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Abstract

Sequence learning and statistical learning are key components of predictive processes and many
cognitive, motor, and social skills. The Serial Reaction Time Task (SRTT) can measure this
fundamental cognitive process in the visuomotor domain. Repetitive transcranial magnetic
stimulation (rTMS) is an increasingly used non-invasive brain stimulation method that can help
us to determine the functional role of a given brain region. In this literature review, we
systematically analyzed the eligible records (n = 17) that sought to modulate the performance
on the SRTT with rTMS. The purpose of the analysis was to determine the effects of the
following factors on SRTT performance: (1) stimulated brain areas, (2) rTMS protocols, (3)
stimulated hemisphere, (4) timing of the stimulation, (5) SRTT sequence properties, and (6)
other methodological features. We found that the two most promising target areas are the
primary motor cortex (M1) and the dorsolateral prefrontal cortex (DLPFC). Low-frequency
protocols over the M1 usually weakened performance, but the results are less consistent for the
DLPFC. Our analysis of these six factors could help design future studies to modulate sequence
learning by non-invasive brain stimulation.
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Introduction

Sequence learning is a fundamental ability of the human brain. It forms the basis of many
cognitive, social, and motor skills (Bergstrom et al., 2012; Lieberman, 2000; Nemeth et al.,
2011). Acquiring the rules of a language, learning to play an instrument, recognizing the habits
of a loved one - all occur by becoming sensitive to sequences of events. The Serial Reaction
Time Task (SRTT) is one of the most popular paradigms in visuomotor sequence learning
research; it has been used in ~2500 different experimental psychology, clinical and cognitive
neuroscience studies.

Previous studies have used observational and interventional methods to better understand
the functional role of brain regions and networks that underly sequence learning. On the one
hand, neuroimaging studies revealed that particular brain areas engage during the learning and
retrieval of sequence information. These include the primary motor cortex (M1), supplementary
motor area (SMA), dorsolateral prefrontal cortex (DLPFC), and parietal cortex (Daselaar et al.,
2003; Keele et al., 2003; Poldrack et al., 2005; Seidler et al., 2005; Willingham et al., 2002).
Whereas neuroimaging methods allow characterizing the spatio-temporal features of neuronal
activity, interventional methods can modulate brain activity (e.g., cortical excitability) that can
facilitate drawing causal inferences about the functional role of brain regions and networks
(Bergmann & Hartwigsen, 2020). Repetitive transcranial magnetic stimulation (rTMS) is an
increasingly used non-invasive brain stimulation (NIBS) method to examine the functional role
of cortical areas and brain networks (Bergmann & Hartwigsen, 2020; Pascual-Leone et al.,
1991).

But can rTMS protocols effectively alter sequence learning performance in humans? If
yes, which stimulation parameters govern its efficacy? In this paper, we reviewed those studies

that examined the cognitive effects of rTMS on visuomotor sequence learning using the SRTT.
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We summarized the existing results and outlined those factors that should be considered when

designing a new rTMS-SRTT study.

Different variations of the SRTT

In the classical SRTT (Nissen & Bullemer, 1987), the participant must respond to a visual
stimulus that appears in one of four horizontal locations by pressing the corresponding button
on a response device as quickly and accurately as possible. Unknown to the participant, the
stimuli follow each other in a predetermined order, forming a repeating sequence (e.g., “2-3-1-
4-3-2-4-1-3-4-2-1”, where numbers represent the four horizontal locations). In the control task,
the elements appear in random positions. Compared to the random sequences, participants
respond gradually faster and with higher accuracy in the repeating sequences throughout
learning, which shows the acquisition of the sequence order.

This classical version of the SRTT measures the implicit learning of a deterministic
sequence (Robertson, 2007). In the last few decades, several new versions of this task have
emerged, which can differ in three fundamental dimensions: 1) whether the participants are
aware of the sequence structure or not (explicit or implicit task), 2) whether an element of the
sequence predicts the next element with 100% or with a certain probability (deterministic or
probabilistic sequence), and 3) whether the preceding or the n-2 element predicts the occurrence
of a given element of the sequence (first-order conditional or second-order conditional
sequence). As these diverse sequence types assume different cognitive processes (Prashad et
al., 2021; Song et al., 2007), their acquisition may also rely on distinct neural networks
(Peigneux et al., 2001; Walker & Stickgold, 2005).

The SRTT performance can be assessed via accuracy or response time (RT) measures.
These two measures presumably reflect different processes. In general, RT indicates automatic,

habitual processes, while accuracy might reflect more controlled, goal-directed processes
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(Keramati et al., 2011). Participants can achieve SRTT with high accuracy rates throughout the
task and most studies report RT-based rather than accuracy-based results. Due to these reasons,
we will refer to RT-based results when discussing enhanced or weakened performance in the

context of the behavioral effects of rTMS, unless stated otherwise.

Different rTMS protocols

Unlike single-pulse TMS, rTMS can exert lasting aftereffects on cortical excitability (Fitzgerald
et al., 2006; Huang et al., 2017; Klomjai et al., 2015) and is widely used for studying the neural
mechanisms of various cognitive processes (Ferrari et al., 2018; Kim et al., 2004; Ruitenberg
etal., 2014; Smalle et al., 2017; Verwey et al., 2002). We can distinguish between conventional
and patterned rTMS protocols (see Figure 1). Conventional rTMS protocols use a single
frequency (e.g., 1 Hz, 5 Hz, 10 Hz) and the temporal pattern of the pulse sequence (i.e., the
number of pulses per burst, inter-burst interval, the total number of pulses) can vary
substantially across studies. For example, one study may deliver 1 Hz rTMS as a single,
uninterrupted train of 900 pulses (e.g., Bagnato et al., 2005), whereas another one may deliver
300 pulses per burst three times with 60-second-long inter-burst intervals (e.g. Chouinard et al.,
2005).

