent
studies. In the opposite situation, if an article used the dataset
reported in another article, the article was either excluded or
combined with the previous one into a single study if the re-
sults were complementary. In some of the studies, the delay
period was not analyzed statistically but we were able to infer
the absence or existence of the effects from the figures (e.g.,
using bar graphs or distribution of spectral power in time
with reported measurement error). These studies were also
included in the review if at least 1 s of the visual depiction
was presented.

Verbal information can be presented auditorily or visu-
ally. However, since we aimed to explore the generalizability
and specificity of WM modality, verbal WM studies were in-
cluded only if the information was presented visually.

Thus, the additional inclusion criteria were:

1. the task should follow a model with a separate delay
period

2. the duration of the delay interval should be longer than or
equal to 1 s. As a consequence, the studies were excluded
in which the duration of delay was not reported.

3. spectral power in either theta, alpha, beta, or gamma fre-
quency band during the delay period should be analyzed
(e.g., studies reporting the only index of lateralized alpha
activity were excluded)

4. the analyzes should include a comparison either with
baseline or between levels of WM load

5. type of WM task: verbal or visual (visuospatial)

6. the information is presented visually

Exclusion criteria:

1. connectivity analysis

2. machine learning studies

3. concurrent activity during the delay (n-back task, distrac-
tors, mental manipulations)
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(Continued)

TABLE 2

Alpha

Levels of

Delay

laterality

Alpha Beta Gamma

Theta

MEG/EEG

difficulty

Content

duration, s

Reference
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1:7 MEG

Orientation (serial

1.5

29

Takase et al. (2019)

order)

EEG

1:1
1:1

Location
1:1

0.8-1.6

13
13
30

Tallon-Baudry et al. (1999)
Trubutschek et al. (2017)

MEG
MEG
MEG
MEG
MEG

Location

2.5-4
1.5-3
2.7

Location

Trubutschek et al. (2019)
Tuladhar et al. (2007)

4:1,2,3,4

1:1

Face (serial order)

Location

1.5

18
16

van Dijk et al. (2010)
van Ede et al. (2017)

Both

2:2,4

Location (serial

order)

EEG

4:2,4,6,8

2:2,.4
1:3

Orientation, location

25
31

Vandenbroucke et al. (2015)
Vissers et al. (2016)

Yin et al. (2012)

Zhang et al. (2016)

EEG

Color

EEG

Shape

12
16

EEG

6:1,2,3,4,5,6

Object (serial order)

Note: * complex results described in the main text of the systematic review, — no information available, 1 increase, | decrease, 0 no changes in the parameter. Levels of difficulty: Number of levels: number of items presented

no clear difference between the hemispheres. Content: type of content presented for encoding. Serial order—the items

at each level of load. Alpha laterality: R, stronger alpha power changes in the right hemisphere; both

presented in the way the rehearsal in a sequence is likely to occur.

simultaneously or in a succession, which is followed by a
delay period (maintenance interval). After the delay, a single-
item probe is presented at the retrieval stage where partici-
pants have to decide whether the probe matches any of the
items in the encoded memory set. The Sternberg task shares
the advantage of temporal separation of subprocesses with
the delayed matching-to-sample (DMTS) paradigm. In ver-
bal DMTS, however, (1) only simultaneous presentation of
items is possible at the encoding phase, and (2) all the items
are probed simultaneously at the retrieval stage. In three stud-
ies the DMTS paradigm was used. Two other studies em-
ployed a simple span paradigm with free recall.

Five other studies used modified Sternberg paradigms.
The modifications included: instead of encoding all letters
the participants had to memorize only the marked ones and
ignored the others (Onton et al., 2005); the task was to memo-
rize only the letters presented in the previously cued hemifield
(Kustermann et al., 2018), in a fashion similar to the lateral-
ized change detection paradigm (Vogel & Machizawa, 2004);
at the retrieval phase the probe was replaced by the task to
reproduce the sequence of four items by clicking on the pre-
sented items in the right order (Itthipuripat et al., 2013); a
similar manipulation with the probe was performed in an-
other study where the probe consisted of two items: a letter
and a digit representing the serial number of the presented
letter, and the participants had to indicate whether the letter
was on the presented serial position in the encoded letters
string (Pavlov & Kotchoubey, 2017); in one study the probe
was a pair of letters, each of them was presented at the encod-
ing but the order of the letters was either correct or reversed
(Wianda & Ross, 2019).

Letters (24/35), digits (6/34), words (2/35), a combination
of digits and letters (2/35), and syllables (1/35) were used in
verbal WM tasks.

Visual WM tasks were much more diverse. In an attempt
to systematically categorize the tasks, we used a two-factor
model. A typical task involves the presentation of memory
items sequentially or simultaneously, followed by the delay
period and a probe. An important distinction between the
tasks can be made by (1) the type of content for memory
maintenance (e.g., location, shape, color, etc., of the stim-
uli or images or faces to memorize) and (2) relevance of the
presentation order to solve the task. For example, a typical
change detection task (Luck & Vogel, 1997) requires to mem-
orize the color and location of squares occupying all visual
field. The squares are presented simultaneously making the
memory content essentially a single-complex item, not a se-
quence of independent items. In the opposite case, a sequence
of complex images (e.g., everyday objects) more likely to be
stored as a sequence, not as one complex object.

In 12/65 studies the stimuli were presented sequentially
but in three of them, there was no need to maintain the
order of presentation along with the identity of stimuli (see
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Table 2). As an example, Olsen et al. (2013) presented simple
objects sequentially at different non-overlapping positions on
the screen. Although the objects were presented in a succes-
sion, they may easily be stored as a whole. Thus, the majority
(86%, 56/65) of visual WM studies required participants to
maintain only the content.

The following content was used in the visual WM tasks:
complex objects such as images, recognizable everyday ob-
jects (9), faces (2), shapes (geometric shapes or symbols)
(10), location (of dots, shapes, or objects) (39), color (16),
orientation (7), texture (1), angle (2), frequency of a blinking
light (1) and the number of the blinks (1), the relative height
of two bars (2). The sum of the above numbers is larger than
65 because some studies used items with more than one
feature.

3.3 | Theta

In 25 (18 EEG/ 7 MEG) of 35 verbal WM studies, theta
rhythm was featured in the results or depicted in figures (see
Table 1 and Figure 3 for a summary of the results). The theta
has never been found to decrease in EEG verbal WM tasks
with an exception of one study (Harmony et al., 1996). The
study reported a decrease of theta compared with baseline, but
only in a low load condition (memorizing three digits). One
EEG study reported null findings on the group level (Meltzer
et al.,2007). All the other EEG studies reported an increase in
theta activity during the delay. Another common finding fre-
quently reported in the EEG literature is a stepwise increase
of theta activity with load. The review identified 15 studies
using the tasks with more than one level of WM load. The
effect of the stepwise increase of theta was found in ten out
of the 15 studies. In addition to the above-mentioned study of
Harmony et al. (1996), in one study the stepwise increase of
theta activity was observed only in high-performance partici-
pants (Pavlov & Kotchoubey, 2017). No observable and/or
statistically significant stepwise increase was found in three
studies (Kwon et al., 2015; Meltzer et al., 2007; Schack &
Klimesch, 2002). As we can see, EEG verbal WM research
strongly supports the hypothesis of the involvement of theta
oscillations in WM maintenance processes.

