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Summary 

Humans can learn movements and form memories of them. Sometimes when several memories 

are learned one after the other, they interact. It can result in various phenomena, including ret-

rograde interference. 

 

This master thesis had two main aims. First, to examine if the time interval between the initial 

learning of a ballistic task and its retention test is crucial to observe retrograde interference. 

Second, to better understand some neurophysiological mechanisms measured with transcranial 

magnetic stimulation (TMS) during the learning process. 

 

Fifty-eight young, healthy adults participated. They were distributed into four groups: two con-

trol groups followed an A1-A2 paradigm, and two test groups followed an A1-B1-A2-B2 para-

digm. The difference between the groups was the time interval between tasks A1 and A2. Task 

A was a ballistic task, and task B was a visuomotor task. All tasks involved the non-dominant 

wrist and hand. TMS targeting the flexor carpi radialis (FCR) muscle was applied before and 

after the learning. 

 

All groups significantly improved their performance during the initial learning of the ballistic 

and visuomotor tasks (p<0.001). For the retrograde interference, there was a significant TIMES 

x GROUPS interaction (F3, 56 = 3.39, p = 0.024, 𝜂2 = 0.004). However, this significant interac-

tion was due to the timing of the retention test (i.e., immediate vs. 48 hours later) and not to the 

training of the interference task. Thus, there was no retrograde interference. Among the neuro-

physiological parameters measured, only short-interval intracortical inhibition (SICI) task was 

influenced by the learning of a ballistic task and significantly decreased (F1, 53 = 8.56, p = 0.005, 

𝜂2 = 0.032). 

 

It is possible that instead of retrograde interference, we observed generalization. It may be due 

to the SICI task that subjects performed during TMS measurements. Neurophysiological pa-

rameters measured by TMS do not seem relevant to assess motor learning, except perhaps SICI, 

but only when measured during the execution of a task similar to the learned motor task. In 

conclusion, more studies are needed before any clinically applicable conclusions can be drawn.  
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1 Introduction 

The human being can remember how to ski from one winter to another thanks to motor memory. 

Movements can be memorized as much as biomechanical lessons or the beginning of this sen-

tence to understand its meaning while arriving at the point. 

When everything goes smoothly, the creation of a motor memory follows a linear pathway: 

learning, consolidation, and retention (Doyon & Benali, 2005). However, it can also be a wind-

ing path that goes in one direction and then back in the other, that no longer exists or has dead 

ends. In other words, the different phases through which a memory passes are permeable. For 

example, following a disturbing event, a memory in the consolidation phase could return to the 

same level as it was at the beginning of learning, with a concomitant loss of the performance 

improvements that had been made. It would be an interference (Reis et al., 2008; Robertson et 

al., 2004). In contrast, this same memory could also be stabilized after a smooth consolidation 

phase, leading to a preserved or even enhanced performance without further training. This latter 

phenomenon is called offline gains (Krakauer & Shadmehr, 2006). As various consolidation or 

forgetting processes can happen with different conditions, more studies are needed to better 

understand the mechanisms underlying motor learning and memory. It, in turn, would help to 

optimize therapy for patients who need to relearn how to move after an adverse event such as a 

stroke or a fall that provoked a severe injury. 

Motor learning and motor memory mechanisms can be observed at the behavioral but also at 

the neurophysiological level. Combining these two approaches allows for an exhaustive set of 

knowledge on the topic. It was also the case in this master thesis to better understand the inter-

ference phenomenon. While the performance analysis allowed the quantification of learning, 

the neurophysiological analysis was employed to evaluate how some neurophysiological pro-

cesses evolved through learning a new ballistic motor task. 

The following chapters review the current state of scientific knowledge on motor learning and 

memory. They provide the theoretical background for understanding this work and show where 

knowledge is still lacking. 

 

1.1 Motor learning 

 

1.1.1 Motor learning anatomy  

Motor learning consists of repeating the same movement several times to improve its execution 

and to link this new knowledge with specific contextual clues, for example, to brake while 
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arriving at the bottom of a ski slope. This definition from Krakauer & Shadmehr (2006) shows 

that motor learning seems to depend not only on the motor system but also on the sensory 

system. It is required to perceive its own body to be able to move the correct segment at the 

right location, and it is also needed to perceive its environment to move at the right moment. 

The nervous system constantly processes motor (efferent) and sensory (afferent) signals to 

make the best possible adjustment and produce the best result possible at the right time. In this 

context, it is not surprising that the somatosensory system is essential and active during the 

early phases of motor learning (Bernardi et al., 2015). It may be related to the finding by 

Shadmehr & Holcomb (1997) that blood flow in the somatosensory cortex decreases through 

training.  

Apart from the somatosensory cortex, several other brain regions are also involved in motor 

learning: the primary motor cortex (M1) (Doyon & Benali, 2005; Krakauer & Shadmehr, 2006; 

Reis et al., 2008), the premotor cortex (Doyon & Benali, 2005; Reis et al., 2008), the supple-

mentary motor area (Doyon & Benali, 2005; Reis et al., 2008), the cerebellum (Reis et al., 2008; 

Wolpert et al., 2011), the basal ganglia (Reis et al., 2008), the thalamus (Reis et al., 2008; 

Shadmehr & Holcomb, 1997), as well as the medial occipital gyrus and the prefrontal dorsolat-

eral cortex (Shadmehr & Holcomb, 1997). The hippocampus, which is a central part of declar-

ative memory (Squire & Zola-Morgan, 1991), seems involved in motor learning too, but with-

out being fundamental as patients with limbic lesions can normally acquire new motor skills 

(Doyon & Benali, 2005).  

 

1.1.2 Motor learning at the neurophysiological level 

At the neurophysiological level, people with a better modulation capacity of GABAergic path-

ways (i.e., GABA decrease) within M1 appear to learn faster in the short term (Stagg et al., 

2011). These results were obtained with a reaction time task in which participants had to per-

form a sequence with their fingers in response to a visual signal. The modulation of the GABA 

neurotransmitter seems more critical than its concentration because GABA concentration at the 

beginning of the training could not predict learning ability (Stagg et al., 2011). After learning, 

an increase in GABA concentration may be possible to restore homeostasis. This process could 

regulate the early consolidation of motor memory (Robertson & Takacs, 2017). These results 

suggest that the modulation capacity of the GABA system may be essential for the (motor) 

learning process. 
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Several other neurophysiological processes behind motor learning can be measured with tran-

scranial magnetic stimulation (TMS). As it is an important part of this master thesis, this topic 

is further developed in chapter 1.4.  

 

1.2 Motor memory consolidation 

After the learning stage is the consolidation stage. Indeed, once the memory is created from 

different information collected during the training, it has to be stored somewhere in the brain 

to be recalled later. Consolidation is an ensemble of processes by which a long-term memory 

becomes more robust with time (Krakauer & Shadmehr, 2006). Consolidation can be evaluated 

through interferences (Reis et al., 2008) because a consolidated memory is less, or not anymore, 

susceptible to interference. For this reason, retrograde interferences allow observing if and how 

the consolidation happened at the behavioral level by recording the performance during a motor 

task. There are two kinds of interferences: retrograde, also called retroactive, and anterograde, 

or proactive (Krakauer et al., 2005; Robertson et al., 2004). The terms retrograde and antero-

grade interferences were chosen for this master thesis. An interference is retrograde when the 

learning of task B disrupts the retention of task A previously learned (Brashers-Krug et al., 

1996). On the contrary, interference is anterograde when the learning of task B interferes with 

the relearning of task A (Krakauer et al., 2005). These definitions show that interferences are 

usually tested with the A1-B-A2 paradigm (Robertson et al., 2004), in which A and B are two 

different motor tasks. An important part of this master thesis focused on retrograde interfer-

ences, i.e., whether the learning of task B disrupted the consolidation of task A previously 

learned. This topic is developed later in the introduction and chapter 2 on methods. 

 

1.2.1 Motor memory consolidation and anatomy  

Motor memory consolidation depends on several anatomical structures, including the soma-

tosensory cortex, cerebellum, basal ganglia, and perhaps M1. The role of M1 in motor memory 

consolidation seems to depend on the type of motor task. For example, Lundbye-Jensen et al. 