Patterned rTMS protocols, such as theta-burst stimulation (TBS) standardize many of the
stimulation parameters (Huang et al., 2005). TBS protocols consist of bursts that comprise three
pulses at 50 Hz that are repeated at 5 Hz. The most common TBS protocol delivers 600 pulses
in total, although shorter (i.e., 300 pulses) or longer (i.e., 1800 pulses) variants also exist
(Gentner et al., 2008; McCalley et al., 2021). Based on the presence or absence of intermittent
stimulation-free periods, we further distinguish between continuous TBS (cTBS) and

intermittent TBS (iTBS) (Huang et al., 2005). In iTBS, the 2-second-long bursts are interrupted
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by 8-second-long stimulation-free periods, whereas in c¢TBS, the bursts are delivered
continuously.

Based on the induced direction of change in the corticospinal excitability, rTMS is
commonly classified according to the frequency of stimulation. Low-frequency rTMS (< 1 Hz)
tends to decrease, whereas high-frequency rTMS (> 5 Hz) is supposed to increase the
corticospinal excitability (Dayan et al., 2013; Huang et al., 2017; Polania et al., 2018). Besides,
the effect of rTMS depends on several other stimulation parameters, i.e., stimulation intensity,
number of delivered pulses, coil orientation, and the temporal pattern of the protocol (Lang et
al., 2006; Pell et al., 2011). It is generally accepted that cTBS tends to decrease, whereas iTBS
may increase the corticospinal excitability level (Cardenas-Morales et al., 2010; Huang et al.,

2005; c.f. Hamada et al., 2013).

Conventional Patterned
Protocols Effects Protocols Effects
%)
=
E 1Hz TBS
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=
w
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Figure 1. Conventional and patterned rTMS protocols and their assumed aftereffects on corticospinal excitability
in the M1. Black bars represent the number of delivered rTMS pulses in one second. Red arrows indicate a
decrease, whereas blue arrows indicate an increase in corticospinal excitability. Abbreviations: TBS: theta-burst
stimulation; ¢TBS: continuous TBS; iTBS: intermittent TBS; HF-rTMS: high-frequency rTMS; LF-rTMS: low-

frequency rTMS.
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Literature search and study selection

We used the Web of Science database for the literature search, which was closed on February
1%, 2021. We used the following search syntax: (’sequence learning’ OR ’statistical learning’
OR ’procedural learning’ OR ’procedural knowledge’ OR ’implicit learning” OR ’implicit
memory’ OR ’motor learning” OR ’motor skill” OR ’serial reaction time task’) AND ("TMS’
OR ’rTMS’ OR "TBS’ OR ’cTBS’ OR ’iTBS). This search syntax returned 374 hits. We
reviewed these results based on their title and abstract and selected 42 articles that seemed
relevant, irrespective of publication year or status (see Figure 2).

The inclusion criterion was the use of rTMS together with the SRTT on healthy human
participants. Thirty-two of the 42 articles were excluded: 27 of them because they used another
sequence learning paradigm (finger tapping task, discrete sequence production task, continuous
tracking task); four of them because they used another NIBS technique (paired associative
stimulation, transcranial direct current stimulation, static magnetic stimulation); and one study
because it examined the effect of rTMS on the SRTT performance of patients with major
depressive disorder. Based on the references of the screened articles, we conducted an
additional search and found seven other relevant articles; therefore, finally, a total of 17 studies

were selected for this review.
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Figure 2. The flowchart of the literature search. Abbreviations. NIBS: non-invasive brain stimulation.

What factors determine the effect of rTMS on sequence learning?

Because the methodology of both SRTT and rTMS is highly diverse, we critically evaluated
the studies based on the following parameters: (1) stimulated brain areas, (2) rTMS protocols
(e.g., ‘inhibitory’ or ‘facilitatory’), (3) stimulated hemisphere, (4) timing of the stimulation, (5)

SRTT sequence properties, and (6) other methodological features (e.g., study design).

1. Stimulated brain areas

First, we examined the stimulated brain areas and found that the two most popular targets were
the M1 (nine out of 17 studies) and the DLPFC (eight out of 17 studies). In addition, three
studies targeted the SMA and four the parietal cortex. One study stimulated the Broca’s area,
and another one the cerebellum (see Table 1). Below, we evaluate the behavioral effects of

rTMS in each cortical target separately.
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M1. The popularity of M1 as a stimulation target is attributed to its implicated role in the initial
encoding of sequences and the early consolidation of already learned sequences (Muellbacher
et al., 2002; Seidler et al., 2005). In the reviewed rTMS studies, typically, low-frequency rTMS
or cTBS were applied over the M1, resulting in the weakening of the learning process (Clark et
al., 2019; Experiment 1 in Rosenthal et al., 2009; Steel et al., 2016; Wilkinson et al., 2015), or
the prevention of offline improvements (Breton & Robertson, 2017; Robertson et al., 2005).
Interestingly, two studies have found an increase in the visuomotor skill following low-
frequency rTMS or ¢cTBS over M1. In one of them, low-frequency rTMS affected SRTT
indirectly through the prevention of interference with a declarative task (Experiment 2 in Cohen
& Robertson, 2011). In the other study, ¢TBS abolished the decrease in corticospinal
excitability, which allowed for offline improvements on an explicit SRTT (Experiment 3 in
Tunovic et al., 2014). Only one of the nine studies attempted to use iTBS over M1, but it did
not find any effect on implicit sequence learning (Wilkinson et al., 2010).