The picture is less clear when MEG data are taken into
account. There is only one MEG study where stepwise
theta increase with WM load was demonstrated (Jensen &
Tesche, 2002). Another study found theta increase from 2-
to 5-letters conditions but no further increase in the 8-letters
condition (Brookes et al., 2011). Poch et al. (2010) reported
an increase of theta in comparison with baseline. Three stud-
ies did not report any sustained increase of theta during the
delay period (Kustermann et al., 2018; Proskovec, Heinrichs-
Graham, et al., 2019; Stephane et al., 2010).

IPSYCHUPHYSIOI.OGY K | pore

Finally, one MEG study did not find any theta change ei-
ther during encoding or during the delay period (Heinrichs-
Graham & Wilson, 2015). These authors explicitly noticed
the discrepancy between their findings and the results of
previous MEG and EEG studies. They explained the incon-
sistency by the difference between the simultaneous presen-
tation of stimuli in their study and the successive presentation
in those MEG studies where the effect was found (Brookes
et al., 2011; Jensen & Tesche, 2002). However, the hypoth-
esis is not supported by our data. The increase of theta with
load was reproducible in both simultaneous (7/11 studies) and
successive (8/9 studies) varieties of the Sternberg paradigm
(;(2 = 1.68, p = .19). Inclusion of the studies using the sim-
ple span (successive presentation, two studies) and DMTS
(simultaneous presentation, two studies) paradigms did not
change the result (9/13 vs. 10/11 studies in the successive and
simultaneous categories, respectively, ;{2 =1.69,p=.19).

Elucidating the role of theta rhythm in the maintenance
of WM, Hsieh et al. (2011) argued that theta is important
for the maintenance of temporal order and less relevant to
the storage function. In the classic Sternberg task, only one
item is probed. It means that maintaining the order of the
presented items is irrelevant to the task. However, a piece of
evidence is provided by a MEG study that compared two con-
ditions: (1) memorizing only content and (2) memorizing the
content as well as the location of the presented stimuli (Poch
et al., 2010). In this study, the information about the order can
be seen as the spatial dimension added to the verbal content.
The authors found a stronger theta increase in the verbal-spa-
tial condition in comparison with the verbal condition.

It appears to be difficult to design a task that could pro-
vide sufficient evidence for or against this hypothesis in the
verbal domain. Moreover, even presented simultaneously
verbal content is rehearsed in a sequence. It can be less of
a problem for the visual WM domain. Moreover, in a visual
Sternberg paradigm using unpronounceable shapes, theta ef-
fects were still observable (Maurer et al., 2015). Given the
obvious limitation of verbal WM studies in the context of this
hypothesis, it can be beneficial to broaden the scope of this
part of the review to the visual WM studies.

19/40 EEG and MEG 13/25 visual WM studies featured
theta in the results. Among the 19 + 13=32 studies, nine
EEG and five MEG studies reported an increase in theta ac-
tivity during the delay, six EEG and two MEG studies found
a decrease of theta, and four EEG and six MEG studies re-
ported null effects. Because, as compared with verbal WM
studies, a demonstration of a decrease in theta power appears
unexpected, we looked at the corresponding set of studies
more closely.

We first hypothesized that this result may be explained
by a broadband power suppression of alpha also occupying
neighboring frequencies. Although, in five studies the theta
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First search

Second search

Pubmed Web of Science Pubmed

3989 Citation(s) | | 5913 Citation(s) 306 Citation(s)

Web of Science

568 Citation(s)

Identified by screening of reference lists

40 Citation(s)

N, |

8405 Non-Duplicate
Citations Screened

Inclusion/Exclusion
Criteria Applied

8055 Articles Excluded
After Title/Abstract Screen

350 Articles Retrieved

* reviews - 3

Inclusion/Exclusion
Criteria Applied

« [EEG-3

« ERP-35

« full text is not available or non-English articles - 18

* no EEG was recorded - 1

» no WM task or task with no maintenance interval - 16
v » no spectral power data reported - 38

« modelling study - 1

- delay period was not analyzed or separation of maintenance and concurrent task
is not possible - 89

« special population -3
« intervention study - 1
« insufficient number of details about the tasks - 1

e animal research - 1

« duplicate dataset - 14

- analyzed delay period shorter than 1 s - 12

* no comparison between levels of load or with baseline - 9
« stimuli presented not visually - 5

250 Articles Excluded
After Full Text Screen

100 Articles Included

FIGURE 1 Flow chart of the systematic review

decrease was, indeed, accompanied by a similar alpha de-
crease; in the other three studies, alpha increased with load.
Thus, the hypothesis was not supported by the data (5/8 vs.
38: =1, p=317).

One of the eight studies that reported theta decrease
was the study by Boonstra et al. (2013). However, the data
shown in the bottom panel of the first figure in the study
(see Figure 4 below) challenge the conclusion of theta sup-
pression during the delay. One can notice that the 4-8 Hz
frequency band designated by the authors as theta largely
overlaps with alpha and shares its behavior. Taking into ac-
count this observation, sustained theta activity in this work
was in fact absent.

Proskovec et al. (2018) in a MEG study localized theta in
the left dorsolateral prefrontal cortex and reported an in-
crease, but their Figure 3 shows the opposite pattern: after a
short transient increase, theta decreased below baseline level
and maintained in this state until probe presentation. In con-
trast to the results by Proskovec, theta continuously increased
during the delay period in two EEG studies in exactly the
same paradigm (Berger et al., 2019; Eschmann et al., 2018).
The spatial WM task employed by these three studies was
first published in the EEG study by Griesmayr et al. (2014),!
which also reported a theta increase.

'not included in the review because of the clinical population.