(2011) suggested that M1 is crucial because they applied 1 Hz repetitive TMS (rTMS) on M1 

and that it provoked interferences after the learning of a ballistic task. On the opposite, Kumar 

et al. (2019) argued that M1 is not fundamental for motor memory consolidation of a motor 

adaptation task because the “suppression” of M1 with theta-burst TMS only had a small effect 

on retention.  

A common point in the consolidation of these various motor tasks could be the somatosensory 

cortex. Indeed, motor memory consolidation is disrupted when theta-burst TMS suppresses the 
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somatosensory cortex (Kumar et al., 2019). It is likely that the consolidation of motor memory 

depends on both sensory and motor brain areas and that these regions are highly interrelated. 

Indeed, when Lundbye-Jensen and colleagues (2011) suggested that M1 is essential for motor 

memory consolidation, they applied suprathreshold rTMS over M1, which provoked a muscular 

response and sensory (re-)afference. In the same study, direct but superficial stimulation of the 

nerve innervating the muscle involved in the learned motor task also caused interference in the 

same way as stimulation of M1. It may signify that the unexpected sensory afferents caused 

indirectly by the stimulation were causing the interference and not a disturbance of M1. It would 

mean that, besides M1, sensory feedbacks and the somatosensory cortex that processes them 

are fundamental to consolidation.  

Apart from the somatosensory cortex, consolidation may also depend on the cerebellum (Kra-

kauer & Shadmehr, 2006). At least in associative motor learning, this dependence on the cere-

bellum is critical directly after learning and decreases with time. The cerebellum does not seem 

decisive for long-term memory (Krakauer & Shadmehr, 2006).  

Finally, it has been speculated that motor skills could be stored (i.e., consolidated) in the basal 

ganglia and, more precisely, in the sensorimotor part of the striatum (Doyon & Benali, 2005). 

It is consistent with the principle of motor learning, which consists of linking new knowledge 

with specific contextual clues (Krakauer & Shadmehr, 2006). It emphasizes one more time the 

relevance of sensory perception in motor learning and motor memory consolidation. 

 

1.2.2 Physiological processes behind motor memory consolidation 

How does (motor) memory work? At the cellular (and synaptic) level, one possible mechanism 

for the long-term storage of information is long-term potentiation (LTP) (Nicoll, 2017). LTP is 

an immediate and lasting increase in the excitatory synapses’ strength (Nicoll, 2017). It is the 

scientific term behind the image of the small path in the middle of a field that becomes a high-

way through training. This theory was initially developed by the observation of the neurons in 

the hippocampus (Nicoll, 2017). It is, therefore, primarily concerned with declarative learning 

and memory, which depends mainly on the hippocampus (Squire & Zola-Morgan, 1991). How-

ever, Rioult-Pedotti et al. (2000) showed that LTP also seems to extend to motor learning and 

memory. 

LTP consists of two phases: tetanus and expression. Tetanus involves NMDA receptors, and 

expression involves AMPA receptors (Nicoll, 2017). LTP proceeds as follows: when the 

postsynaptic membrane is under depolarization, Ca2+ enters through NMDA receptors and ac-

tivates calmodulin-dependent kinases II (CaMKII), which may be necessary and sufficient for 
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LTP. There is then a rapid accumulation of AMPA receptors at the synapse (Nicoll, 2017). 

Silent synapses in the hippocampus represent an interesting example to illustrate the physiolog-

ical importance of LTP. These synapses do not have AMPA receptors, but they contain NMDA 

receptors. Therefore, LTP makes these synapses unsilenced by adding AMPA receptors.  

 

1.2.3 Phenomena that can occur during motor memory consolidation  

Ideally, we learn one task at a time and retain it. However, real life is more complex than that. 

It is common to learn several pieces of information or skills one after the other. In response to 

this complexity of life, many different phenomena can occur during consolidation, all of which 

have various consequences for the quality of the memory(s) involved. They can be observed 

during the recall (i.e., the retention test). These phenomena include savings, offline gains, gen-

eralization/facilitation, and interference. Savings increase the rate of readaptation (Reis et al., 

2008) and allow for faster and more complete relearning than original (initial) learning of the 

same task (Krakauer & Shadmehr, 2006). Similarly, offline gains are an improvement in the 

quality of recall (i.e., performance improvements) without additional training (Krakauer & 

Shadmehr, 2006). Facilitation is a performance improvement at the beginning of the learning 

of a new motor task following the learning of a first (often related) motor task due to a better 

ability to adapt (Bock et al., 2001). Generalization, which makes facilitation possible, is the 

process that occurs when two memories link together and apply common rules to each other 

(Herszage & Censor, 2018). Finally, interference can also occur, which was the main theme of 

this master thesis. If the different phenomena possible during the consolidation of memory have 

been listed, although they are not directly the matter of this work, it is because the frontier 

between them is thin. For example, the same pattern of motor tasks, i.e., learning two tasks one 

after the other, is needed to observe interference or facilitation/generalization (Herszage & Cen-

sor, 2018; Robertson et al., 2004). Sometimes, retrograde interference and savings even seem 

to occur simultaneously (Krakauer et al., 2005). Moreover, interference and generalization may 

share common neural mechanisms, even though some specific synaptic mechanisms may differ 

(Herszage & Censor, 2018). Thus, a slight nuance in the experimental protocol is enough to 

obtain a different consolidation (or forgetting) phenomenon than expected. 

 

 

 

 



12 

1.3 Retrograde interferences 

 

1.3.1 Retrograde interferences at the behavioral level 

Interference, as well as other possible consolidation phenomena, are observed and defined at 

the behavioral level. For this purpose, the A1-B-A2 paradigm is commonly used (Robertson et 

al., 2004). The first task, task A, is learned, then task B, which is different, is also learned, and 

finally, task A is trained again (Table 1). Performance is quantified and recorded throughout the 

entire process. This paradigm can be adapted to the needs of each experiment. For example, in 

this project, the control groups performed only task A, corresponding to A1-A2, while our test 

groups performed an A1-B1-A2-B2 paradigm (see the Methods chapter for more details). In this 

model, whatever its final form, it is possible to play with different parameters: choice of tasks 

A and B, number of repetitions of A and B within each training block, the number of times tasks 

A and B are repeated, the time lapse between A and B, or between A1 and A2. 

 

Table 1 

Visual representation of the A1-B-A2 paradigm 

Task A1 → Task B → Task A2 

Learning task 

Initial learning 

First task 

First learning session 

 Interference task 

 

 Retention test 

Relearning of task A 

Recall 

 

Note. Under the different tasks are names that are used to speak about the various tasks in this 

thesis to help the reader. 

 

In this paradigm, it is mainly the difference in performance between the end of A1 and the 

beginning of A2 that indicates whether there is interference, offline gains, or some other phe-

nomenon. It is a behavioral observation since the results come from an analysis of the perfor-

mance. Interference occurs when performance evolution between the end of the initial training 

(A1) and the beginning of the retention test (A2) is significantly different between the interfer-

ence (practicing the interference task) and control groups. For this reason, the measure of a 

control group is always necessary. 
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1.3.2 Retrograde interferences at the neurophysiological level 

Retrograde interference is defined at the behavioral level. It is, therefore, necessary to have a 

behavioral measure to know if retrograde interference has occurred. However, it is possible to 

simultaneously collect neurophysiological data, for example with TMS, to learn more about the 

characteristics of interferences. The latter occur after learning, and many studies have already 

investigated the evolution of the parameters measurable by TMS during motor learning (see 

chapter 3.2). In contrast, the studies that have looked at the influence of retrograde interference 

on the parameters measurable by TMS are much less numerous and do not allow conclusions 

to be drawn at the present time. This master thesis has therefore attempted to complete the 

existing knowledge on this specific topic. 

