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Chapter 1. Introduction 

1. General introduction 

The ability to detect, localize and react to the occurrence of salient and 

potentially threatening sensory events is crucial for survival. Indeed, 

generating an appropriate reaction allows individuals to promptly adapt 

their behavior to the changing environment and thus prevents and/or limits 

tissue damages (Iannetti and Mouraux, 2010). Therefore, generating an 

adequate protective motor response to potentially threatening sensory 

events can be considered one of the most important functions of 

nociception. The term nociception refers to the neural activity in both the 

peripheral and central nervous systems triggered by the occurrence of a 

noxious stimulus1  and thus can be regarded as an “alarm system” aiming to 

preserve bodily integrity. Nociception and pain have to be distinguished. 

Indeed, pain is a complex experience currently defined by the International 

Association for the Study of Pain (IASP; Taxonomy) as “an unpleasant 

sensory and emotional experience associated with, or resembling that 

associated with, actual or potential tissue damage” (Raja et al., 2020). Pain 

may emerge from the activation of peripheral high-threshold receptors 

called nociceptors. Importantly, nociceptors can be activated by stimuli of a 

wide variety of energy forms (mechanical, thermal and/or chemical) which 

do not necessarily elicit pain. Therefore, the information coded by the 

                                                           
1 A noxious stimulus, which can take various forms of energy (e.g. thermal, mechanical or 
chemical), is a stimulus being capable of inflicting tissue damages and which thus 
constitutes a potential or real threat to bodily integrity.    
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nociceptive system, from peripheral nociceptors to central neural 

structures, are not systematically associated to a conscious experience of 

pain (e.g. Lee et al. (2009), Mouraux et al. (2010), Mouraux et al. (2014)). 

Pain can thus be regarded as one of several responses elaborated by the 

nociceptive system to protect us from potential threats.  

In humans, congenital analgesia highlights the dramatic consequences of the 

inability to adequately respond to noxious stimuli. Indeed, congenital 

analgesia is characterized by an insensitivity to pain which, a fortiori, implies 

an absence of appropriate reactions, leading to potentially serious injuries. 

Therefore, this lack of behavioral adaptation to pain is associated with a 

reduced life expectancy (Nagasako et al., 2003).  

Interactions between nociceptive and motor systems have been reported at 

multiple levels of the nervous system, involving both spinal and supraspinal 

structures with sometimes compelling effects on motor excitability (Hodges 

et al., 2003; Martin et al., 2008). Such interactions are relatively well-

documented at spinal level. For instance, high-intensity electrical 

stimulation of upper or lower extremities can trigger a prompt withdrawal 

of the stimulated limb (Floeter et al., 1998; Sandrini et al., 2005; Andersen, 

2007). Similarly, threatening stimuli can activate spinal inhibitory circuits, 

inducing a transient suppression of muscle contraction, therefore promoting 

the interruption of the ongoing movements (Floeter, 2003). Although less 

understood, phasic pain-evoked changes in supraspinal structures involved 

in motor function were also reported (Bank et al., 2013). Indeed, 

spinothalamic projections to brain regions involved in motor function, such 

as the primary motor cortex (M1) (Frot et al., 2013) or the cingulate areas 
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(Dum et al., 2009), could underlie the interactions between the two systems. 

A more detailed analysis of the modulatory effects of a brief nociceptive 

stimulus on the motor system will be discussed in section 2 of this chapter. 

You can also refer to the studies of chapters 3 and 4 for a discussion on 

phasic-evoked changes in motor system excitability.  

Although leading to immediate benefits, motor adaptation to pain can have 

long-term negative consequences when pain persists for months or years. 

Historically, two main models have been put forward to explain persistent 

muscle pain-related changes in motor function. First, the vicious circle 

theory proposed a “pain-spasm-pain cycle” as a consequence of a uniform 

increased muscle activity (Roland, 1986; Johansson and Sojka, 1991). Later, 

Lund et al. (1991), in the so-called pain adaptation model, proposed that 

muscular activity recorded from painful muscles or from muscles generating 

a painful movement was inhibited. This inhibition, in conjunction with a 

facilitation of antagonist muscles activity, aims at protecting the injured part 

of the body. However, numerous clinical and experimental reports were 

inconsistent with both the vicious circle theory and the pain adaptation 

model. More recently, Hodges and Tucker (2011) proposed that the 

adaptation of the motor system to pain aims (1) to protect from further 

injuries and (2) to promote recovery by redistributing muscular activity 

within and between muscles (Madeleine et al., 2006; Tucker and Hodges, 

2009). The resulting changes in mechanical behavior (Tucker and Hodges, 

2010) could lead to a protection against further pain. However, this 

adaptation may have negative consequences in the long term, for instance 

in chronic pain conditions. Sustained pain-evoked changes in motor system 
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have been less investigated for pain of cutaneous origin. Moreover, 

contradictory results were reported, suggesting either a decrease (Farina et 

al., 2001), an increase (Fierro et al., 2010) or a lack of modulatory effect on 

motor cortex excitability (Martel et al., 2017; Mavromatis et al., 2017). 

Similar conflicting results have been reported on processes underlying tonic 

cutaneous pain-evoked changes in the motor system at spinal level. Indeed, 

while some studies suggest a lack of sustained changes in spinal pathways 

(Farina et al., 2001; Traverse et al., 2020), other evidence, notably from 

animal studies, suggest the implication of motor spinal processes (Woolf, 

1983; 1984; Coderre and Melzack, 1985; Gronroos and Pertovaara, 1993). 

Section 3 of the present chapter is devoted to the modulatory effects of both 

tonic cutaneous and muscle pain on motor excitability.  

Cutaneous tissue injuries can be associated with the development of 

hyperalgesia at the injured site (primary hyperalgesia) which is characterized 

by an increased pain sensitivity to both heat and mechanical stimuli (Hardy 

et al., 1950; LaMotte et al., 1983; Raja et al., 1984). It has been shown that 

hyperalgesia in the primary zone is due, at least in part, to a sensitization of 

primary afferents nociceptors (Campbell et al., 1979; Meyer and Campbell, 

1981; Thalhammer and LaMotte, 1982; Campbell and Meyer, 1983; LaMotte 

et al., 1983; Reeh et al., 1987; Campbell et al., 1988), although central 

mechanisms could also play a part (Randic et al., 1993; Liu and Sandkuhler, 

1997; Sandkuhler and Liu, 1998; Ikeda et al., 2003; Ikeda et al., 2006; 

Sandkuhler, 2009). In addition to primary hyperalgesia, an increased pain 

sensitivity to punctate stimuli can also be observed in the surrounding 

uninjured skin (Hardy et al., 1950; Raja et al., 1984; Dahl et al., 1993; 
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Moiniche et al., 1993). This secondary mechanical hyperalgesia is thought to 

be mainly mediated by central sensitization (Baumann et al., 1991; LaMotte 

et al., 1991; Simone et al., 1991; LaMotte et al., 1992; Torebjork et al., 1992), 

which is considered an “increased responsiveness of nociceptive neurons in 

the central nervous system to their normal or subthreshold afferent input” 

by IASP (Taxonomy). Long term potentiation (LTP), a physiological model of 

activity-dependent synaptic plasticity operating in the spinal cord (Bliss and 

Collingridge, 1993; Cooke and Bliss, 2006), has been proposed as one (of 

several) underlying mechanisms of central sensitization (Liu and Sandkuhler, 

1997; Ikeda et al., 2003; Sandkuhler, 2009). Interestingly, hyperalgesia to 

mechanical stimuli in the surrounding uninjured skin is a prominent clinical 

feature in persistent pain conditions, such as postoperative pain 

(Lavand'homme et al., 2005). It can therefore be assumed that the 

hyperalgesia reported in patients bears a resemblance to the mechanical 

hyperalgesia observed in the surrounding uninjured skin and could be a 

consequence of central sensitization. Secondary mechanical hyperalgesia is 

discussed in more details in section 4 of chapter 1. Chapter 5 is devoted to 

an experiment paradigm in which I tried to characterize the changes in 

motor system following a sustained activation of cutaneous nociceptors 

generating central sensitization. In this experimental study, high frequency 

electrical stimulation (HFS) of the skin was used to induce a mechanical 

hyperalgesia in the secondary zone. Indeed, robust LTP of the synaptic 

efficiency between C-fiber primary afferents and dorsal horn neurons can be 

elicited in animals by delivering brief HFS bursts to the afferent nerve (Liu 

and Sandkuhler, 1995; 1997). By repeating, this time on humans, the HFS 
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protocol used in animal experiments, Klein et al. (2004) showed that HFS 

could lead to a long-term enhancement of pain perception to mechanical 

punctate stimuli outside the skin conditioned by HFS, closely resembling the 

secondary mechanical hyperalgesia observed in the surrounding uninjured 

skin (Hardy et al., 1950; Raja et al., 1984; Dahl et al., 1993; Moiniche et al., 

1993). Studying changes in motor system excitability in a state of central 

sensitization of the nociceptive system induced by experimental models 

such as HFS is of clinical interest in order to improve our understanding of 

the motor system plasticity underlying the changes in motor behavior in 

chronic pain patients.    

As already stated above, although promoting immediate benefits, changes 

in motor system evoked by persistent pain can have long-term negative 

consequences when pain persists for months or even years. Pathological 

chronic pain represents a major European healthcare issue. Indeed, 

approximatively 19-35% of European adults suffer from moderate to severe 

chronic pain (Elliott et al., 1999; Breivik et al., 2006; Breivik et al., 2013). 

Furthermore, chronic pain conditions markedly impair the quality of life and 

have severe socioeconomic impacts on our communities. The financial 

burden associated with persistent pain condition is also considerable and is 

at least equivalent to that of heart diseases and cancer (Breivik et al., 2013). 

In consequence, progress in our understanding of the neural representation 

of chronic pain in humans is essential in order to prevent, diagnose and 

develop an effective management of chronic pain conditions. However, 

there is no consensus on a precise definition of chronic pain (Apkarian et al., 

2009). Currently, it is commonly admitted that, in chronic pain conditions, 
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pain extends the healing process after an injury (IASP, Taxonomy).  A 

prolonged activation of nociceptive pathways, induced by injuries and/or 

inflammation, can cause long-term changes in both peripheral and central 

structures, leading to a sensitization of the nociceptive system which can 

contribute to the transition from an acute to a chronic state. A number of 

studies investigated long-term modifications occurring in chronic conditions, 

in both the peripheral (e.g. Reinert et al. (1998)) and central nervous 

systems, mainly at spinal level (e.g. Woolf and Thompson (1991)). 

Supraspinal activity-dependent changes, alteration of functional 

connectivity between brain regions as well as structural changes have also 

been reported in chronic pain conditions. Indeed, both structural and 

functional changes in various brain areas were observed and could underlie, 

at least in part, the chronification of pain (Maihofner and Handwerker, 2005; 

Seifert and Maihofner, 2009; Apkarian et al., 2011; Seifert and Maihofner, 

2011). Because the cortical mechanisms underlying the chronification of 

pain are still poorly understood, I developed an original approach, combining 

transcranial magnetic stimulation (TMS) and functional magnetic resonance 

imaging (fMRI), which may be able to isolate activity-dependent changes in 

nociceptive function and, thereby, provide novel insights into the cortical 

mechanisms underlying the chronification of pain (see section 6 of chapter 

1 and chapter 6). Although not directly under the scope of the present work, 

section 6.1 of this chapter is devoted to an overview of structural and 

functional changes in chronic pain. More precisely, I focused the discussion 

on the changes in cortical excitability and functional connectivity of the 

dorsolateral prefrontal cortex (DLPFC) in chronic low-back pain (CLBP) 
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patients. Indeed, such a brain target in this particular chronic pain condition 

seems to be appropriate to probe the representation of pathological pain in 

the human brain with the experimental approach I developed (see section 

6.1 of chapter 1 and chapter 6).  

2. Transient changes in the motor system triggered by the 

occurrence of a brief nociceptive stimulus 

2.1 Phasic pain-evoked changes in spinal pathways activity 

Nociception-evoked motor responses have been extensively investigated at 

spinal level as illustrated by the short-latency electromyographic (EMG) 

response elicited in various upper and lower limb muscles after noxious 

electrical stimulation of the skin. This swift motor response allows to move 

the stimulated limb away from the offending source (Figure 1.1; for reviews, 

see Andersen (2007), Sandrini et al. (2005) and Skljarevski and Ramadan 

(2002)).  
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Figure 1.1. Schematic experimental setup to record the withdrawal reflex 

from the tibialis anterior (TA) muscle in humans. Subjects are seated in a 

comfortable reclining chair. The hip, knee and ankle joints are usually flexed 

at approximatively 90°. The reflex is usually elicited by high-intensity 

transcutaneous electrical stimulation by using relatively large skin surface 

electrodes. Such stimuli allow a synchronized activation of cutaneous 

afferents, compatible with the recording of time-locked responses such as 

the withdrawal reflex. However, because large-diameter afferents have a 

lower electrical activation threshold than small-diameter afferents, at the 

intensity required to activate small-diameter nociceptive afferents, such 

stimuli unavoidably also activate large-diameter non-nociceptive afferents. 

Note the EMG response elicited by electrical stimulation using large surface 

electrodes represented in the upper right part of the figure (data from the 

experimental study presented in chapter 4).  

The nociceptive withdrawal reflex (NWR) is characterized by a spinal 

polysynaptic pathway controlled by descending influences (Clarke and 

Harris, 2004). The reflex was first described by Sherrington (1910) in 

spinalized cats as a stereotyped flexion of the stimulated limb (i.e. the 
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activation and relaxation of flexor and extensor muscles, respectively) 

combined to a crossed extension of joints of the non-stimulated limb. Later, 

the neuroscientists grouped the afferents fibers capable of generating a 

flexion reflex under the term “flexor reflex afferents” (FRA) (Lundberg, 1979; 

Schomburg, 1990). This includes group II, III and IV muscle, joint and 

cutaneous afferents. According to this model, all these afferents converge 

into common spinal interneurons controlled by descending influences 

originating from supraspinal structures involved in the current motor task. 

In case of strong peripheral afferent inputs, especially for nociceptive 

afferents, a flexion of the limb can be observed, therefore interrupting the 

current motor program (Eccles and Lundberg, 1959; Schomburg, 1990). 

Fairly soon, excitatory responses were also reported in cats’ extensor 

muscles, at least for specific stimulation sites. This was observed when the 

activation of these muscles, regardless of whether they acted as extensor or 

flexor, produced a movement allowing to move the limb away from the 

noxious stimulus (e.g. Megirian (1962)). It has to be noted that the 

withdrawal pattern involving extensor muscles was already recognized in 

the FRA model as being conveyed by non-FRA pathways (Schomburg, 1990). 

Schouenborg and Kalliomaki (1990) proposed another model to take into 

account the reflex elicited in extensor muscles of the stimulated limb. In 

their experiment, they investigated the organization of the hind limb 

withdrawal reflex triggered by a noxious mechanical stimulation of the skin 

by means of single motor unit recordings in anesthetized rats. They found 

that the majority of hind limb muscles can be activated in response to a 

noxious stimulation delivered to a restricted skin area. Therefore, they 



27 

 

introduced the notion of reflex receptive field (RRF) which consists of the 

distribution of the reflex sensitivity on the skin (Schouenborg and Kalliomaki, 

1990). In the RRF of a given muscle, both the amplitude and the onset 

latency of the reflex gradually decrease towards its border while the 

threshold to elicit the EMG response increases. Importantly, they 

demonstrated that the RRF of a given muscle corresponds to the skin area 

withdrawn away from the offending threat when the muscle in question was 

contracting. The optimal skin location to effectively withdraw the limb 

corresponded to the locus at which higher motor responses were obtained 

(Schouenborg and Kalliomaki, 1990; Schouenborg, 2002). Based on these 

observations, in addition to the similarities in the reflex thresholds and the 

time course between various agonist muscles, they proposed a functional 

organization of the withdrawal reflex allowing to generate an appropriate 

pattern of muscle activation to effectively withdraw the limb from the 

offending source (Schouenborg and Kalliomaki, 1990). Note that the 

existence of cutaneous inhibitory RRF, probably subserving an inhibition of 

inappropriate withdraw responses, has been reported several years later 

(Weng and Schouenborg, 1996). Therefore, the withdrawal reflex seems to 

be organized following a modular organization in which a module represents 

a given muscle, or a small group of synergistic muscles, and its RRF. In this 

model, the simultaneous activation of several modules results in a 

mechanically optimal movement driving the limb away from the noxious 

stimulus  (Schouenborg and Weng, 1994). In humans, arguments for a 

functional organization of the withdrawal reflex also exist (Hagbarth, 1960; 

Grimby, 1963). For instance, Grimby (1963) delivered noxious electrical 
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stimuli to various locations on the sole of the foot. He observed that when 

the stimulus was progressively moved towards the big toe, the pattern of 

the activated muscles was more and more consistent with a dorsal flexion 

of the hallux. The reverse was observed when the stimulus was progressively 

shifted towards the heel. See figure 1.2 for a description of the methodology 

used to determine the RRF in humans (Andersen, 2007).  

 

Figure 1.2. Experimental procedure for determining the RRF in humans. 

High-intensity electrical stimulations are delivered at several locations on 

the sole of the foot while the surface EMG is recorded from a given muscle. 

Then, EMG responses are interpolated and extrapolated, resulting in a map 

of the RRF (Adapted from Figure 4 in Andersen (2007)).  

Further evidence of a modular organization of the withdrawal reflex in 

humans were provided by Andersen et al. (1999). By delivering noxious 

electrical stimuli at various locations on the sole of the foot, they determined 

the RRF of several flexor and extensor muscles of the lower limb. Their 

findings support a functional organization of the withdrawal reflex 

characterized by a pattern of muscle activation generating an appropriate 
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protective response (Figure 1.3). For instance, higher EMG responses in TA 

muscle were recorded when both the distal and medial parts of the sole of 

the foot were stimulated. This activity correlated well with a dorsal flexion 

of the ankle, as measured by a goniometer. On the contrary, more consistent 

responses were recorded in the gastrocnemius medialis (GM), an antagonist 

muscle of the TA, when the stimuli were delivered closer to the heel, thus 

resulting in a plantar flexion of the foot. Similar results were found for both 

the soleus (SOL) and peroneus longus (PL) muscles. The RRFs of more 

proximal muscles, the biceps femoris (BF) and rectus femoris (RF), 

respectively controlling the flexion and the extension of the knee, were 

larger than those of distal muscles and covered the entire plantar surface. 

Reflex amplitudes were significantly higher in BF than in RF, suggesting that 

flexion is the dominant withdrawal pattern for proximal muscles. 

 

Figure 1.3. RRF for TA, GM, PL and SOL. White dots represent the actual sites 

of stimulation. The reflex amplitude is expressed according to the size of the 
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M-wave (10−3 × maximum peak-to-peak M-wave) recorded by electrical 

stimulations delivered on the muscle’s motor nerve. Note that two time 

windows were explored, i.e. 60-120 ms and 120-180 ms (Adapted from 

Figure 5 in Andersen et al. (1999)).  

Based on these observations, the authors proposed that the human 

withdrawal reflex follows a modular organization as previously shown in 

animal studies (Andersen et al., 1999). In a second experiment, they showed 

that increasing the stimulus intensity above the intensity eliciting the 

maximal RRF area only evoked higher reflexes within that RRF (i.e. 

enhancement of the volume of the RRF) without further expansion of the 

RRF area. This suggests that lower limb muscles, at least leg muscles, have a 

relatively restricted RRF in accordance with the modular theory (Andersen 

et al., 2001). In this regard, a specific RRF for a given muscle (or for a small 

group of muscles) was also found when electrical stimulations were applied 

on the dorsal side of the foot. Indeed, both the withdrawal direction and the 

pattern of muscle activation were dependent on the stimulated site 

(Sonnenborg et al., 2001). Interestingly, in rats, the spatial sensitivity of the 

RRF is not present at birth but progressively appears during the postnatal 

weeks. Changes in supraspinal influences seem to be involved in this learning 

process (Holmberg and Schouenborg, 1996; Levinsson et al., 1999; 

Andersen, 2007). This sensory input-based development of the RRF probably 

underlies a learning function of pain.  

In humans, the withdrawal reflex can easily be obtained by stimulating 

either the sural nerve in the lateral malleolus space (Willer, 1977; Sandrini 

et al., 2005) or skin afferent terminals of the sole of the foot by using both 
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large surface (Figure 1.1; Andersen (2007), Ellrich and Treede (1998)) or 

transcutaneous needle electrodes (Grimby, 1963; Shahani and Young, 1971). 

Electrical stimuli are most often used to elicit a well synchronized afferent 

volley, thereby compatible with the recording of time-locked EMG responses 

such as the withdrawal reflex. We then obtain reflexes that are more 

consistent and reproducible than those elicited by more natural stimulations 

such as radiant heat stimuli (Andersen, 2007). However, if an electrical 

stimulus is used, a concomitant activation of both non-nociceptive large-

diameter afferents and small-diameter nociceptive afferents is unavoidable. 

Consequently, a number of studies reported two EMG responses (Figure 1.4;  

Hugon (1973), Shahani and Young (1971)). The fact that the first EMG 

response, termed RII component, (1) is elicited at latencies (± 40-60 ms after 

stimulation onset) which are compatible with the conduction velocity (CV) 

of large diameter afferents and (2) is recorded when low stimulus intensities 

- i.e. below the pain threshold - are used, leads the researchers to propose 

that the RII component should be conveyed by non-nociceptive Aβ-fibers 

(Hugon, 1973; Willer, 1977).  The second component, termed RIII or NWR, is 

thought to be conveyed by nociceptive Aδ-fibers given its longer onset 

latency (± 80-130 ms after stimulation onset) and the high-intensity 

stimulation - i.e. above the pain threshold - that is needed to elicit the motor 

response. There is also a close relationship between the RIII and the pain 

threshold. Furthermore, a significant correlation between the RIII amplitude 

and the intensity of pain elicited by the evoking stimulus has been described. 