5UB0117 SUOLLILIOD 9AIER10 3 oot dde aU Aq pouBA0B a1 DI WO ‘38N 10 S3IN 10J ARIGIT8UIIUO AB]1A UO (SUO1HIPUGO-PUB-SLLLBILICD"AB| I ARG IUIUO//Sd1IY) SUOIPUOD) PUB SWLR 18U 895 *[2202/0T/2T] Uo ArIqITauluO /B1IM ‘KIS AN ERped iN Ad GeLET dASd/TTTT OT/10p/wo0 Ao i AReiq1jou|uoy/Sdy WwoJy papeojumoq ‘G ‘ZZ0Z ‘9868697T



OV anp KOTCHO 8 11 of 26
PAVLOY o KOTCHOUBEY |PsveHopHysiowoey ., | torze
()
1 0 ¢ EEG
() ® MEG
N 8 6000
ZG!
© 4
n 2 :
verbal visual
(b) & verbal © & verbal
8 visual &8 visual
— 1T+ — L+
{ ] —F
1 2 4 8 16 4 8 16 32 64 128256
Delay duration (s) Sample size
FIGURE 2 (a) Distribution of set-sizes by WM modality. Each dot represents one level of load in a study. Note that there are many more

dots than studies because one study could use several levels of load. (b) Distribution of the delay period durations. (c) Distribution of sample sizes.

Raincloud plots (Allen et al., 2018) were used to visualize the distributions in b and ¢ panels. Note the logarithmic scale in panels b and ¢

Similar to the verbal WM study by Harmony et al. (1996),
four visual WM studies reported a decrease of theta only in
conditions with very low WM load. Babiloni et al. (2004)
used a task where only the result of the height comparison of
two clearly different bars had to be maintained, not the sen-
sory information per se. Three other studies used a one item
WM paradigm (Bastiaansen et al., 2002; de Vries et al., 2019;
Kulashekhar, Pekkola, Palva, & Palva, 2016).

A similar pattern was found in the study by Rawle
et al. (2012, p. 8) who wrote: “The load-dependent depres-
sion of theta during the memory delay, in a frontal distribu-
tion, agrees with the findings of Bastiaansen et al. (2002),
who proposed that delay-period frontal desynchronization
of theta activity is related to visuospatial working memory
function.” This hypothesis is partially supported by the data
above: verbal WM studies reported an increase in theta sig-
nificantly more frequently than visual ones (19/24 and 14/32,
respectively, x2 = 7.12, p = .008). Nevertheless, Khader
et al. (2010) used both modalities and found no significant
differences in the theta expression.

No specific details can differentiate the last study with
theta decrease (Yin et al., 2012) from similar ones where
the opposite pattern was observed. Like most visual WM the
study used a DMTS paradigm. Temporal order information
is relevant in the Sternberg task but redundant in the DMTS
type of task. This gets us back to the hypothesis on the role
of theta oscillations and its relation to the maintenance of
items’ order in WM (Hsieh et al., 2011). If theta is, indeed,

important for the maintenance of the temporal relationship
between the items in WM, then looking at the type of task
may help to clarify the answer to this question.

A systematic analysis of the experimental paradigms
used in the 32 visual WM studies, allowed us to subdivide
them into two main groups: (1) DMTS type of task where no
temporal information is stored in WM (26/32), (2) other par-
adigms with the temporal order information required to com-
plete the task (6/32). 4/6 serial order paradigms and 10/26
DMTS-like paradigms reported an increase in theta activity
during the delay. The proportions were not significantly dif-
ferent (3* = 1.58, p = .209).

34 | Alpha
In 27 of 35 verbal WM studies, alpha rhythm was featured in
the results or depicted in figures. Twenty studies varied WM
load in two or more levels. A change in alpha activity as a
function of increasing load (stepwise change) was observed
in 15 of them. In two cases no stepwise load-dependent alpha
change in any direction was observed (Harmony et al., 1996;
Kwon et al., 2015). A saturation effect was observed in two
studies (Bashivan et al., 2014; Xie et al., 2016, see below).
In one study the effect was neither statistically tested nor
presented in a graphical form (Klimesch et al., 1993). These
results generally replicate the findings in the theta frequency
band—most studies report stepwise changes in alpha power.

85U80] 7 SUOWLLIOD 3AeaID 8|qedt|dde ays Aq peusenob are ssjoie YO ‘8sN JO Se|nJ 10} Aeiq 18Ul UQ AB|IA UO (SUORIPUOD-PUe-SWLRYLID" A8 1M Afe1q U1 [UO//:SANY) SUORIPUOD PUe SWie 1 8Ys 88S *[2202/0T/LT] Uo AriqiTauliuo AW ‘AseAuN eeped [eiN Aq GeLET dASd/TTTT 0T/10p/w00 A8 |im AreIq1 Ul UO//SdNY W1y papeO|UMOQ ‘G ‘ZZ0Z ‘986869T



12 of 26

PAVLOV anp KOTCHOUBEY

verbal

EEG (N=18)
MEG (N=7)
IETIN 5 | verbal vs visual X" =7.12,p =0.008
EF 11 | EEGvs MEG X’ =4.6,p=0.032

Alpha

EEG (N=20)
MEG (N=7)

verbal

MEG (N

visual

EEG (N=19)

19
13)

visual

EEG (N=35)

MEG (N=21)

TN 5 | verbal vs visual X' =3.23,p=0.072
EEG vs MEG x> =0.08,p=0.772

Beta
EEG (N=9)
MEG (N=6)

verbal

9)
MEG (N=12)

visual

EEG (N=

verbal vs visual X =0.12, p=0.727
EEG vs MEG X" =0.02, p=0.881

Gamma

EEG (N=3)
MEG (N=3)

verbal

visual

EEG (N=5)

MEG (N=12)

EM 5 ] verbalvsvisual x> =1.38, p = 0.239
\ 8 | EEG vs MEG x*=7.18, p = 0.007

. increase . mixed . null . decrease D decrease|null

FIGURE 3 Summary of the findings in the reviewed verbal and visual WM studies. increase/decrease—changes in relative/absolute spectral

power as compared with either baseline or other levels of WM load; null—no significant changes; mixed—the direction of the effect differed in

either subbands, electrode locations, or groups of participants. N—number of studies in the category

However, when compared with theta activity, there was
more discrepancy concerning the direction of the effects. A
clear load-related increase of alpha activity was observed in
18/27 studies. In four studies there was a decrease of alpha
during the delay period, and one study did not find signif-
icant changes in alpha during the delay. In the remaining
six studies the results were more complex. In two stud-
ies alpha increased in the 4-items condition as compared
with the 2-items condition, but no further increase in the
6- and 8-items conditions was observed (saturation effect)
(Bashivan et al., 2014; Xie et al., 2016). Michels et al. (2008)
distinguished two groups of subjects (N = 9 in each group):
a group where alpha increased with WM load and another
group where alpha decreased. Interestingly, but not surpris-
ingly, in two other studies conducted by the same group on the
same topic, no individual differences in alpha reactivity were

reported anymore (Kottlow et al., 2015; Michels et al., 2010).
One study reported an increase of alpha in a right occipital
channel but a decrease in a midline parietal channel (Kottlow
et al., 2015). Similarly, in another study alpha activity in-
creased with load in the right posterior channels but de-
creased in all other channels (Pavlov & Kotchoubey, 2017).
Finally, Okuhata et al. (2013) found that alpha modulation
depended on the type of stimulus presentation.