 

1.3.3 Requirements for retrograde interferences 

Several conditions are necessary for retrograde interference to occur. As a reminder, there is 

retrograde interference when the learning of task B disrupts the retention of task A previously 

learned (Brashers-Krug et al., 1996). First, motor tasks A and B must be learning tasks (Egger 

et al., 2021; Lundbye-Jensen et al., 2011). Interference can occur shortly after learning when 

the newly trained skill is not yet stably encoded in the brain. Indeed, most, if not all, studies 

agree that there is no interference if at least six hours separate the learning of tasks A and B 

(Egger et al., 2021; Muellbacher et al., 2002; Robertson et al., 2004). Some studies suggest that 

there is no interference if more than four hours separate the two tasks (Brashers-Krug et al., 

1996; Lundbye-Jensen et al., 2011). Formulated differently, it takes four to six hours for the 

memory of a new motor skill to be stable. Hence, the time between tasks A1 and B is crucial 

for a proper consolidation of motor task A. What has yet to be discovered is whether the time 

between tasks A1 and A2 is also crucial for observing interference. To my knowledge, no study 

has directly addressed this question to date. The experimental designs of the various scientific 

studies vary from one another, with some projects having participants perform task A2 shortly 

after task A1 (Lauber et al., 2013; Lundbye-Jensen et al., 2011), while others have had them 

perform it 24 hours (Brashers-Krug et al., 1996; Egger et al., 2021; Krakauer et al., 2005), 48 

hours (Krakauer et al., 2005) or one week (Krakauer et al., 2005) later. However, these different 

projects sought to answer other hypotheses, such as the time needed between learning tasks A1 

and B to avoid interference (Brashers-Krug et al., 1996; Lundbye-Jensen et al., 2011), or the 

characteristics of the tasks that cause interference (Egger et al., 2021; Lundbye-Jensen et al., 

2011). It is, therefore, difficult to deduce anything about the time between learning task A1 and 

performing task A2 from these different studies. It is why this master thesis tried to fill this gap 
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by directly studying the time interval between tasks A1 and A2. The aim was to find out if it is 

crucial to observe interference. 

In order to answer this question, it seemed relevant to base the experiment on the A1-B-A2 

paradigm and to have tasks A and B with which interference can be observed. As in the studies 

by Lundbye-Jensen et al. (2011) and Lauber et al. (2013), where interference occurred under 

certain conditions, it was chosen that task A would be a ballistic task and task B a visuomotor 

task. These tasks allowed the same muscles to be used under slightly different conditions. It 

seems to be an important feature as Lundbye-Jensen et al. (2011) showed that there is interfer-

ence if tasks A and B use the same muscle and in the same direction, but not if the two tasks use 

different muscles, such as agonist and antagonist. Similarly, Egger et al. (2021), who studied 

interference in balance exercises, argued that different balance exercises should require the 

same neural resources (i.e., "similar task-specificities"; for example, the same control of the 

center of gravity) to interfere. In addition, Lundbye-Jensen et al. (2011) were also able to induce 

interference with 1 Hz rTMS and superficial nervous stimulation instead of task B. In other 

words, either by directly stimulating the part of M1 or the nerve responsible for moving the 

primary muscle of task A. All these experiments imply that tasks A and B must be relatively 

similar and use the body in the same way to have any risk of interference.  

Finding a suitable experimental protocol to obtain interference is a considerable challenge. 

However, one that must be overcome to modulate the time between tasks A1 and A2 to examine 

its implication in the appearance of interference. This master thesis has inspired its experimental 

protocol on the successful experiments of Lundbye Jensen et al. (2011) and Lauber et al. (2013). 

More details can be found in the Methods chapter. 

 

1.4 Motor learning and transcranial magnetic stimulation 

TMS is a non-invasive brain stimulation tool that can measure specific inhibitory and excitatory 

mechanisms. This method allows, for example, to increase or diminish brain excitability (Reis 

et al., 2008). However, it also helps to understand the mechanisms behind motor learning and 

memory formation (Reis et al., 2008). TMS provokes a muscular answer, called motor-evoked 

potential (MEP), when applied to M1 (Rotenberg et al., 2014). It is often assumed that the 

change in MEPs amplitudes shows M1 contribution during motor learning (Carson et al., 2016), 

even though the link between amplitude variations of MEPs and learning is not well known 

(Bestmann & Krakauer, 2015). Indeed, MEPs depend on many parameters: changes in cortico-

spinal tract integrity, changes in M1, and top-down influence of cognitive processes on M1 

(Bestmann & Krakauer, 2015). 
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1.4.1 Motor learning and corticospinal excitability 

Despite the limitations mentioned above, studies on motor learning often use amplitude changes 

of MEPs, considered as corticospinal excitability, as a marker of motor learning. Different stud-

ies have obtained conflicting results regarding changes in corticospinal excitability during mo-

tor learning (Ho et al., 2022; Holland et al., 2015). Most studies did not find any correlation 

between corticospinal excitability changes and learning (Carson et al., 2016). Corticospinal ex-

citability changes may depend more on the motor task itself than on the learning process 

Berghuis et al., 2017). Indeed, it seems that corticospinal excitability increases after a visuo-

motor task but not after a ballistic task (Berghuis et al., 2017). It could potentially explain why 

all the studies did not find the same results regarding the changes in corticospinal excitability. 

However, conflicting results were also observed for the same task: for example, and in contrast 

to the study mentioned above (Berghuis et al., 2017), Holland and colleagues (2015) found that 

learning of a visuomotor task is associated with a decrease in corticospinal excitability, where 

Paparella et al. (2020) did not find any change. The situation is also inconsistent for the learning 

of a ballistic task because, at the opposite of Berghuis et al. (2017), Paparella et al. (2020) found 

an increase in corticospinal excitability. 

The situation still being unclear, this master thesis has examined the corticospinal excitability 

evolution during the learning of a new ballistic task and possible retrograde interference.  

 

1.4.2 Motor learning and cortical silent period 

Another parameter measurable by TMS is the cortical silent period (CSP), which is “an inter-

ruption of a voluntary muscle contraction by transcranial stimulation of the contralateral motor 

cortex” (Wolters et al., 2008, p.91). It lasts between 100 and 300ms and can represent cortical 

motor inhibition (Wolters et al., 2008). There are not many studies about the evolution of CSP 

through the learning of a new ballistic task, but according to Taube et al. (2020), CSP does not 

seem to change after a four-week ballistic task training.  

 

It is interesting to look simultaneously at the corticospinal excitability and the CSP because it 

shows two sides of excitation-inhibition mechanisms: corticospinal excitability for excitation 

and CSP for inhibition. Corticospinal excitability and CSP are probably generated by different 

processes (Wolters et al., 2008). This hypothesis is supported (among other things) by the fact 

that CSP duration evolves linearly in response to the stimulus intensity, while MEP amplitude 

reaches a plateau at high intensities stimuli (Wolters et al., 2008).  
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1.4.3 Motor learning and motor thresholds 

Resting motor threshold (rMT) and/or active motor threshold (aMT) are systematically meas-

ured at the beginning of a TMS session because this information is needed to choose the appro-

priate stimulation intensities. Therefore, some studies analyzed if the motor thresholds change 

through the learning of a motor task. In the case of a ballistic task, the rMT and aMT do not 

appear to evolve (Paparella et al., 2020; Taube et al., 2020). 

 

1.4.4 Motor learning and short-interval intracortical inhibition 

TMS can measure the parameters mentioned above, i.e., corticospinal excitability, CSP, rMT, 

and aMT, using single pulse stimulations. Furthermore, it can also measure other parameters, 

such as intracortical inhibition (SICI) with paired-pulses stimulation paradigms (Rotenberg et 

al., 2014). The first stimulation is called conditioning stimulus (CS), and the second one test 

stimulus (TS). In the case of the SICI protocol, the CS is subthreshold, meaning that it does not 

evoke a visible muscular answer. However, it activates the inhibitory interneurons (Di Lazzaro 

& Rothwell, 2014), which conditions the TS. The TS is, in turn, suprathreshold and usually 

provokes a muscular answer, i.e., an MEP. The CS and the TS are spaced from one to six ms 

(Rotenberg et al., 2014). A SICI protocol contains several single- and paired-pulses stimula-

tions. It allows calculating the SICI value, which represents the amplitude differences between 

single- and paired-pulses MEPs expressed in percentage. As previously stated, MEPs are influ-

enced by many factors, making their amplitude variations challenging to interpret (Bestmann 

& Krakauer, 2015). However, paired-pulses protocols give more information about the ampli-

tude changes of MEPs as they enable to identify at which level the modifications happen (Best-

mann & Krakauer, 2015). For example, SICI, as indicated in its name, show what happens at 

the intracortical level.  