These observations were interpreted as arguments in favor of the 

nociceptive origin of the RIII component (Hugon, 1973; Willer, 1977).  
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Figure 1.4. Upper part. The RII and RIII components elicited by high-intensity 

electrical stimulation delivered just proximally to the toe in one 

representative subject. Note that authors specified that the RIII component 

was observed sporadically in the 11 volunteers that were tested (Adapted 

from Figure 3 in Ellrich and Treede (1998)). Lower part. Rectified withdrawal 

reflex elicited by electrical stimulation of the sural nerve. Amplitude is 

expressed in µV. Note that a clear separation of the two components is 

impossible (Adapted from Figure 3 in Dowman (1991)). 
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However, it should be emphasized that if a clear separation of the RII and 

RIII components is often impossible (Figure 1.4), it is probably because the 

two components overlap each other (Chan and Dallaire, 1989; Dowman, 

1991). Therefore, a number of studies estimated the size of the RIII by using 

a time window which excludes the early-latency responses in order to 

minimize the contribution of the RII component (e.g. Plaghki et al. (1998), 

Rhudy and France (2007)). It is important to highlight that several studies 

reported, in addition to a first component occurring at 60-120 ms - which 

was considered the RIII - a late EMG response occurring 120-200 ms after 

the onset of the electric stimulus. This response was not supposed to be of 

spinal origin and was attributed to a reflex pathway involving supraspinal 

structures (e.g. Andersen et al. (1999), Sonnenborg et al. (2001)). For a brief 

comment on supraspinal reflexes, please see Box 1. However, most of these 

studies did not report any EMG activities at latencies compatible with the RII 

component, therefore questioning the relative contribution of non-

nociceptive afferent pathways in the first responses they observed. While 

some authors argued that the RII component was labile and highly 

susceptible to habituation (Hugon, 1973; Willer, 1977), others suggested the 

reverse (Shahani and Young, 1971; Meinck et al., 1985). For instance, Ellrich 

and Treede (1998) considered that the responses they observed with an 

onset latency between 115 ms and 180 ms was the RIII. While this response 

was not observed at every trial, the earlier response they recorded - 

characterized by an onset latency <100 ms - was more constant. They thus 

considered the first EMG response to be the RII (Figure 1.4). Moreover, in 

the same study, the CV of the afferent pathway involved in the first EMG 
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response was determined by comparing the onset latency of the EMG burst 

elicited by stimulation of both the sole of the foot and the medial 

retromalleolar space. The mean CV was estimated at 49 ± 11 ms, which is 

compatible with the CV of non-nociceptive Aβ-fibers (Ellrich and Treede, 

1998). Note that various ranges of CVs are reported in the literature 

(Andersen, 2007). For instance, by stimulating the tibial nerve either at the 

ankle or in the popliteal fossa, Ertekin et al. (1975) estimated the onset 

latency of the BF reflex at ± 90 ms when the nerve was stimulated at the 

ankle. They estimated the CVs at 10-25 m/s, therefore compatible with 

afferent inputs conveyed by nociceptive Aδ-fibers. On the other hand, CVs 

of the primary afferents, responsible of the first component, were estimated 

between 35 and 47 m/s by others (Meinck et al., 1981). In addition, 50% of 

the initial EMG bursts elicited by electrical stimulation of the tibial or deep 

peroneal nerves at the ankle had an onset latency <50 ms (Meinck et al., 

1981). These contradictory observations can be explained, at least in part, 

by the fact that the responses investigated in these studies were more or 

less contaminated by non-nociceptive afferent inputs. Consequently, taking 

into consideration the large range of Aδ-fibers CVs (2-30 m/s), it has been 

proposed that any EMG activity detected with an onset latency >60 ms may 

be ascribed to nociceptive Aδ-fibers whereas any EMG activity with an onset 

latency <60 ms should be considered to be related to the RII (Hugon, 1973; 

Andersen, 2007). See figure 1.5 for an example of onset latency estimation 

for reflexes elicited in TA after electrical stimulation of the sole of the foot 

with large surface electrodes (Andersen, 2007).  
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Figure 1.5. Estimation of the onset latency for an EMG response elicited in 

TA by high-intensity electrical stimulation delivered by large surface 

electrodes placed on the sole of the foot. Calculations were based on CVs of 

30-65 m/s and 4-30 m/s for Aβ- and Aδ-fibers, respectively. The afferent and 

efferent pathways were estimated at 1.2 m and 0.8 m respectively. A central 

delay of 5 ms was added. Finally, CVs of 60 m/s were considered to estimate 

the efferent delay. The grey bar on the x-axis indicates the duration of the 

stimulus train. Based on this graph, the authors proposed that 60 ms should 

be an appropriate time point to effectively separate the RII and RIII 

components. (Adapted from Figure 2 in Andersen (2007)).  

Two studies investigated the reflexes evoked by the selective activation of 

nociceptive fibers by means of CO2 laser stimuli delivered to the dorsum of 

the foot on a surface of 2 cm2 for a duration of 200 ms (Figure 1.6; Morch et 

al. (2007), Andersen et al. (2006)). Reflexes were recorded at ± 270 ms in TA 

and BF muscles (Morch et al., 2007) and at ± 350 ms in the semitendinosus 

muscle (Andersen et al., 2006). However, these responses were less 
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reproducible than when elicited by high-intensity electrical stimulation. 

Indeed, consistent reflexes were reported in <50% of the trials. A direct 

comparison between the onset latency of the motor responses elicited by 

selective activation of nociceptive fibers and the onset latency of the 

reflexes obtained by transcutaneous electrodes is difficult to draw because 

of (1) the transduction delay for radiant heat stimuli delivered to the skin (± 

40 ms; Bromm and Treede (1984)) and (2) the duration of the laser stimulus 

needed to record time-locked EMG responses.   

 

Figure 1.6. Rectified EMG responses evoked by CO2 laser stimuli delivered to 

the dorsum of the foot. Responses in iliopsoas (ILI), quadriceps vastus 

lateralis (QVL), BF, TA and SOL muscles are shown. Note that the onset 

latency of the reflex evoked by the selective activation of nociceptive fibers 

seems consistently delayed relative to the EMG burst elicited by high-

intensity electrical stimulation using large surface electrodes, even when 
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both the transduction time and the duration of laser stimulation are 

considered (Adapted from Figure 2 in Morch et al. (2007)).  

In addition to the withdrawal reflex, high-intensity electrical stimulation of 

a digital nerve can transiently interrupt the voluntary muscle contraction of 

the stimulated limb through spinal inhibitory circuits (Figure 1.7; Kranz et al. 

(1973), Floeter (2003)). This cutaneous silent period (CSP) is particularly 

robust in intrinsic hand muscles lasting up to 100 ms (Floeter, 2003) but it 

can also be recorded in lower limb muscles (Uncini et al., 1991).  

 

Figure 1.7. Example of the transient suppression of the rectified EMG 

response. The dashed lines represent the average EMG signal, determined 

during a 100 ms time window prior to the stimulus onset. The CSP was 

defined as being the period of time during which the EMG signal was less 

than 50% of the baseline (Adapted from Figure 2 in Floeter (2003)). 

Based on their onset latency (50-80 ms), small-diameter Aδ nociceptive 

afferents are thought to be the main constituent of the afferent pathway. As 

for the withdrawal reflex, the CVs of the afferents causing the CSP have been 

estimated by stimulating two separate points along the afferent pathway or 
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by subtracting both the estimated efferent time and the central delay from 

the onset latency. The estimated range of CVs was between 10 and 20 m/s, 

i.e. consistent with afferent inputs conveyed by nociceptive Aδ-fibers (Kranz 

et al., 1973; Inghilleri et al., 1997). Moreover, a CSP in intrinsic hand muscles 

has been observed after laser stimulation delivered on the palm of the hand 

(Romaniello et al., 2004). However, for the same reasons as for the 

withdrawal reflex, a contribution of non-nociceptive large-diameter afferent 

fibers is acknowledged, at least in the early part of the CSP (Floeter, 2003). 

This is in accordance with the CSP elicited after low-intensity electrical 

stimulation of the finger (Serrao et al., 2001). It is however generally 

admitted that, although contributing to the CSP, non-nociceptive Aβ-fibers 

are not the predominant afferent pathways of this reflex arc, which can 

therefore be considered an inhibitory part of a defensive behavior able to 

stop an ongoing movement in response to a sudden threatening event 

(Inghilleri et al., 1997). The distribution of the CSP across proximal and distal 

muscles of the upper limb after noxious digit stimulation is compatible with 

a protective reflex movement serving to retract the hand from the offending 

source. Indeed, the CSP is of longer duration in intrinsic hand muscles than 

in more proximal muscles, such as the biceps brachialis (BB) and the deltoid, 

in which no CSP is observed (Inghilleri et al., 1997; Leis et al., 2000).  
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Comment on supraspinal motor reflexes (Box. 1) 

Reflex responses can be defined as a swift automatic and involuntary 

reaction to a somatosensory stimulus. Although generally mediated by 

neurophysiological mechanisms operating at spinal level with 

supraspinal influences (Sandrini et al., 2005; Gilio et al., 2008), motor 

responses occurring at latencies thought to be too long for a spinal origin 

were reported. Importantly, the onset latency of such responses seems 

to be too early to be considered a voluntary reaction. For instance, a 

startle reflex - involving brainstem structures - can be observed following 

unexpected sensory stimuli such as sudden sounds (e.g. Gogan (1970)) 

or unexpected visual or somatosensoriel events (e.g. Bradley et al. 

(1990), Alvarez-Blanco et al. (2009)). It is important to note that this 

motor response can be observed in the lower limb at a similar temporal 

window to the one of the RIII (Dowman, 1992). Given that the startle 

response is highly sensitive to habituation, some studies investigated 

spinal reflexes by discarding the first trials (e.g. Kruger et al. (1985), 

Morch et al. (2007)) or by analyzing motor responses in an arbitrary time 

window which does not exceed a fixed time point (e.g. Rhudy and France 

(2007)). 

Furthermore, cutaneous transcortical reflexes have been reported in 

humans, especially after non-nociceptive electrical stimuli of digital 

nerves during an isometric voluntary contraction of upper limb muscles 

(e.g. Deuschl et al. (1991)). This cutaneomuscular reflex is composed of 

a mixture of inhibitory and facilitatory periods and includes (1) a short-

latency excitatory response (E1 component; ± 35 ms) followed by (2) a 

suppression of the EMG signal (I1 component; ± 50 ms). Most of the time, 

a long-latency EMG burst (3) - termed E2 - can be observed ± 65 ms after 

the onset of the electric stimulus, at latencies 
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2.2 Phasic pain-evoked changes in supraspinal structures 

Evidence of changes in motor system excitability induced by brief 

nociceptive stimuli at cortical level have been reported. However, these 

interactions have not been characterized as extensively as spinal processes. 

In epileptic patients, Frot et al. (2013) recorded intracortical responses to 

brief laser stimuli delivered to the hand dorsum by using intracerebral 

electrodes implanted in the pre- and post-central gyri. Laser-evoked 

potentials (LEPs), peaking at 170 ms were recorded in M1 (Figure 1.8). 

Several findings suggested a local origin in M1. Indeed, LEPs with a phase-

reversal across the precentral gyrus were obtained. Also, higher LEPs were 

observed close to the anterior bank of the central sulcus; their amplitudes 

decreased as the distance from the sulcus increased. The authors proposed 

that these early-latency responses could reflect, at least in part, inputs from 

the spinothalamic tract to M1. Indeed, LEPs of similar latencies were 

observed in the postcentral gyrus, suggesting that these responses, or at 

(e.g. Deuschl et al. (1991)). This cutaneomuscular reflex is composed of 

a mixture of inhibitory and facilitatory periods and includes (1) a short-

latency excitatory response (E1 component; ± 35 ms) followed by (2) a 

suppression of the EMG signal (I1 component; ± 50 ms). Most of the time, 

a long-latency EMG burst (3) - termed E2 - can be observed ± 65 ms after 

the onset of the electric stimulus, at latencies compatible with a cortical 

origin (Macefield, 2009). The CSP, detailed above, is elicited by increasing 

stimulation intensity. The potential “contamination” of the NWR by 

supraspinal reflexes is discussed in chapter 4. 
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least their early part, were not conveyed by direct projections from the 

primary somatosensory cortex (S1) to M1 (Frot et al., 2013).  

 

Figure 1.8. Intracortical LEPs recorded in both M1 and areas 1, 2 and 3b of 

S1. Depth recordings were performed in epileptic patients. LEPs in M1 were 

elicited by delivering laser stimuli on the hand dorsum. LEPs recorded in M1 

started approximately 120 ms after the stimulation onset, and peaked at 170 

ms (Adapted from Figure 3 in Frot et al. (2013)). 

These findings are supported by the results obtained in anaesthetized cats 

in which short-latency responses were recorded in motor cortical cells in 

response to inputs conveyed by the spinothalamic tract. These responses 
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were also observed when the dorsal part of the spinal cord as well as the 

somatosensory cortex and the cerebellum were damaged (Padel and Relova, 

1991). By using the anterograde transneuronal transport of herpes simplex 

virus type I injected into lower cervical segments of the spinal cord in 

monkeys, Dum et al. (2009) identified several cortical targets of the 

spinothalamic tract such as the granular insular cortex and the secondary 

somatosensory cortex (S2). Furthermore, neurons in cingulate areas were 

also labeled by this technique. By using a retrograde transport of a tracer 

injected into the ventral premotor cortex before injecting the herpes virus 

in the cervical dorsal horn, motor regions of the cingulate cortex were 

identified. Thanks to this double labeling approach, they found a strong 

correspondence between both cingulate areas targeted by the 

spinothalamic tract and cingulate motor areas. Indeed, each cingulate motor 

areas significantly overlapped with regions receiving inputs from the 

spinothalamic tract (Figure 1.9; Dum et al. (2009)). It is interesting to note 

that cingulate motor areas are known to project to dorsal and ventral 

premotor areas as well as to M1 (Dum and Strick, 2005).  
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Figure 1.9. Unfolded map of neurons located in the medial wall of the 

hemisphere, in the direct vicinity of cingulate areas. Cortical regions 

projecting to the ventral premotor cortex are shown in yellow. Regions 

receiving inputs from the spinothalamic tract are represented in blue. 

Overlapping cortical regions are colored in red (Adapted from Figure 9 in 

Dum et al. (2009)).  

In the same study, they performed a meta-analysis of fMRI and positron 

emission tomography (PET) studies in humans reporting activations in 

cingulate areas following a noxious stimulation perceived as painful. Their 

analysis suggests that the cingulate areas found to be activated in humans 

were similar to the cingulate motor regions targeted by the spinothalamic 

tract in monkeys. Interestingly, cingulate motor areas and premotor cortex 

are involved in motor control of the upper limb, including in defensive 

movements (Turken and Swick, 1999; Cooke and Graziano, 2003; 2004). In 

humans, a direct approach to characterize modulatory effects of nociception 

on the motor system is to assess the effect of nociceptive stimuli on the 
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Comment on the single pulse TMS approach (Box 2). 

In humans, non-invasive stimulation of brain regions can be achieved by 

delivering a short-lasting high-intensity electrical current through a coil 

of wire, termed TMS coil, generating a strong magnetic field following 

the electromagnetic induction principle. When placed on the scalp of 

participants, this changing magnetic field induces an electric field in brain 

tissues which may depolarize neurons (Figure 1.10; Hallett (2000), 

Hallett (2007)). 

 

Figure 1.10. Schematic representation of the high-intensity electrical 

current elicited by the discharge of a capacitor across a TMS coil, made 

of turns of wire, placed on the scalp. The resulting changing magnetic 

field induces a current of opposite direction in the brain which may 

depolarize neurons (Adapted from Figure 1 in Hallett (2007)).  

When delivered on M1, single pulses of TMS can induce a motor 

response, termed MEPs, which can be measured by placing electrodes 

over the muscle of interest (Barker et al., 1985).  

motor-evoked potentials (MEPs) elicited by TMS of M1 (see Box 2 for a short 

comment on the single pulse TMS approach).  
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Both the stimulus waveform and the current direction in the TMS coil 

influence the effect of TMS pulses on the pyramidal tract neurons and 

their axons (Niehaus et al., 2000). The influence of the current direction 

on motor thresholds is known from the early days of TMS.  Indeed, to 

stimulate the left M1, a counterclockwise current has to be delivered in 

a round coil placed on the vertex (Sommer and Paulus, 2008; Di Lazzaro 

and Ziemann, 2013) due to the orientation of the cortico-spinal neurons 

and axons (Brasil-Neto et al., 1992). Regarding the pulse configuration, 

two distinct pulse waveforms can be distinguished according to the 

mono- or biphasic form of the current pulse delivered through the coil 

(Figure 1.11). Monophasic pulses induce a magnetic field that increases 

rapidly from zero to its maximal value, before returning more slowly to 

zero. The waveform of a biphasic pulse consists of one damped cycle of 

a sinusoid (Figure 1.11; Ruohonen and Ilmoniemi (2005)).  

 

Figure 1.11.  Current waveforms in the TMS coil (black lines) and the 

resulting voltage induced in a search coil (blue lines). In monophasic 

pulses, the current is stopped after the first quarter cycle. In biphasic 

pulses, the current consists of a full-sine cycle (Adapted from Figure 2 in 

Delvendahl et al. (2014)).  
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 When monophasic pulses are used, significant lower resting/active 

motor thresholds and MEP amplitudes/latencies are observed with an 

anterior-posterior (AP) current direction in the coil, i.e. a postero-

anterior (PA) current direction in the brain (Di Lazzaro et al., 1999; 

Kammer et al., 2001; Sommer et al., 2006; Sommer et al., 2018).  Smaller 

differences are observed when biphasic pulses are used. However, the 

most effective stimulation is achieved when the initial current is in the 

opposite direction from that of a monophasic pulse, i.e. an AP-PA 

direction in the brain (Kammer et al., 2001; Sommer et al., 2006). Given 

that the first phase, i.e. the first quarter, is similar concerning both mono- 

and biphasic pulses, it has been proposed that the second and third 

quarters mainly contribute to the higher biphasic waveform efficacy 

(Niehaus et al., 2000; Corthout et al., 2001). By investigating the effect of 

a given half-segment of the biphasic pulse’s alteration on the motor 

threshold, Delvendahl et al. (2014) found that the half-segment of 

biphasic pulses inducing a PA current in the brain mainly contributes to 

the efficiency of the TMS pulse to elicit a lower motor threshold, 

regardless of whether it is the first or second segment, probably because 

PA and AP pulse waveforms activate different neuronal structures with 

different thresholds (Di Lazzaro et al., 2001). They also bring evidence 

regarding the important role of the middle part of the electric field 

waveform in biphasic stimulation (Delvendahl et al., 2014; Sommer et al., 

2018). It is generally admitted that biphasic pulses with an AP-PA 

direction in the brain lead to lower motor thresholds than both biphasic 

PA-AP and monophasic pulses (Niehaus et al., 2000; Kammer et al., 2001; 

Sommer et al., 2006).  
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 Various types of TMS coils are available for research and/or clinical 

applications. The first coil to be used was a circular coil placed on the 

vertex which allows a good penetration of the cortex at the cost of a lack 

of focality (Epstein, 2008; Deng et al., 2013). A flat figure-of-eight coil can 

be obtained by placing two round coils side by side. Because the current 

flows add to each other at the junction, the induced electric field is 

maximal directly under this junction (Epstein, 2008). This type of coil, 

allowing a more focal stimulation, is suitable for stimulating superficial 

cortical targets such as M1 (Deng et al., 2013). A flat figure-of-eight coil 

was then used in Chapter 3 and 5 to stimulate M1. In Chapter 6, the 

stimulation of the DLPFC was achieved by using a similar MRI-compatible 

TMS coil without ferromagnetic materials.  

By using a figure-of-eight coil, optimal motor responses are elicited when 

the coil is at ± 45° from the parasagittal line resulting in an electric field 

direction perpendicular to the central sulcus (Brasil-Neto et al., 1992; 

Mills et al., 1992). This is due, at least in part, to an optimal TMS-induced 

electric field orientation relative to either the cortical columns (Fox et al., 

2004) and/or the horizontal fibers in the gyral crown (Mills et al., 1992). 

Modeling studies have shown that the TMS-induced electric fields are 

strongest in the gyral crown and within the subcortical white matter, 

suggesting that TMS of M1 should activate cortical interneurons in the 

gyral crown or pyramidal neurons in the lip of the sulcus (Salvador et al., 

2011; Opitz et al., 2013; Laakso et al., 2014). Direct recording of 

descending volleys via electrodes implanted in the high cervical spinal 

cord in humans brought significant insights about the action of single 

pulses of TMS on M1 (Di Lazzaro et al., 2004).  
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 A short-latency wave (2.4-2.6 ms) can be recorded in the epidural space 

when anodal stimulation of the motor cortex is delivered using 

transcranial electrical stimulation (TCES) (Figure 1.12). Given its latency, 

and because voluntary contraction had no effect on its amplitude, it has 

been suggested that this early-latency wave was originated from direct 

stimulation of the cortico-spinal axons (Di Lazzaro et al., 1998; Di Lazzaro 

et al., 1999), which is similar to the D-waves observed in the cervical 

spinal cord recordings in animals when the gray matter is removed 

(Patton and Amassian, 1954). Given their short latency, it is thought that 

the site of activation is near the cell soma, probably at the junction 

between the gray and white matters where the axons bent (Amassian et 

al., 1992). Using monophasic TMS pulse with a PA-induced current in the 

brain, later volleys - thought to be originated from indirect transsynaptic 

activation of cortico-spinal neurons - are observed and termed I-waves 

(I1-, I2- or I3-waves depending on the order in which they appear) (Figure 

1.12). The earliest descending volley (I1-wave) occurs 1-1.4 ms after the 

D-wave observed with TCES (Gibbs et al., 1995; Di Lazzaro et al., 1998). 

During a voluntary contraction, both the size and the number of I-waves 

increased while the threshold to elicit a descending activity seems to be 

less affected compared to rest condition. This suggests a transsynaptic 

activation of cortico-spinal neurons by magnetic pulses via the 

stimulation of presynaptic axons (Figure 1.13; Di Lazzaro et al. (1998)). 

Less consistent descending activities are observed when monophasic 

pulses with an AP-induced current direction are used (Figure 1.12). This 

is accompanied by a preferential recruitment of late I3-waves in some 

subjects while I1- and D-waves are mainly seen in others (Di Lazzaro et 

al., 2001). Descending volleys evoked by biphasic pulses are  
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 characterized by a more complex pattern because the two phases of the 

pulse are able to trigger descending activities (Di Lazzaro and Rothwell, 

2014) and stimulate different sets of intracortical interneurons (Novotny 

and Gommert-Novotny, 1988; Delvendahl et al., 2014; Sommer et al., 

2018).  