DLPFC. DLPFC has traditionally been identified as a brain area supporting executive functions
and working memory (Miller & Cohen, 2001; Yuan & Raz, 2014). Lesion studies - where
patients with prefrontal lesions show decreased sequence learning on the SRTT (Beldarrain et
al., 2002; Beldarrain et al., 1999) - highlight its importance in visuomotor sequence learning,
too. However, its functional role is still controversial (Janacsek & Nemeth, 2013, 2015). Based
on recent models, DLPFC may act as a neural switch between competitive memory processes
(Ambrus et al., 2020; Daw et al., 2005; Wan Lee et al., 2014). On the one hand, it may favor
declarative learning and memory (e.g., memory for events and facts), as well as top-down
processes. Yet, if the situation requires acquiring new regularities (e.g., a completely new
pattern or sequence), it recedes. Out of the eight studies, three studies found that rTMS over the
DLPFC weakened implicit sequence learning (Experiment 2 in Cohen & Robertson, 2011;

Pascual-Leone et al., 1996; Robertson et al., 2001). In one of them, DLPFC stimulation reduced
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learning on the SRTT indirectly by interfering with a declarative task (Experiment 2 in Cohen
& Robertson, 2011). Examining explicit sequence learning, two of the six studies have found
an enhancement for cTBS over the DLPFC (Galea et al., 2010; Experiment 2 in Tunovic et al.,
2014). However, one recent study has found no effect of DLPFC stimulation on explicit SRTT
(Gann et al., 2021). Two additional studies used probabilistic instead of deterministic
sequences. One of them found that low-frequency rTMS over the DLPFC leads to better
performance on this sequence type (also known as statistical learning) (Ambrus et al., 2020),
while the other study found no effect of DLPFC stimulation on the performance (Wilkinson et
al., 2010).

SMA. Some neuroimaging studies revealed that besides M1, another motor area, the SMA also
appears to be involved during the SRTT (Hazeltine et al., 1997; Seidler et al., 2005). We found
that only three studies have targeted the SMA. Two of them have found no association between
SMA stimulation and learning on the SRTT (Pascual-Leone et al., 1996; Wilkinson et al.,
2010). The third study has supported the role of the SMA in the intermanual transfer of the
sequence (Perez et al., 2008), which refers to the phenomenon when the procedural knowledge
acquired by one hand can be performed by the other hand (Grafton et al., 2002; Japikse et al.,
2003). Due to the deficient number of publications, the functional role of the SMA in sequence
learning remains elusive (Pascual-Leone et al., 1996; Wilkinson et al., 2010).

Parietal cortex. According to previous behavioral studies, a motor response is not strictly
necessary for acquiring complex sequences; monitoring in itself can lead to learning (Nemeth
et al., 2009; Song et al., 2008). Based on functional neuroimaging studies, the inferior parietal
lobule (IPL) encodes the sequence at a general, abstract level, independently of the response
mode (Grafton et al., 1998; Hikosaka et al., 1999). We found four studies that aimed to
investigate the effect of rTMS over the parietal cortex on sequence learning. One study verified

a crucial contribution of this area to perceptual sequence learning because the application of

10
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cTBS over the IPL resulted in the prevention of learning on a probabilistic SRTT (Experiment
2 in Rosenthal et al., 2009). According to the work of Breton and Robertson (2017), IPL seems
to play a significant role in the consolidation of sequence knowledge as well, because low-
frequency rTMS blocked offline improvements on an implicit SRTT (Breton & Robertson,
2017). In contrast, two of the four reviewed studies found no effect of stimulation of the IPL
on sequence learning; therefore, its role remains elusive.

Broca’s area. In the field of sequence learning, the Broca’s area has been primarily tested on
artificial grammar learning tasks (De Vries et al., 2010; Uddén et al., 2017), where participants
need to extract rules from artificially generated grammatical sequences (Reber, 1967, 1989).
Because the acquisition of the grammar of a language is connected to sequence learning
(Nemeth et al., 2011), it is an interesting question whether this brain area is also involved in the
acquisition of non-linguistic visuomotor sequences. Only one study has examined the role of
Broca’s area and showed that cTBS over the BA 44 prevented the learning on an implicit SRTT
(Clerget et al., 2012).

Cerebellum. The role of the cerebellum in sequence learning is highly uncertain in the literature
(Baetens et al., 2020; Janacsek et al., 2020). While the detrimental effect of cerebellar damage
on sequence learning assumes its essential role (Dirnberger et al., 2013; Doyon et al., 1997,
Gomez-Beldarrain et al., 1998; Shin & Ivry, 2003), neuroimaging studies do not always support
this hypothesis (Janacsek et al., 2020; Seidler et al., 2002; van der Graaf et al., 2006). So far,
only one study investigated the causal role of the cerebellum and showed that low-frequency
rTMS over the lateral cerebellum resulted in a significant weakening in sequence learning

(Torriero et al., 2004).

11
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Figure 3. The cortical targets of rTMS-SRTT studies. Brain image was adapted from Hugh Guiney

(https://commons.wikimedia.org/wiki/File:Human-brain.SVG; CC BY-SA 3.0).

2. ‘Inhibitory’ and ‘facilitatory’ rTMS protocols

It is common to assume a linear relationship between the direction of the produced aftereffects
on cortical excitability and the behavioral effects of rTMS. According to this view, low-
frequency rTMS and cTBS (i.e., the ‘inhibitory’ protocols) might induce functional
inhibition/disruption, whereas high-frequency rTMS and iTBS (i.e., the ‘excitatory’ protocols)
might lead to functional improvements/enhancement. Although this generally accepted
dichotomy between the stimulation frequency and the direction of the produced cognitive
aftereffects is likely oversimplified, several studies discuss the results in this framework.