As already said above, stimuli in verbal WM tasks can
be presented either simultaneously or successively. Okuhata
et al. (2013) directly compared the two types of presentation
and reported a stepwise increase of alpha in the successive
presentation condition, but a decrease in the simultaneous
presentation condition. In line with Okuhata et al. (2013),
another group of authors also suggested that alpha activ-
ity mainly occurs in the tasks requiring the maintenance of
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simultaneously presented information (Hsieh et al., 2011).
We found that the majority (20/35) of the studies used simul-
taneous presentation and the other 14 used successive presen-
tation. The above-mentioned study of Okuhata et al. (2013)
compared both presentation types. Using only 23 studies
yielding unambiguous findings, we found no significant dif-
ference in the direction of alpha modulation between simulta-
neous (12/14 showed an increase) and successive (6/9 showed
an increase) presentation (;(2 = 1.17, p =.279). Similarly, al-
though the number of studies in the two categories was very
disproportional, visual WM studies using DMTS (26/46
showed an increase) versus serial order (4/7 showed an in-
crease) paradigms did not differ in terms of frequency of an
increase in alpha ()(2 < 0.01, p =.975).

Another hypothesis was put forward in a narrative re-
view of van Ede (2018) who selectively compared a few
studies using either visual or verbal WM tasks. The author
suggested that the sign of alpha modulation depends on the
nature of memoranda: visual content maintenance results in
alpha suppression and verbal content maintenance leads to
alpha enhancement. We tested this hypothesis in the current
work. As stated above, after the exclusion of mixed results,
alpha increase was found in 78% (18/23) verbal WM stud-
ies and in 57% (30/53) visual WM studies, with the differ-
ence approaching significance (" = 3.23, p = .072). Thus,
the increase of alpha activity is generally a frequent finding
(almost 2/3 studies), but the modality of WM might partially
contribute to the discrepant results.

In three visual WM studies (excluded from the analysis
above) higher frequency alpha increased with load but lower
frequency alpha decreased (Daume, Graetz, et al., 2017;
Daume, Gruber, et al., 2017; Maurer et al., 2015). We tested
whether there is a clear distinction between the directionality
of the effect between lower alpha (below 10 Hz) and higher
alpha (above 10 Hz) in verbal WM studies that reported a
decrease during the delay. None of the six studies with alpha
decrease separated alpha into subbands. In one study the
time-frequency maps allowed to track alpha in the subbands
but no visually observable difference between them was no-
ticeable (Kwon et al., 2015). Then we inspected all studies
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where time-frequency maps allowed us to observe changes in
both alpha subbands. In short, no studies reported the sought
difference between the subbands. Instead, the frequency
range of the alpha effect tended to vary between studies: the
effect covered both subbands in some studies (Bonnefond
& Jensen, 2012; Heinrichs-Graham & Wilson, 2015; Hu
et al., 2019; Jensen et al., 2002; Kustermann et al., 2018),
whereas it occupied higher alpha frequencies in others (Hu
et al.,, 2019; Michels et al., 2010; Proskovec, Heinrichs-
Graham, et al., 2019; Scheeringa et al., 2009; Wianda &
Ross, 2019), but no studies reported specific alpha changes in
the lower alpha subband. Interestingly, Proskovec, Wiesman,
et al. (2019) and Heinrichs-Graham and Wilson’s (2015)
studies were conducted in exactly the same paradigm by
the same group but the alpha effect was found either in both
alpha bands or only in the higher alpha, without an expla-
nation. Similarly, Hu et al., 2019 reported two studies with
different alpha bands in one and the same article.

In some of the reviewed studies, the alpha increase during
the delay was prominently right side lateralized (i.e., more
alpha in the right hemisphere, see Tables 1 and 2). Note that
the stimuli in these studies were always presented in the
middle of the screen and there were no lateralized or spa-
tial cues. The results of the systematic review demonstrate a
prevalence of right-lateralized alpha in verbal WM tasks (see
Table 1). In the EEG studies where topographical maps were
reported, the alpha increase effect had no asymmetry in 3/19,
right asymmetry in 16/19 studies, and no studies reported
left side asymmetry. Moreover, of the 28 visual studies with
a symmetrical presentation of the stimuli and available to-
poplots, 19 studies reported no asymmetry, and 9 reported
right hemisphere asymmetry. The proportion of studies re-
ported right side asymmetry was larger in verbal than in vi-
sual WM (% = 12.3, p < .001).

Bashivan et al. (2014) among others noticed that alpha sat-
urated with no further modulation after four items load. We
tested whether this effect characterized other studies that varied
load at four and higher levels of load (e.g., at least compared
four vs. five items load). One MEG study and 11 EEG studies in
the verbal WM domain were identified applying this criterion.
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FIGURE 4 Time-frequency representation of EEG spectral power during task performance. The delay period is from 12 to 18 s. The figure is

taken from Boonstra et al. (2013) with permission from Elsevier
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Xieetal.(2016), similarly to Bashivanetal. (2014), showed
a saturation of alpha changes in four items load. Scheeringa
et al. (2009) found a significant difference between three and
five but not between five and seven items load. Although
Michels et al. (2008) claimed that the effect of alpha was
modulated by individual differences (see above), the effect of
load (any of the four vs. six vs. eight items comparisons) was
not significant on the group level. Meltzer et al. (2007) failed
to identify a stepwise modulation of alpha but no pair-wise
comparisons were conducted. Moreover, Wilson et al. (1999)
found that alpha suppression was stronger at seven and eight
items load as compared with five items load. It is unclear
whether there was a significant difference between seven and
eight items. Five versus seven items contrast was significant
in another study (Pavlov & Kotchoubey, 2017). The increase
of alpha from four to six items load was significant in Jensen
et al. (2002), but the effect was manifested over the cen-
tral-frontal-temporal area instead of the alpha-typical poste-
rior areas of the cortex. Similarly, another study reported that
alpha increased significantly in the comparison of four and
six items load (Proskovec, Heinrichs-Graham, et al., 2019).
Klimesch et al. (1993), Klimesch et al. (1999) in two stud-
ies used a combination of letters and digits (5 vs. 10 items
load). Both studies showed the effect of load on alpha activ-
ity during the delay. Thus, both tendencies—a saturation of
alpha with load and continuation of changes—were present
in the verbal WM subset.

To test the specificity of this result, we inspected the cor-
responding studies in the visual WM subset. Seven of 55
studies (one MEG and six EEG studies) compared at least
two levels of load above three items. However, in four of the
seven studies, the effect was neither formally tested by pair-
wise comparisons nor it was possible to infer the effect from
the figures or other analyses (Erickson et al., 2019; Moran
et al., 2010; Pahor & Jausovec, 2017; Spitzer et al., 2014). In
the remaining three studies the saturation effect took place.
In two studies the comparison of four with six items load did
not yield significance (Kawasaki & Yamaguchi, 2012; Nenert
et al., 2012). In another study alpha monotonically decreased
up to three item load (not even 4) (Fukuda et al., 2015).