Interestingly, when AP-PA biphasic pulses are delivered, in addition to 

later I-waves, a small short-latency volley that is slightly delayed (± 0.4 

ms longer) compared to the D-wave is observed (Figure 1.12), suggesting 

that such pulse waveforms could stimulate the axon hillock (Di Lazzaro 

and Rothwell, 2014). These observations highlight that the TMS of M1 

activates pyramidal neurons transsynaptically. According to both the 

current waveform and direction as well as the intensity of the TMS pulse, 

distinct mono- or polysynaptic pathways can be activated, as shown by 

the different patterns of descending activities (Di Lazzaro and Rothwell, 

2014). 

 

Figure 1.12. Descending volleys evoked by electrical and magnetic 

stimulation. A short-latency response is elicited by electrical anodal 

stimulation of M1, termed D-wave. Note that the two columns represent  

 



50 

 

  two different subjects. Monophasic pulses with a PA-induced current in 

the brain delivered at low intensity evoke a single descending wave with 

a latency ± 1 ms longer than the D-wave evoked by anodal stimulation. 

This response was termed I1-wave. By increasing the stimulation 

intensity, later I-waves can be evoked. When high-intensities are used, a 

small wave with a similar latency to that of the D-wave elicited by anodal 

stimulation can be recorded. Note that TMS pulses with a latero-medial-

induced current in the brain preferentially evoke D-waves. When 

biphasic stimulation is used, the earliest volley is slightly delayed (± 0.4 

ms longer) with respect to the D-wave evoked by both latero-medial 

induced current in the TMS coil and electrical anodal stimulation. 

Therefore, because of its longer latency, it has been proposed that the 

D-waves evoked by biphasic pulses take their origin closer to the cell 

body of the cortico-spinal neurons. Then, this D-wave is often termed 

“proximal D wave” (Adapted from Figure 1 in Di Lazzaro and Rothwell 

(2014)). 

 

 

Figure 1.13. Schematic representation of potential sites of activation of 

anodal electrical stimulation and mono/biphasic pulses of TMS. The open 

circles represent excitatory neurons while filled circles indicate inhibitory 

neurons. This model includes (1) a superficial inhibitory circuit composed 

of layer 1 (L1) neurons that have connections with layer 2 and 3 (L2 and 

L3) interneurons (filled circle). These interneurons inhibit the distal apical 

dendrites of layer 5 pyramidal neurons (L5) while L2 and L3 bursting 

(open circle inside a dotted circle) and non-bursting excitatory 
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By comparing the effects of a noxious heat stimulus (CO2 laser) delivered to 

the hand dorsum on EMG responses evoked either by TMS or TCES of M1, 

Valeriani et al. (1999) found an early (170-270 ms) and transient reduction 

of the MEPs amplitude recorded from the first dorsal interosseous (FDI) 

muscle of the stimulated limb. For a short comment on radiant heat stimuli 

interneurons (2) project upon the distal apical dendrites of L5 pyramidal 

neurons.  Finally, cortico-cortical axons (3) project upon basal dendrites 

of L5 pyramidal neurons. It has been proposed that anodal electrical 

stimulation and latero-medial magnetic stimulation could activate 

directly the cortico-spinal axons of pyramidal tract neurons, resulting in 

a short latency wave termed D-wave. The waves evoked by low-intensity 

PA TMS pulses that are delayed by 1–1.4 ms compared to the D-wave 

evoked by anodal stimulation are thought to be evoked by monosynaptic 

activation of basal dendrites from pyramidal neurons via cortico-cortical 

axons activated by the magnetic stimulus. The later I-waves evoked at 

higher intensities might be produced by a circuit involving cortico-

cortical axons that activate L2 and L3 bursting neurons, which activate 

the apical dendrites of pyramidal neurons. The AP stimulation could 

involve non-bursting L2 and L3 interneurons via their projections on 

pyramidal neurons apical dendrites. Biphasic TMS pulses with an AP-PA 

induced current in the brain are thought to activate the cortico-spinal 

axons closer to the cell body, at the level of axon hillock. This could 

explain the longer latency of the D-wave evoked by biphasic stimulation 

compared to anodal electrical and latero-medial magnetic stimulations. 

Finally, it is proposed that inhibitory effects produced by a subthreshold 

conditioning stimulus delivered in paired-pulse paradigms could be 

explained by a selective enhancement of the excitability of the 

GABAergic circuit originating from L1 neurons which project on the apical 

dendrites of the pyramidal neurons (Adapted from Figure 2 in Di Lazzaro 

and Rothwell (2014)). 
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which activate thermonociceptors, see Box 3. In a separate experiment, 

MEPs elicited by TMS delivered over the ipsilateral M1 relative to the 

stimulated hand were reduced ± 210 ms after the onset of the nociceptive 

stimulus. Most importantly, motor responses evoked by TCES were not 

modulated by nociceptive afferent inputs. Given that anodal stimulation of 

M1, if not delivered at too high-intensity, activates directly cortico-spinal 

axons (Di Lazzaro et al., 1998), the authors proposed that the observed 

reduction in MEPs magnitude should be attributed to a decrease of motor 

system excitability occurring at cortical level (Valeriani et al., 1999). The lack 

of changes in MEPs when the TMS pulses were delivered before the peak 

latency of the N1/P1 LEPs component - i.e. before the nociceptive afferent 

volley has reached the cortex - subserves this statement. Later, in a second 

study conducted on only five subjects, the same authors characterized the 

effect of CO2 laser stimuli delivered on the hand dorsum on a more proximal 

muscle which controls the flexion of the forearm, i.e. the BB muscle. Again, 

a significant reduction of the MEPs size elicited in the stimulated limb was 

observed 160-200 ms after the onset of the nociceptive stimulus. On the 

contrary, MEPs elicited by TCES of M1 during a voluntary contraction were 

not significantly modulated by the laser stimulus, again suggesting a 

mechanism operating at cortical level (Valeriani et al., 2001). The authors 

interpreted this motor inhibition as a down-regulation of M1 excitability 

allowing the spinal motor system to generate a stronger protective reflex 

movement (Valeriani et al., 1999; Valeriani et al., 2001; Farina et al., 2003). 

Other evidence suggesting an effective top-down regulation of defensive 

mechanisms by voluntary actions was brought by Fossataro et al. (2020), 
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who showed a significantly higher reduction of MEPs during painful stimulus 

in other-generated compared to self-generated actions. A number of studies 

also reported a decrease of MEPs amplitude following a brief noxious 

stimulus. For instance, although they were aiming to study long-term 

changes in motor cortex induced by paired associative protocol combining 

repetitive laser stimulations of the hand dorsum with low-frequency TMS of 

M1, Suppa et al. (2013) obtained similar results. Their protocol consisted of 

repetitive laser stimulations delivered at 0.1 Hz during 10 minutes, each 

stimulus being followed by a TMS pulse with an inter-stimulus interval (ISI) 

corresponding to the peak latency of the N1 component + 50 ms. Though 

MEPs were increased until 60 minutes after the intervention, a reduction of 

their amplitudes was seen directly after the onset of the protocol (Suppa et 

al., 2013). Along these lines, the magnitude of MEPs elicited in both lower 

and upper limb muscles is decreased during a short-lasting noxious heat 

stimulation delivered by a thermode (Dube and Mercier, 2011; Mercier et 

al., 2016; Billot et al., 2018). Similar results were generally observed after 

high-intensity electrical stimulation of the skin, except for BB and triceps 

brachialis (TB) muscles in which MEPs were enhanced (Kofler et al., 1998; 

Kofler et al., 2001; Urban et al., 2004). Again, because similar results were 

obtained for MEPs elicited by both TMS and TCES of M1, in addition to the 

fact that the time courses of the CSP and the modulatory effects of noxious 

electrical stimuli on MEPs were similar, it was hypothesized that spinal 

structures should be mainly involved (Kaneko et al., 1998; Kofler et al., 2001; 

Kofler et al., 2008). Note that a direct comparison between the modulatory 

effect of both high-intensity electrical (Kofler et al., 1998; Kofler et al., 2001) 
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Comment on radiant heat stimulus (Box. 3) 

The selective activation of Aδ- and C-fibers can be obtained by delivering 

brief and powerful laser stimuli on the skin. High power infrared laser 

stimulator, such as a CO2 laser, is a light source characterized by radiative 

energy confined to a narrow beam of parallel monochromatic 

electromagnetic waves, resulting in a high energy density (Plaghki and 

Mouraux, 2003). Furthermore, the wavelength of a CO2 laser is in the far 

infrared (10.6 µm) allowing a nearly complete absorption by the 

superficial layers of the skin (Plaghki and Mouraux, 2003), where Aδ- and 

C- free nerve endings are mainly located (Munger and Halata, 1983; 

Kruger et al., 1985; Novotny and Gommert-Novotny, 1988). Finally, the 

skin temperature at which nociceptors are activated can be reached 

within a few milliseconds given the rise rate of the temperature ramp 

(>10 000°C/s), resulting in a quasi-synchronized activation of the 

nociceptive afferents (Plaghki and Mouraux, 2003). Therefore, the 

activation of nociceptive fibers elicited by a laser stimulation of the skin 

allows to investigate the interactions between the nociceptive and motor 

system without concomitant activation of non-nociceptive fibers. This 

seems of importance because (1) non-nociceptive afferents are capable 

of modulating the spinal transmission of nociceptive information 

(Nathan et al., 1986) and (2) because the activation of non-nociceptive 

Aβ-fibers can modulate the motor system excitability at cortical level as 

shown by (1) the so-called cutaneomuscular reflex (Burke et al., 1991; 

Gibbs et al., 1995) and (2) the suppression of MEPs after non-nociceptive 

electrical stimulation of both the median nerve and the digits (e.g. Chen 

et al. (1999), Clouston et al. (1995), Tokimura et al. (2000)). 

and laser stimulation (Valeriani et al., 1999; Valeriani et al., 2001) is difficult 

because of the unavoidable concurrent activation of non-nociceptive 

afferent fibers when electrical stimuli are used. Similarly, the use of a 

thermode requires a direct contact with the skin, leading to the activation of 

low threshold mechanosensitive afferent fibers.  
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as shown by (1) the so-called cutaneomuscular reflex (Burke et al., 1991; 

Gibbs et al., 1995) and (2) the suppression of MEPs after non-nociceptive 

electrical stimulation of both the median nerve and the digits (e.g. Chen 

et al. (1999), Clouston et al. (1995), Tokimura et al. (2000)). 

 

 

 

 

 

In addition, laser pulses delivered to the hand dorsum induce a reduction of 

the sensorimotor mu rhythm over the hemisphere contralateral to the 

stimulated hand (Raij et al., 2004). Note that a similar decrease was 

observed before a predictable noxious electrical stimuli delivered to the 

index finger tip (Babiloni et al., 2003). The mu rhythm level started to 

decrease at ± 180 ms after the onset of the nociceptive stimulation and 

lasted, at least for the α-activity, until ± 2 seconds after the stimulus onset 

(Figure 1.14). In the same experiment, nociceptive stimuli were delivered by 

using a smaller laser surface area (0.2-0.3 mm2). This method, by stimulating 

a tiny skin surface area, allows a (quasi) selective stimulation of non-

myelinated nociceptive C-fibers (Bragard et al., 1996), taking advantage of 

their higher skin innervation density compared to myelinated nociceptive 

Aδ-fibers (Plaghki and Mouraux, 2002). Again, in the study of Raij et al. 

(2004), a later depression of the oscillatory activity corresponding to the mu 

rhythm was observed starting ± 820 ms after the onset of the C-fibers 

afferent inputs.  
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Figure 1.14. Laser stimulus-evoked changes in cortical sensorimotor 

oscillatory activity. The frequency content of the electroencephalography 

(EEG) signal is shown as a function of time. Note that the preferential 

activation of both Aδ- and C-fibers leads to a suppression of the 

sensorimotor mu rhythm (Adapted from Figure 1 in Raij et al. (2004)).  

Again, this decreased oscillatory activity was interpreted as a defensive 

mechanism serving to withdraw the stimulated limb from an offending 

source (Ploner et al., 2006; Stancak et al., 2007). Misra et al. (2017) proposed 

that the suppression of the β-oscillatory activities could underlie a prompter 

voluntary movement. Indeed, in their study, the reaction times for initiating 

voluntary movements were shorter during an ongoing painful stimulus 

delivered via a thermode. In addition, there was no concomitant alteration 

in the kinematics and the accuracy of the movement. The decrease of the β-

band oscillations’ power in the contralateral hemisphere relative to the 

noxious stimuli was significantly correlated with the reaction times, leading 

the authors to suggest that this suppression could promote a prompter 

voluntary movement (Misra et al., 2017). Similarly, in a simple reaction time 
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task in which participants had to press a button with their right index as 

quickly as possible after having been delivered a laser stimulation on the left 

hand dorsum, they found an enhancement of γ-band oscillations in the 

hemisphere contralateral to the stimulation. The γ-activity, which was 

temporally coupled to the nociceptive stimuli but not to the motor 

responses, predicted the motor response speed (Schulz et al., 2012). This led 

the authors to propose that the γ-oscillations they observed were originating 

from the motor cortex and could reflect a sensorimotor transformation of 

nociceptive stimuli. 

3. Tonic pain-evoked changes in motor system excitability 

Ongoing pain sensation can have strong influences on the motor system 

(Hodges and Tucker, 2011; Bank et al., 2013). This can easily be conceivable 

by considering both the structural and functional long-term changes in the 

motor system observed in chronic pain conditions (Parker et al. (2016); 

Chang et al. (2018), see Box 4 for a brief comment on pain-motor 

interactions in chronic pain conditions). However, the difficulties to recruit 

patients within a reasonable period of time as well as the comorbidities 

often inherent to chronic pain (Graven-Nielsen, 2006) led the researchers to 

develop experimental models to study both cutaneous and muscle tonic 

pain in healthy participants (Ali et al., 1996; Arendt-Nielsen and Svensson, 

2001). Various experimental models, based on (1) thermal - such as long-

duration stimulation delivered via a thermode placed on the skin (Apkarian 

et al., 2000) or intramuscular injection of cooled/heated isotonic saline 

(Graven-Nielsen et al., 2002) - (2) electrical - such as long-duration 
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intramuscular electrical stimulation (Laursen et al., 1997) - or (3) chemical 

stimulation - such as topical application or intradermal and intramuscular 

injection of capsaicin (Ali et al., 1996; Witting et al., 2000) - have been used. 

These experimental models are often referred to as being exogenous 

methods, in contrast to endogenous methods based on ischemia or exercise 

(Arendt-Nielsen and Svensson, 2001). A large amount of experimental 

studies aiming to investigate the mechanisms underlying the interactions 

between both acute tonic pain and the motor system focused on the effect 

of tonic muscle pain (Hodges and Tucker, 2011). Intramuscular hypertonic 

saline injection is the most common method for inducing tonic muscle pain 

(Arendt-Nielsen and Svensson, 2001). Indeed, the prolonged infusion 

provokes an increase of intramuscular sodium concentration able to activate 

nociceptive afferents of the muscular tissues (Graven-Nielsen et al., 1997). 

Such a sustained stimulation of muscle nociceptive afferents has been 

shown to reduce the maximal voluntary contraction of both extensor and 

flexor muscles of the lower limb (Graven-Nielsen et al., 1997; Graven-

Nielsen et al., 2002). Such sustained stimulation can also induce functional 

changes in both muscle activity and coordination during gait (Arendt-Nielsen 

et al., 1996; Graven-Nielsen et al., 1997; Henriksen et al., 2011) or 

mastication (Svensson et al., 1996).   

Tonic muscle pain induces changes at multiple levels of the motor system 

(Hodges and Tucker, 2011; Bank et al., 2013), with sometimes compelling 

effects on motor excitability (Hodges et al., 2003; Martin et al., 2008). Based 

on clinical and experimental reports, Hodges and Tucker (2011) proposed 

that the adaptation of the motor system to pain aims to both (1) protect 
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from further injury and (2) promote recovery by redistributing activity within 

and between muscles (Madeleine et al., 2006; Tucker and Hodges, 2009). 

The resulting changes in the mechanical behavior (Tucker and Hodges, 2010) 

can lead to a protection against further pain. They postulated that, although 

it can have immediate benefits, long-term negative consequences could 

result from this motor adaptation to pain. A number of studies have shown 

that tonic muscle pain has modulatory effects at multiple levels of the motor 

system (Bank et al., 2013). These changes, which may be complementary, 

additive or competitive, would aim to protect from further injury and 

promote recovery (Hodges and Tucker, 2011). Experimental studies suggest 

that the electrophysiological properties of the muscle fibers are not altered 

by tonic muscle pain. For instance, the M-wave, a short-latency response 

elicited by the electrical stimulation of motor axons used to test the 

peripheral nerve excitability (Knikou, 2008), is not modulated by sustained 

muscle pain (Svensson et al., 1998; Svensson et al., 2003; Farina et al., 

2005a). Similarly, both the contractile properties of the muscle fiber’s 

membranes (Graven-Nielsen et al., 2002) and the CVs of motor units (Farina 

et al., 2004a; Farina et al., 2005a) do not seem to be affected by acute tonic 

muscle pain. These observations suggest that interactions between muscle 

pain and the motor system are mainly centrally mediated (Graven-Nielsen 

et al., 2002). 

At spinal level, animal studies suggest that group III and IV muscle afferents 

exert opposite effects on flexor and extensor spinal motoneurons 

(Schomburg et al., 1999; Schomburg and Steffens, 2002). Contradictory 

results were reported in humans. Indeed, while such a differential 
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modulatory effect was reported by some authors (Butler et al., 2003; Martin 

et al., 2006), others instead reported a uniform facilitation of cervico-

medullary MEPs (cMEPs) - used to test spinal motoneurons excitability by 

direct stimulation of the cortico-spinal tract (Taylor, 2006) - during pain 

(Martin et al., 2008). For instance, MEPs elicited in the TB muscle by direct 

stimulation of the cortico-spinal tract during a brief maximal voluntary 

contraction of that muscle were reduced after sustained contraction of both 

the TB and BB muscles while cMEPs elicited from the BB muscle were 

enhanced after fatiguing contractions of the elbow extensor muscles (Martin 

et al., 2006). This differential influence on flexor and extensor motoneurons 

persisted when muscle ischemia was maintained by using a 

sphygmomanometer cuff placed around the upper limb inflated to 300 

mmHg. In elbow flexors muscles, cMEPs are depressed during fatiguing 

contraction of the BB muscle but this depression does not seem to be 

maintained by muscle ischemia (Butler et al., 2003), suggesting that elbow 

flexor motoneurons are not directly inhibited by group III and IV muscle 

afferents like those of elbow extensors. However, these results were not 

replicated in Martin et al. (2008) in which a uniform facilitation of flexor and 

extensor motoneurons by inputs from group III and IV muscle afferents was 

observed. In this study, cMEPs from both the TB and BB muscles were 

facilitated during a constant-EMG contraction performed during an ongoing 

muscle pain. In their experiment, cMEPs were also evoked during 

contractions linked to both constant levels of force and EMG background. In 

constant-force contractions, the voluntary EMG activity decreased while 

cMEPs were unaltered. On the other hand, the EMG responses were 
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increased in the constant-EMG condition. In the constant-EMG output, the 

total synaptic input to the motoneurons pool is unchanged despite of the 

additional excitatory input from nociceptive muscle afferents, suggesting a 

reduction of other excitatory inputs, for instance those from descending 

pathways. Therefore, the facilitation of cMEPs during vs. before pain while 

the total excitatory input on the motoneurons pool was kept constant 

suggests that the additional excitatory afferent volleys from nociceptive 

muscle fibers have a different distribution to the motoneurons pool from 

that of the supraspinal descending pathways; this excitatory input being 

more pronounced for the higher-threshold motoneurons recruited into the 

cMEPs. Findings from constant force condition agree with this hypothesis. 

Indeed, cMEPs were not reduced during muscle pain despite a reduced EMG 

background. Therefore, these observations suggest that additional 

excitatory inputs from group III and IV muscle afferents are greater for large 

motoneurons than for small ones. This leads to a compression of the range 

of thresholds across the motoneurons pool (Martin et al., 2008). In addition, 

assuming that the slope of the EMG–force curve reflects the motor unit 

recruitment pattern, Wang et al. (2000) showed that hypertonic saline 

infusion injected in the masseter muscle was able to modulate the motor 

unit recruitment pattern in jaw-closing muscles. Moreover, it has to be 

noted that Del Santo et al. (2007) observed an increase of EMG background 

of the abductor digiti minimi (ADM) muscle during pain elicited by injecting 

ascorbic acid in that muscle. On the contrary, surface EMG recordings from 

the BB muscle were significantly decreased during pain. Because MEPs 

elicited from both the ADM and BB muscles were facilitated during pain, the 
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authors proposed that higher cortico-spinal inputs triggered by the TMS 

pulses, possibly associated with pain-induced changes in the population of 

active motor units, could account for the increased MEP amplitude during a 

painful steady contraction. In addition to direct excitatory inputs from 

nociceptive muscle afferents on spinal motoneurons, a number of 

mechanisms implying indirect spinal pathways could account for the 

interaction between nociceptive muscle afferents and spinal motoneurons 

(Martin et al., 2006).    

First, Rossi et al. (1999) have shown that a sustained discharge in group III 

and IV afferents from the foot extensor digitorum brevis muscle could 

reduce the excitability of the Ia fibers projecting on the SOL motoneurons, 

possibly via presynaptic inhibition of these Ia fibres. This is in agreement with 

an animal study that suggests a presynaptic inhibition of the afferent fibers 

of the monosynaptic reflex by capsaicin-sensitive group III and IV fibers, 

directly or via interneurons (Pettorossi et al., 1999). 

Second, sustained inputs from nociceptive muscle afferents can influence 

the spinal Ib inhibitory pathways. Using local injection of levo-ascorbic acid 

in the body of extensor digitorum brevis, Rossi and Decchi (1997) studied the 

effect of tonic muscle pain on the heteronymous Ib pathways from the GM 

to the SOL motoneurons. The H-reflex elicited from the SOL was used to test 

the heteronymous Ib inhibition to SOL motoneurons evoked by the electrical 

stimulation of the GM. They found that tonic nociceptive stimulation of a 

dorsal foot muscle (i.e. extensor digitorum brevis muscle) decreased both 

the H-reflex elicited in the SOL muscle and the heteronymous Ib inhibition 

from GM to SOL motoneurons. Segmental and/or supraspinal pathways 
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operating at pre and/or post synaptic level could account for interaction 

between Ib and nociceptive pathways (Rossi and Decchi, 1995; 1997). 