In the following, we delineate several reasons why it is challenging to predict the
functional aftereffects of rTMS solely based on the protocol type (i.e., ‘inhibitory’ or
‘excitatory’). First, there is a substantial interindividual variability when inducing corticospinal
excitability changes in the M1. While group-level data might show frequency-dependent
modulatory effects, they can vary significantly across individuals (Hamada et al., 2013; Maeda
et al., 2000), and even within individuals (Goldsworthy et al., 2021). Second, it is unclear

12
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whether a given protocol that may decrease the cortical excitability in the M1 produces the
same physiological effects in other cortical areas. For instance, some authors speculate that
there might be overlaps in the produced aftereffects at least within the frontal cortex (e.g., M1
and DLPFC, as discussed in de Jesus et al., 2014). Third, this view may miss the brain’s
endogenous and dynamic compensatory mechanisms to external perturbations. For example,
due to the interhemispheric compensation, decreasing the excitability level of the left DLPFC
with low-frequency rTMS may lead to the compensatory recruitment of the right DLPFC
(Ambrus et al., 2020). Fourth, the stimulation frequency is only one of many crucial stimulation
parameters that can shape the direction of aftereffects. For example, the facilitating effect of
high-frequency rTMS requires inter-train intervals; otherwise, it is more likely to produce an
inhibitory effect (Rothkegel et al., 2010).

Based on these arguments, it is conceivable to expect that the behavioral effects of rTMS
may not always match the alterations in cortical excitability. Consequently, ‘facilitatory’
protocols may not always enhance, and ‘inhibitory’ protocols may not necessarily weaken the
performance. However, due to the prevailing use of these terms in the literature, we tentatively
evaluated the link between the protocol type and the direction of the induced behavioral effects.

In the present review, 16 out of the 17 articles found rTMS effect on sequence learning,
of which 12 studies followed the pattern that is intuitively expected based on the ‘inhibitory-
facilitatory’ dichotomy. These studies found that ‘inhibitory’ protocols (i.e., low-frequency
rTMS, c¢TBS) indeed weakened the performance on the SRTT. However, three studies found
that the ‘inhibitory’ stimulation of the DLPFC has led to enhanced performance on SRTT
(Ambrus et al., 2020; Galea et al., 2010; Experiment 2 in Tunovic et al., 2014). These findings
may be explained by the mediating role of the DLPFC between competitive memory processes
(Ambrus et al., 2020; Daw et al., 2005). Alternatively, the behavioral effects of rTMS may be

due to changes in the cortical excitability of another brain area that is, however, part of the same

13
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neural network. For example, Cao and his colleagues (2018) found that ‘facilitatory’ iTBS over
the DLPFC decreased, while ‘inhibitory’ ¢TBS over the DLPFC increased the cortical
excitability in the M1 (Cao et al., 2018). In another study, rTMS affected SRTT performance
indirectly by preventing interference with a declarative task (Experiment 2 in Cohen &
Robertson, 2011).

Out of the 17 reviewed studies, only three applied ‘facilitatory’ protocols, and only one
revealed its effect on sequence learning (Pascual-Leone et al., 1996). This study showed that 5
Hz rTMS (Pascual-Leone et al., 1996) weakened the performance on the SRTT. However, the
other two studies found no effects of rTMS (Gann et al., 2021; Wilkinson et al., 2010).
Therefore, the impact of ‘facilitatory’ protocols (> 5 Hz and iTBS) on SRTT is still lacking and

requires further exploration.

14
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rTMS . Timing of
Target area Authors and year protocol Hemisphere stimulation Type of sequence Outcome
M1
Robertson et al., 2005 1 Hz rTMS Left only After learning 12-item implicit deterministic ~ Blocked offline improvements over the day, but not overnight
Breton & Robertson, 2017 1 HzrTMS Left only After learning lz_ltegé ;:rlrlr)llilgilstiie:phcn Blocked offline improvements in explicit, but not in implicit task
Tun0V1'c ctal, 2014 cTBS Right only After learning 12-item explicit deterministic =~ Oftline improvements after cTBS
(Experiment 3)
Cohen '& Robertson, 2011 | Hz rTMS Right only After learning 12-item implicit deterministic In.creased leamlng after 12h consolidation by preventing interference
(Experiment 2) with a declarative task
Wilkinson et al., 2010 c¢TBS, iTBS Left only Before learning 12-item implicit probabilistic Learning was prevented by cTBS
Wilkinson et al., 2015 cTBS Left only Before learning 12-item implicit probabilistic Decreased initial sequence learning and recall
Steel et al., 2016 cTBS Left only Before learning 12-item implicit probabilistic =~ Learning was disrupted
g;;;g;ﬁiﬁi ?l"2§009 cTBS Contralateral to dominant hand Before learning 12-item implicit probabilistic =~ Learning was disrupted in manual, but not in perceptual task
Clark et al., 2019 cTBS Left only Before learning 12-item implicit deterministic ~ Decreased learning in simple, but not in a more complex sequence
DLPFC
Pascual-Leone etal., 1996 5 HzrTMS Left Orci)lﬁgittignssp arate During learning 12-item implicit deterministic =~ Learning was disrupted
Robertson et al., 2001 1 HzrTMS  Contralateral to dominant hand Before learning 10-item implicit deterministic ~ Learning was prevented in spatial, but not in color cue guided task
Wilkinson et al., 2010 cTBS Left only Before learning 12-item implicit probabilistic No effect on learning
Gann et al., 2021 c¢TBS, iTBS Left only Before learning 8-item explicit deterministic No effect on learning
Galea et al., 2010 c¢TBS Left or right in separate groups After learning 12-item explicit deterministic ~ Improved learning after 8h consolidation
Tunov1.c ctal, 2014 c¢TBS Right only After learning 12-item explicit deterministic ~ Offline improvements after cTBS
(Experiment 2)
Cohen .& Robertson, 2011 1 Hz rTMS Right only After learning 12-item implicit deterministic Decreased leamlng after 12h consolidation by fail to prevent
(Experiment 2) interference with a declarative task
Ambrus et al., 2020 1 Hz rTMS Bilaterally Betwi:)eigcllfzsimmg 8-item implicit probabilistic Improved learning after 24h consolidation
Broca’s area
Clerget et al., 2012 cTBS Left only Before learning 20-item implicit deterministic ~ Learning was prevented
SMA
Pascual-Leone etal., 1996 5 HzrTMS not available During learning 12-item implicit deterministic ~ No effect on learning