 

SICI does not seem to be correlated with motor learning and does not appear to change with the 

learning of a ballistic task (Berghuis et al., 2017). However, one study measured SICI under 

different conditions, i.e., at rest, during a ballistic task, and during a balance exercise, to see if 

the values changed after four weeks of training (Taube et al., 2020). They had one group that 

trained a lower body ballistic task and one group that trained a balance task. According to their 

results, neither training had an impact on resting SICI values, which is consistent with the re-

sults of Berghuis et al. (2017). More interestingly, Taube and colleagues (2020) observed a 

change in SICI when measured during a task and that this change is specific to the training 

being performed. That is, the SICI values of the ballistic task training group decreased when 
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SICI was measured during the ballistic task in the post-tests but not when SICI was measured 

during the balance exercise. And vice versa for the balance training group. These results sug-

gest, therefore, that SICI is task specific. 

However, more studies are needed to confirm these results. For this reason, another aim of this 

thesis was to investigate how SICI evolves through learning a new ballistic task and possible 

retrograde interference. 

 

1.5 Aims and hypotheses 

This master’s thesis pursues two main aims. The first one is to examine if the time interval 

between the initial learning of the first task (A1) and its retention test (A2) is crucial to observe 

retrograde interference. The second one is to better understand some neurophysiological mech-

anisms measured with TMS during the learning of a new ballistic task. Below are the hypothe-

ses formulated for all the questions answered in this master thesis. Only the alternative hypoth-

eses have been formulated. The null hypotheses would negate the differences assumed in the 

alternative hypotheses. 

 

1 Importance of the time between the first learning of a ballistic task (A1) and its retention test 

(A2) to observe retrograde interference 

H1A: Control and test groups will improve their performance during the first learning session of 

a ballistic task (A1). 

H1B: The test groups (i.e., BT_VMT_48hRet and BT_VMT_ImmRet) will improve their perfor-

mance during the initial training of a visuomotor task (B1). 

H1C: Compared to the control groups (i.e., BT_48hRet and BT_ImmRet), the test groups (i.e., 

BT_VMT_48hRet and BT_VMT_ImmRet) will show retrograde interference. 

H1D: The test groups (i.e., BT_VMT_48hRet and BT_VMT_ImmRet) will show different levels 

of retrograde interference. 

 

2 The evolution of TMS parameters during the learning of a new ballistic task 

H2A: The peak-to-peak amplitude of MEPs increases during the learning of a new ballistic task. 

H2B: The learning of a new ballistic task modifies the length of the CSP. 

H2C: The learning of a new ballistic task modifies the rMT. 

H2D: The learning of a new ballistic task modifies the aMT. 

H2E: The learning of a new ballistic task influences SICI active, i.e., SICI measured during a 

slight isometric contraction of the wrist. 
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H2F: The learning of a new ballistic task has an effect on SICI task, i.e., SICI measured during 

a rapid isometric contraction of the wrist.  
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2 Methods 

Fifty-eight adults recruited among sports students and relatives participated in the study (Table 

2). Due to the neurophysiological recordings, people with neurological or psychiatric disorders 

were not included in this study, as well as people with electrical stimulators in the body and 

pregnant women. The participants had to be task naïve and give their written informed consent. 

Participants were randomly assigned into four groups (Figure 1). 

 

Table 2 

Characteristics of the participants according to their group 

 Only BT task  BT and VMT tasks 

Characteristics BT_48hRet BT_ImmRet  BT_VMT_48hRet BT_VMT_ImmRet 

n (f/m) 7/7 6/8  7/8 7/8 

Age (years) 23.2 ± 2.0 22.0 ± 3.3  22.5 ± 2.4 24.3 ± 1.7 

Weight (kg) 65.6 ± 10.7 64.9 ± 10.2  70.4 ± 13.4 68.6 ± 10.6 

Height (cm) 171.9 ± 7.6 172.1 ± 10.5  175.1 ± 8.8 171.9 ± 9.2 

Note. BT = ballistic task (task A), VMT = visuomotor task (task B). 

 

During each experimental session, the participants alternated between TMS and task practice 

(Figure 1). There were four groups: two control groups and two test groups. Both control 

groups, namely BT_48hRet and BT_ImmRet, only did task A, which was a ballistic task, as 

shown in Figure 1. They differed in the time interval between A1 and A2: the group BT_48hRet 

had a 48 hours break between both tasks, whereas the group BT_ImmRet had 30 minutes rest. 

The test groups, i.e., BT_VMT_48hRet and BT_VMT_ImmRet, followed an A1-B1-A2-B2 de-

sign inspired by the A-B-A paradigm. In other words, they learned task A, a ballistic task, and 

task B, a visuomotor task. The difference between both groups was the time interval between 

tasks A1 and A2, which was 48 hours or five minutes. See below for more details. 
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Figure 1 

Overview of the study design 

BT_48hRet group 

TMS 1 BT(35x) 

A1 

TMS 2 48h 

→ 

TMS 3 BT(35x) 

A2 

 

BT_ImmRet group 

TMS 1 BT(35x) 

A1 

TMS 2 30min 

→ 

TMS 3 BT(35x) 

A2 

 

BT_VMT_48hRet 

TMS 1 BT(35x) 

A1 

TMS 2 VMT(50x) 

B1 

48h 

→ 

TMS 3 BT(35x) 

A2 

VMT(15x) 

B2 

 

BT_VMT_ImmRet 

TMS 1 BT(35x) 

A1 

TMS 2 VMT(50x) 

B1 

5min 

→ 

TMS 3 BT(35x) 

A2 

VMT(15x) 

B2 

Note. TMS = transcranial magnetic stimulation, BT = ballistic task (learning task), VMT = 

visuomotor task (interference task). A1 and B1 = initial learning, A2 and B2 = retention tests. 

 

 

2.1 Ballistic task 

The ballistic task consisted of producing maximal force as quickly as possible with the wrist 

flexor muscles. The participants sat in front of a computer screen and held a fixed handle with 

their non-dominant hand (Figure 2). A sound signal indicated the start of each trial. The partic-

ipants heard three beeps followed by a fourth longer beep. Each participant was instructed to 

perform the wrist flexion during the fourth beep. This movement corresponded to a maximal 

explosive isometric contraction. There was no familiarization trial. A force transducer (MC3A-

500, Advanced Mechanical Technology Inc., MA, USA) placed below the fixed handle rec-

orded the force applied by the participants. Two feedbacks were provided on the computer 

screen: the force curve and the peak rate of force development (RFD), expressed in N/s (Figure 

3). The peak RFD was obtained from the force curve and represented the capacity to increase 

force as quickly as possible from a resting level (Maffiuletti et al., 2016). A third feedback was 
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provided on another computer screen at the participants’ right. This screen displayed the learn-

ing curve, i.e., the peak RFD values of all trials. The participants were motivated and explicitly 

encouraged to improve their performance (i.e., the peak RFD values) throughout each training 

session. The ballistic task corresponded to the learning task, namely task A. 

 

Figure 2 

Installation for the ballistic task (task A)

 

Note. Each participant held the fixed handle with their non-dominant hand. The EMG device 

was stuck on their forearm. The headband with the three markers was part of the TMS neu-

ronavigation system. 
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Figure 3 

Feedback during the ballistic task (task A) 

 

Note. This is an example of the feedback that one of the participants received for one of their 

trials. The curve is a visual representation of the force produced by the participant during the 

trial. The number in the Result rectangle (i.e., 2116) represents the peak RFD (N/s). It is the 

value that the participant is encouraged to improve. 

 

2.2 Visuomotor task 

The participants were in the same position as for the ballistic task. However, they held a mobile 

handle connected to two elastic bands instead of a fixed handle (Figure 4). The visuomotor task 

consisted of following a moving curve with a cursor controlled through a potentiometer (6639S-

1-103, Bourns Inc., CA, USA) placed in the rotation axis of the handle. The cursor could go up 

with wrist flexion movements and down with wrist extensions. The experimenter warned par-

ticipants before the start of each trial, which then lasted 11 seconds. The curve was always the 

same. The participants again received three feedbacks: the trajectory they made superposed 

with the curve they should follow, the root mean square error (RMSE; Figure 5), and the learn-

ing curve (i.e., the RMSE of all the trials). The RMSE is calculated from the difference between 

the curve to follow and the curve actually made. The participants were motivated and explicitly 

encouraged to improve their performance (i.e., the RMSE values) throughout each training ses-

sion. The smallest the RMSE was, the better it was. The visuomotor task was the interference 

task, namely task B. 
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Figure 4 

Mobile handle used for the visuomotor task (task B) 

 

Note. Each participant held the mobile handle with their non-dominant hand. The EMG device 

was stuck on their forearm. The red point on the computer screen is the cursor controlled by the 

mobile handle, and the white line is the line to follow during the task.  