Indeed, animal studies have shown pre and post synaptic effects of group III 

and IV cutaneous afferents on the Ib fiber terminals (Harrison and 

Jankowska, 1985). The presynaptic changes in Ia fibers induced by muscle 

nociceptive afferents, described above, could decrease the excitability of the 

spinal Ib inhibitory pathways by projecting on both spinal motoneurons and 

interneurons mediating the Ib inhibition (Rossi et al., 1999). 

Third, alteration in the recurrent inhibition could occur during the discharge 

of group III and IV muscle fibers. Using a paired H-reflexes method, Rossi et 

al. (2003) observed that a muscle nociceptive discharge provoked an 

increase of the homonymous recurrent inhibition during a steady weak 

voluntary contraction, suggesting that group III-IV muscle afferents can 

potentiate the facilitation of α-motoneurons and their respective Renshaw 

cells triggered by the voluntary contraction. This increased excitability of 

Renshaw cells during a nociceptive muscle discharge could promote 

recovery of the damaged muscle by limiting its contraction (Rossi et al., 

2003). Note that opposite effects on the Renshaw cells excitability have been 

described in cats (Kalezic et al., 2004).  

Finally, nociceptive muscle afferents could have modulatory effects on the 

fusimotor discharge. For instance, the human SOL stretch reflex is increased 

during tonic muscle pain induced in both the homonymous muscle and in 

the TA muscle (Matre et al., 1998; Matre et al., 1999). On the other hand, 

the H-reflex, the electrical analogue of the stretch reflex, was reported as 

being either decreased (Rossi and Decchi, 1997; Le Pera et al., 2001) or 
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unchanged (Matre et al., 1998) by tonic muscle pain. Matre et al. (1998) 

proposed that tonic muscle pain could increase the dynamic muscle spindle 

sensitivity, possibly via γ-motoneurons; the lack of H-reflex increase 

suggesting the absence of α-motoneurons depolarization, possibly via an 

increased resting discharge of the primary muscle spindle afferents (Matre 

et al., 1998). This is in agreement with animal studies in which the muscle 

spindle discharge can be facilitated by nociceptive muscle afferents 

(Jovanovic et al., 1990; Ro and Capra, 2001; Thunberg et al., 2002). 

Moreover, a facilitation of the recurrent inhibition by tonic muscle pain 

could, at least partially, explain the decrease of the motor units’ firing rate 

observed during sustained muscle pain (Sohn et al., 2000; Farina et al., 

2004a).  

A number of studies aimed to disentangle spinal from supraspinal 

mechanisms underlying the changes in motor system excitability induced by 

tonic muscle pain (Burns et al., 2016a). In rats, a decrease of motor cortex 

excitability, demonstrated by an enhancement of the intracortical 

microstimulation threshold, was induced by the infusion of glutamate in the 

right anterior tongue (Adachi et al., 2008). In humans, functional imaging 

studies found a significant increase of both regional cerebral blood flow 

(rCBF) (Svensson et al., 1997; Korotkov et al., 2002; Kupers et al., 2004; 

Thunberg et al., 2005; Owen et al., 2010; Owen et al., 2012) and blood-

oxygen-level-dependent (BOLD) responses (Niddam et al., 2002; Macefield . 

et al., 2007; Nash et al., 2010; Maeda et al., 2011; Takahashi et al., 2011; 

Uematsu et al., 2011; Loggia et al., 2012) in a number of brain regions such 

as the contralateral sensorimotor cortex, the lenticular nucleus, the anterior 
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cingulate and prefrontal cortices. Note that studies investigating the BOLD 

responses in the contralateral M1 also reported a deactivation in the 

contralateral M1 relative to the stimulated side (see Burns et al. (2016a)). 

More insights about cortical mechanisms underlying the changes in the 

motor system induced by tonic muscle pain were brought by TMS studies. 

Indeed, it has been shown that tonic muscle pain induced by intramuscular 

injection of hypertonic saline has an inhibitory effect on MEPs amplitude 

recorded in various upper limb muscles (Le Pera et al., 2001; Svensson et al., 

2003). A reduction of both the H-reflex elicited in the flexor carpi radialis 

(FCR) muscle and cMEPs elicited in the FDI led to suggest the existence of 

concomitant spinal and supraspinal inhibitory processes (Le Pera et al., 2001; 

Svensson et al., 2003). However, a slight delay between the changes in MEPs 

and H-reflexes was observed in Le Pera et al. (2001), therefore suggesting a 

partial overlap between spinal and supraspinal inhibitory processes. On the 

other hand, Martin et al. (2008) observed a facilitation of the MEPs elicited 

by the direct electrical stimulation of the cortico-spinal tract without any 

concomitant increase of the MEPs elicited by M1 stimulation. This suggests 

that the inhibitory effect of tonic muscle pain on the motor cortex could be 

concomitant to an enhancement of spinal motoneurons excitability (Figure 

1.15). These contradictory results can be explained, at least in part, by the 

influence of presynaptic, reciprocal and non-reciprocal inhibitions on the H-

reflex (Knikou, 2008) while cMEPs - elicited by direct stimulation of the 

cortico-spinal tract which has monosynaptic projections with spinal 

motoneurons (de Noordhout et al., 1999; Petersen et al., 2002) - are not 

affected by presynaptic inhibition (Nielsen and Petersen, 1994). Schabrun 
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and Hodges (2012) brought additional insights to the mechanisms 

underlying the decreased excitability of the cortical motoneurons during 

tonic muscle pain. They investigated the mechanisms underlying the 

changes in motor cortex excitability induced by tonic muscle pain by using 

paired-pulse paradigms with ISIs of 2-3 and 13 ms. This allowed them to 

investigate the short interval intracortical inhibition (SICI; mediated, at least 

in part, by gamma-aminobutric acid A receptor (GABAAR) (Kujirai et al., 

1993)) and intracortical facilitation (ICF; probably mediated by glutamatergic 

N-methyl-D-aspartate receptor-(NMDA) (Ziemann et al., 1996; Ziemann et 

al., 1998)), respectively. ICF was decreased during the infusion of hypertonic 

saline into the FDI muscle as well as after the cessation of pain while SICI was 

enhanced only after (and not during) pain. As the reduction of ICF shared a 

similar time course with the reduction of MEPs amplitude observed during 

an ongoing muscle pain (Le Pera et al., 2001), they suggest that the changes 

observed in ICF could contribute to the depression of motor outputs 

(Schabrun and Hodges, 2012).  
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Figure 1.15. EMG responses in the BB and TB muscles before (baseline), 

during (pain) and after (recovery) the infusion of hypertonic saline in BB. The 

average area of the EMG responses elicited by cortical (MEPs) and cortico-

spinal tract (cMEPs) stimulation is shown. Note that the area was expressed 

as the proportion of the mean response elicited at baseline. The ratio 

MEP/cMEP is also represented. cMEPs were significantly increased during 

the pain condition while MEPs were modulated neither during pain nor in 

the recovery phase. However, in comparison to cMEPs, MEPs decreased 

significantly (Adapted from Figure 3 in Martin et al. (2008)).   

Additional arguments about supraspinal changes induced by tonic muscle 

pain in the motor system were brought by studies mapping M1 with TMS 

(Schabrun et al., 2016; De Martino et al., 2018; De Martino et al., 2019). In 

this procedure, single pulses of TMS are delivered to different scalp locations 

in order to generate a map of M1, thanks to the MEPs amplitude elicited at 

each scalp point (Brasil-Neto et al., 1992; Wassermann et al., 1992; Mortifee 

et al., 1994; Miranda et al., 1997; Malcolm et al., 2006). This mapping of M1 
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using TMS is detailed in section 5 of this chapter. By experimentally inducing 

several days of muscle pain in healthy participants, several studies reported 

changes in various map parameters such as the map volume, i.e. the sum of 

the mean MEPs elicited at each point of the map, and the number of discrete 

peaks (Schabrun et al., 2016; De Martino et al., 2018; De Martino et al., 

2019). In these studies, repeated intramuscular injection of nerve growth 

factor for several days was used as a model to mimic both the time-course 

and the neural processes involved in the transition from acute to chronic 

musculoskeletal pain (Hayashi et al., 2013). In the study of Schabrun et al. 

(2016), opposite effects on both SICI and ICF were observed. Indeed, SICI 

was decreased while ICF was enhanced. In addition, short- and long-latency 

interhemispheric inhibition (IHI) between the two M1, assessed by paired-

pulse TMS protocols (Ferbert et al., 1992), were decreased. These 

observations were interpreted as an adaptation to find alternate motor 

strategies during the transition towards sustained muscle pain (Schabrun et 

al., 2016). 

Though less investigated than the effects of tonic muscle pain, a prolonged 

painful stimulation of cutaneous tissues is also able to modulate the motor 

system excitability at both spinal and supraspinal levels. For instance, 

significant BOLD-responses were induced in the contralateral M1 by long-

duration (35 seconds) painful thermal stimuli delivered via a thermode 

placed on the skin (Apkarian et al., 2000). Farina et al. (2001) observed a 

decrease of MEPs amplitude recorded in the FDI muscle 20-30 minutes after 

topical application of capsaicin on the skin overlying the FDI and FCR 

muscles. In this study, capsaicin-induced pain started 10-20 minutes after 
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the application of capsaicin and persisted for at least 60-70 minutes. Authors 

observed a reduction of MEPs only during pain. No suppression was 

reported 90 minutes after the application of capsaicin, i.e. when the subjects 

did not report any pain sensation (Figure 1.16). Because the F-, H- and M-

waves remained unchanged throughout the experiment, this effect was 

interpreted as originating from mechanisms operating at cortical level 

(Farina et al., 2001).  

 

Figure 1.16. MEPs inhibition in the FDI muscle after topical application of 

capsaicin. Note that MEPs were significantly reduced only during pain 

sensation, as shown by the asterisks (Adapted from Figure 1 in Farina et al. 

(2001)).  

Fierro et al. (2010) compared the MEPs amplitude, SICI and ICF before vs. 

after topical application of capsaicin for 60 minutes on the hand dorsum. 

Similarly to Farina et al. (2001), they observed a significant reduction of both 
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MEPs amplitude and SICI 20 minutes after the application of capsaicin. No 

changes were observed for ICF. Though capsaicin-induced pain was not 

assessed in this experiment, a control experiment revealed that the 

spontaneous pain evoked by capsaicin became significant 20 minutes after 

its application, suggesting that the suppression of both MEPs and SICI was 

concomitant to the ongoing pain (Fierro et al., 2010). However, these 

observations were not replicated in Mavromatis et al. (2017) who showed 

no effect of topical capsaicin on both MEPs amplitude and SICI.  

Furthermore, in another study, neither the TMS recruitment curves, 

reflecting the strength of the cortico-spinal projections (Devanne et al., 

1997; Abbruzzese and Trompetto, 2002), nor the sensorimotor oscillatory 

activity were affected by capsaicin cream applied on the forearm, although 

two thirds of the subjects showed a reduced TMS recruitment curve slope 

associated to an increase sensorimotor oscillatory activity (Martel et al., 

2017). Other EEG studies showed a reduction of the sensorimotor mu 

rhythm over the hemisphere contralateral to the stimulated limb (Giehl et 

al., 2014; Peng et al., 2014; Huishi Zhang et al., 2016), possibly reflecting 

functional connectivity between the sensorimotor and medial prefrontal 

cortices (Nickel et al., 2020). By measuring corrective muscle responses to 

sensory perturbations, Traverse et al. (2020) showed that a prolonged 

painful stimulation of the skin can modulate the long-latency motor 

responses involving supraspinal structures but not the short-latency 

responses which depend of spinal sensorimotor interactions. Therefore, the 

authors suggest that, contrary to nociceptive muscle afferents, interactions 

between both nociceptive cutaneous afferents and the motor system could 
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mainly operate at cortical level. However, insights from animal studies 

suggest the implication of spinal processes. Indeed, a reduction of the 

withdrawal reflex latency was observed in rats with heat tissue injury 

(Coderre and Melzack, 1985), including in decerebrate rats (Woolf, 1983; 

1984). In addition, Gronroos and Pertovaara (1993) found a significant 

decrease of the lower limb withdrawal reflex threshold after topical 

application of capsaicin on the human skin. 

Importantly, several studies reported persistent changes in motor system 

excitability at both spinal and supraspinal levels, lasting 20-30 minutes after 

the cessation of muscle pain (Rossi and Decchi, 1997; Matre et al., 1998; Le 

Pera et al., 2001; Svensson et al., 2003; Martin et al., 2008; Nash et al., 2010; 

Schabrun and Hodges, 2012; Schabrun et al., 2013; Rittig-Rasmussen et al., 

2014; Burns et al., 2016b). It has been suggested that these long-lasting 

effects could indirectly result from LTP occurring in the nociceptive system 

(Svensson et al., 2003; Martin et al., 2008). These observations are 

congruent with the results of Wall and Woolf (1984) who showed that 

sustained low-frequency electrical stimulation (20 s, 1Hz) delivered at a 

strength that preferentially excites C-fibers of muscle afferents - known to  

generate a progressive increase in action potential discharge (windup) - 

induced a long-lasting enhancement of the withdrawal reflex in rats (up to 

90 minutes) (Wall and Woolf, 1984; Woolf and Wall, 1986; Woolf and 

Thompson, 1991). Because no changes were observed either in the 

motoneurons excitability, as tested with the H-reflex, or in the Aδ- fiber 

terminals excitability located in the lamina I of the dorsal horn (Cook et al., 

1986), it has been postulated that the long-lasting enhancement of the 
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withdrawal reflex could be explained by heterosynaptic mechanisms likely 

conveyed by C-fiber afferents (Woolf and Wall, 1986). Again, TMS studies 

brought additional insights to the supraspinal mechanisms underlying the 

persistent changes in motor excitability when pain had disappeared. Once 

more, most of our knowledge about persistent changes in motor function 

induced by the sustained activation of nociceptors come from studies that 

investigated tonic muscle pain. For instance, it has been shown that SICI was 

increased after (but not during) pain (Figure 1.17). In addition, ICF was 

decreased both during and after experimental pain induced by 

intramuscular infusion of hypertonic saline (Figure 1.17; Schabrun and 

Hodges (2012)). Similarly, a reduction of short- and long-latency afferent 

inhibition (SAI and LAI) has been reported both immediately after muscle 

pain release and 15 minutes later, respectively (Burns et al., 2016b). SAI and 

LAI can be assessed by pairing a conditioning stimulation, consisting in a non-

nociceptive electrical stimulation of a trunk nerve, with a test TMS stimulus. 

Two phases of MEPs inhibition were described: firstly when the conditioning 

stimulus preceded the test TMS pulse of 20-50 ms (SAI) and secondly when 

the ISI was between 200 and 1000 ms (LAI) (Tokimura et al., 2000). The 

resulting suppression of MEPs recorded from proximal and distal upper limb 

muscles (Clouston et al., 1995; Manganotti et al., 1997; Bertolasi et al., 1998; 

Classen et al., 2000; Helmich et al., 2005; Bikmullina et al., 2009) is thought 

to be mediated by inhibitory processes operating at cortical level. Indeed, 

while SAI probably results from cortical inhibitory mechanisms conveyed by 

cholinergic and GABAAergic pathways (Di Lazzaro et al., 2000; Di Lazzaro et 

al., 2005), LAI is thought to be mediated by mechanisms involving basal 
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ganglia, thalamo-cortical (Sailer et al., 2003) and cortico-cortical interactions 

(Chen et al., 1999; Abbruzzese et al., 2001; Sailer et al., 2002). The functional 

significance of this reduction of inhibition, i.e. the reduction of both SAI and 

LAI observed several minutes after pain release, and its interactions with the 

changes observed in both SICI and ICF observed just after the cessation of 

pain, is unclear. Burns et al. (2016b) proposed that the enhancement of SICI 

could be the main mechanism underlying a protective strategy operating 

directly after pain release while the depression in SAI and LAI could promote 

recovery by promoting a return to a normal motor output.  

 

Figure 1.17. MEPs during both SICI (with ISIs of 2 and 3 ms) and ICF protocols 

of one representative subject in Schabrun and Hodges (2012). EMG 

responses are shown before, during and after pain release. The two vertical 
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dashed lines represent the subthreshold conditioning TMS pulse and the 

suprathreshold unconditioned test TMS pulse. EMG traces represented by 

solid and dashed lines are elicited by conditioned and unconditioned test 

stimuli respectively. Both SICI and ICF are calculated by dividing the MEP 

amplitude of the conditioned test pulse by the MEP amplitude of the 

unconditioned test pulse. Note that while ICF was decreased during and 

after pain (green circles), SICI was altered only after pain (red circles) 

(Adapted from Figure 5 in Schabrun and Hodges (2012)). 

Most studies investigating the effect of cutaneous tonic pain on motor 

function did not investigate persistent changes when pain had disappeared 

(Farina et al., 2001; Farina et al., 2003; Fierro et al., 2010; Martel et al., 2017). 

Only Salo et al. (2019) reported a facilitation of SICI several minutes after 

cold water exposure during 90 seconds. Nonetheless, insights from animal 

studies suggest that a sustained activation of cutaneous nociceptors is able 

to elicit long-lasting changes in the motor system excitability (Woolf, 1983; 

1984; Woolf and McMahon, 1985; Clarke et al., 1992) although it is admitted 

that the activation of muscle nociceptive fibers is more robust to generate 

prolonged excitability changes of spinal motoneurons (Wall and Woolf, 

1984; Woolf and Wall, 1986). For instance, heat thermal injury on the foot 

resulted in prolonged changes of the hindlimb flexor reflex in rats as shown 

by both the facilitation of its amplitude and the decrease of its mechanical 

and thermal thresholds. Note that the mechanical threshold of the 

withdrawal reflex was altered for at least 3 hours (Woolf, 1983). In another 

study, the decrease in the mechanical threshold of the hindlimb reflex 

persisted for a period of time of at least 35 days after having injured the skin 

of the foot by a metal probe for five seconds (Woolf, 1984; Woolf and 
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Comment on pain-motor interactions in chronic pain 

conditions (Box. 4) 

Abnormalities in the characteristics of movement have been described 

in patients suffering from various chronic pain conditions. For instance, 

Heales et al. (2016) reported differences in the synergistic organization 

of the activation of forearm muscles in patients with chronic lateral 

elbow pain. Indeed, excessive finger flexion was observed during grip 

release in patients vs. healthy matched controls. Similarly, the 3D motion 

analysis of the stance phase of subjects presenting a gluteal 

tendinopathy during stair ascent revealed a greater hip adduction 

moment and a more pronounced internal rotation associated to a 

greater contralateral trunk lean than healthy controls (Allison et al., 

2016). Changes in cortico-spinal tract excitability have also been 

reported. Indeed, an enhancement of the rMT in painful erector spinae 

muscles was observed in CLBP patients and not in pain-free volunteers, 

suggesting a decrease of cortico-spinal excitability in these patients 

(Strutton et al., 2005). Similar observations were reported for the active 

MT in the infraspinatus muscle in people with chronic shoulder pain 

(Bradnam et al., 2016) as well as for the rMT in upper and lower limb 

muscles in fibromyalgia (Salerno et al., 2000; Mhalla et al., 2010). The 

lack of changes in the spinal motor system excitability, as tested by the 

F- and H- waves (Salerno et al., 2000), associated with alterations 

observed in cortical inhibitory mechanisms such as the cortical silent 

period, SAI, SICI and ICF (Strutton et al., 2005; Mhalla et al., 2010; 

Bradnam et al., 2016; Masse-Alarie et al., 2016), led the authors to 

propose that these changes could be explained by supraspinal 

mechanisms. Note that contradictory results were reported by others. 

Indeed, an increase of the motor system excitability was observed in 

various chronic pain conditions such as the rotator cuff tears (Berth et 

McMahon, 1985). Finally, it has been shown that a chemical injury can also 

induce persistent changes in the reflex threshold for two weeks (Woolf, 

1984; Woolf and McMahon, 1985). 
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propose that these changes could be explained by supraspinal 

mechanisms. Note that contradictory results were reported by others. 

Indeed, an increase of the motor system excitability was observed in 

various chronic pain conditions such as the rotator cuff tears (Berth et 

al., 2009), osteoarthritis (OA) and the myofascial pain syndrome (Caumo 

et al., 2016) as well as in chronic knee pain (On et al., 2004). Similarly, ICI 

was reduced in complex regional pain syndrome (CRPS) patients and 

after a partial peripheral nerve lesion. In these patients, ICF and the rMT 

were not modulated (Schwenkreis et al., 2003; Schwenkreis et al., 2010; 

Schwenkreis et al., 2011). Studies using TMS to map M1 also observed 

changes in motor excitability in chronic pain. For instance, the volume of 

the TMS map of both the transversus abdominis muscle in CLBP patients 

and wrist/finger extensor muscles in subjects suffering from persistent 

elbow pain was higher than in healthy controls (Tsao et al., 2008; 

Schabrun et al., 2015). On the contrary, the volume was decreased in 

both CRPS patients (Krause et al., 2006) and in patients with persistent 

patellofemoral pain (Te et al., 2017). Other studies reported an alteration 

of the organization of M1, as shown by the decrease of the number of 

discrete peaks within the TMS map (Schabrun et al., 2017) or by a shift 

in the center of the TMS map (Elgueta-Cancino et al., 2019). In a 

systematic review restricted to studies using TMS, Parker et al. (2016) 

found evidence of a motor cortex disinhibition in various chronic pain 

populations. On the other hand, a meta-analysis aiming to evaluate 

evidence underlying alterations in the M1 structure, organization and 

function revealed that changes in most measures reflecting the motor 

system excitability were inconsistent between studies (Chang et al., 

2018). Therefore, further studies with larger samples are required in 

order to understand changes in the motor system in various chronic pain 

conditions, with possibly different changes between patient groups.  
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order to understand changes in the motor system in various chronic pain 

conditions, with possibly different changes between patient groups.  

 

 

 

 

4. Hyperalgesia as a perceptual correlate of LTP in the 

human nociceptive system  

4.1 Increased pain sensitivity at the injured skin location: 

primary hyperalgesia 

After a skin injury, an increased pain sensitivity characterized by changes in 

both the threshold and the perceived intensity of pain to suprathreshold 

stimuli is observed at the location of the injury and outside the injured skin 

area (Figure 1.18).  

 

Figure 1.18. Schematic 

representation of both primary and 

secondary hyperalgesia which can be 

observed after a skin lesion. Note that 

a flare reaction, which is an area of 

increased skin blood flow, is often 

observed after cutaneous injuries. 