3.5 | Beta

Fifteen of 35 studies featured beta frequency band (13-30 Hz)
in the results or depicted in figures. Of these 15, three studies
reported null findings, five studies showed beta suppression,
and four studies reported beta increase during the delay. One
study reported an increase of beta in occipital and a decrease
in frontal areas (Altamura et al., 2010). In another study,
beta increased with load at occipital channels but decreased
with load at parietal ones (Kottlow et al., 2015). In one study
higher beta increased at frontal sites in the high-performance

group but increased at posterior sites in the low-performance
group (Pavlov & Kotchoubey, 2017).

In contrast to theta rhythm that primarily covers frontal
cortical areas and alpha that covers posterior areas of the brain,
beta rhythm has no typical spatial distribution. In five studies
beta was analyzed at posterior sites (Bashivan et al., 2014;
Heinrichs-Graham & Wilson, 2015; Kottlow et al., 2015;
Michels et al., 2010; Pavlov & Kotchoubey, 2017), in other
five studies at frontal sites (Brookes et al., 2011; Itthipuripat
et al., 2013; Onton et al., 2005; Park et al., 2013; Wilson
et al., 1999), and in four studies both frontal and posterior
sites were included into the analysis (Altamura et al., 2010;
Gao et al., 2018; Poch et al., 2010; Stephane et al., 2010). In
one study (Wianda & Ross, 2019) continuous beta suppres-
sion over the left central area was shown, whereas the occipi-
tal beta behaved similarly to alpha and increased during WM
delay.

Frequencies and spatial distributions of the beta effects
varied substantially. Only lower beta or betal (typically
13-20 Hz) was analyzed in four studies (Heinrichs-Graham
& Wilson, 2015; Michels et al., 2010; Onton et al., 2005;
Park et al., 2013), higher beta or beta2 (20-30 Hz) in three
studies (Brookes et al., 2011; Pavlov & Kotchoubey, 2017;
Wilson et al., 1999), and in eight studies the whole frequency
band or both subbands were inspected (Altamura et al., 2010;
Bashivanetal., 2014; Gao et al., 2018; Itthipuripat et al., 2013;
Kottlow et al., 2015; Poch et al., 2010; Stephane et al., 2010;
Wianda & Ross, 2019).

No particular pattern of beta activation/suppression in
these studies was related to the spatial distribution: beta
could alternate in the frontal as well as in the posterior areas
equiprobably; likewise, the frequency subband was not pre-
dictive of the direction of the effect.

The comparative results from the visual WM literature
were as diverse as the results of verbal WM studies. Out of
21 visual WM studies featuring beta in the results, the ma-
jority (12) reported a decrease, but eight studies reported an
increase of beta activity during the delay. One study found a
decrease in the central beta but an increase of posterior beta
(Park et al., 2011). In the same study alpha activity also de-
creased under WM load. Based on this finding we hypoth-
esized that posterior beta might be an alpha harmonic and,
therefore, share the behavior of the alpha rhythm. There were
eight verbal and 16 visual WM studies where the data were
specifically reported for the posterior alpha and beta. In seven
verbal and 13 visual WM studies (i.e., in 83% of all studies)
the alpha and beta varied in the same direction.

3.6 | Gamma

Gamma activity in verbal WM tasks is even less well
studied than beta activity. Gamma results were featured
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in three of 25 EEG and three of 10 MEG studies. In two
EEG studies, null findings were reported. One study re-
ported an increase in gamma activity during the delay. Of
the three MEG studies, one demonstrated a decrease of
beta/low gamma oscillatory power with increasing WM
load (Brookes et al., 2011), one study showed, in contrast,
an increase of gamma activity (Poch et al., 2010), and
one study did not reveal any changes in gamma with load
(Kustermann et al., 2018).

In the visual domain, the sample was larger. Five visual
WM studies using EEG featured gamma activity in the re-
sults. Two of them yielded null findings (Rawle et al., 2012;
Zhang et al., 2016). Gamma decreased in two other stud-
ies (Pahor & Jausovec, 2017; Smyrnis et al., 2014). In
one study gamma quickly disappeared after an initial
(~800 ms) increase (Tallon-Baudry et al., 1999). Twelve
similar studies were carried out with MEG, seven of which
reported an increase in gamma during WM maintenance.
No changes were found in four studies. In one MEG study,
gamma increased over posterior and right temporal regions
but decreased over left temporal and central areas (Park
etal., 2011).

Thus, summarizing over verbal and visual domain studies,
the results reveal a strong difference between the two record-
ing modalities: a sustained increment of gamma activity was
obtained in most (8/14) MEG studies but in one (1/8) EEG
study (% = 4.19, p = .04).

4 | DISCUSSION

4.1 | Theta

4.1.1 | Temporal order hypothesis

The importance of frontal midline theta in verbal WM main-
tenance was supported by the majority of the reviewed
studies: theta power was higher during the delay period in
comparison with baseline.

Presumably, theta activity plays a role in the maintenance
of the temporal relationship between the items in memory:
storage of a larger number of items makes the relationship
more complex (Hsieh & Ranganath, 2014). Another study
conducted by the same group supports this idea (Roberts
etal.,2013). In this study, the participants required to remem-
ber either location of four presented sequentially abstract im-
ages or the temporal order of the images. The order condition
generated stronger theta power.

It appears to be difficult to design a task that could pro-
vide sufficient evidence for or against this hypothesis in the
verbal domain. Moreover, even presented simultaneously
verbal content is rehearsed in a sequence. Nonetheless, we
suggest that the hypothesis can be tested in the verbal WM
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domain in three ways. First, by comparison of single-item
WM load, when no temporal relationship between items
exists, with higher load conditions. Onton et al. (2005)
demonstrated the expected pattern of load-dependent in-
crease of theta power (see Figure 5). Unfortunately, the
delay period after the presentation of the items was too
short to make a reliable conclusion. Out of 56 verbal and
visual WM available studies, this is the only one where this
kind of comparison could be made. Second, the explicit
task to memorize order and content in one condition and
to memorize only content in another one could shed some
light on the matter. For example, sufficient evidence could
come out of a comparison of the classic Sternberg para-
digm with a single item probe and a modified Sternberg
paradigm with a requirement to remember both content and
order, similar to the ones used in Pavlov and Kotchoubey
(2017) or Wianda and Ross (2019). To date, there are no
such studies. Third, more studies manipulating WM load
in a wide range can provide additional evidence in support
for the hypothesis, provided that the difficulty of the task is
equalized over conditions.