 

2.3 Neurophysiological recordings 

 

2.3.1 Electromyography 

The muscular activity of the flexor carpi radialis muscle (FCR) and a wrist extensor muscle of 

the non-dominant hand was measured using surface electromyography (EMG; Trigno Quattro 

Sensor, Delsys, MA, USA). Once the target muscles were found, the skin was rubbed and dis-

infected. Then two electrodes and a reference were stuck to the skin. Afterward, the EMG sig-

nals were visually controlled to ensure muscle activity during contractions was large enough 

compared to the background noise. The latter should be as close as possible to 0 μV and smaller 

than 0.5 μV to avoid the noise being confused with MEPs later. The position of the electrodes 

was marked with a permanent marker on the subjects taking part in two measurement sessions, 

i.e., the subjects of BT_VMT_48hRet and BT_48hRet groups, in order to stick the electrodes at 

the same place during both sessions. 
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Figure 5 

Feedback during the visuomotor task (task B) 

 

Note. The white curve is the curve that the participants must follow. The red curve is the curve 

that one participant actually made. The number in the Error rectangle (i.e., 115) represents the 

RMSE.  

 

2.3.2 Peripheral nerve stimulation 

Peripheral nerve stimulation (Digitimer DS7Q, Digitimer Ltd., Welwyn Garden City, England) 

is a non-invasive method that has been used to obtain the M-wave of the FCR muscle of the 

non-dominant hand. The median nerve innervates the FCR muscle. Therefore, the stimulation 

site was located on the inside of the upper arm, next to the biceps brachii tendon near the elbow. 

The electrode, consisting of an anode and a cathode, was pressed against the skin with gel. The 

location was tested, and when the right one was found, the M-wave was measured repeatedly. 

The intensity of the electrical stimulations was gradually increased until a plateau of the mus-

cular response was reached. The maximum M-wave amplitude, called Mmax, was recorded and 

later used to normalize the MEP amplitude produced by TMS. 

 

2.3.3 Transcranial magnetic stimulation 

TMS is a non-invasive method of applying a magnetic field to M1 to depolarize neurons and 

elicit a muscular response within the target muscle. The muscular response is called MEP and 
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is recorded with EMG (Rotenberg et al., 2014). In this project, the part of M1 responsible for 

the FCR muscle was targeted. 

During each session, the coil of the TMS device (MagPro with MagOption, MagVenture A/S, 

GA, USA), which was a figure-eight coil, and the neuronavigation system (Cameras: Polaris 

Spectra, Northern Digital Inc., Ontario, Canada. Software: Localite TMS Navigator Version 

2.0.5, LOCALITE GmbH, Bonn, Germany) were calibrated. The neuronavigation system was 

used to stimulate the participants in the same place during and between sessions. Then the 

hotspot, i.e., the location where the stimulations produce the biggest MEP at a given intensity, 

was determined. Each participant underwent three TMS units: TMS 1, TMS 2, and TMS 3 

(Figure 1). Each TMS unit was similar: it started with the determination of rMT and aMT and 

continued with five blocks of twenty stimulations during various conditions (Table 3).  

 

Table 3 

Content of each TMS unit 

Name of the part TMS 1 TMS 2 TMS 3 

 Hotspot   

 rMT rMT rMT 

 aMT aMT aMT 

Block 1 1x20 single-pulse 1x20 single-pulse 1x20 single-pulse 

Blocks 2 and 3 2x20 SICI active 2x20 SICI task 2x20 SICI active 

Blocks 4 and 5 2x20 SICI task 2x20 SICI active 2x20 SICI task 

Note. This table is intended to facilitate the understanding of the reader. TMS = transcranial 

magnetic stimulation, rMT = resting motor threshold, aMT = active motor threshold, SICI = 

short-interval intracortical inhibition. 

 

For the rMT, the participants sat and had their non-dominant hand relaxed on the desk during 

the stimulations. The aim was to find the lowest stimulation intensity that evoked an MEP >50 

μV in 5/10 stimulations (Rotenberg et al., 2014). 

The aMT was then determined. For this purpose, the participants held the mobile handle (Figure 

4) connected to the two elastic bands. During the stimulations, the participants were instructed 

to keep the cursor at a specific position indicated by a white line on the computer screen (Figure 

4), causing a slight isometric contraction. The aim was to find the lowest stimulation intensity 

eliciting an MEP >200 μV in 5/10 stimulations (Rotenberg et al., 2014). The rMT and aMT 

were used to determine the stimulation intensities applied during the five blocks of twenty 
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stimulations. The first block aimed to determine corticospinal excitability and CSP. Therefore, 

only single-pulse stimulations were delivered. During the stimulations, the participants held the 

mobile handle, which was connected to a weight of 3.4 kg for females and 4.0 kg for males. As 

during aMT determination, the participants had to keep the cursor in the white line during the 

stimuli. SICI was measured during the remaining TMS blocks (i.e., blocks 2, 3, 4, and 5). Dur-

ing a SICI protocol, single- and paired-pulses stimulations are delivered. For the paired-pulses 

stimulations, stimulation intensities were initially set to 80 % of the aMT for the CS and 130 % 

of the rMT for the TS. During the second and third blocks, the participants performed the same 

task as during aMT determination, i.e., keeping the cursor in the white line with the elastic’s 

resistance (i.e., SICI active). At the end of the second block of TMS 1, SICI was calculated to 

determine the percentage of inhibition during SICI active. If the value was between 40 and 60 

%, the stimulation intensities were kept for the rest of the experiment. Otherwise, stimulation 

intensities were adapted. Finally, during blocks 4 and 5, SICI was measured during the execu-

tion of rapid wrist flexions (i.e., SICI task). For this purpose, the participants held the fixed 

handle. There were two beeps followed by a third longer beep. During the third beep, the par-

ticipants had to perform the fastest possible wrist flexion. After five familiarization trials with-

out TMS and with visual feedback, each participant performed two blocks of twenty trials with 

TMS and without visual feedback. 

 

 2.4 Statistical analysis 

The statistical analysis was performed with the Jamovi software (version 2.3.0.0, Sydney, Aus-

tralia). Four groups were compared: BT_VMT_48hRet, BT_VMT_ImmRet, BT_48hRet, and 

BT_ImmRet. 

Before conducting two-way mixed design ANOVAs, the normality of the data and homogeneity 

of the variances were tested with Levene’s and Shapiro-Wilk tests, respectively. If the ANO-

VAs reported significant results, post hoc tests were performed to find where the significant 

differences were. For all the statistical tests performed during the data analysis, the level of 

significance was set with p<0.05. 

 

2.4.1 Statistical analysis of behavioral parameters 

This section concerns the hypotheses H1A to H1D and, therefore, the behavioral analysis. Initial 

learning of the ballistic (A1) and visuomotor (B1) tasks were quantified by comparing the mean 

of trials 3-5 with the mean of the last three trials, i.e., trials 33-35, and 48-50, respectively. Two-
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way mixed design 2x4, and 2x2, ANOVAs [TIMES x GROUPS] were conducted to verify that 

all groups had a similar learning rate during A1 and B1, respectively. 

The comparison between the first and the last trials of each training was inspired by the methods 

of Lundbye-Jensen et al. (2011). In their study, they used trials one to three, not three to five, 

but they had two familiarization trials that we do not have in our study. Hence, I chose to ana-

lyze trials three to five. 

To observe whether retrograde interference had occurred, the last three trials of the initial learn-

ing of the ballistic task (A1) were compared with trials 3-5 of the retention test of the ballistic 

task (A2). This comparison was made using a two-way mixed design 2x4 ANOVA [TIMES x 

GROUPS]. 

Finally, if retrograde interference had occurred, I would have tried to find out whether the time 

interval between A1 and A2 might be crucial for the observation of the interference. 