The size of the flare area is smaller 

than that of secondary hyperalgesia.  
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At the location of a burn or a mechanical injury, primary hyperalgesia to both 

mechanical and heat stimuli is usually observed (Hardy et al., 1950; LaMotte 

et al., 1983; Raja et al., 1984). Hyperalgesia in the primary zone is thought to 

be conveyed, at least in part, by peripheral sensitization of primary 

nociceptive afferents. Indeed, changes in the response properties of both 

Aδ- and C-fibers, such as  C-fiber mechano- and heat-sensitive (CMH) and A-

fiber mechano- and heat-sensitive (AMH) nociceptors, to heat (Meyer and 

Campbell, 1981; Campbell and Meyer, 1983; LaMotte et al., 1983; Campbell 

et al., 1988) and mechanical (Thalhammer and LaMotte, 1982; Reeh et al., 

1987) stimuli were reported after both burn (Campbell et al., 1979; Meyer 

and Campbell, 1981; Thalhammer and LaMotte, 1982; Campbell and Meyer, 

1983; LaMotte et al., 1983) and mechanical injuries (Reeh et al., 1987; 

Campbell et al., 1988). Central mechanisms can also contribute to the 

increased pain perception at the injured skin. Indeed, in vitro and in vivo 

studies reported LTP, a physiological model of activity-dependent synaptic 

plasticity (Bliss and Collingridge, 1993; Cooke and Bliss, 2006), in the 

nociceptive system at synapses between primary C-fiber afferents and 

neurons located in the dorsal horn of the spinal cord (Liu and Sandkuhler, 

1997; Ikeda et al., 2003; Sandkuhler, 2009). For instance, LTP of synaptic 

transmission between primary C-fiber afferents and spinal dorsal horn 

neurons have been observed in spinalized rats after intense heat and 

mechanical stimulation of the skin (Sandkuhler and Liu, 1998). Similar 

observations were made after HFS of primary afferents in the dorsal root 

(Randic et al., 1993; Ikeda et al., 2003; Ikeda et al., 2006). These observations 

suggest that homosynaptic LTP, i.e. occurring at synapses activated by the 



79 

 

conditioning stimulus, within the spinal nociceptive pathways could 

contribute to the hyperalgesia observed in the primary zone.  

4.2 Increased pain sensitivity in the surrounding uninjured skin: 

Secondary hyperalgesia 

Cutaneous tissue injury can also lead to pain amplification in the surrounding 

uninjured skin (termed secondary hyperalgesia; Figure 1.18) (Hardy et al., 

1950; Raja et al., 1984; Dahl et al., 1993; Moiniche et al., 1993). This 

increased pain sensitivity is mainly observed for mechanical punctate stimuli 

and has been less often reported for heat stimuli. For instance, before and 

after a burn lesion, Raja et al. (1984) tested both the threshold for pain 

evoked by mechanical stimuli using a monofilament and the threshold for 

heat pain and the perceived intensity to suprathreshold heat stimuli by 

means of a CO2 laser. Burn lesions were induced at two locations of the palm 

of the hand separated by 1 cm. While a decrease of pain threshold to 

mechanical stimuli was observed at both the primary zone (i.e. at the two 

lesion sites) and in a large area surrounding the injured skin, an increased 

pain sensitivity to heat stimuli was only observed at the injured skin area. A 

decrease of pain perception to heat was even observed between the two 

lesions where a decreased mechanical pain threshold was reported (Figure 

1.19).  
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Figure 1.19. Characteristics of both primary and secondary hyperalgesia 

after burn lesions were made at two locations on the palm of the hand. Left 

part. Burn lesions were made at both sites A and D. The mechanical pain 

threshold was determined at site A (injury site) and in uninjured skin 

locations (sites B and C). Note that the mechanical pain threshold was 

decreased in both injured and uninjured skin locations. Right part. Pain 

ratings to heat stimuli at sites A, B and C. Note that heat hyperalgesia was 

observed only at the site of the lesion (inspired from Figure 1 in Treede et al. 

(1992), adapted from Figures 2-4 in Raja et al. (1984)). 
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Significant insights about the mechanisms of secondary mechanical 

hyperalgesia have been acquired by intradermal injection or topical 

application of capsaicin, a substance found in hot chili peppers which 

selectively activates nociceptive afferents through the TRPV1 receptors 

(Caterina et al., 1997). Indeed, intradermal injection of capsaicin was shown 

to induce secondary mechanical hyperalgesia to punctate stimuli but not to 

heat stimuli, closely resembling the phenomenon of secondary mechanical 

hyperalgesia observed after a skin lesion (Ali et al., 1996). LaMotte et al. 

(1991) performed a series of psychophysical studies on humans in which 

they characterized the phenomenon of secondary mechanical hyperalgesia 

after intradermal injection of capsaicin. These experiments suggest that 

capsaicin-activated nociceptive afferents can induce central sensitization in 

dorsal horn neurons of a mechanosensitive pathway, which leads to 

mechanical hyperalgesia away from the injection site (Baumann et al., 1991; 

LaMotte et al., 1991; Simone et al., 1991; LaMotte et al., 1992; Torebjork et 

al., 1992). Central sensitization is defined as an “increased responsiveness of 

nociceptive neurons in the central nervous system to their normal or 

subthreshold afferent input” (IASP, Taxonomy). Simone et al. (1991) 

reported that pinprick stimuli delivered to the skin surrounding the site 

where capsaicin was injected induced a stronger response of both wide-

dynamic-range (WDR) and high-threshold (HT) dorsal horn neurons than 

those elicited before the capsaicin injection. Moreover, peripheral activity 

of Aδ- and C-fibers in the secondary zone was not enhanced after the 
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injection of capsaicin (Baumann et al., 1991). Based on these observations, 

it has been proposed that secondary mechanical hyperalgesia is mainly 

mediated by central mechanisms (Baumann et al., 1991; LaMotte et al., 

1991; Simone et al., 1991; LaMotte et al., 1992; Torebjork et al., 1992), 

although peripheral mechanisms could also be involved (Treede et al., 1992). 

Previous studies challenged the idea that secondary hyperalgesia is 

characterized by an increased perception of mechanical, but not heat 

stimuli. Indeed, thermal hyperalgesia has been reported in the area 

surrounding a skin lesion (Hardy et al., 1950; LaMotte et al., 1991; Pedersen 

and Kehlet, 1998) and a capsaicin-treated zone (Serra et al., 1998). However, 

this apparent heat hyperalgesia could be explained, at least in part, by the 

increased skin temperature associated to the flare reaction in the secondary 

zone (Figure 1.19; Treede et al. (1992), cfr. infra). 

4.3 High frequency electrical stimulation as a model to elicit 

activity-dependent plastic synaptic changes 

LTP, a physiological model of activity-dependent synaptic plasticity (Bliss and 

Collingridge, 1993; Cooke and Bliss, 2006), has been proposed as one 

potential underlying mechanism of central sensitization and could explain 

some forms of hyperalgesia. Indeed, in vitro and in vivo studies reported LTP 

in the nociceptive system at synapses between primary C-fiber afferents and 

neurons located in the dorsal horn of the spinal cord (Liu and Sandkuhler, 

1997; Ikeda et al., 2003; Sandkuhler, 2009). LTP in the nociceptive spinal 

pathways can be induced by various conditioning stimuli, for instance 

through subcutaneous injection of capsaicin (Ikeda et al., 2006), nerve injury 
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(Sandkuhler and Liu, 1998), peripheral lesions leading to inflammatory 

processes (Sandkuhler and Liu, 1998) or electrical stimulation delivered at 

low (Ikeda et al., 2006) or high (Liu and Sandkuhler, 1997) frequencies 

(Figure 1.20). More specifically, robust LTP of the synaptic efficiency 

between C-fiber primary afferents and dorsal horn neurons can be obtained 

in rats by brief HFS bursts applied to the afferent nerves (Liu and Sandkuhler, 

1995; 1997). For instance, it has been shown that HFS of primary peptidergic 

C-fiber afferents induced the LTP of C-fiber-evoked excitatory postsynaptic 

potentials in lamina I neurons that express the NK1 receptors for substance 

P and that project to the parabrachial area (Ikeda et al., 2003; Ikeda et al., 

2006). Dorsal horn neurons expressing the receptor for substance P seem 

essential for the development and the total expression of some forms of 

hyperalgesia as illustrated by the reduction of hyperalgesia-related 

behaviors in rats in which these neurons had been destructed (Mantyh et 

al., 1997; Nichols et al., 1999; Khasabov et al., 2002).  
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Figure 1.20. LTP of the synaptic strength between C-fiber primary afferents 

and dorsal horn neurons induced by various conditioning stimuli.  A. Average 

of amplitudes ±SD of C-fiber-evoked excitatory postsynaptic currents 

(EPSCs) in lamina I neurons with a projection to the parabrachial area. B-D.  

LTP can be induced in vivo by more natural conditioning stimuli generating 

a low-frequency afferent barrage. Mean time courses of C-fiber-evoked field 

potentials recorded extracellulary in the superficial spinal dorsal horn in 

response to low-frequency electrical stimulation of the sciatic nerve in 

anaesthetized rats (B). Intradermal injection of capsaicin into the glabrous 

skin of the ipsilateral hind paw can also induce LTP compared to control 

condition (solvent) (C). Similar results are shown for formalin (D) (Adapted 

from Figures 3 and 4 in Ikeda et al. (2006)).  
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Klein et al. (2004) investigated whether HFS of peptidergic C-fibers - which 

induced LTP of the synaptic transmission in spinal dorsal horn - could lead to 

an increased pain perception in humans. This would suggest that the LTP of 

the spinal synaptic transmission play a role in hyperalgesia in human 

subjects. To that end, electrical stimuli were delivered by means of small 

diameter electrodes (punctate electrodes; 200 µm) allowing to achieve high 

current density at low current intensity, resulting in the preferential 

activation of nociceptors in the superficial layers of the epidermis. Ten 

punctate electrodes were mounted in a circular fashion on a plastic frame to 

increase the spatial summation. The HFS protocol consisted of five trains of 

100 Hz for 1-s, repeated in a 10-s interval, at 20x the individual detection 

threshold applied to the forearm at 10 cm distal to the fossa cubita (Figure 

1.21).  

 

Figure 1.21. HFS electrode and protocol. The cathode consists of 10-16 blunt 

stainless steel pins with a diameter of 0.2 mm protruding 1mm from the 
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base. The pins are placed in a circle with a diameter of 10 mm. The anode 

consists of a surrounding stainless steel ring having an inner diameter of 22 

mm and an outer diameter of 40 mm. The HFS protocol consisted of five 

trains of 100 Hz for 1-s, repeated in a 10-s interval, at 20x the individual 

detection threshold. HFS is usually applied to the forearm.  

In the study of Klein et al. (2004), the successful activation of peptidergic 

cutaneous afferents was achieved as illustrated by a large area of increased 

skin blood flow measured with laser doppler imaging in the skin surrounding 

the area stimulated by HFS. This flare reaction is thought to be mainly 

conveyed by a subgroup of peptidergic C-fibers, the mechano-insensitive C-

fibers, which release neuropeptides such as calcitonin gene-related peptide 

(CGRP) (Lynn et al., 1996; Schmelz et al., 2000). This neuropeptide release 

caused a neurogenic inflammation that lead to the vasodilatation of blood 

vessels (Groetzner and Weidner, 2010). Klein et al. (2004) observed that a 

single high-intensity electrical test stimulus, delivered through the HFS 

electrode, was perceived as more painful after HFS (Figure 1.22A). This long-

lasting increased pain sensitivity, which they called homotopic hyperalgesia, 

lasted several hours and had a plateau at ± 30 minutes (Pfau et al., 2011).  
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Figure 1.22. Homotopic and heterotopic effects of HFS. A. After HFS 

delivered at 10x individual detection threshold, pain ratings evoked by single 

electrical test pulses delivered via the HFS electrode (homotopic zone) was 

significantly increased (black dots) compared to identical stimuli delivered 

via a remote electrode (white dots). B and C. HFS delivered at both 10x and 

20x individual detection threshold induced a significant increase of pinprick-

evoked pain in the surrounding unstimulated skin (heterotopic zone) 

(Adapted from Figures 3 and 4 in Klein et al. (2004)).  

In a first instance, the authors attributed this long-lasting enhancement of 

pain perception as a perceptual correlate of homosynaptic LTP, i.e. the long-

term changes in the perception of pain mediated by an increased synaptic 

strength of the conditioned pathway (in this case the peptidergic primary C-

fiber afferents) at spinal level. Later, they observed a similar enhancement 

of pinprick-evoked pain in both the homotopic and heterotopic zone after 

HFS of the forearm (Lang et al., 2007; Klein et al., 2008). As pinprick stimuli 

predominantly activate Aδ-fibers, these observations suggest that 

heterosynaptic mechanisms can also contribute to homotopic hyperalgesia. 

This is in agreement with the observations of Hansen et al. (2007), who 

asked subjects to describe, by means of a list of descriptors, the quality of 

electrical stimuli delivered to the homotopic area after HFS. After HFS, 
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participants qualified the test electrical stimuli as more “stinging” and 

“burning” than before HFS, suggesting a facilitation in both Aδ- and C-fiber 

pathways. Heterosynaptic LTP seems to be the main mechanism that 

accounts the increased Aδ-fiber-related perception after HFS because 

animal studies have shown that HFS of Aδ-fibers did not induce 

homosynaptic LTP but homosynaptic long-term depression (LTD) instead 

(Cheng and Randic, 2003). This could explain the decreased pain perception 

of high-intensity electrical stimuli delivered in the conditioned skin site 30 

minutes after HFS (van den Broeke et al., 2012). Together, these 

observations show that the homotopic/primary hyperalgesia induced by HFS 

comes, at least in part, from both homo- and hetero-synaptic LTP in spinal 

nociceptive pathways.  

In addition, Klein et al. (2004) observed a long-term enhancement of pain 

perception to mechanical punctate stimuli outside the skin conditioned by 

HFS, resembling to secondary mechanical hyperalgesia observed in the 

surrounding uninjured skin. The increased pain sensitivity to mechanical 

stimuli (heterotopic mechanical hyperalgesia) they observed after HFS was 

attributed to heterosynaptic LTP in spinal nociceptive pathways. As outlined 

by Klein et al. (2004), heterotopic hyperalgesia was observed outside the 

conditioned skin and was elicited by mechanical punctate stimuli which 

activate different afferent pathways than the conditioned input pathway 

(i.e. peptidergic C-fibers), such as Aδ-fibers sensitive to mechanical inputs, 

suggesting a heterosynaptic mechanism. Also, it has been shown that this 

increased pain sensitivity reached its maximum 60 minutes after HFS and 

disappeared 25.4h after the cessation of the conditioning stimuli. This 
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suggests that early-LTP (LTP 1; i.e. depending on post-translational 

processes and lasting up to ± 24h) can be induced by HFS of the skin in 

healthy volunteers (Klein et al., 2006). Evidence suggests that different 

mechanisms underlie heterotopic and homotopic hyperalgesia elicited by 

HFS. As explained above, homosynaptic and heterosynaptic mechanisms can 

both contribute to the increased pain sensation elicited by electrical stimuli 

delivered into the conditioned skin area. The contribution of homosynaptic 

LTP in the homotopic zone can for instance explain that low-doses of the N-

methyl D-aspartate (NMDA)-receptor antagonist ketamine prevented 

homotopic hyperalgesia, which was tested with electrical stimuli, but not 

heterotopic hyperalgesia, tested with pinprick stimuli (Klein et al., 2007). 

This is in agreement with animal studies showing that the pharmacological 

blockage of NMDA receptors prevented the development of spinal 

nociceptive LTP by HFS of primary C-fiber afferents (Ikeda et al., 2003) and 

suggests that the LTP occurring in the conditioned pathway is NMDA-

dependent while other NMDA-insensitive mechanisms should, at least in 

part, underlie the heterosynaptic LTP (Klein et al., 2007).  

Secondary mechanical hyperalgesia, as observed after HFS or capsaicin 

injection, is of particular interest because increased pain sensitivity to 

mechanical stimuli in the undamaged skin is a prominent clinical feature in 

persistent pain conditions such as postoperative pain (Stubhaug et al., 1997; 

Lavand'homme et al., 2005). Moreover, LTP in the nociceptive system is 

thought to be a key mechanism leading to chronic pain in humans (Rygh et 

al., 2005; Sandkuhler, 2009). 
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4.4 Contribution of A- and C- fibers to secondary mechanical 

hyperalgesia 

Previous studies investigated the relative contribution of both A- and C-

fibers to the increased pain perception to pinprick stimuli in the area of 

secondary hyperalgesia. Ziegler et al. (1999) did not observe an 

enhancement of the punctate stimuli-evoked pain perception in the 

secondary zone during a complete block of myelinated A-fibers. However, 

punctate hyperalgesia was observed when the nerve block was released. 

Because a prolonged pressure nerve block affects the conduction of 

myelinated primary afferents to a greater extent than the conduction of 

unmyelinated C-fibers (Torebjork and Hallin, 1973; Nahra and Plaghki, 2003), 

these results suggest that myelinated A-fibers participate in the increased 

perception of mechanical punctate stimuli in the secondary zone. Again, 

because (1) capsaicin-evoked pain was not altered under nerve block 

(suggesting that capsaicin-induced pain is mainly conveyed by capsaicin-

sensitive C-fibers) and (2) myelinated nociceptive afferents significantly 

contribute to the pain perception evoked by punctate stimuli, these 

observations suggest that secondary mechanical hyperalgesia is, at least in 

part, conveyed by spinal heterosynaptic mechanisms given that the 

facilitated and facilitating pathways consist of different populations of 

primary afferents fibers (Ziegler et al., 1999). Denervation of capsaicin-

sensitive free nerve endings in the epidermal layer can be achieved by 

topical application of capsaicin (Nolano et al., 1999). This has been used by 

Magerl et al. (2001) to show that secondary mechanical hyperalgesia is 

principally mediated by capsaicin-insensitive Aδ-fibers, including HTM 
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(Szolcsanyi et al., 1988) and AMH type I (Ringkamp et al., 2001). AMH type I 

nociceptors do not respond to short-lasting heat stimuli but show a delayed 

response to sustained heat stimuli (Treede et al., 1995; Treede et al., 1998). 

Therefore, van den Broeke et al. (2016b) delivered long-duration heat 

stimuli (30s) inside the area of the secondary mechanical hyperalgesia 

induced by HFS of the skin by means of a CO2 laser. After HFS, the perception 

of long-duration heat stimuli was not significantly different compared to 

before HFS. This suggests that AMH type I nociceptors do not contribute to 

secondary hyperalgesia to punctate stimuli. Finally, it has to be noted that 

an increase of heat sensitivity in the area of secondary hyperalgesia has been 

reported (van den Broeke and Mouraux, 2014a). Quickly responding C-fiber 

afferents could possibly contribute to this increased heat sensitivity (Lenoir 

et al., 2018c) via LTP in spinal nociceptive pathways involving glial cells 

(Kronschlager et al., 2016; Lenoir et al., 2018c). 

4.5 Sustained activity-dependent changes induced by HFS at 

supraspinal level 

Supraspinal descending influences from brainstem structures such as the 

rostral ventromedial medulla (RVM) can contribute to the development 

and/or maintenance of secondary mechanical hyperalgesia (Urban and 

Gebhart, 1999; Suzuki et al., 2002). Indeed, animal studies have shown that 

the reduction of both the supraspinal descending facilitation (Urban and 

Gebhart, 1999) and inhibition from spinothalamic tract neurons (Lin et al., 

1996) could be involved in secondary mechanical hyperalgesia. More 

specifically, animal studies showed that HFS of primary C-fiber afferents can 
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induce changes in brain activity. Using PET, Hjornevik et al. (2008) observed 

metabolic changes in the amygdala and adjacent cortical structures, 

striatum, RVM and in the periaqueductal gray (PAG) until 150 minutes after 

HFS of the sciatic nerve. Such structures are known to modulate the spinal 

nociceptive transmission (Heinricher et al., 2009). 

In humans, short-lasting effects of HFS have been reported on brain 

responses elicited by non-nociceptive stimuli presented in the area of 

secondary hyperalgesia such as innocuous tactile (van den Broeke and 

Mouraux, 2014b) or visual stimuli (Torta et al., 2017). This suggests that HFS 

can trigger supraspinal and multimodal changes, possibly via attentional 

mechanisms (Torta et al., 2018). Note that it is known that HFS can have 

long-lasting effects on event-related potentials (ERP) evoked by noxious 

mechanical stimuli (van den Broeke et al., 2016a; van den Broeke et al., 

2017). However, the relative contribution of spinal and supraspinal 

processes to these changes in ERPs’ amplitude, as well as the origin of 

potential supraspinal mechanisms, is currently unknown (van den Broeke et 

al., 2010).    

5. Non-invasive mapping of M1 using single pulses of TMS 

Single pulses of TMS can be applied at different scalp locations to generate 

a map of the scalp points at which consistent MEPs, above a given threshold, 

are recorded (Figure 1.23). Thanks to the MEPs amplitude elicited at each 

location, it is possible to elicit a map of the cortical representation of a given 

muscle in humans (Brasil-Neto et al., 1992; Wassermann et al., 1992; 

Mortifee et al., 1994; Malcolm et al., 2006). Neuronavigation data are often 
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used to visualize the TMS map online; the position markers being an 

accurate and instantaneous feedback about the TMS stimulus position.   

 

Figure 1.23. Schematic representation of the TMS map procedure. Single 

TMS pulses are delivered at different scalp locations. Thanks to the MEPs 

amplitude, a map of a given muscle can be obtained.  

Then the MEPs are interpolated, resulting in a color-scaled 3D map of the 

investigated muscle (Figure 1.24; Borghetti et al. (2008)). Several measures 

can be extracted from this TMS-estimated map (Figure 1.24). First, the 

optimal site representing the location at which the MEPs with the maximal 

amplitude can be recorded. This represents the zone containing cortico-

spinal neurons with the lowest threshold (Wassermann et al., 1992). Second, 



94 

 

the extent of the map area (expressed in cm2) from which consistent MEPs, 

above a given amplitude, can be recorded. Obviously, the area of the TMS 

map is larger than the actual neural representation of a given muscle due to 

the current spread. Indeed, the fall-off of MEPs amplitude when the TMS coil 

is moved away from the center of the map (i.e. the hotspot) can be 

attributed to a decrease of the efficacy of the TMS pulse to stimulate a 

constant cortical region. Thus, this does not represent additional 

recruitment of cortico-spinal neurons projecting to a given muscle 

(Thickbroom et al., 1998). Nevertheless, when the excitability of cortico-

spinal neurons is enhanced, they are more easily excitable, even when the 

TMS coil is not directly located at the optimal position (Najib et al., 2011). 