42 | Alpha

42.1 | Directionality

Alpha activity was another popular target in the reviewed
studies. In contrast to theta, the directionality of alpha modu-
lation varied: after the exclusion of mixed and null findings,
about 20% of the verbal WM studies detected a decrease and
80% an increase in alpha power during the delay. The propor-
tion of visual WM studies was close to 40/60%. To explain
this discrepancy, we tested several hypotheses and rejected
all of them with different degrees of certainty. On the one
hand, the modality (visual vs. verbal) and type of presenta-
tion (simultaneous vs. successive) failed to fully explain the
alpha directionality. On the other hand, there is not enough
information on the impact of alpha subband frequency (lower
vs. upper alpha) and individual differences in the direction of
changes in alpha power.

Alpha suppression has been seen as a sign of cortical en-
gagement allowing either the encoding of information into
WM or decoding the information for retrieval (Jensen &
Mazaheri, 2010; Klimesch et al., 2007). When simultane-
ously presented verbal stimuli remain on the screen for a long
time (3s or longer) alpha is continuously suppressed over the
encoding period (Bailey et al., 2014; Murphy et al., 2019;
Scheeringa et al., 2009; Segrave et al., 2010). Whereas alpha
increase during the delay may reflect sensory gating through
the disengagement of certain cortical areas to protect mem-
ory representations from interference (Klimesch et al., 2007,
Payne & Sekuler, 2014; Roux & Uhlhaas, 2014). In the case of
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FIGURE 5 Development of FMT enhancement with increasing load from O to 5 items in a verbal WM task. Black horizontal bars represent

the encoding period (the figure is adapted from Onton et al. (2005) with permission from Elsevier)

visual presentation, alpha supports the storage of the memory
items by blocking visual input. We can hypothesize that the
cases when alpha activity is suppressed during the delay are
the cases when visual information processing is still ongoing.

Attention is able to selectively suppress alpha activity
spatially related to a specific memory representation (Fukuda
et al., 2015; Schneider et al., 2019; de Vries et al., 2018).
For example, when internal attention is directed with a pre-
viously presented cue (retro-cue) to the left hemifield items
maintained in WM, right posterior alpha activity is atten-
uated (Myers et al., 2015; Sauseng et al., 2009; de Vries
et al., 2018; Wolff et al., 2017; Worden et al., 2000). Thus,
although visual input is blocked during the delay, previously
presented spatial cues may direct internal attention and affect
alpha activity.

A few properties of these studies complicate the interpre-
tation of the alpha suppression in WM tasks with retro-cues.
First, most of the above-mentioned studies used short delays
which do not help to separate pure oscillatory effects from
ERPs. Second, a lot of these kinds of studies only report the
index of lateralized alpha (for this reason they were excluded
from the review). Without having access to spectral power
data from both hemispheres, it is difficult to say whether
alpha was generally suppressed during the delay or less
strongly enhanced in the contralateral hemisphere.

We can assume that in a typical WM task without ret-
ro-cues (e.g., Sternberg task), the item currently in the focus
of attention suppresses alpha, while the items currently out-
side the focus enhance alpha at the same time. Both oper-
ations may engage such local neuronal populations that M/
EEG cannot spatially differentiate them. But what is happen-
ing when there is only one item to store? Then alpha shows a
small magnitude increase anyway (e.g., see Figure 6).

The existing data exhibit a striking contrast between a
large number of available studies and the inability to predict,
not the magnitude, but even the direction of alpha modula-
tion. Before we start building a mechanistic foundation of the
role of alpha activity in the maintenance of WM, more repli-
cation studies are deemed necessary.

422 | Asymmetry

A stronger increase of alpha in the right hemisphere is com-
mon in many verbal WM tasks. If we accept the mainstream
interpretation, an increase of alpha during the delay serves
to prevent the sensory cortex from further processing of in-
formation, thus protecting stored memory from interference
(Bonnefond & Jensen, 2012; Foxe & Snyder, 2011; Jensen &
Mazaheri, 2010; Klimesch et al., 2007). Putting it differently,
the current view suggests that alpha represents a mechanism
of the active inhibition of irrelevant cortical areas (Klimesch
et al., 2007).

But why should the activity of the right temporo-parie-
to-occipital region during a WM task performance be irrele-
vant? We suggest that the maintenance of verbal information
presented visually dissociates two simultaneous demands:
blockage of visual input by disengaging visual cortex and ac-
tivation of the language cortex for rehearsal. The rehearsal
processes involve left posterior regions, which are reflected
in the suppression of alpha in the left hemisphere. The op-
posite task to inhibit distracting visual input enhances alpha
activity in both hemispheres.

The same kind of alpha asymmetry was found in vi-
sual WM studies, though significantly less frequently. The
mechanism generating the asymmetry in non-verbal tasks is
less clear. Johnson et al. (2011) used tasks requiring either
memorizing shapes of objects or their location. The right-
side (left < right) alpha asymmetry revealed itself only in the
shape condition, while alpha was symmetrical in the loca-
tion condition. Moreover, alpha was generally stronger in the
shape condition. Perhaps, maintenance of spatial informa-
tion suppressed alpha in the right hemisphere thus equaliz-
ing it over the posterior cortical areas. However, Bastiaansen
et al. (2002) showed stronger alpha over the right occipital
area in a spatial task. Although the prevalence of right-side
alpha asymmetry among all reviewed studies associated with
the content stored in memory (verbal or visuospatial), the or-
igin of the alpha asymmetry in visual WM demands more
systematic investigation.
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The natural alpha asymmetry in the resting state also
might contribute to the effect (Allen & Cohen, 2010;
Ocklenburg et al., 2019; Stewart et al., 2014; van der Vinne
et al., 2017). However, the effect was also present in many
studies where alpha power was normalized on the baseline.
Thus, the asymmetry during the delay was a sign of a gen-
uine increase in alpha asymmetry, not preservation of the
Sstatus quo.

423 | Saturation

In some of the reviewed studies, alpha power did not
change in WM load beyond the theoretically predicted
(Cowan, 2001; Oberauer et al., 2018) average individual
WM capacity limit of four items. This reminds the be-
havior of P300 that also stops to change in higher levels
of WM load in the classical version of the Sternberg task
(Kotchoubey, 2002). Another ERP component, contralat-
eral delay activity (CDA), also saturated in the change
detection paradigm (Luria et al., 2016). Similarly, fMRI
BOLD signal increased monotonically with load up to the
individual's WM capacity that averaged at four items set-
size (Todd & Marois, 2004). Although some studies con-
firmed the saturation of alpha in verbal WM, the effect was
not as consistent as in the case of CDA.