 

2.4.2 Statistical analysis of TMS parameters 

This section concerns the hypotheses H2A to H2F and, thus, the analysis of corticospinal excita-

bility, CSP, rMT, aMT, SICI active, and SICI task. For each of these parameters, the evolution 

between TMS 1 and TMS 2 was examined. 

During each TMS unit, corticospinal excitability and CSP data were derived from the 20 single-

pulse MEPs of the first block of the unit. Corticospinal excitability was measured as the peak-

to-peak amplitude of MEPs. The CSP was calculated from the MEP onset to the end of the 

silent period. The 20 stimulations were averaged for each parameter and each participant. The 

means of the different participants recorded during TMS 1 were compared with the means rec-

orded during TMS 2 with two-way mixed design 2x4 ANOVAs with the factors TIMES (TMS 

1, TMS 2) x GROUPS (BT_VMT_48hRet, BT_VMT_ImmRet, BT_48hRet, BT_ImmRet). 

The rMT and the aMT were measured at the beginning of each TMS unit. The values obtained 

during TMS 1 were then compared to those of TMS 2, using a two-way mixed design 2x4 

ANOVAs [TIMES x GROUPS]. 

Finally, the SICI parameters were calculated as follows: 100 – (average amplitude of 20 paired-

pulse MEPs / average amplitude of 20 single-pulse MEPs x 100). These parameters were ob-

tained for SICI active and SICI task. Two-way mixed design 2x4 ANOVAs [TIMES x 

GROUPS] were then applied to compare the evolution between TMS units 1 and 2. 
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2.4.3 Operationalized alternative hypotheses, applied analyses, and interpretation plan 

 

Table 4 

Summary of operationalized hypotheses, as well as specific tests used to demonstrate them and 

the effect size computation method 

N° Hypotheses (H) Tests Effect size 

H1A Performance (A13-5) < Performance 

(A133-35) 

Two-way 

mixed 

design 

ANOVA 

𝜂2 ≤ 0.01 (small); 

0.01 < 𝜂2 < 0.14 (medium); 

0.14 ≤ 𝜂2 (large) 

H1B Performance (B13-5) < Performance 

(B148-50) 

H1C CG ((A133-35)-(A23-5)) ≠ TG ((A133-

35)-(A23-5)) 

H1D BT_VMT_48hRet (A133-35)-(A23-5) ≠ 

BT_VMT_ImmRet (A133-35)-(A23-5) 

H2A CSE (TMS 1) ≠ CSE (TMS 2) 

H2B CSP (TMS 1) ≠ CSP (TMS 2) 

H2C rMT (TMS 1) ≠ rMT (TMS 2) 

H2D aMT (TMS 1) ≠ aMT (TMS 2) 

H2E SICI active (TMS 1) ≠ SICI active 

(TMS 2) 

H2F SICI task (TMS 1) ≠ SICI task (TMS 

2) 

Note. CG = control groups (BT_48hRet, BT_ImmRet), TG = test groups (BT_VMT_48hRet, 

BT_VMT_ImmRet), CSE = corticospinal excitability, CSP = cortical silent period, rMT = rest-

ing motor threshold, aMT = active motor threshold, SICI = short-interval intracortical inhibi-

tion, 𝜂2 = eta-squared. 
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3 Results 

 

3.1 Importance of the time between A1 and A2 to observe retrograde interference 

 

3.1.1 Motor learning 

As shown in Figure 6, all groups significantly improved performance during the initial learning 

of the ballistic task (A1; main effect of TIMES: F1, 56 = 74.21, p<0.001, 𝜂2 = 0.077) and pro-

gressed in a similar way (TIMES x GROUPS interaction: F3, 56 = 0.87, p = 0.463, 𝜂2 = 0.003). 

Finally, no main effect of GROUPS was observed (F3, 56 = 0.73, p = 0.541, 𝜂2 = 0.032).  

Performance of the groups BT_VMT_48hRet and BT_VMT_ImmRet groups, which trained the 

visuomotor task in addition to the ballistic task, improved significantly during the first training 

of the visuomotor task (B1) as indicated by the significant main effect of TIMES (F1, 28 = 

376.16, p<0.001, 𝜂2 = 0.610; Figure 7). There was no significant main effect of the factor 

GROUPS (F1, 28 = 0.35, p = 0.561, 𝜂2 = 0.004) and no TIMES x GROUPS interaction (F1, 28 = 

0.45, p = 0.510, 𝜂2 = 0.001). 

 

Figure 6 

Initial learning of the ballistic task (A1) 

 

Note. This graph shows the evolution of the performance during the initial learning of the bal-

listic task (i.e., A1). The higher the rate of force development (RFD), the better the performance. 
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All groups significantly improved their performance on the ballistic task, for a mean increase 

of 32.88 %. More specifically, BT_48hRet increased its performance by 27.88 %, going from 

1600 ± 650 N/s to 2046 ± 1032 N/s. The average performance of the BT_ImmRet group in-

creased from 1981 ± 744 N/s to 2643 ± 965 N/s, representing an improvement of 33.42 %. The 

average performance of the BT_VMT_48hRet group increased from 1704 ± 1065 N/s to 2211 ± 

1331 N/s, an increase of 29.75 %. Finally, the BT_VMT_ImmRet group improved by 39.41 % 

from 1809 ± 931 N/s to 2522 ± 1266 N/s. 

 

Figure 7 

Initial learning of the visuomotor task (B1) 

 

Note. This graph represents the evolution of performance during the initial learning of the visuo-

motor task (i.e., B1). The lower the RMSE, the better the performance. Both groups signifi-

cantly improved performance, for an average reduction in RMSE of 40.56 %. The group 

BT_VMT_48hRet went from an RMSE of 147 ± 35.3 to an RMSE of 87.1 ± 23.7, corresponding 

to a progress of 40.75 %. The performance of the BT_VMT_ImmRet group went from 141 ± 

20.1 to 84.2 ± 9.96, an improvement of 40.28 %. 

 

3.1.2 Retrograde interferences 

One of the main purposes of the experiment was to observe retrograde interference to further 

investigate this mechanism. The two-way mixed design 4x2 ANOVA [GROUPS x TIMES] 

revealed a significant GROUPS x TIMES interaction (F3, 56 = 3.39, p = 0.024, 𝜂2 = 0.004; Figure 

8), while no significant main effects of the factors GROUPS (F3, 56 = 0.46, p = 0.710, 𝜂2 = 0.023) 
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and TIMES (F1, 56 = 0.64, p = 0.428, 𝜂2 = 0.000) were observed. However, as can be seen in 

Figure 8, the significant interaction was due to the timing of the retention test (i.e., immediate 

vs. 48 hours later) and not to the training of the interference task. Overall, therefore, no retro-

grade interference was observed. It is confirmed by the results of two-way mixed design 2x2 

ANOVAs [TIMES x GROUPS] performed separately for the immediate retention groups 

(BT_VMT_ImmRet vs. BT_ImmRet) and the 48 hours retention groups (BT_VMT_48hRet vs. 

BT_48hRet). In fact, in both cases, the ANOVAs showed no significant GROUPS x TIMES 

interaction (p = 0.245 and p = 0.667, respectively). 

 

Figure 8 

Overview of the learning of the ballistic task (A1 and A2) 

 

Note. This graph shows the average evolution of performance when learning the ballistic task. 

The RFD of the BT_48hRet group increased from 2046 ± 1032 N/s to 2118 ± 885 N/s, corre-

sponding to an improvement of 3.52 %. The performance of the BT_ImmRet group decreased 

by 9.84 % from 2643 ± 965 N/s to 2383 ± 1030 N/s. The RFD of the BT_VMT_48hRet group 

increased from 2211 ± 1331 N/s to 2337 ± 1400 N/s, corresponding to an increase of 5.70 %. 