Modifications of the motor map area after a given intervention can result 

from changes in motor system excitability. Importantly, this does not mean 

that these changes result from changes in M1. Indeed, the TMS-mapped 

representation of a given muscle can also be dependent of changes in both 

remote brain structures sending inputs to M1 and/or spinal motor pathways 

(Ridding and Rothwell, 1997; Najib et al., 2011). The third parameter which 

can be extracted from the TMS map is its volume. This represents the sum 

of the mean MEPs amplitude elicited at each point of the map, providing a 

measure of the total excitability of the TMS-mapped representation of a 

given muscle. The center of gravity (CoG) of the TMS map, which is a position 

representing the amplitude-weighted center of the map area, can also be 

computed. This depicts the Ant-Post and Med-Lat coordinates of the central 

point around which the motor map is evenly distributed. The following 
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mathematical formula can be used for the calculation of its x- and y-

coordinates:   

CoGx =  
∑(MEP𝑥𝑖×X𝑖)

∑ MEP𝑖
 

CoGy = 
∑(MEP𝑦𝑖×Y𝑖)

∑MEP𝑖
 

 

MEPi represents the average amplitude of MEPs at each target point. The 

amplitude-weighted of MEPs at each scalp location represents the 

contribution of that position to the total amplitude of the map (i.e. the map 

volume) (Wassermann et al., 1992). The CoG is used to determine the 

position of the map center and can be used to differentiate the spatial 

location of adjacent muscles (Wassermann et al., 1992; Wilson et al., 1993; 

Miranda et al., 1997). Indeed, the CoG is considered an accurate estimation 

of the cortical location of a given muscle. For instance, it has been shown 

that the CoG of a TMS motor map is generally spatially congruent with the 

CoG of the activation area related to hand movements observed in fMRI 

(Boroojerdi et al., 1999; Herwig et al., 2002) and PET (Wassermann et al., 

1996; Classen et al., 1998). The CoG can also be used to identify a shift in the 

cortical representation of a given muscle after an intervention. Such shifts 

could result from intracortical functional changes (Wassermann et al., 1992; 

Wilson et al., 1993; Uy et al., 2002). Finally, the number of discrete peaks 

inside the map (Figure 1.24) has been used to characterize functional 
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changes in M1. Indeed, multiple areas of greater excitability inside the TMS 

map were observed in a number of TMS studies (Tsao et al., 2011; Schabrun 

et al., 2016; Masse-Alarie et al., 2017; Schabrun et al., 2017). The significance 

of such discrete peaks within a TMS-mapped representation is currently 

unknown. However, this is in agreement with the fact that several sites 

within M1 can participate in the control of a single muscle (Donoghue et al., 

1992; Schieber, 2001; Schneider et al., 2001). It has been proposed that they 

could participate in (1) the elaboration of motor synergies between adjacent 

cortical motor representations and/or (2) the coordination between both 

muscles and joints (Schabrun et al., 2015). Note that a smaller number of 

peaks was observed in chronic pain patients (Schabrun et al., 2015; Schabrun 

et al., 2017). This leads the authors to draw a parallel with the loss of motor 

control observed in chronic pain conditions (Hodges and Tucker, 2011).  
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Figure 1.24. TMS-mapped representation of the right FDI muscle in a 

representative subject (personal data). The map area consists in the size of 

the map, considering MEPs ≥ a given threshold (black line; in this case 

1351.362 µV). The volume is computed by adding the interpolated MEPs 

amplitude exceeding or equal to the threshold. The CoG, which is the center 

of the excitable map, and three examples of discrete peaks, two parameters 

used to explore functional changes in M1, are also represented.   
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Several studies suggested that mapping the motor cortex using TMS can be 

used to differentiate the cortical representation of proximal and distal 

muscles of the upper limb (Figure 1.25). It has been shown that the map area 

volume was greater for distal muscles, such as FCR or abductor pollicis brevis 

(APB) muscles, than for proximal muscles, such as BB or deltoid muscles 

(Wassermann et al., 1992; Metman et al., 1993; Miranda et al., 1997). 

Moreover, despite significant overlaps, their map area can be distinguished 

(Figure 1.25). Indeed, the TMS-mapped representation of distal muscles is 

more lateral than the TMS-mapped representation of more proximal 

muscles (Wassermann et al., 1992; Metman et al., 1993). Furthermore, by 

using TMS mapping techniques, the map representation of intrinsic hand 

muscles (APB and abductor digiti minimi muscles; ADM) can also be 

distinguished, the TMS map of the APB muscle being more lateral than that 

of the ADM muscle (Wilson et al., 1993).  
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Figure 1.25. Upper part. Superimposed TMS-mapped representation of the 

APB, FCR, BB and deltoid muscles. Lower part. Averaged position of the CoGs 

with their respective 95% confidence intervals. Note that, although the TMS 

maps overlap each other, distal muscles are more lateral than proximal 

muscles (Adapted from Figures 4 and 5 in Wassermann et al. (1992)).     

In healthy subjects, rapid changes in the TMS cortical motor map have been 

reported. For instance, an enhancement of the TMS map of upper limb 

muscles proximal to an ischemic nerve block was observed ten minutes after 
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the beginning of the intervention (Brasil-Neto et al., 1993; Ridding and 

Rothwell, 1997). Similarly, Pascual-Leone et al. (1995) compared the TMS-

mapped representation of both flexor and extensor finger muscles before 

vs. after a motor skill acquisition. The fine motor skill consisted in a sequence 

of finger movements performed on a piano keyboard and was practiced for 

two hours daily during five days. The TMS motor cortex map was assessed 

before the exercise and every day 20-30 minutes after it. Over the course of 

the five days, they observed an enhancement of the TMS map which was not 

observed in control conditions. Moreover, this increase was already present 

the first day, i.e. after one session of motor skill learning (Pascual-Leone et 

al., 1995). Similar observations were reported by comparing the TMS-

mapped representation of the FDI of the reading hand in blind subjects 

before (in the morning) vs. after (in the evening) a working day in which they 

were reading Braille for at least six hours. Such an enhancement was not 

observed in non-working days (Pascual-Leone et al., 1995). Finally, cortical 

reorganization in pathological conditions such as stroke (Liepert et al., 1998; 

Liepert et al., 2000) and dystonia (Thickbroom et al., 2003) or after brain 

surgery (Kastrup et al., 2000) has been assessed with TMS motor cortical 

brain mapping.  
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6. Changes in brain connectivity explored by concurrent 

transcranial magnetic stimulation and functional 

magnetic resonance imaging 

6.1 Abnormal structure and function of the DLPFC in CLBP 

patients 

Pathological chronic pain represents a major European healthcare issue. 

Indeed, it has been estimated that 19-35% of adult Europeans suffer from 

moderate to severe chronic pain (Elliott et al., 1999; Breivik et al., 2006; 

Breivik et al., 2013). Furthermore, chronic pain conditions noticeably impair 

the quality of life of individuals and have severe socioeconomic impacts 

upon communities. The financial burden associated with persistent pain 

conditions is similar to that of heart diseases and cancer (Breivik et al., 2013). 

Low back pain constitutes a common problem as up to 75% of the population 

will present at least one episode during their live (Deyo and Weinstein, 2001; 

Atkinson, 2004). Though most acute episodes are resolved themselves in a 

few months, a number of patients will develop chronic low back pain (i.e. 

recurrent episodes for more than 6 months) reaching up to 5% of the 

population (Deyo and Weinstein, 2001; Atkinson, 2004). Consequently, 

furthering our understanding of the neural representation of various chronic 

pain conditions in humans is essential to prevent, diagnose and develop an 

effective management of chronic pain.  

Physiopathologic mechanisms associated with chronic pain states, derived 

either from long-term changes due to tissue injuries or from neuronal 

injuries (neuropathic pain), take place at different levels of the nervous 

system, from peripheral afferents terminals (e.g. Devor et al. (1994), Reinert 
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et al. (1998)) to spinal cord neurons (e.g. Woolf and Thompson (1991)) or via 

the alteration in descending controls (e.g. Bouhassira et al. (2003)). At 

cortical level, abnormalities in brain chemistry were reported by Grachev et 

al. (2000) in CLBP patients, especially in the DLPFC which showed a 

consistent depletion in N-acetyl aspartate and glucose while an opposite 

pattern was observed in the thalamus. No changes were observed in the 

cingulate, sensorimotor, orbitofrontal and insular cortices. Moreover, the 

chemical interrelationship across brain regions was altered in CLBP patients, 

suggesting abnormal chemistry connectivity in such patients. Other studies 

reported abnormalities in brain biochemistry in various chronic pain states 

such as CRPS (Grachev et al., 2002) or neuropathic pain after a spinal cord 

injury (Pattany et al., 2002). Morphometric changes in various brain 

structures, such as the DLPFC, the thalamus and the somatosensory cortex 

were also reported (for reviews see May (2008), May (2011)). Changes in 

brain connectivity in chronic pain patients have been extensively studied, 

mainly via resting state functional connectivity (Kucyi and Davis, 2015). 

Resting state functional connectivity is based on the identification of remote 

brain regions which show synchronous BOLD responses when the subjects 

are laying on the scanner bed without performing any task. Therefore, by 

selecting a seed voxel corresponding to a starting point to perform the 

analysis of brain connectivity, or by using data exploration techniques such 

as independent components analysis (ICA), it is possible to identify brain 

regions for which the spontaneous brain activity time courses, i.e. the BOLD 

time courses, are correlated across fMRI scans. By analyzing resting-state 

data, a certain number of brain regions which show a coherent activity have 
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been identified, inter alia, in brain networks involved in visual (Lowe et al., 

1998), auditory (Cordes et al., 2000), somato-motor (Biswal et al., 1995) and 

attentional (Fox et al., 2006) processes. In chapter 6, I present an original 

and relatively simple approach which aims to record TMS-evoked responses 

by using concurrent TMS-fMRI to characterize changes in the cortical 

excitability and functional connectivity within different brain areas. Our 

objective was to investigate changes in brain connectivity related to chronic 

pain. Specifically, I aimed to validate the recording of BOLD responses 

elicited by TMS over the DLPFC. I chose the DLPFC as a target because (1) 

DLPFC is a superficial structure easily reached with a figure-of-eight coil (2) 

in which consistent structural changes were reported in chronic pain. 

Furthermore (3), despite the structural modifications, changes in the 

functional connectivity between the DLPFC and remote brain areas is rarely 

reported in the literature (Seminowicz and Moayedi, 2017). This can be 

explained, at least in part, by the fact that the DLPFC is not easily identifiable 

by using the resting-state approach. Consequently, the first part of this 

section is dedicated to an overview of changes in brain morphometry and 

connectivity with an emphasis on the DLPFC in CLBP patients, which 

represents one of the most frequent chronic pain state in our societies 

(Andersson, 1999). In the second part, I will develop some technical and 

methodological considerations about concurrent TMS-fMRI. 

6.1.1 Anatomy and function of the DLPFC - an overview 

The DLPFC is a heterogeneous brain region. Using tractography-based 

parcellation to identify voxels with a similar connectivity profile in humans, 
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Sallet et al. (2013) identified six distinct areas in the lateral frontal cortex 

(Figure 1.26). From these regions, clusters 5, 6, 8 and 10 are typically 

referred as being the DLPFC in human studies (Figure 1.27; Seminowicz and 

Moayedi (2017)). The DLPFC encompasses the Brodmann areas (BA) 9, 8a, 

8b and the dorsal part of the BA 46. This includes most of the middle frontal 

gyrus, the superior frontal sulcus, and the lateral part of the superior frontal 

gyrus. The precentral gyrus and the anterior prefrontal cortex (BA 10) 

represent its posterior and anterior boundaries, respectively (Seminowicz 

and Moayedi, 2017). 
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Figure 1.26. Tractography-based 

parcellation revealed six clusters in 

the human lateral frontal cortex. 

The inter-regional BOLD coupling 

patterns associated with cluster 5 

in humans suggest that this cluster 

may resemble to the area 9/46d in 

macaque. Similarly, cluster 6 was 

associated to area 9/46v, cluster 7 

with area 46, cluster 8 with area 

8A, cluster 9 with the anterior 

dorsal premotor cortex and cluster 

10 with area 8B (Adapted from 

Figure 9 in Sallet et al. (2013)).  
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Figure 1.27. BAs 8, 9 and the dorsal part of BA 46 referred as the DLPFC in 

humans. The three clusters shown are consistent with the sub-regions of the 

DLPFC based on the tractography-based parcellation in Sallet et al. (2013) 

(Adapted from Figure 1 in Seminowicz and Moayedi (2017)). 

The DLPFC is hypothesized to be involved in multiple cognitive processes 

such as working memory (Petrides, 2005), decision-making (Philiastides et 

al., 2011), emotion (Buhle et al., 2014) and visual attention (Amiez et al., 

2006). Although not directly within the scope of the present work, activation 

of the DLPFC has been reported by neuroimaging techniques such as fMRI 

or PET after the deliverance of an acute nociceptive stimulus perceived as 

painful (Apkarian et al., 2005). Briefly, the DLPFC is usually included in the 

“medial pain system” thought to be involved in the affective and 

motivational aspects of pain processing (Treede et al., 1999). This region 

could be involved in the “pain modulatory pathways”, for instance via top-
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down influences on other brain regions such as the insula, the anterior 

cingulate cortex (ACC) and the thalamus (Nakamura et al., 2002; Brascher et 

al., 2016). The DLPFC is also thought to be a key region in the placebo 

analgesia, i.e. the expectation of pain relief (Krummenacher et al., 2010). 

Furthermore, this region shows structural and functional changes in various 

chronic pain conditions (Seminowicz and Moayedi, 2017). Therefore, as our 

aim was to study the changes in both the cortical excitability and functional 

connectivity of the DLPFC in CLBP patients, the following sections focus on 

structural and functional changes in the DLPFC in chronic pain.   

6.1.2 Structural changes in the DLPFC associated with CLBP 

Apkarian et al. (2004) were the first to report differences in brain 

morphometry of patients suffering from chronic pain (> 1 year) compared to 

matched healthy subjects. The whole-brain cortical gray matter volume was 

significantly lower in CLBP patients compared to matched controls (Figure 

1.28). After correcting for age and gender, CLBP patients showed a decrease 

of gray matter volume of 11% compared to controls. This decreased volume 

was significantly correlated with pain duration, at least for CLBP of 

neuropathic origin (Figure 1.28). Using voxel-based morphometry, they 

found a decrease of regional gray matter density mainly in both the left and 

right DLPFC and in a lesser extent in the right anterior thalamus (Figure 1.28). 

Pain characteristics, such as the pain duration/intensity and the negative-

affective dimensions associated to CLBP, as evaluated by the McGill pain 

questionnaire, were strongly related to the DLPFC structural changes while 

minimal relationships were found for anxiety and depression, evaluated by 
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the Beck questionnaire. This led the authors to suggest that the changes they 

observed could be involved in the pathophysiology of chronic pain, possibly 

via alterations of descending controls (Apkarian et al., 2004).  

 

Figure 1.28. A. Gray matter volume as a function of age for CLBP patients 

and healthy controls. The average decrease in gray matter volume was more 

pronounced in CLBP patients compared to healthy matched controls (30 cm3 

difference corresponding to a 5.4% decrease). B. Gray matter volume as a 
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function of pain duration, after correcting for age and gender. The right parts 

of A and B show the group-level average ±SD of gray matter volumes before 

(A) and after (B) correcting for age and gender. C. The regional gray matter 

density decreases in CLBP patients in both the left and right DLPFC and in 

the right anterior thalamus. Color positive values show regions where the 

gray matter density was decreased in CLBP subjects compared to healthy 

controls (Adapted from Figures 1 and 2 in Apkarian et al. (2004)).  

These results were partially replicated by Schmidt-Wilcke et al. (2006) who 

found a significant reduction of gray matter in the somatosensory cortex, 

the right DLPFC and the right temporal lobe. Furthermore, an enhancement 

of gray matter density was reported bilaterally in the putamen and in the 

left posterior thalamus. They suggested that this pattern of structural 

changes could contribute - in addition to peripheral and other central 

mechanisms - to the chronification of pain. This hypothesis was based on 

correlational analysis showing significant relationships between both the 

intensity and unpleasantness of pain (evaluated on the day of the imaging) 

and brain structural changes while no significant correlation was found with 

pain duration (Schmidt-Wilcke et al., 2006). Other studies reported a 

decrease of the thickeness of the gray matter in various brain regions such 

as the medial prefrontal cortex (mPFC), the bilateral operculo-insular cortex, 

the ACC, the amygdala and the posterior parietal cortex (Buckalew et al., 

2008; Seminowicz et al., 2011; Ivo et al., 2013; Mao and Yang, 2015; Fritz et 

al., 2016). In CLBP patients, Seminowicz et al. (2011) found that, from all 

brain regions which show a reduction of the cortical thickness compared to 

controls, only the left DLPFC showed an increased cortical thickness six 

months after an efficient surgical intervention, i.e. in patients having lower 
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scores either on the McGill pain or on the Oswestry Disability index 

questionnaires. This recovery of the cortical thickness was independent of 

depression but was significantly correlated with the reduction of both pain 

intensity and pain-related disabilities. Similarly, activity in the left DLPFC 

elicited by an attention-demanding cognitive task was normalized after an 

efficient treatment. These observations suggest that structural and 

functional brain abnormalities in the DLPFC may be reversible after an 

efficient surgical treatment (Seminowicz et al., 2011). Note that, though 

some reports suggest that DLPFC structural changes could be lateralized to 

the right hemisphere (Seminowicz and Moayedi, 2017), consistent changes 

in the left (Seminowicz et al., 2011) and right DLPFC (Schmidt-Wilcke et al., 

2006; Ivo et al., 2013) have been described. Apkarian et al. (2004) and Fritz 

et al. (2016) found structural modifications in both the left and right DLPFC. 

Furthermore, others reported an increased gray matter density in the DLPFC 

of CLBP patients (Ung et al., 2014). On the contrary, some studies did not 

observe any change either in the cortical thickness or in the whole brain 

volume (Dolman et al., 2014; Mansour et al., 2017). Several factors can 

explain, at least in part, these discrepancies. For instance, the small sample 

size of some studies, the inclusion of patients suffering of CLBP of various 

etiologies (e.g. neuropathic vs. non-neuropathic) as well as the severity of 

symptoms could play a role. Furthermore other confounding factors such as 

the medications (e.g. use of opioids or benzodiazepine), the age or other 

associated comorbidities such as depression have to be considered before 

making assumption on chronic pain-related changes (Dolman et al., 2014).  

For instance, by selecting a homogeneous sample including 14 patients 
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suffering from CLBP of discogenic origin without depression traits and 

medications such as benzodiazepines and opioids, Dolman et al. (2014) 

found a cortical thickening in the right DLPFC. However, this increased 

thickness was not significant when age was included as a covariate. 

Therefore, the heterogeneity of CLBP patients regarding their etiologies, 

their associated comorbidities or their drugs consumption highlights the 

importance of controlling for confounding factors, by selecting 

homogeneous samples for example. However, this approach will inevitably 

limit the generalizability of the results. Moreover, although contradicting 

results were reported, morphological alterations of the cortical gray matter 

have been reported in CLBP patients. At least some of the structural changes 

observed in the DLPFC could be a consequence of chronic pain and may 

participate to the chronification of pain. These modifications could add up 

to the long-term changes observed in chronic pain occurring at both the 

nociceptor and spinal levels and in the descending pathways (Woolf and 

Salter, 2000). 

6.1.3 Functional changes in the DLPFC associated with CLBP  

A few studies reported functional changes in the DLPFC associated to chronic 

pain. For instance, Seminowicz et al. (2011) observed that CLBP patients 

have abnormal activations in the left DLPFC during a cognitive demanding 

task compared to healthy controls. By using two arterial spin labeling 

sessions, Wasan et al. (2011) found that the exacerbation of the ongoing 

back pain in CLBP patients by clinical maneuvers was associated, inter alia, 

with an increased activity in the DLPFC. This was not observed in control 
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matched healthy subjects. Regarding the functional connectivity, though 

several studies investigated the brain connectivity in various chronic pain 

conditions, only a small number reported abnormal patterns of connectivity 

involving the DLPFC. However, by using the resting-state fMRI approach, 

abnormal activities have been observed in various networks, mainly in the 

default mode network (DMN) but also in regions corresponding to the so-

called salience network (Figure 1.29; Kucyi and Davis (2015)). The DMN, 

including the mPFC, the posterior cingulate cortex (PCC), the medial and 

lateral parietal cortex and the medial temporal lobe, is typically more 

activated when subjects do not perform any engaging task, i.e. when 

subjects are at rest (Raichle et al., 2001). On the other hand, the 

salience/ventral attention network which includes the left and right DLPFC, 

the anterior insula, the temporoparietal junction and the mild cingulate 

cortex (Seeley et al., 2007; Kucyi et al., 2012) is consistent with regions 

involved in the detection of salient sensory events (Downar et al., 2002; 

Mouraux et al., 2011). Finally, the functional connectivity of brain regions 

which play a role in the descending modulation of the spinal nociceptive 

transmission - often called the antinociceptive system - and which include 

the PAG, the RVM and the mPFC, has also been investigated (Kucyi and 

Davis, 2015).  
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Figure 1.29. Schematic representation of the salience network, the DMN and 

the antinociceptive system network (Adapted from Figure 2 in Kucyi and 

Davis (2015)). 

Aberrant activities in the DMN of CLBP patients have been observed in a 

number of studies (Baliki et al., 2008; Tagliazucchi et al., 2010; Baliki et al., 

2011; Yu et al., 2014) and in other chronic pain conditions (Baliki et al., 2014). 