In the visual domain, all the identified studies showed the
saturation of non-lateralized alpha (as opposed to lateralized
alpha in the lateralized change detection paradigm) at higher
levels of load. It should be taken into account, however, that
only a few visual WM studies used set-sizes above four items.

If it is true that the saturation of alpha is necessary in vi-
sual WM tasks but can sometimes be avoided in verbal WM
tasks, this difference may reflect an effect of chunking, that
is, the grouping of WM items (chunks) into larger units. Thus,
for example, the task to encode a string of nine digits is feasi-
ble because the string is automatically converted into 3 three-
digit numbers. The four items WM limit proposed by Cowan
(2001) refers to a condition when rehearsal and chunking are
restricted. When rehearsal of verbal material such as dig-
its or letters is not blocked, then the capacity limit reaches
the number of items an individual can rehearse in about 2 s
(Baddeley, 1996; Cowan, 2001). The capacity increases fur-
ther if chunking is possible. These are, probably, the reasons
why set-sizes above four items, as frequently used in verbal
WM research, do not overload average WM capacity.

43 | Beta

Beta oscillations in verbal WM research are much less
studied than alpha and theta. The review has shown a
wide diversity of effects in the beta frequency band. An
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assumption that there is probably more than one beta
rhythm may contribute to the explanation of the discrep-
ancy in the effects. These beta rhythms may occupy dif-
ferent frequencies, have different temporal and spatial
distributions, and, therefore, different functional meanings.
The data present strong evidence that occipital beta may be
a harmonic of alpha and does not play an independent func-
tional role. The role of beta oscillations outside occipital
regions in WM remains unclear.

44 | Gamma

Even though intracranial EEG (iEEG) and MEG repeatedly
demonstrated the robustness of gamma responses in cogni-
tive tasks (Herrmann et al., 2010; Jerbi et al., 2009), gamma
obtained from the EEG signal is less robust. The reason for
this is a strong contamination of EEG by muscle artifacts
mainly occupying higher frequencies including the gamma
frequency band (Muthukumaraswamy, 2013). Generally
worse signal-to-noise ratio in the gamma band of the EEG
signal may explain less attention to gamma oscillations in
EEG in verbal WM tasks. Interestingly, only a single EEG
study reported a gamma increase during the delay in the com-
bined whole dataset of 65 studies employing this method.
Contradicting our expectations, a few EEG studies even re-
ported a decrease in gamma power.

To understand how the signal-to-noise ratio might have
affected our results we extracted data from a representative
sample of iEEG studies. To achieve that, we used similar
criteria applied to the M/EEG dataset to identify the iEEG
studies featuring gamma rhythm in the results. In sharp con-
trast to EEG, the increase of gamma power with load was
confirmed in six of nine available verbal WM iEEG stud-
ies (Bahramisharif et al., 2018; Gehrig et al., 2019; Howard
etal., 2003; Kambara et al., 2017; Mainy et al., 2007; Meltzer
et al., 2008). Even this high percentage (67% “positive” find-
ings) can be an underestimation. Of the three studies with
“negative” findings, two studies recorded iEEG from the
hippocampus (Boran et al., 2019; Leszczynski et al., 2015),
which cannot be directly compared with the cortical iEEG.
Finally, the last study (Raghavachari et al., 2001) briefly
mentioned that gamma activity was affected by load but the
results are reported elsewhere. Unfortunately, we were un-
able to identify the referenced study.

The present systematic review includes only studies per-
formed with healthy participants unaffected by any drugs.
The compared group of the nine iEEG studies involved, in
contrast, neurological (mainly epileptic) patients, most of
them were medicated. Although the difference is important,
we cannot imagine how epilepsy or antiepileptic drugs might
improve gamma responses making them more clear and con-
sistent. Moreover, the iEEG data are corroborated by the
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FIGURE 6 Alpha activity during the delay in two verbal WM paradigms (D: Sternberg, G: DMTS). Adopted from figure 3 in Hu et al. (2019)
with permission from MIT Press. The black vertical lines mark the beginning of the delay period

results of MEG studies, 60% of which showed an increase in
gamma activity during the delay. However, most of those in-
cluded in this analysis studies used visual WM tasks, whereas
the sample of verbal WM studies featuring gamma was small.

4.5 | EEG versus MEG
Alpha and beta bands did not differentiate the results ob-
tained by any of the methods but theta and gamma did.

Whereas iEEG and partially MEG linked sustained
gamma with the maintenance of WM, EEG failed to pro-
vide such evidence. Only a single EEG study reported some
gamma modulation during WM delay. Until more convinc-
ing evidence is available, the whole enterprise of extracting
meaningful quality data from the EEG in the gamma fre-
quency band raises doubt. Perhaps, we even have a reason to
be skeptical about the studies employing different approaches
such as theta-gamma cross-frequency coupling.

EEG and MEG disagreed less strikingly but sufficiently in
the theta band: EEG verbal WM studies almost unanimously
showed an effect of increased theta during the delay, but MEG
findings exhibited less consistency. A possible reason for this
difference may be the specific sensitivity of the MEG signal
to the orientation of the current dipole. MEG is sensitive to
the activity generated in sulci of the cortex (i.e., in sources
tangential to the head surface) but blind to radially oriented
sources. The strongest theta sources are located in the medial
prefrontal cortex and directed perpendicularly to the scalp.

This distribution of the magnetic fields prevents it from being
registered by MEG. A simultaneous M/EEG recording in
the Simon task (a task that reliably generates FMT in EEG)
showed a less focused, more lateral, and individually different
patterns of theta activity in MEG (Zuure et al., 2020).

The results in gamma and theta bands highlight the differ-
ence between EEG and MEG in the methodology and prob-
ably in the underlying biophysical mechanisms. At least in
some cases, results obtained by MEG and EEG should be
interpreted interchangeably with caution.

4.6 | Verbal versus Visual WM

In the final section, we ask: Does WM for visually presented
verbal stimuli differ from visual WM? Or can verbal WM,
on the basis of the electrophysiological data, be considered
as a special case of visual WM? The answer is, paralleling
behavioral studies (Oberauer et al., 2018), electrophysiology
of verbal WM differs from that of visual WM.

Verbal WM studies reported an increase in theta signifi-
cantly more frequently than visual ones (19/24 and 14/32, re-
spectively, ;(2 = 7.12, p = .008). Moreover, eight visual WM
studies even indicated a significant decrease in theta. No such
finding was found in the verbal WM domain. A hypothesis is
that theta is important for the maintenance of temporal order
which is of stronger demand in the verbal tasks.

In contrast to the significant effect of modality on theta
modulation, a similar difference in the alpha band was less
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convincing. However, right hemisphere asymmetry in alpha
power (right > left) was reported more frequently in the ver-
bal domain. This effect is the most prominent influence of
the verbal content that supposedly activates primarily left lo-
cated language cortical areas, thus suppressing alpha in the
left, while enhancing alpha in the right hemisphere. Another
difference may be the saturation effect, which was less prom-
inent in the verbal than in the visual domain; but we should
keep in mind that the sample size of this subset of studies was
rather small.