Finally, the performance of the BT_VMT_ImmRet group went from 2522 ± 1266 N/s to 2434 ± 

1224 N/s, a decrease of 3.49 %. 
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3.2 Evolution of TMS parameters during the learning of a new ballistic task 

 

3.2.1 Corticospinal excitability 

Corticospinal excitability (measured as MEPs peak-to-peak amplitude) did not vary between 

the beginning and the end of the initial training (A1) of the ballistic task, as indicated by the 

non-significant main effect of TIMES (F1, 54 = 1.25, p = 0.269, 𝜂2 = 0.001). No main effect of 

groups was observed (F3, 54 = 2.23, p = 0.095, 𝜂2 = 0.104). However, a TIMES x GROUPS 

interaction was found (F3, 54 = 4.39, p = 0.008, 𝜂2 = 0.011). Post hoc comparisons showed that 

this difference was only significant in the BT_48hRet group (pHolm = 0.019) when comparing 

TMS 1 and TMS 2. More specifically, this group had an increase in corticospinal excitability 

of 19.1 % between TMS 1 and 2, from 46.7 ± 16.2 % to 55.6 ± 16.5 %. More descriptive 

statistics are presented in Table 5. 

 

3.2.2 CSP 

No main effect of TIMES was observed for the CSP, indicating that this parameter did not 

evolve through the initial learning of the ballistic task (A1; F1, 54 = 0.054, p = 0.818, 𝜂2 = 0.000). 

There was no main effect of GROUPS either (F3, 54 = 2.19, p = 0.100, 𝜂2 = 0.103), as well as no 

TIMES x GROUPS interaction (F3, 54 = 1.02, p = 0.389, 𝜂2 = 0.003). The CSP values are pre-

sented in Table 5. 

 

3.2.3 rMT and aMT 

rMT and aMT did not change between the beginning and the end of the initial training (A1) of 

the ballistic task (main effect of TIMES: rMT (F1,52 = 1.40, p = 0.243, 𝜂2 = 0.000) and aMT (F1, 

54 = 1.15, p = 0.289, 𝜂2 = 0.000)). No significant main effect of GROUPS was observed for both 

rMT (F3, 52 = 2.36, p = 0.082, 𝜂2 = 0.118) and aMT (F3, 54 = 1.62, p = 0.194, 𝜂2 = 0.081). Finally, 

no interaction between the factors TIMES and GROUPS was observed, nor for the rMT (F3, 52 

= 0.59, p = 0.624, 𝜂2 = 0.001), or the aMT (F3, 54 = 1.55, p = 0.212, 𝜂2 = 0.002). Descriptive 

statistics of the parameters rMT and aMT are presented in Table 5. 
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3.2.4 SICI 

 

3.2.4.1 SICI active No main effect of TIMES was found for SICI active, indicating that this 

parameter did not change during the learning of the new ballistic task (F1, 54 = 1.16, p = 0.286, 

𝜼2 = 0.002). There was also no significant main effect of GROUPS (F3, 54 = 2.62, p = 0.060, 

𝜼2 = 0.116), as well as no TIMES x GROUPS interaction (F3, 54 = 1.68, p = 0.183, 𝜼2 = 0.007). 

The SICI active values are presented in Table 5. 

 

3.2.4.2 SICI task A significant main effect of TIMES was observed for SICI task, indicating 

that this parameter changed during the initial training of the ballistic task (F1, 53 = 8.56, p = 

0.005, 𝜼2 = 0.032). More precisely, the descriptive statistics indicate that SICI task decreased 

by 54.0% between TMS 1 and TMS 2, from 8.63 ± 12.0 % to 3.97 ± 13.0 %. In contrast, no 

main effect of GROUPS (F3, 53 = 1.12, p = 0.351, 𝜼2 = 0.045), as well as no TIMES x GROUPS 

interaction (F3, 53 = 0.49, p = 0.691, 𝜼2 = 0.006) were found. The SICI task values are presented 

in Table 5. 
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 Table 5 

Descriptive statistics of the TMS parameters 
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Note. TMS = transcranial magnetic stimulation, CSP = cortical silent period, rMT = resting 

motor threshold, aMT = active motor threshold, and SICI = short-interval intracortical inhibi-

tion. Except for the CSP, which is in ms, all other parameters are expressed in percentages.  
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4 Discussion 

This master thesis had two main aims: to examine if the time interval between initial learning 

of the first task (A1) and its retention test (A2) is crucial to observe retrograde interference and 

to better understand some neurophysiological mechanisms measured with TMS during the 

learning of a new ballistic task. Several hypotheses were then formulated to obtain the desired 

answers. These hypotheses are summarized in Table 6 and are accompanied by the results, i.e., 

whether they are correct or not. 

 

Table 6 

Overview of the operationalized hypotheses and their results 

N° Hypotheses (H) Results 

H1A Performance (A13-5) < Performance (A133-35) Ok 

H1B Performance (B13-5) < Performance (B148-50) Ok 

H1C CG ((A133-35)-(A23-5)) ≠ TG ((A133-35)-(A23-5)) X 

H1D BT_VMT_48hRet (A133-35)-(A23-5) ≠ BT_VMT_ImmRet (A133-

35)-(A23-5) 

n/a 

H2A CSE (TMS 1) ≠ CSE (TMS 2) Ok / X 

H2B CSP (TMS 1) ≠ CSP (TMS 2) X 

H2C rMT (TMS 1) ≠ rMT (TMS 2) X 

H2D aMT (TMS 1) ≠ aMT (TMS 2) X 

H2E SICI active (TMS 1) ≠ SICI active (TMS 2) X 

H2F SICI task (TMS 1) ≠ SICI task (TMS 2) Ok  

Note. CG = control groups (BT_48hRet, BT_ImmRet), TG = test groups (BT_VMT_48hRet, 

BT_VMT_ImmRet), CSE = corticospinal excitability, TMS = transcranial magnetic stimulation, 

CSP = cortical silent period, rMT = resting motor threshold, aMT = active motor threshold, 

SICI = short-interval intracortical inhibition. In the third column, a red cross indicates that the 

hypothesis was rejected, a green “Ok” that the hypothesis was confirmed, and n/a = not appli-

cable means that it was not possible to answer the hypothesis since we did not observe any 

interference. 

 

4.1 Behavioral results 

As expected, learning was visible at the behavioral level, with a performance improvement, 

both for the ballistic and visuomotor tasks. This is in line with the literature (Lundbye-Jensen 
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et al., 2011; Muellbacher et al., 2002) and fulfills one of the necessary conditions for retrograde 

interference since two learning tasks are required (Egger et al., 2021; Lundbye-Jensen et al., 

2011). However, no retrograde interference occurred in the test groups. It is, therefore, impos-

sible to know whether the time interval between the initial learning (A1) and the retention test 

(A2) influences the occurrence of retrograde interference since the phenomenon was not present 

at all. The question is why there was no retrograde interference, although the baseline condi-

tions were met. Several explanations are possible. 

It is possible that no interference was obtained because of the use of TMS as a neurophysiolog-

ical measurement tool. TMS has been used several times in studies of retrograde interference, 

but mainly in the form of rTMS to induce retrograde interference (Lundbye-Jensen et al., 2011; 

Muellbacher et al., 2002). That is, in the form of a stimulation tool that affects the nervous 

system (for example, by modulating the amount of GABA (Gröhn et al., 2019)) and can thus 

cause interference. It is rarer that TMS has simply been used as a neurophysiological measure-

ment tool. It was the case in the study by Lauber et al. (2013), where they used single-pulse 

stimulation to assess corticospinal excitability. The authors were able to achieve retrograde in-

terference with their experimental design. Therefore, the use of TMS as a measurement tool 

and the occurrence of interference are not mutually exclusive. It seems important to remind 

here that although single-pulse TMS has been little used as a measurement tool in studies ex-

amining interference, it has been widely used in studies looking at simple motor learning. In 

the latter, it is difficult to say whether TMS influenced the results obtained since there are not 

necessarily comparison points without TMS. 

Since TMS is both an interfering and a neurophysiological measurement tool, it is necessary to 

know where the separation between the two lies and when the data obtained are influenced by 

the stimulations. It is relatively apparent that rTMS influences the state of the nervous system 

as it can modulate GABA levels (Gröhn et al., 2019) or cause interference (Lundbye-Jensen et 

al., 2011; Muellbacher et al., 2002). However, the situation is a little more unclear for single-

pulse TMS and paired-pulse protocols (Carson et al., 2016). Bütefisch et al. (2004) showed that 

if single-pulse TMS is applied ipsilaterally and in synchronization with movement (in this case, 

voluntary thumb movements), then it seems to prevent the formation of motor memory. Fur-

thermore, Hadipour-Niktarash et al. (2007) showed that forgetting could be faster if single-

pulse TMS is applied to M1 contralaterally at the end of a reaching movement during the learn-

ing of an adaptation task. Thus, single-pulse TMS, which is generally considered only as a 

measuring tool, can influence motor memory and cause interference under certain conditions. 