Baliki et al. (2008) were the first to observe that CLBP patients exhibited less 

deactivation in brain regions corresponding to the DMN while they 

performed a visual attention task. Loggia et al. (2013) showed that the DMN 

connectivity was stronger with the right insula, the pregenual part of the 

ACC and the left parietal lobule in CLBP patients compared to controls. A 

greater pain perception at the time of the scan was positively correlated 

with the DMN-right insula connectivity while a negative correlation was 

found for the DMN-mPFC (pregenual ACC) connectivity. Furthermore, an 

increased back pain induced by physical maneuvers was also associated with 

a greater connectivity of the insula (Loggia et al., 2013). Similar results were 

reported in the study of Baliki et al. (2014) in which patients suffering from 

chronic pain, in particular CLBP patients, exhibited both a decreased 

connectivity between the mPFC and the precuneus and an increased 
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connectivity between the mPFC and the insular cortices, bilaterally. They 

observed a decreased connectivity between the mPFC and other parts of the 

DMN; this reduction was inversely proportional to the increased 

connectivity with the insular cortex. Again, the strength of the mPFC-insula 

connectivity correlated positively with pain ratings. CLBP patients exhibited 

also a higher connectivity between the PAG and the left mPFC compared to 

healthy controls as well (Yu et al., 2014). Moreover, in the study of Baliki et 

al. (2014), alterations of oscillatory activities characterizing the BOLD signal 

in the DMN were also observed in chronic pain patients. Indeed, they 

observed an enhancement of the high-frequency activities (0.12-0.2 Hz)2 in 

the mPFC. More importantly, by exploring the phase properties between the 

DMN and other brain regions, they found changes in phase-locking in 

patients (vs. controls) between the DMN and multiple brain regions 

including the DLPFC (Baliki et al., 2014). In failed back surgery syndrome 

(FBSS), while a reduction of the functional connectivity within the DMN was 

found, an increased functional connectivity with other brain regions 

including the right DLPFC has been reported (Kornelsen et al., 2013). After a 

spinal surgical intervention (vs. before), widespread changes in the 

functional connectivity of the left and right DLPFC were found with multiple 

regions such as the sensorimotor cortex, the cingulate areas and the insular 

cortex  (Ceko et al., 2015). In other chronic conditions than CLBP, a reduced 

connectivity between the PAG and the DLPFC, the insular, the cingulate and 

                                                           
2 Resting state connectivity is often studied in the slow ranges of frequencies observed in 
the BOLD signal (0.01-0.2 Hz). In their study, Baliki et al. defined three frequency bands: 
low (0.01-0.05 Hz), middle (0.05-0.12 Hz) and high (0.12-0.2 Hz).  
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prefrontal cortices was found in subjects developing cephalic or 

extracephalic allodynia during a migraine attack (Mainero et al., 2011). 

Alterations of the PCC-DLPFC connectivity have also been reported in these 

patients (Hubbard et al., 2014). In people suffering of fibromyalgia, Schmidt-

Wilcke et al. (2014) explored the patterns of functional connectivity of 

multiple brain regions known to be involved in the descending pain 

modulatory system (“the antinociceptive system”) including the PAG, ACC, 

DLPFC and the amygdala. Among other results, they found that, compared 

to placebo, the right DLPFC-left inferior parietal lobule functional 

connectivity at baseline could predict the treatment response to a 

serotonin–norepinephrine reuptake inhibitors (milnacipran).   

Taking these observations into consideration, i.e. (1) the fact that the mPFC-

DMN and mPFC-insula connectivity is significantly correlated with the 

individual pain perception at the time of the scan (Loggia et al., 2013; Baliki 

et al., 2014) and because (2) both the mPFC-PCC (precuneus) functional 

connectivity - enhanced in patients with temporomandibular disorders (vs. 

controls) - and the mPFC-PAG connectivity were significantly associated with 

pain rumination3 in patients (Kucyi et al., 2014), it has been proposed that 

the mPFC could be a key point of pain-attention interactions in chronic pain 

patients (Figure 1.30;  Kucyi and Davis (2015)). 

                                                           
3 A form of sustained thoughts focused on pain.  
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Figure 1.30. Relation of the mPFC connectivity with the DMN (A), the insular 

cortex (B) and the medial thalamus and PAG (C). A. Negative correlation 

between both the resting state connectivity of the mPFC and the DMN with 

pain intensity in CLBP patients. B. Positive correlation between the resting 

state connectivity of the mPFC and the insula with pain intensity in CLBP, 

CRPS and OA. C.  Positive correlation between the resting state connectivity 

of the mPFC and regions of the DMN and antinociceptive system with pain 

rumination in temporomandibular disorder (Adapted from Figure 3 in Kucyi 

and Davis (2015)). 

On the other hand, several studies showed that the activity in the mPFC is 

inversely proportional to that in the DLPFC (Mayberg et al., 1999; Northoff 

et al., 2000). In CLBP patients, Baliki et al. (2006) have exhibited a negative 
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correlation between the activity observed in the left and right DLPFC and the 

mPFC (Figure 1.31). In their study, they asked patients to continuously rate 

their spontaneous pain while they were in the scanner. The periods of time 

during which patients reported highly sustained pain resulted in an 

increased activity in the mPFC. The periods of time including the increasing 

phase of spontaneous pain were, in contrast, characterized by an activation 

of the insular cortex as well as of the S1-M1, S2 and ACC, i.e. brain regions 

often activated by brief noxious stimuli. At coordinates at which maximal 

structural changes were found in the DLPFC in their previous study (Apkarian 

et al., 2004), they found a negative correlation with the activity in the mPFC 

during periods of sustained spontaneous pain (Figure 1.31). In fact, when 

spontaneous pain was rated as high, the examination of the time course of 

the BOLD signal revealed that, though the activity in the DLPFC preceded 

that of the mPFC, this activity was suppressed for the period in which the 

mPFC showed a sustained signal, suggesting that both the mPFC and the 

DLPFC are able to inhibit each other. This led the authors to propose the 

hypothesis that the sustained activity recorded in the mPFC when the 

ongoing pain was high could be promoted by structural and/or functional 

changes in the DLPFC. Importantly, the correlational analysis performed in 

their study does not imply that the connectivity between both the mPFC and 

the DLPC are altered in CLBP patients given that the activity, inversely 

proportional, of both regions was studied during periods of high sustained 

pain in CLBP patients. Whether a similar relationship also exists in healthy 

volunteers, for instance during a sustained thermal stimuli, is unknown.  
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Figure 1.31. A. Inverse relationship between the activity in the mPFC and 

DLPFC when spontaneous pain was high (at coordinates of the peak atrophy 

observed in Apkarian et al. (2004)). This was not observed for the insula. B. 

Group-level ±SD of the BOLD responses in the left and right DLPFC and the 

mPFC. Note that in the DLPFC, the BOLD responses are characterized by an 

early and transient increase. A reduced activation was observed during the 

mPFC activation. The right part of the figure shows these correlations. These 

observations suggest that the mPFC and the DLPFC are able to inhibit each 

other (Adapted from Figure 4 in Baliki et al. (2006)).  

Consequently, chronic pain seems to be associated to structural changes in 

various brain regions. Though contradicting results are reported in the 

literature, the DLPFC is one of the most frequent regions in which 

morphometric changes are reported. In addition, chronic pain-related 

alterations in the functional connectivity of various brain regions have been 

explored mainly by the resting state approach. Among others, the 

connectivity of the mPFC, the insular cortex or the PAG seems to differ in 

patients suffering from chronic pain. Particularly, the mPFC is thought to play 

a prominent role in the sustained attention to pain in chronic conditions 
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(Kucyi and Davis, 2015). On the other hand, despite the structural alterations 

often observed, reports of changes in the DLPFC functional connectivity are 

sparse in the literature for both CLBP/FBSS (Hashmi et al., 2012; Kornelsen 

et al., 2013; Baliki et al., 2014; Ceko et al., 2015) and other chronic pain 

states  (Mainero et al., 2011; Hubbard et al., 2014; Schmidt-Wilcke et al., 

2014). However, evidence suggests that the DLPFC and the mPFC inhibit 

each other and that structural changes in the DLPFC could, at least in part, 

promote the enhanced activity observed in the mPFC (Baliki et al., 2006). 

However, there are no strong evidence of alteration in the mPFC-DLPFC 

connectivity in chronic pain. Interestingly, studies delivering short-bursts of 

TMS over the DLPFC concomitantly to fMRI recordings observed a significant 

deactivation in the mPFC, opening the possibility to investigate the mPFC-

DLPFC reciprocal connectivity by using concurrent TMS-fMRI (Li et al., 2004; 

Hanlon et al., 2016). Consequently, I developed an approach using 

concurrent TMS-fMRI to record BOLD responses elicited by TMS delivered 

over the DLPFC. Sections 6.3 and 6.4 of the present chapter are devoted to 

technical considerations about concurrent TMS-fMRI. An original approach 

to deliver TMS over the DLPFC during fMRI acquisition is presented in 

chapter 6.  

6.2 TMS paradigms for studying the effective connectivity - an 

overview  

The study of the structural connectivity of the human brain refers to the 

investigation of the structural properties of white matter tracts underlying 

anatomical connections between brain regions (Paus, 2008). Although our 
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anatomical knowledge of the structural connections between brain 

structures provides valuable insights about neural connectivity, this does not 

allow to study how the information flows between different brain regions 

and how this flow is dependent of the functional state of a given network 

(Paus, 2008). Several neuroimaging techniques can be used to explore 

functional connectivity such as EEG, fMRI or PET (Friston et al., 1993; Biswal 

et al., 1995). Functional connectivity can be defined as a temporal 

correlation or a covariation in brain activity recorded in spatially remote 

brain regions. This reflects direct and/or indirect functional relationships 

among these regions (Friston et al., 1993; Paus, 2008). For instance, studies 

investigating resting-state connectivity, which is the most popular of the 

correlational techniques to probe functional connectivity, identified several 

brain regions in which synchronous spontaneous fluctuations in the BOLD 

signal are observed. Resting state studies do not require an external 

stimulus, the subjects are at rest into the scanner bed without performing 

any experimental task (Biswal et al., 1995; Raichle, 2015). Interestingly, the 

regions that are similarly co-activated during a given task (such as a visual, 

auditory or motor task) tend to have coherent spontaneous BOLD signal 

fluctuations at rest while spontaneous activities of brain regions which show 

opposite functionality are anticorrelated (Fox and Raichle, 2007). By using 

resting state connectivity, several sets of brain regions showing a coherent 

activation have been found. For instance, visual (Lowe et al., 1998; Cordes 

et al., 2000), auditory (Cordes et al., 2000), somato-motor (Biswal et al., 

1995), dorsal/ventral attention (Fox et al., 2006), memory (Vincent et al., 

2006) and default mode (Raichle, 2015) networks have been described by 
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resting state analyses. The study of spontaneous BOLD activity at rest is one 

of the main technique used to study functional connectivity and has several 

advantages such as a high SNR and a high patient compliance leading to the 

possibility to study a large cohort of patients suffering from neurologic or 

psychiatric disorders (Fox et al., 2012). However, the resting state analysis is 

based on the level of co-activation of various connected brain regions over 

time. There is no information on both the causality and the direction of the 

effect of a given structure to another distant structure (i.e. effective 

connectivity).  

On the other hand, the brain connectivity can be explored by TMS (Hampson 

and Hoffman, 2010; Hallett et al., 2017). Per se, MEPs elicited by a single 

TMS pulse delivered on M1 represent a connectivity measure of the motor 

system. Indeed, the efferent volley has to cross through a polysynaptic 

pathway to induce a contraction of the contralateral muscle (Paus, 2008; Fox 

et al., 2012). Moreover, the connectivity between distant brain regions can 

be inferred using single TMS pulse paradigms. For instance, an enhancement 

of MEPs amplitude recorded from hand muscles contralateral to the 

dominant hemisphere has been observed as the subjects were reading aloud 

(Tokimura et al., 1996; Seyal et al., 1999; Meister et al., 2003), suggesting a 

functional connectivity between the hand representation of M1 and the 

language areas. Similarly, the modulation of MEPs by brief non-nociceptive 

and nociceptive stimulations of the skin in both healthy subjects and 

patients with neurological disorders can be used to infer on the functional 

interplay between distinct brain networks (Chen et al., 1999; Valeriani et al., 

1999; Abbruzzese et al., 2001; Sailer et al., 2003; Algoet et al., 2018). 
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However, although providing significant insights into the temporal profile 

and/or the specificity of the changes evoked in the motor system, these 

studies give indirect evidence about the cortical interactions underlying the 

observed effects. Again, insights about causal effects exerted by one given 

region to another one is speculative and based on a priori knowledge of the 

structural and/or functional connections between brain networks. By using 

TMS, effective connectivity studies have been conducted on 

interhemispheric interactions between both the left and right M1. For 

instance, a single pulse delivered on the ipsilateral M1 relative to a tonic 

voluntary contraction of an upper limb muscle can induce a short-lasting 

suppression of the EMG response. This ipsilateral silent period is thought to 

represent transcallosal interactions between the left and right M1 given that 

its latency is 12-15 ms longer than that of the MEPs recorded from the 

contralateral limb (Ferbert et al., 1992). Furthermore, this silent period is 

altered in patients with lesions of the trunk of the corpus callosum, in 

particular in its posterior half (Meyer et al., 1995; Meyer et al., 1998). On the 

other hand, this silent period is not observed in children <5years in which 

transcallosal fibers do not yet reach their maturation (Heinen et al., 1998). 

Taking these observations in consideration, the ipsilateral silent period has 

been used to assess the alterations in the interhemispheric 

functional/effective connectivity in neurodegenerative disorders such as 

corticobasal degeneration (Trompetto et al., 2003) or multiple sclerosis 

(Schmierer et al., 2000).  

A more direct approach to explore effective connectivity between 

anatomically remote regions in the human brain is the paired-pulse TMS 
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paradigms (Hallett et al., 2017). Indeed, by varying ISIs in paired-pulse 

paradigms - in which the conditioning and the test stimuli are delivered on a 

given brain region of interest and on M1, respectively - it is possible to 

characterize the effects of the first stimulus on the motor system. Ferbert et 

al. (1992) were the first to investigate the interhemispheric cortico-cortical 

interactions by using TMS delivered on both the left and right M1 (Figure 

1.32). Several ISIs were tested, ranging from 3 to 25 ms. When the TMS 

pulses were delivered at the same intensity, a suppression of the MEPs 

elicited by the second TMS pulse was observed with a minimum ISI of 6-7 

ms. The inhibitory effect of the conditioning TMS pulse on the test MEP was 

attributed to interhemispheric cortico-cortical interactions operating via 

transcallosal connections and was termed IHI. Indeed, by using epidural 

recordings, it has been shown that the descending cortico-spinal volleys (the 

I2- and I3-waves) elicited by the second stimulus were decreased by the 

conditioning stimulus (Di Lazzaro et al., 1999). Moreover, the IHI was normal 

in patients with a subcortical stroke sparing the transcallosal motor fibers 

but destroying the cortico-spinal tract (Boroojerdi et al., 1996). Similarly, by 

adapting both the current direction in the coil and the ISI between the 

conditioning and the test pulses, facilitatory interactions between the left 

and right M1 have also been reported (Ugawa et al., 1993; Hanajima et al., 

2001).  
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Figure 1.32. IHI. The effect of a conditioning TMS pulse delivered over the 

left M1 on MEPs recorded in the left FDI produced by a second TMS pulse 

delivered on the right M1. ISIs of 5, 6, 7, 12 and 15 ms are shown (Adapted 

from Figure 1 in Ferbert et al. (1992)).  

Though fundamental in order to study interhemispheric interactions that 

precede or that are concomitant to a voluntary movement in both healthy 

volunteers (Murase et al., 2004) and patients with deficits in motor control 

(Murase et al., 2004; Duque et al., 2005), this dual TMS paradigm was initially 

limited to the interhemispheric interactions between the left and right M1. 

Later, a number of studies used paired-pulse paradigms to study 

interhemispheric interactions between primary and non-primary motor 

regions. For instance, both interhemispheric facilitations and inhibitions 

have been observed between M1 and the dorsal/ventral premotor cortex 

(Mochizuki et al., 2004; Baumer et al., 2006; Koch et al., 2006; Fiori et al., 



125 

 

2017), the posterior parietal cortex (Koch et al., 2009), the DLPFC, S1, and 

the supplementary motor area (SMA) (Ni et al., 2009; Iwata Y. et al., 2016; 

Fiori et al., 2017). Similarly, cerebro-cerebellar interactions have also been 

assessed by applying electrical or magnetic stimulations on a cerebellar 

hemisphere 5-6 ms before a test magnetic pulse delivered on M1. Again, it 

has been shown that the conditioning cerebellar stimulation could modulate 

the excitability of the contralateral M1 (Ugawa et al., 1991; Saito et al., 1995; 

Ugawa et al., 1995; Pinto and Chen, 2001; Iwata et al., 2004). The study of 

ataxic patients with lesions located either in one cerebellar hemisphere (Di 

Lazzaro et al., 1994) or in cerebellar efferent pathways (Ugawa et al., 1994; 

Ugawa et al., 1997) suggests that this modulation could be mediated by 

inputs from Purkinje cells via the dentate-thalamo-cortical pathway 

projecting to M1 (Iwata and Ugawa, 2005). Finally, paired-pulse paradigms 

can also be used to explore intrahemispheric connections from various brain 

regions to M1. Indeed, the functional connectivity between M1 and several 

ipsilateral brain regions such as the premotor cortex (Civardi et al., 2001; 

Cattaneo and Barchiesi, 2011), the parietal cortex (Koch et al., 2007; 

Cattaneo and Barchiesi, 2011; Karabanov et al., 2013), the DLPFC (Hasan et 

al., 2013) and the pre-SMA (Civardi et al., 2001; Fiori et al., 2016) have been 

studied.  

Whether or not the dual TMS protocol is used to study inter-, intra- or 

cerebello-cortical interactions, the effect of the conditioning stimulus on the 

test response has been used to examine the state-dependent changes of the 

functional connectivity between a given brain region and M1, for instance 

relative to the current or upcoming motor context (Pinto and Chen, 2001; 
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Koch et al., 2006; Davare et al., 2008; Koch et al., 2008; Davare et al., 2009). 

Although some studies, using a triple TMS coils approach, investigated the 

functional interplay between non-primary motor areas during or before a 

given motor task  (Davare et al., 2010; Koch et al., 2010; Shields et al., 2016), 

most studies that have investigated functional connectivity using paired-

pulse TMS focused on the motor or visual (e.g. Silvanto et al. (2006)) systems 

in which an overt response can be observed. Moreover, the connectivity 

between deep brain structures is difficult to investigate with dual paradigms, 

because the TMS coils which are designed to reach deeper regions - such as 

the double-cone coil - stimulate large area of both superficial and deep 

cortices (Deng et al., 2014). 

6.3 Combining TMS with functional neuroimaging techniques 

Another approach to investigate the human brain connectivity is to combine 

TMS with online functional neuroimaging techniques (Figure 1.33) such as 

EEG (Ilmoniemi et al., 1997), PET (Fox P. et al., 1997; Paus et al., 1997) or 

fMRI (Bohning et al., 1997).  
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Figure 1.33. TMS as a tool to 

probe effective connectivity in 

the central nervous system. A. 

The recording of MEPs after 

delivering single pulses of TMS 

on M1 represents a measure of 

the connectivity across the 

motor system. B. Paired-pulse 

paradigms are able to test 

whether the stimulation of a 

given cortical target may exert a 

causal influence on M1. This is 

quantified by MEPs recorded in 

contralateral muscles. Note 

that, thanks to the high 

temporal resolution of TMS, this 

procedure enables the study of 

the time-course of such causal 

interactions. C. The concomitant 

use of TMS and functional 

neuroimaging techniques opens 

the possibility to characterize 

the impact of a stimulation 

delivered to a given brain region 

on a multitude of cortical (red 

circles) and subcortical (grey 

circles) sites, for many potential 

targets other than M1 (Adapted 

from Figure 1 in Bestmann et al. 

(2008c)).  
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Chapter 6 of this work is dedicated to a procedure I developed to combine 

online TMS with fMRI. Our specific aim was to validate the recording of BOLD 

responses elicited by TMS over the DLPFC. Therefore, the two following 

sections (sections 6.4 and 6.5) focus on MR signal generation, image 

formation and TMS-fMRI combination. The combination of these two 

techniques allows the recording of the brain activity at the stimulated site as 

well as in distant interconnected regions (Figure 1.33). Usually, short bursts 

of TMS pulses are delivered to facilitate the detection of the BOLD signal 

(Bergmann et al., 2016). This online approach can be used to quantify both 

the excitability of the stimulated brain region and its functional/effective 

connectivity with distinct anatomical regions (Bergmann et al., 2016). The 

target site is used as an “entry point” to assess the connectivity of a given 

brain network. Importantly, remote activations elicited by short bursts of 

TMS can be explained by two distinct phenomena. First, the direct 

propagation of the impulses generated at the target via axonal propagation 

can induce a transsynaptic activation of remote neurons populations 

similarly to the motor responses investigated by single and paired-pulse 

paradigms. Secondly, short bursts of TMS delivered at one point of a given 

network also interfere with the ongoing neural activity at this specific target, 

which could trigger an indirect perturbation of distant zones not directly 

connected (Siebner et al., 2009b). This can be explained either by 

compensatory mechanisms triggered by the changes in activity at the 

stimulated point or via a polysynaptic propagation of the nerve impulse. 

Therefore, the so-called “perturb and measure” approach (Paus, 2005), in 

which short bursts of TMS are delivered during an fMRI acquisition can be 
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used to (1) interfere with the ongoing neuronal activity at the target site and 

to (2) measure its immediate impact on the whole brain activity (Bergmann 

et al., 2016) allowing to visualize a given network via its response to a TMS 

pulse.  

The changes in network activity observed by combining single pulses or short 

bursts of TMS with neuroimaging techniques are probably not due to long-

term plasticity changes, contrary to those evoked by offline repetitive TMS 

(Bestmann and Feredoes, 2013). Indeed, concurrent TMS-EEG studies 

showed that the activity elicited by both single pulses (Komssi et al., 2002; 

Bonato et al., 2006) and short bursts of TMS (Taylor et al., 2007a; 2007b) at 

the target propagates rapidly (a few tenths of a millisecond) towards distant 

brain regions. Moreover, the spread of this activity is dose-dependent when 

both TMS-evoked BOLD signals (Bohning et al., 1999; Hanakawa et al., 2009) 

or TMS-evoked potentials (Komssi et al., 2004) are recorded in remote 

regions. Therefore, by using the so-called “perturb and measure” approach 

(Paus, 2005), short bursts of TMS delivered during an fMRI acquisition can 

be used to (1) interfere with the ongoing neuronal activity at the target site 

and (2) measure its immediate impact on the whole brain activity (Bergmann 

et al., 2016). The hemodynamic changes in network activity triggered by 

short bursts of TMS thus reflect a spread of this activity in remote anatomical 

interconnected brain regions and can be used to study the brain 

connectivity.  
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6.4 MRI scanners and basic principles of both MR signal 

generation and image formation 

The goal of this section is to provide a general overview of how a MRI 

scanner works. This is also an introduction on the basic principles of both 

MR signal generation and image formation. Although beyond the scope of 

the present work, basic knowledge on this topic is necessary for a 

comprehensive approach of the following section dedicated to concurrent 

TMS-fMRI. For more advanced discussion, lectors are invited to consult 

textbooks such as Functional Magnetic Resonance Imaging, third edition 

(Huettel et al., 2014) and websites such as MRIquestions.com of Allen D. 