15
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IPL

Cerebellum

Wilkinson et al., 2010
Perez et al., 2008

Robertson et al., 2001

Rosenthal et al., 2009
(Experiment 1, 2)

Breton & Robertson, 2017

Clark et al., 2019

Torriero et al., 2004

c¢TBS
1 Hz rTMS

1 Hz rTMS

c¢TBS

1 Hz rTMS

¢TBS

1 Hz rTMS

Left only

Left only

Contralateral to the dominant
hand

Right only

Left only

Left only

Left or right in separate groups

Before learning

During learning

Before learning
Before learning

After learning

Before learning

Before learning

12-item implicit probabilistic

12-item implicit deterministic

10-item implicit deterministic

12-item implicit probabilistic

12-item implicit, explicit
deterministic

12-item implicit, deterministic

12-item implicit, deterministic

do0i:10.20944/preprints202111.0448.v1

No effect on learning

Blocked intermanual transfer of the skill

No effect on learning
Learning was disrupted in perceptual, but not in manual task

Blocked offline improvements in implicit, but not in explicit task

No effect on learning

Learning was disrupted

Table 1. The effect of different r-TMS protocols on visuomotor sequence learning according to the target area, sequence type, and timing of the stimulation
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3. Stimulated hemisphere(s)

Many studies used rTMS to better understand the hemispheric involvement of a given brain
region when performing the SRTT. These studies typically ask whether the left or right brain
area (e.g., M1) is causally involved in a specific task phase (e.g., learning phase). To this aim,
most studies stimulated the left or the right hemisphere at a time and studied whether rTMS
could modulate the performance.

Performing the SRTT may require using only one hand or both hands. When the
participants perform the SRTT with only one hand (e.g., the right hand), the stimulation may
target the contralateral (i.e., left) or ipsilateral (i.e., right) hemisphere. Eleven of the 17 studies
targeted the contralateral hemisphere (see Table 1). In studies where only the left hemisphere
was stimulated, only right-handed participants were included (see Table 1).

Yet, studies targeting the dominant hemisphere (based on the M1) may miss the
possibility that the non-stimulated hemisphere can take over the function of the stimulated one
(Andoh & Martinot, 2008; Sack et al., 2005), potentially influencing the results. Applying
sequential bilateral stimulations (i.e., consecutively delivering the same rTMS protocol over a
given cortical target on both hemispheres) may be a promising solution to overcome the
possible interhemispheric compensatory mechanisms (Ambrus et al., 2020).

Considering the side of the stimulation, some studies targeted both hemispheres in
separate experimental groups. Using this method, Galea and her colleagues (2010) successfully
demonstrated that cTBS over the right DLPFC improved visuomotor sequence learning to a
greater extent than the left DLPFC (Galea et al., 2010). Another study revealed a dissociation
between cerebellar hemispheres: the stimulation of the right cerebellar hemisphere weakened
sequence learning regardless of which hand was used, while the interference with the left
cerebellar hemisphere affected only through the ipsilateral hand (Torriero et al., 2004).

Therefore, this method is suitable for exploring potential lateralization effects as well.
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For non-motor brain areas, it is worth targeting both hemispheres separately and applying
bilateral protocols. This approach can avoid hemispheric compensatory mechanisms and reveal
possible dissociation between hemispheres (see Ambrus et al.,, 2020). Furthermore, the
sequential bilateral stimulation for the two-handed version of the task may be a particularly

good solution.

4. Timing of the stimulation

Sequence learning is a multi-stage process: it consists of the learning, consolidation, and recall
phases. Slightly different brain regions and neural networks may be recruited at each learning
stage (Veldman et al., 2018); therefore, we evaluated the studies in each stage separately.
Learning phase. One can deliver rTMS immediately before or during the learning phase (see
Figure 4). During the learning phase, rTMS may be applied simultaneously with the task
performance or between the learning blocks. Only two studies have applied rTMS during the
initial sequence learning process (so-called ,,online stimulation”). In one study, high-frequency
rTMS over the DLPFC led to a performance decrease on the SRTT (Pascual-Leone et al., 1996).
In a more recent study, the authors found performance improvement on an alternating SRTT
when stimulating the DLPFC with low-frequency rTMS (Ambrus et al., 2020). Most research
delivered stimulation immediately before task performance (so-called ,,offline stimulation”; see
Table 1).

Consolidation phase. We may apply rTMS after the learning phase to verify its effect on
memory consolidation (see Figure 4). In one study, cTBS over the DLPFC improved
performance after an 8-hour-long offline period (Galea et al., 2010). In contrast, low-frequency
rTMS over the M1 blocked offline improvements on an implicit SRTT over the day (Robertson
et al., 2005), as well as on an explicit SRTT after sleep (Breton & Robertson, 2017). We
conclude that rTMS over the DLPFC and M1 can influence the development of memory traces

because their stimulation leads to changes in the consolidation process.
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Recall phase. Finally, rTMS may be applied immediately before or during the recall phase.
However, to the best of our knowledge, no studies have applied rTMS immediately before or
during the recall phase to date. Thus, it is unclear whether rTMS can modulate the recall of a

well-acquired sequence knowledge.