Bütefisch et al. (2004) have shown that single-pulse TMS can also facilitate learning. According 
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to these authors, single-pulse TMS applied contralaterally at the same time as the movement 

facilitates memorization, more so than training alone, i.e., without TMS or with single-pulse 

TMS applied contralaterally between movements. 

  

If we look again at the results of Lauber et al. (2013) with this new information on TMS, it is 

possible to realize that the occurrence of retrograde interference in their study was independent 

of the use of TMS as retrograde interference was observed both in groups with and without 

TMS. In this study, TMS was applied between the movements during the learning of a ballistic 

task (task A) and a visuomotor task (task B), which does not facilitate learning but does not 

seem to affect learning (Bütefisch et al., 2004). All scenarios are, thus, possible with single-

pulse TMS: interference, facilitation, or no effect. 

In our project, TMS was applied either before or after the ballistic task training. According to 

this temporal distribution and the literature consulted, TMS should not have influenced the ab-

sence of retrograde interference since it was not applied simultaneously as the movements per-

formed by the participants during the different ballistic and visuomotor tasks (Bütefisch et al., 

2004). 

 

More than TMS, it is possible that the tasks performed during the TMS measurements prevented 

interference, mainly the SICI task. Indeed, the SICI task was very similar to the ballistic task in 

which we would have liked to observe retrograde interference. It is, hence, possible that the 

SICI task indirectly constituted an additional training to the ballistic task. As Krakauer et al. 

(2005) have shown, an increase in the training volume could prevent interference during the 

learning of a visuomotor adaptation task. In addition, and as explained in the introduction, the 

somatosensory cortex may be crucial for motor learning and motor consolidation (Kumar et al., 

2019). More practice also implies more sensory feedback. This additional information obtained 

during the SICI task could help the nervous system to consolidate the ballistic task and make it 

less susceptible to retrograde interference.  

It should be noted, however, that the SICI task and the ballistic task were not exactly the same 

tasks. Therefore, the sensory afferents received were not exactly the same either. Nevertheless, 

this is not necessarily problematic for facilitating sensorimotor consolidation. Indeed, Cuppone 

et al. (2018) have shown that gains in proprioceptive acuity following sensorimotor learning 

can generalize to untrained sensory regions of the workspace. In this study, a reaching task was 

learned during several training sessions. The participants had to reach five different targets with 

their hands and without visual feedback. Before and after the trainings, a wrist joint 
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proprioceptive test was performed using eight different positions: the five targets trained in the 

reaching task and three additional targets. Their results show that the participants improved 

their position sense not only on the trained targets but also on the untrained targets. It means 

that sensory learning from one task can generalize to a similar task. It is what potentially hap-

pened in our experiment between the ballistic and SICI tasks. 

There is one more argument in favor of the SICI task protecting the ballistic task from retro-

grade interference. The memorization of a movement is facilitated, and its retention time is 

prolonged when single-pulse TMS is applied at the same time as the execution of this movement 

(Bütefisch et al., 2004). It is indeed what was done in the SICI task: participants received stim-

ulation in the middle of the movement, which prolonged their voluntary contraction. The SICI 

protocol was used in this task, meaning the participants received single- and paired-pulses stim-

ulation. Therefore, there were also single-pulse stimuli, as in the previously cited study 

(Bütefisch et al., 2004), which may have improved the consolidation and retention of the SICI 

task. And if generalization between the SICI task and the ballistic task occurred (via a phenom-

enon similar to that observed in the study of Cuppone et al. (2018)), it may have helped to 

consolidate the ballistic task as well.  

In conclusion, based on our results and the literature, it may be that the combination of SICI 

task and TMS could have prevented the occurrence of retrograde interference for the ballistic 

task. Further experiments are needed to confirm this hypothesis. It would be possible to start 

by removing the SICI task and the simultaneous TMS stimulations while keeping the rest of the 

protocol and see if retrograde interference occurs. If so, it would be interesting to add a group 

that would follow the same protocol but without TMS during the SICI task. It would allow us 

to know if it is the SICI task - TMS combination that prevents the occurrence of retrograde 

interference or if the task alone (i.e., the contractions executed during SICI task) is sufficient. 

 

4.2 Neurophysiological results 

Corticospinal excitability did not change after learning a new ballistic task in three of our 

groups, but it increased significantly in the BT_48hRet group. These results are representative 

of the current literature, which is equivocal and does not help to clarify it. Indeed, Berghuis et 

al. (2017) and Ho et al. (2022) would agree that corticospinal excitability does not change fol-

lowing learning a ballistic task, which is in agreement with three of our groups. However, in 

contrast, Paparella et al. (2020) found an increase in corticospinal excitability when learning a 

ballistic task, which is consistent with the results of our fourth group. Further studies are there-

fore needed to provide more data and better determine the general trend. 
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CSP values remained similar before and after learning a ballistic task, as did rMT and aMT. 

These results are consistent with those of Taube and colleagues (2020), who found no changes 

in CSP, rMT, or aMT after four weeks of training on a ballistic task. It would therefore seem 

that these different parameters measured by TMS do not play a determining role in learning a 

ballistic task. 

  

In our project, SICI was measured in two different tasks (SICI active and SICI task) to examine 

its evolution after learning a ballistic task. According to a systematic review and meta-analysis 

of 11 studies that measured SICI in different kinds of motor tasks and with different experi-

mental designs, SICI should have stayed the same regardless of how it was measured (Berghuis 

et al., 2017). The results we obtained for SICI active are consistent with this paper, but not for 

the SICI task, which was significantly lower after learning the ballistic task. The latter result 

perfectly agrees with those of Taube et al. (2020), who also found a decrease in SICI after 

ballistic task training when SICI was measured during a (submaximal) ballistic contraction. The 

change in SICI task, but not SICI active following ballistic task training, could be explained by 

the same hypothesis as that put forward by Taube et al. (2020): SICI could be modulated in a 

task-specific manner. It would mean that values change following training of a motor skill only 

when SICI is measured in a sufficiently similar task. Future studies could define which condi-

tions are necessary to observe a change in SICI following motor learning to understand better 

the mechanisms influencing intracortical inhibition. 

 

4.3 Strengths and weaknesses 

This master thesis contributed to a better understanding of the evolution of parameters measured 

by the TMS while learning a ballistic motor task. It also tried to provide new knowledge on the 

evolution of these neurophysiological parameters in case of retrograde interference. If interfer-

ence had been observed, this study would have been among the first to analyze whether retro-

grade interference influences SICI. Unfortunately, we failed to observe any interference, alt-

hough the experimental design was meticulously designed to do so. A revision of the protocol, 

as well as the measurement of new groups, is needed to access the knowledge initially desired. 

That is, whether the time interval between initial learning (A1) and the retention test (A2) is 

crucial for observing retrograde interference and whether specific neurophysiological parame-

ters evolve differently under interference compared to simple motor learning. 
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5 Conclusion 

This thesis aimed to learn more about the retrograde interference phenomenon and the learning 

of a ballistic task. We could see that the different parameters measurable with the TMS did not 

seem particularly relevant to quantify the learning of a ballistic task, except possibly SICI when 

measured in a task close to the trained one. Indeed, learning the ballistic task had no impact on 

corticospinal excitability, CSP, rMT, or aMT. SICI active did not change either. Only the SICI 

task was influenced. 

The situation about retrograde interference was more interesting. Science being sometimes dif-

ficult to predict, we failed to observe this phenomenon despite careful planning of the experi-

mental protocol. After analysis, it seemed that the SICI task may have prevented interference. 

It is indeed possible that a generalization phenomenon was observed where it was not expected, 

i.e., between the SICI task and the ballistic task, which protected the ballistic task from the 

expected retrograde interference. However, since we did not have the desired control over the 

results of our project, it is necessary to pursue the experiment with additional groups to under-

stand better what happened. If our future tests confirm what has been argued in the discussion, 

further studies specific to generalization between two motor tasks will be needed to confirm 

our results. Hence, it is too premature to draw any clinically applicable conclusions. 
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