Considering a large diversity in frequency and spatial
characteristics of beta activity it might be too preliminary to
make any certain conclusion about verbal/visual differences
in beta oscillatory responses. Nevertheless, the delay beta
power showed a similar increase in 7/20 of visual and 4/15 of
verbal studies (> = 0.12, p = .727).

Finally, as compared to verbal, more visual gamma stud-
ies (1) featured the rhythm in the results, and (2) reported
an increase of gamma power during the delay (although not
significantly, verbal: 2/6, visual: 7/16, )(2 = 0.19, p = .658).
We cannot rule out that the latter depended on the former,
that is, the null results were simply not reported. The ques-
tion of whether gamma activity is more associated with
visual than with verbal information processing remains dif-
ficult to answer. Such studies cannot be conducted in ani-
mals, and human iEEG study would require recordings from
larger areas than possible and ethically justifiable (Parvizi &
Kastner, 2018). More MEG studies engaging different WM
modalities may provide such evidence.

To summarize, a number of differences between the mo-
dalities exist: verbal WM is left-lateralized (left < right alpha
power), probably, has a larger capacity, and is more depen-
dent on theta activity.

4.7 | Limitations, challenges, and
perspectives

A certain level of simplification and generalization is inevi-
table in any review of the literature. The issue is even more
severe in a systematic review aiming to accommodate as
many studies as possible, while maintaining objectivity and
precision in the quantification of the results. This holds true
even if the quantification involves only identifying the direc-
tion of the effect with three viable options. More thorough
data quantification would necessarily mean taking steps to
decrease heterogeneity, resulting in a much smaller sample
and narrower scope of the review. We admit that we are only
scratching the surface of the literature by the application of
this simplistic approach, and the current work might be only
a small step away from a pure narrative review. But reading
those hundreds of M/EEG papers published over the years
has left an impression that most discussion sections mainly
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compare their results with similar previous findings, avoid-
ing even to mention studies that obtained the opposite effect.
Our review creates a context for future research to make this
behavior less likely to occur.

A review can only analyze variables that vary from study
to study systematically, but not chaotically. We thus consid-
ered only factors that could build reasonably large groups of
studies. Even this cautious approach resulted in some unbal-
anced comparisons. Other smaller factors may contribute
to the inconsistencies in the reviewed findings. Potentially,
the decisions in the analysis pipeline such as length of the
time window used in Fourier transform (or other similar pa-
rameters for Hilbert transform or wavelet analysis), analysis
time window, filter settings, number of trials, selection of the
channels, and reference scheme, duration of baseline, defini-
tion of the frequency bands (e.g., alpha can vary in the range
between 8 and 13, 7 and 14, 10 and 12 Hz, or can be selected
on the basis of individual alpha frequency), application of
independent component analysis (ICA) (to source or sen-
sor space data) for source separation and many other factors
could affect the results. The heterogeneity of the studies in-
cluded in the review prevented us from assessing the impact
of these factors.

A pure description of the analysis pipelines is also be-
yond the scope of the current review. Descriptive data are
only helpful if the experimental paradigms in the original
studies are almost identical. Thus, selecting studies using the
same experimental paradigm is an essential step in a search
of the methodological aspects contributing to the variability
of results. A promising example of such a study looked at all
possible ways to analyze N400 ERP in the visual modality in
a sample of 132 studies (Soskié et al., 2020). Another possi-
bility to solve this problem is to apply a multiverse analysis to
the raw data. Going in this direction would involve the deep
participation of the original authors and/or broader adoption
of the data-sharing practices.

Conflicting findings even within one study, missing meth-
odological details, and a vague description of the results may
lead to misrepresentation or imprecise the quantification of
studies in any review of the literature. We believe that—
devised by an authoritative board of M/EEG and WM ex-
perts—methodological recommendations would benefit the
field by mitigating the negative effects of reporting inconsis-
tency among studies. To ensure an extensive adoption, these
recommendations should necessarily be supplemented by
simple machine- and human-readable checklists/interactive
forms. Of course, the present article never aimed to develop
such recommendations.

Apart from widely adopted analytic approaches to brain os-
cillations, such as FFT and wavelet analysis, novel techniques
have been proposed, some of them quite recently (Cole &
Voytek, 2019; Donoghue et al. (in press); Kosciessa et al., 2020).
On the one hand, we cannot rule it out that one of these methods
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would make a breakthrough in the study of cognitive functions,
and particularly working memory; on the other hand, singular
adoption of them will further increase the already high meth-
odological variability, and further decrease the comparability
of results. The experience tells us that cognitive neuroscientists
rarely hasten to embrace novel computational techniques after
the release. Whether we should regard this conservatism as an
advantage or disadvantage remains unclear.

4.8 | Conclusions

1. In the pool of 35 identified verbal and 65 visual WM
studies, oscillatory EEG responses in theta, alpha, beta,
and gamma frequency bands were analyzed in 25, 27,
15, 6 verbal and 32, 56, 21, 17 visual WM studies,
respectively. A significant amount of the reviewed lit-
erature supports the role of theta and alpha oscillations
in WM though much less is known about the role of
beta and particularly gamma activity.

2. Theta activity increases with WM load in verbal tasks,
whereas this trend is less pronounced in visual WM tasks.
This may be related to the larger role of theta in building
a temporal structure for the maintenance of multiple items
in verbal WM.

3. Alpha activity changes with increasing WM load, but the
direction of the effect is not consistent across the studies.
In approximately 20% and 40% of the verbal and visual
studies, respectively, alpha decreased with load, while in
the other studies it increased. The direction of the modula-
tion is not fully explained by the stimulus modality, type
of the stimulus presentation (simultaneous or successive),
and, as far as it is possible to judge on the basis of few
studies, on individual differences. The reason for this fact
remains to be elucidated.

4. The distribution of posterior alpha power had right hemi-
sphere asymmetry (left < right) in the majority of the stud-
ies, even if sensory input was symmetrical. Significantly
smaller amounts of visual WM studies showed this asym-
metry. The effect is probably related to the leading role of
the left hemisphere in verbal information processing.

5. The saturation of alpha at the theoretical limit of WM ca-
pacity (i.e., alpha responses change with WM load from
one to four items, but remain stable above the 4-item
level) was found in several, but not in all verbal WM stud-
ies, and the reasons of the differences remain unclear. The
saturation effect at four items load is more consistent in
the visual WM literature.

6. Many MEG and iEEG studies report incrementing gamma
activity during WM performance whereas EEG studies do
not. This may indicate that the scalp EEG is not the best
tool to study gamma oscillations in WM tasks.
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