Learning phase Consolidation phase Recall phase

Option 1: rTMS immediately before learning

m Block 1 Pause 1 Block 2 Pause 2
I I
Option 1: rTMS immediately before recall

Option 2: rTMS during learning blocks ¢ Recall
Block 1 Pause 1 Block 2 Pause?2 ... rTMS during consolidation
m m w Option 2: rTMS during recall
Recall
I
Option 3: rTMS between learning blocks *

Block 1 Pause 1 Block 2 Pause 2
I I

P P

Figure 4. Timing of the stimulation in each task phase.

5. Type of the SRTT sequence

The effect of stimulation may depend on the SRTT sequence type. Several new versions of the
SRTT have emerged that can differ in three crucial dimensions: the sequence applied can be (1)
implicit or explicit, (2) deterministic or probabilistic, and (3) first-order conditional (FOC) or
second-order conditional (SOC) (as defined in section Different variations of the SRTT).
Implicit vs. explicit sequences. The most commonly used version of SRTT uses implicit
sequences (here, 13 out of the 17 reviewed studies used the implicit SRTT). However, its
explicit version (i.e., the existence of the predetermined sequence is revealed to the participants
before learning) can also be applied if the goal is to test intentional learning or declarative
knowledge of the sequence. Among the reviewed rTMS articles, we found that rTMS could
affect explicit and implicit learning (Table 1). However, the study of Breton and Robertson

(2017) showed evidence that the degree of sequence awareness can influence the effect of
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rTMS. They examined the role of M1 and IPL in both implicit and explicit SRTT and revealed
a double dissociation: low-frequency rTMS over the IPL prevented offline improvement in the
implicit, but not in the explicit task. On the other hand, the same stimulation over the M1
prevented offline improvement in the explicit but not in the implicit task (Breton & Robertson,
2017).

Deterministic vs. probabilistic sequences. In the classical SRTT, stimuli follow a fixed order,
creating a deterministic sequence (Nissen & Bullemer, 1987; Shanks, 2005). Probabilistic types
of SRTT also exist, where the sequence is hidden in noise; therefore, learning is more likely to
remain implicit (Howard et al., 2004; Song et al., 2007). Five out of 17 studies used probabilistic
sequences, and 12 used deterministic sequences (Table 1). All of the studies employing
probabilistic sequence learning tasks found behavioral effects of rTMS. In four studies, the
learning deteriorated (Experiment 1 and 2 in Rosenthal et al., 2009; Steel et al., 2016; Wilkinson
etal., 2010, 2015), and in one study, learning was improved (Ambrus et al., 2020). On the other
hand, deterministic sequence learning performance was successfully manipulated in 11 out of
the 12 studies: in eight studies, learning was disrupted (Breton & Robertson, 2017; Clark et al.,
2019; Clerget et al., 2012; Pascual-Leone et al., 1996; Perez et al., 2008; Robertson et al., 2005,
2001; Torriero et al., 2004), and in three studies learning was improved (Experiment 2 in Cohen
& Robertson, 2011; Galea et al., 2010; Experiment 2 and 3 in Tunovic et al., 2014). Therefore,
it seems that rTMS can equally modify the learning of both probabilistic and deterministic
sequences. However, we cannot draw firm conclusions due to the low number of studies with
probabilistic sequences.

FOC vs. SOC sequences. Another critical factor is the statistical structure of the sequence. In
the simpler first-order conditional (FOC) sequences, elements can be predicted by the preceding
one. On the other hand, in the more complex second-order conditional (SOC) sequences, it is

the combination of two consecutive elements that predicts the forthcoming one. Clark and his
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colleagues (2019) investigated the role of M1 in the acquisition of simpler FOC and more

complex SOC sequences. According to their findings, cTBS over the M1 resulted in poorer

learning of the FOC sequence compared to the SOC sequence. These findings support the

hypothesis that the acquisition of FOC and SOC sequences may rely on different neural

networks: simpler FOC sequences are processed by a circuitry involving the M1, while more

complex SOC sequences are associated with an expanded network, including Brodmann area

44 (BA44) and DLPFC (Ashe et al., 2006; Lum et al., 2018). Based on these promising results,

future studies may investigate FOC and SOC sequences targeting non-motor areas too.

6. Other methodological features

Next, we summarize the methodological aspects of rTMS studies, focusing on the research

design, the type of control, the localization techniques of target areas, the determination of the

stimulation intensity, and the interpretation of different outcome measures (see Table 2 and

Table 3).
Table 2. Research design and power
Design Study Type of control condition N n/group
Within-subjects
Pascual-Leone et al., 1996 Absence of stimulation 7
Robertson et al., 2001 Active control (parietal cortex) 6
Gann et al., 2021 No control 19
Steel et al., 2016 Sham stimulation with placebo coil 22
Between-subjects
Robertson et al., 2005 Sham stimulation with placebo coil, time and site control 36 6
Breton & Robertson, 2017 Sham stimulation with placebo coil 67 12-16
Tunovi.c ctal, 2014 Intermediate TBS, localization control 24 12
(Experiment 2)
(Tél;;’grii;fn‘ilg)zom Intermediate TBS 24 12
fg:;gdinggtson’ 2011 Sham stimulation over vertex with placebo coil 40 10
Wilkinson et al., 2010 Sham stimulation with 90° rotation of the coil 40 8
g’;;:gztﬁt ?1,"5009 Sham stimulation over vertex with placebo coil 24,24 8,8
Galea et al., 2010 Active control (occipital cortex) 30 10
Ambrus et al., 2020 Sham stimulation with 90° rotation of the coil 31 15and 16
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Clerget et al., 2012 Active control (vertex) 17 8 and 9

Perez et al., 2008 Sham stimulation with a second coil discharged in the air 33 11

Torriero et al., 2004 Absence of stimulation 36 5-7
Mixed design

Wilkinson et al., 2015 Sham stimulation with placebo coil 40 20

Clark et al., 2019 Sham stimulation with placebo coil 48 16

Research design and the type of control condition. The reviewed rTMS studies mostly applied
between-subjects research designs, and it was less common to use within-subjects or mixed
study designs (see Table 2). Typically, the stimulation group is compared to a control group
that goes through the same procedure except for the stimulation parameters. A frequent study
design is when the control group receives sham stimulation (i.e., using a placebo coil or tilting
the coil away from the skull to a certain degree). One known limitation of this approach is that
the rTMS-induced perceptual adverse effects (e.g., somatosensory sensations—in part—due to
cranial muscle contractions) are not fully comparable to the verum stimulation. Therefore, the
blinding of the participants might not be maintained entirely (Duecker & Sack, 2015).

Instead of the sham condition, studies may apply active control condition. Here, the
stimulation is delivered over a ‘control’ site while using the identical stimulation protocol as
for the main cortical. This option has the disadvantage that the brain area chosen as the control
site might play a role in the tested function because the underlying brain networks involved in
the given task might not be fully revealed yet.

In the reviewed studies, sham stimulation was the most commonly chosen approach —
here, ten studies used it as a control. On the other hand, three studies chose active control with
different control sites (i.e., vertex, occipital and parietal sites). In two studies, members of the
control group were simply not exposed to rTMS (Pascual-Leone et al., 1996; Torriero et al.,
2004), one study compared cTBS to intermediate TBS (Experiment 2 and 3 in Tunovic et al.,
2014) and another study only compared two active stimulation protocols (cTBS and iTBS) to

each other (Gann et al., 2021) (see Table 2).
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Localization technique. The different methods of target area localization may also contribute
to the inconsistency of results (De Witte et al., 2018; Sack et al., 2009). The target area for M1
is traditionally identified during the motor threshold measurement (see Table 3). In the reviewed
studies, non-motor cortical regions were typically located by MRI-guided neuronavigation
systems using individual MRIs. Most of them successfully demonstrated the causal role of the
given regions of the sequence learning process (Ambrus et al., 2020; Clerget et al., 2012; Galea
etal., 2010; Experiment 1 and 2 in Rosenthal et al., 2009). Wilkinson and her colleagues (2010)
localized their non-motor target areas by the 10-20 EEG system or by the 5-cm rule with M1
as a reference. Interestingly, they did not find any effect (Wilkinson et al., 2010). As DLPFC is
an extensive area, different localization techniques lead to slightly different regions (e.g., BA9,
BA46). According to an fMRI investigation, BA9 shows greater activity during sequence
learning than BA46 in young adults (Aizenstein et al., 2006). Accordingly, localization may be
an important parameter, and future studies should preferably use neuronavigation to precisely

target a given cortical region.

Stimulation intensity and the total number of pulses. The overwhelming majority of rTMS
studies determine the stimulation intensity based on the motor threshold (Turi et al., 2021). In
line with this, 16 of the 17 studies used the motor threshold; however, the parameters of the
intensity selection ranged substantially (see Table 3). Only one study used a fixed intensity
(Ambrus et al., 2020); however, it successfully modulated the SRTT performance. Although
adjusting the intensity to the motor threshold is a reasonable method for M1 stimulation, the
physiological justification for this procedure is less clear for non-motor cortical areas. Besides,
the high diversity of the chosen intensities might make it even harder to compare the results of

different studies.
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In addition to the stimulation intensity, the total number of pulses can also be decisive for
the effectiveness of rTMS (Thut & Pascual-Leone, 2010). Specific stimulation protocols may
standardize the total number of pulses. In 12 out of the 17 reviewed articles, the number of the
delivered pulses was 600. Three studies used more (i.e., 900, 1200, and 300), whereas one study
used fewer pulses (i.e., 300; see Table 3). Even with higher or lower delivered pulses, a

significant effect of stimulation was demonstrated.
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Total number of

Study Localization technique Intensity pulses Data type of the result
f;;%ual-Leone ctal, Contractions in anterior tibialis or the abductor pollicis muscles 115% of MT not available RT
Robertson et al., 2001 Contractions in abductor pollicis brevis muscle, 10-20 EEG system 115% of MT 900 RT
Robertson et al., 2005 Contractions in abductor pollicis brevis muscle 90 % of MT 600 Learning score based on RT
]236?7011 & Robertson, S:lit;izt\i?;ast i1(1)1nabductor pollicis brevis muscle, MRI-guided 90 % of MT 600 Learning improvement based on RT
;rél;l;;li;gnil'z’ i?éi) MRI-guided neuronavigation, optimal location for inducing MEPs 80 % of AMT 600 Learning score based on RT
8:3?;; ifcn ;(:t;e)rtson, 2011 Il\r/lllilc-imded neuronavigation, contractions in abductor pollicis brevis 90 % of MT 600 Learning score based on RT
F];;;:rtﬁilez ?1"25009 MRI-guided neuronavigation 70 % of RMT 300 Learning score based on RT
Wilkinson et al., 2010 Location of hand representation, 10-20 EEG system 80 % of AMT 600 Learning score based on RT
Wilkinson et al., 2015 Location of hand representation, MRI-guided neuronavigation 80 % of AMT 600 Learning chzzg;sci]d on RT and
Steel et al., 2016 Location of hand representation, MRI-guided neuronavigation 80 % of AMT 600 Learning score based on RT
Torriero et al., 2004 1 cm under and 3 cm left/right to the inion 90 % of MT 600 RT
Perez et al., 2008 Relative to the activation of the left tibialis anterior muscle 80 % of RMT 1200 RT
Galea et al., 2010 MRI-guided neuronavigation 80 % of AMT 600 Learning improvement based on RT
Clerget et al., 2012 MRI-guided neuronavigation 80 % of RMT 600 RT
Clark et al., 2019 RMT, MRI-guided neuronavigation 70 % of RMT 600 RT
Gann et al., 2021 MRI-guided neuronavigation 80 % of AMT 600 RT and accuracy
. L 3000 .

- 0,

Ambrus et al., 2020 MRI-guided neuronavigation 55 % of MSO (1500/hemisphere) Learning score based on RT

MT: motor threshold, RMT: resting motor threshold, AMT: active motor threshold, MSO: maximum stimulator output, MEP: motor-evoked potential
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Discussion

In this review, we examined the most critical factors that govern the behavioral effects of rTMS
on visuomotor sequence learning as measured by the SRTT. We critically explored the role of
rTMS parameters (e.g., frequency, timing, etc.) and the task characteristics (e.g., sequence
type). Moreover, we scrutinized the reviewed studies based on additional methodological
details (e.g., study design, localization technique).

We found that the two most frequently stimulated cortical targets were the M1 and
DLPFC, and only a few studies have targeted the parietal, supplemental motor, and cerebellar
areas. While low-frequency rTMS and ¢TBS (i.e., ‘inhibitory’ protocols) over the M1 weakened
sequence learning, the results are less consistent for the DLPFC. In some studies, low-frequency
rTMS and cTBS over the DLPFC weakened learning (Pascual-Leone et al., 1996; Robertson et
al., 2001). However, more recent studies have found no effects (Gann et al., 2021; Wilkinson
et al., 2010) or even enhanced learning (Ambrus et al., 2020; Galea et al., 2010). One possible
explanation for the behavioral improvement might lie in the competitive relationship between
the so-called more- and less-controlled learning processes (Daw et al., 2005). Given that the
DLPFC might play a mediating role between these two learning processes, low-frequency
rTMS may promote the less-controlled, associative learning processes via its implicated
inhibitory effects (Ambrus et al., 2020; Daw et al., 2005). Taken together, our findings suggest
that stimulating the M1 or the DLPFC could modulate sequence learning; however, the
underlying mechanisms and the reasons behind the discrepancies between studies should be
clarified in the future.

We found that most studies used ‘inhibitory’ rTMS protocols with the aim to reduce the
cortical excitability level of the targeted brain areas and weaken sequence learning (Breton &
Robertson, 2017; Clark et al., 2019; Clerget et al., 2012; Perez et al., 2008; Experiment 1 and 2

in Rosenthal et al., 2009; Steel et al., 2016; Torriero et al., 2004; Wilkinson et al., 2015). In
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contrast, only a handful of studies used ‘facilitatory’ rTMS, and they mainly led to null findings
(Gann et al., 2021; Wilkinson et al., 2010). One possible explanation for the observed pattern
of findings is that it might be more challenging to enhance cognitive performance in healthy
participants. Moreover, we should not rule out the potential file-drawer effect because
substantially fewer studies published ‘facilitatory’ than ‘inhibitory’ protocols. Nevertheless,
studies using high-frequency rTMS and iTBS are warranted to reveal the efficacy of these
protocols to modify sequence learning.

Our findings also revealed that the stimulation parameters, the task characteristics, and
the study designs were highly diverse in the reviewed studies, which could have influenced the
results to a great extent. This diversity makes the direct comparisons between the studies
challenging. Different stimulation protocols (i.e., conventional rTMS vs. TBS), stimulation
timings (i.e., before, during, or after learning), control stimulation (i.e., no control, sham
stimulation, active control), and stimulation intensities were utilized in almost all studies. Based
on the protocol type, stimulation intensity, stimulation frequency, stimulation timing, the total
number of pulses, and the control stimulation, 11 out of the 17 studies used unique protocols.
In the remaining six studies, we found two stimulation protocols that were repeatedly used. We
also noted that these two protocols belonged to two research groups. Thus, a total of 13 unique
research protocols emerged out of the 17 studies. In addition to answering new questions and
testing novel methods, it seems necessary to verify whether the already existing key findings
are replicable with the same (i.e., direct replication) or slightly different stimulation parameters
(i.e., conceptual replication).

Although both repetitive stimulation techniques seem to modulate visuomotor sequence
learning effectively, a recent study suggests that the conventional low-frequency rTMS has a

greater inhibitory effect on motor sequence learning than cTBS (Glinski, 2021). Therefore,
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future studies may explore the potential differences in the efficacy of rTMS and ¢cTBS protocols

(along with the different stimulation parameters) in modulating visuomotor sequence learning.

Conclusion and outlook

Here, we reviewed the most important factors that are worth considering when studying
visuomotor sequence learning via rTMS. Based on the reviewed studies, we conclude that
rTMS could produce exciting behavioral findings when targeting the M1 and DLPFC. Yet, we
know little about the involvement of other cortical regions and neural networks that underlie
visuomotor sequence learning. The cerebellar, parietal, and supplementary motor areas are
promising cortical targets to modulate sequence learning, and hence, they deserve further
investigations. Similarly, it may be worthwhile to create research series to examine the role of
the relevant brain areas in all three learning phases (i.e., sequence acquisition, consolidation,
and recall). Directly comparing the effects of rTMS on different sequence characteristics (e.g.,
FOC vs. SOC sequences, probabilistic vs. deterministic sequences) could also deepen our
understanding of the brain mechanisms underlying visuomotor sequence learning. Future
studies may combine rTMS with electrophysiological and/or neuroimaging methods to gain a
clearer view of the underlying behavioral and neural effects of rTMS on visuomotor sequence

learning.
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