Elster (http://mriquestions.com/index.html). Note that the present section 

is consistently inspired from these two supports.  

MRI scanners are characterized by three main components. The first 

component is the main static magnetic field described in section 6.4.1. 

Secondly, radiofrequency (RF) coils generate and receive electromagnetic 

fields of the atomic nuclei placed inside the main static magnetic field. This 

process will be presented in section 6.4.2. Finally, MRI scanners contain 

gradient coils generating spatial gradients along the z-, x- and y- directions 

of the main static magnetic field. This represents the final step for image 

formation, a process presented in section 6.4.3.  

6.4.1 The main static magnetic field and its effect on atomic 

nuclei 

The main static magnetic field, termed B0, provides the “magnetic” term in 

MRI. This strong magnetic field is used to align certain nuclei, most often 

http://mriquestions.com/index.html
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hydrogen given its abundance in the human body. Importantly, the B0 

magnetic field has to be as homogeneous as possible to avoid that the signal 

measured from a given part of the object being scanned depends on its 

location within the magnetic field. Most MRI scanners used a solenoid to 

elicit a uniform magnetic field (Figure 1.34).  

 

Figure 1.34. Generation of the B0 field in MRI scanners. The left part of this 

figure (A) depicts a Helmholtz pair which is a pair of circular wire loops of 

identical size separated by a distance equal to their radius. An identical 

current is carried by the two loops. The right part of the figure (B) shows a 

solenoid, a design used by most MRI scanners to elicit a strong and 

homogenous magnetic field. A solenoid is characterized by a winding of 

wires around a cylindrical frame. If the length (l) of the solenoid is high 

enough compared to its cross-sectional diameter (d), the resulting magnetic 

field can be highly homogenous at the center of the solenoid. In MRI 

scanners, the density of wires and the electrical current are optimized to 

generate a homogeneous static magnetic field. The green surfaces in the 
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figure indicate the area of maximum uniformity (Adapted from Figure 2.3 in 

Huettel et al. (2014)).  

Another characteristic of the static magnetic field is its field strength, usually 

between 1.5 and 3 Tesla. This large magnetic field can be achieved by using 

superconducting electromagnets cooled by helium liquid to a temperature 

near the absolute zero. By doing that, the resistance in the wires disappears.  

A proton of hydrogen is characterized by an intrinsic property called spin. 

The spin motion can be viewed as a rotating movement of protons on their 

axes (Figure 1.35A).  

 

Figure 1.35. (A) A single proton of hydrogen possesses a spin. Protons are 

spinning on their axes. This rotational motion has two consequences. First, 

protons are a magnetic source as they carry a positive charge which 

generates an electrical current on their surface. Therefore, a torque is 

generated when protons are placed in an external magnetic field such as in 

MRI scanners. This torque is called magnetic moment (µ). In addition, the 

spin of the protons results in an angular momentum (J) due to its odd-

numbered atomic mass. (B) In the absence of external magnetic fields, the 

spin axes will be aligned randomly. They therefore cancel each other 

resulting in a net magnetization infinitesimally small. (C) Inside an external 

magnetic field, the spin axis of each proton will be aligned either in the 

parallel (low energy; orange) or antiparallel (high energy; blue) states. A 

greater proportion of the spin is in the parallel state resulting in a net 
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magnetization parallel to the B0 magnetic field (Adapted from Figures 3.2 

and 3.3 in Huettel et al. (2014)).  

Because protons consist of a positive charge in motion, their spins create an 

electrical current on their surface, thus generating both a magnetic source 

and a rotational force (a torque) when placed inside an external magnetic 

field (Figure 1.35). The strength of this magnetic source is described by the 

magnetic moment (µ) which is the torque exerted on a moving electrical 

charge when placed in a magnetic field. Furthermore, because hydrogen has 

an odd-numbered atomic mass, its spin motion provokes an angular 

momentum (J). Both the magnetic moment and the angular momentum can 

be represented by a vector pointing in the same direction. To possess 

nuclear magnetic resonance property, atomic nuclei have to possess both a 

magnetic moment and an angular momentum. Indeed, if the number of 

protons is equal to the number of neutrons, the magnetic moment will be 

cancelled. In the absence of an external magnetic field, the spin axes of each 

proton are oriented randomly and thus cancel each other (Figure 1.35B). In 

this condition, the sum of the totalty of magnetic moments, termed net 

magnetization (M) is near zero. When placed within a strong external 

magnetic field such as the main static magnetic field generated by MRI 

scanners (B0), each spin axes will be aligned to the magnetic field in a parallel 

or antiparallel state (Figure 1.35C). More precisely, the spinning protons will 

initiate a gyroscopic motion termed precession (Figure 1.36A). This motion  

can be viewed as if protons precess around an axis parallel to the main 

magnetic field. The precession frequency depends on the type atomic 



134 

 

nucleus and is therefore the same for all protons placed in the same external 

magnetic field. This frequency is termed the Larmor frequency.   

 

Figure 1.36. (A) When placed inside an external magnetic field such as the 

B0 field, protons initiate a gyroscopic motion in which the axis of the spin 

rotates around a central axis. All protons precess at the same frequency 

when placed in the same magnetic field. This is the Larmor frequency which 

determines the frequency of electromagnetic radiation needed during the 

excitation process. (B) In a spin system, the net magnetization (M) is 

determined by the proportion of spins in the parallel (orange) vs. antiparallel 

(blue) states (Adapted from Figures 3.6 and 3.8 in Huettel et al. (2014)).  

There are two states for protons which are precessing, one parallel state 

which is the low energy state in which the spin precesses around an axis 

parallel to the main magnetic field. Protons that precesses in the antiparallel 

state have a higher energy than protons in the parallel state. Because the 

low energy state is more stable, there are always more protons in the 

parallel state in the absence of energy delivered from an external source. 

The rapport of protons in the parallel and antiparallel states depends on 

both the temperature and the strength of the magnetic field. The difference 

in energy between the two states corresponds to the energy possessed by 
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an electromagnetic wave delivered at the Larmor frequency. Importantly, 

MR techniques measure the net magnetization of all nuclei in a given 

volume. As for the magnetic moment of a single proton, the net 

magnetization of a spin system can be viewed as a vector with two 

components: (1) a longitudinal component that is parallel or antiparallel to 

the B0 field and (2) a transverse component perpendicular to the main 

magnetic field. It is admitted that, given the great number of spins in a given 

volume, the transverse components cancel each other. This results in the 

absence of a net magnetization perpendicular to the B0 field. Therefore, the 

net magnetization is a vector oriented in the longitudinal direction with an 

amplitude proportional to the number of spins in the parallel or antiparallel 

states (Figure 1.36B). Note that the net magnetization precesses at the same 

frequency that individual spin, i.e. at the Larmor frequency. By increasing 

the strength of the main static magnetic field, it is possible to increase the 

proportion of parallel spins leading to an enhancement of the net 

magnetization. Therefore, by placing the human body in a very strong static 

magnetic field, it is possible to increase the net magnetization of the sample 

to be imaged. The net magnetization of a spin system represents the 

fundamental basis to generate a MR signal. However, the net magnetization 

cannot be measured in equilibrium conditions. The general idea is to perturb 

the equilibrium state of the spins and then observe the reaction of the spin 

system to this perturbation. This can be achieved by a process called 

excitation in which electromagnetic energy is send to the imaged sample at 

the resonant frequency by using radiofrequency coils. The excitation process 

will be discussed in the following section.   
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6.4.2 RF coils and the excitation process 

MRI scanners contain RF coils that generate and receive electromagnetic 

fields that resonate at a particular frequency (the Larmor frequency) 

depending of the atomic nucleus of interest located within the main static 

magnetic field. This particular resonant frequency is dependent of the 

strength of the main static magnetic field. RF coils are needed to produce 

MR signals and give the “resonance” term in MRI. Most atomic nuclei of 

interest in MRI, e.g. hydrogen, have resonant frequencies in the RF portion 

of the electromagnetic spectrum when protons are placed in a magnetic 

field with a strength corresponding to that used in a MRI scanner. This 

process is termed excitation. When excited, atomic nuclei such as hydrogen 

absorb the energy of the RF pulse. When the RF pulse is switched off, the 

release of this energy by protons allows a return to the equilibrium state. 

The energy which is released can be detected by the same RF coils in a 

process termed reception. This energy detected by the RF coils constitutes 

the MR signal. In MRI, the RF coils are placed closed to the object which is 

imaged. Surface coils, volumes coils or phased array coils can be used as RF 

coils. Surface coils are placed directly on the object to be imaged. Their 

circuits consist on a single loop inductor-capacitor in which the rapid 

discharge of electricity between both the inductor and the capacitor induces 

an oscillating current that can be adapted to the frequency of interest. 

Because surface coils are closed to the imaged sample, they provide a high 

imaging sensitivity and are therefore used in fMRI studies aiming to 

investigate one particular brain target. However, they provide a poor 

coverage of the brain. Therefore, brain regions located far from the surface 
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coil contribute less to the MR signal than regions located closer to the coil. 

Volume coils are composed of the same single loop inductor-capacitor 

circuit than surface coils. However, this circuit is replicated around a 

cylindrical surface. Though such a coil provides a uniform coverage of the 

entire brain, volume coils are placed further from the head and are therefore 

less sensitive to the MR signal. Phased array coils are a mix of both surface 

and volume coils. Such a coil uses a volume coil for the excitation process 

and a set of surface coils for the reception of the MR signal. This allows to 

increase the spatial coverage without affecting the sensitivity.  

RF coils bombard spins in the B0 field with electromagnetic waves that 

oscillate at the resonant frequency of a given nucleus, in this case hydrogen. 

The deliverance of this energy, which is equivalent to the energy difference 

between the parallel and antiparallel states of the spins, favors the transition 

from the low to high energy spin states (Figure 1.37B). The amount of 

electromagnetic energy needed to generate an equal number of hydrogen 

nuclei in the two states is known as the 90° excitation pulse. This is 

equivalent to tipping the net magnetization from the longitudinal to the 

transverse plane. The excitation process is stopped when the RF pulse is 

turned off. Then, the spin system tends to return to the equilibrium state. 

The excess of spins at the high energy level will fall back to the low energy 

level so that the equilibrium state can be restored (Figure 1.37C). This 

transition from high to low energy state is accompanied by the emission of 

electromagnetic waves which contain a quantity of energy equal to the 

energy difference between the two states. The process of measuring 

electromagnetic energy emitted by a sample via a receiver coil is known as 
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reception. Given that the frequencies of both excitation and reception are 

the same, identical RF coils can be used for the two processes. The induced 

current in the RF coils during the reception process constitutes the MR 

signal.  

 

Figure 1.37. (A) When placed in an external magnetic field, more spins are 

at the low energy (orange) than at the high energy state (blue). (B) When an 

excitation pulse is delivered with the correct amount of energy, some of the 

spins absorb its energy and switch towards the high-energy state. (C) When 

the excitation pulse is turned off, some of the high energy spins release this 

energy in the form of a RF wave to return in the low energy state. This RF 

wave has the same frequency than the excitation pulse. The amount of the 

released energy decreases over time (Adapted from Figure 3.10 in Huettel 

et al. (2014)).  
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This MR signal does not stay stable for long. Indeed, it changes according 

two mechanisms during the reception process. First the transverse 

magnetization rapidly loses coherence (Figure 1.38A). Second, the 

longitudinal magnetization progressively recovers (Figure 1.38B). This 

change in net magnetization over time, and the resulting changes in MR 

signal, are termed relaxation. The transverse relaxation refers to the decay 

of transverse magnetization while the longitudinal relaxation consists on the 

longitudinal recovery (Figure 1.38A and B). Given that the net magnetization 

is the vector sum of all the individual spins, its magnitude is higher when 

spins precess at both the same phase and frequency. However, spins loss 

coherence over time due to spatial interactions between spins close to each 

other. This difference in the frequency of precession induces a loss of phase 

which leads to an exponential decay in the MR signal described by a time 

constant termed T2. T2 is therefore a time constant characterizing the decay 

of the transverse magnetization caused by the accumulated phase 

difference. The T2* decay also takes in consideration the effect of spatial 

inhomogeneities in the static magnetic field, which will cause some nuclei to 

precess at different frequencies than others. As the spin system loses energy 

in the form of radiofrequency waves detected by receiver coils, the system 

returns progressively towards an identical state as it was before the 

excitation process, i.e. with the net magnetization along the longitudinal axis 

(Figure 1.38B). This longitudinal recovery, relatively short (a few milliseconds 

to a few seconds), is described by the time constant T1. 
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Figure 1.38. (A) Conceptual representation of the T2 decay. After being 

tipped in the transverse plane by the RF excitation pulse, the net 

magnetization in the transverse plane rapidly decays due to the loss of phase 

coherence of the spins. The net magnetization which participates in the MR 

signal reaches zero within a few milliseconds. (B) Conceptual representation 

of the T1 recovery. When the excitation pulse is turned off, the spins release 

the energy back. This leads to the recovering of the net magnetization along 

the longitudinal axis. This return to the equilibrium state takes a few seconds 

(Adapted from Figure 3.11 and 3.12 in Huettel et al. (2014)).   

6.4.3 Gradient coils and MR image formation     

The process of image formation requires the alteration of the main static 

magnetic field over space in a predictable manner by using gradient coils. 

This gives the “imaging” term in MRI. Indeed, the current detected in the RF 

coils during the reception process, i.e. the raw MR signal, does not possess 

any spatial information and is thus insufficient to obtain an image. Gradients 

coils allow to generate a magnetic gradient superimposed on the main 
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magnetic field. By doing that, the MR signal becomes spatially dependent in 

a predictable manner. Indeed, different locations in space will contribute 

differentially to the MR signal over time. Three gradients coils are used to 

modify the strength of the main magnetic field along the z-, x- and y-

directions relative to the static magnetic field. The z-axis represents the 

direction parallel to the main magnetic field, the x- and y-directions are 

perpendicular to the main field and to each other. The coil arrangements to 

create the spatial gradients are depicted on Figure 1.39.  

 

Figure 1.39. (A) Coils arrangement for generating spatial gradients. A pair of 

loops with opposite currents, known as a Maxwell pair, is used to generate 

magnetic field gradients along the z-direction (along the main magnetic 

field).  (B) The Golay pair used to generate magnetic field gradients along 

the x- and y-directions, perpendicular to the main magnetic field (Adapted 

from Figure 2.6 in Huettel et al. (2014)).  
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Importantly, the transverse gradients (Gx and Gy) do not produce smaller 

magnetic fields along the x- or y-directions but instead, they change the 

strength of the main static magnetic field along the z-direction (Figure 1.40).  

 

Figure 1.40. Transverse gradients (Gx and Gy) do not produce smaller 

magnetic fields along the x- or y-directions. They introduce a spatial gradient 

which changes the strength of the main static magnetic field along the z-

direction (Adapted from Figure 4.8 in Huettel et al. (2014)).  

A large number of MRI scanners construct the 3D-image of the brain by using 

a set of 2D-slices, therefore restricting the MR signal to one 2D-slice at a time 

in a process called slice selection. This step requires, in addition to spatial 

magnetic field gradients, the use of a RF pulse which excites spins within a 

given slice. Spins from other adjacent slices have to be excited as little as 

possible. Matching the precession frequency within the desired slice with 
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the frequency of the RF excitation pulse is the major step of this process 

(Figure 1.41). For instance, if a spatial gradient is applied along the z-

direction (Gz) leading to a higher magnetic field towards the back of the 

scanner vs. at its front, then spins located at the front of the scanner will 

precess more slowly than those at the back. Therefore, in order to select a 

slice in the middle of the brain, the frequency of the RF excitation pulse has 

to match the precession frequency of the spins located in the middle slice 

(Figure 1.41). By doing that, the spins of the middle slice will be on resonance 

with the RF excitation pulse and will change from the low to high energy 

state by absorbing the energy of the RF excitation pulse. The MR signal will 

be emitted by the spins of this middle slice after the RF excitation pulse 

cessation. In practice, delivering a magnetic gradient such that spins within 

a given slice are excited without the participation of spins located in other 

adjacent slices is impossible. Indeed, the spatial gradient fields continuously 

alter the main magnetic field. Therefore, the RF excitation pulse contains a 

range of frequencies which will match with the frequency range of a band in 

the gradient field (Figure 1.41). The bandwidth of the RF excitation pulse can 

be adapted according to the desired slice thickness.  
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Figure 1.41. Schematic representation of the slice selection process. Before 

the RF excitation pulse, a spatial gradient is introduced along the z-direction 

leading to differences in the precession frequencies of spins along that 

gradient. The RF excitation pulse frequency has to be matched to the 

precession frequency of the spin located in the desired slice. Note that a RF 

pulse contains a band of frequencies (Adapted from Figure 4.3 in Huettel et 

al. (2014)).  

Directly after the cessation of the RF excitation pulse, both T1 and T2 

relaxation processes begin, leading to a decay of the MR signal. Therefore, 

the slice selection has to be immediately followed by other gradients which 

provides information about the spins within the slice of interest. The pulse 

sequence used to create an image is the pattern of RF pulse and magnetic 

gradients necessary for generating an MR image. The pulse sequence is 

usually depicted as a diagram composed of horizontal lines representing 

how a given component of the MR scanner changes over time (see Figure 

1.50).  

When the slice is selected, all protons excited within that slice similarly 

contribute to the MR signal. There is therefore no spatial information at this 

moment of the pulse sequence. Additional gradients, termed frequency-
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encoding and phase-encoding gradients, are needed to make that spins at 

different spatial locations precess at different frequencies in a controlled 

manner. The frequency-encoding of a spatial position within a slice is 

achieved by using a magnetic field gradient called by convention Gx. This 

gradient distorts the B0 magnetic field in a predictable manner. Therefore, 

the resonance frequency will change as a function of position within the slice 

(Figure 1.42). On the pulse sequence, the frequency-encoding gradient is 

usually indicated by Gx (Figure 1.50). 

 

Figure 1.42. Encoding spatial localization within a slice by using a frequency-

encoding gradient (Gf in the figure). The frequency-encoding gradient begins 

on the left of the image and increases linearly towards the right part. The 

narrow band of precession frequency is similar for a given column (e.g. ABC). 

Inversely, in distinct columns (for instance ABC vs. DEF), spins precess at 

different frequencies. Note that, though necessary for image generation, the 
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frequency-encoding gradient does not allow to discriminate between pixels 

within a given column (e.g. A vs. B vs. C) because of their similar frequency 

(Adapted from Elster (2021a)).     

Though the frequency-encoding gradient resolves the spatial information in 

the x-direction, a second gradient in the y-direction, termed phase-encoding 

gradient is necessary to resolve the 2D-spatial information. For instance, if 

the phase-encoding gradient is turned on before the frequency-encoding 

gradient, spins will differ in their phase when the frequency-encoding 

gradient will be initiated. Indeed, depending on their spatial location, spins 

will precess at different rates during the phase-encoding gradient. These 

spins thus differ in their phases when the frequency-encoding gradient is 

initiated (Figure 1.43).  
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Figure 1.43. (A) All gradients temporarily change the resonant frequencies 

(ω) of the spins during their application. At the cessation of the gradient, 

spins go back to their original precession frequencies. However, there is 

either a gain or a loss of phase compared to their reference state. Therefore, 
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there is a phase shift (Φ). (B) Pixels A and B are in the same column, they 

therefore precess at the same frequency. Thanks to the phase-encoding 

gradient, they precess with a different gradient-induced phase shift. 

(Adapted from Elster (2021b) and Elster (2021c)).  

Note that the MR signal which is measured is a sine wave representing the 

sum of the signal from all pixels. By considering the two pixels example of 

Figure 1.43, it is impossible to determine the phase contribution for pixels A 

and B from a single measurement. Multiple phase-encoding steps are 

therefore needed to sort out spatial information in the phase-encoding 

direction (Figure 1.44).  

 

Figure 1.44. The addition of two sine waves (A and B) with the same 

frequency (ω) but with different phases is equal to another sine wave with 

the same frequency but a different phase. When the phases of the sine 

waves are close together, they constructively interfere and inversely. 

Therefore, their sum consists on another sine wave of a certain frequency 

and phase. It is thus impossible from this single observation to sort out the 

individual contribution of sine waves A and B. However, determining the 

relative contribution of both A and B is possible with two observations 

shifted by a difference in their phases. For simplicity, let’s say that pixel A is 

in the zero position of the phase-encoding gradient and does not change its 

phase. Pixel B, at the contrary, is in a higher portion of the gradient and gains 

exactly 180° of phase relative to pixel A. At Step 0, i.e. the baseline before 
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the phase-encoding gradient, the total signal from pixels A and B can be 

written: So(t) = A sin ωt + B sin ωt = (A+B) sin ωt. At Step 1, the phase-

encoding gradient causes a phase shift of their spins along the vertical axis. 

While the signal from pixel A is unchanged, the signal from pixel B is inverted 

(−B sin ωt). The total signal from both A and B pixels is therefore S1(t) = A sin 

ωt − B sin ωt = (A−B) sin ωt. Knowing the difference in amplitude of signals 

A and B (A−B), computing the unique signal contribution of pixels A and B by 

simple algebra is now possible (Adapted from Elster (2021d)).  

Next, a Fourier transformation is needed to sort out overlapping signal 

contributions in 2D-dimension, i.e. within a given slice. Figure 1.45 depicts 

the image formation process by using a Fourier transformation. Note that 

the process shown in Figure 1.45 is a six pixels example. For high-resolution 

images such as anatomical images of 256 × 256 pixels, there are 65 536 pixels 

in a single slice. Therefore, hundreds of phase-encoding steps are needed to 

finalize the image formation process (Figure 1.46).   

 

Figure 1.45. Image formation using a Fourier transform. The figure depicts a 

2 x 3 array of pixels (A-F) located at the center of the brain. At step 0, the 

phase-encoding gradient is off and the spins are in phase. The frequency-

encoding gradient leads pixels from different columns (AB vs. DC vs. EF) to 

precess at different frequencies (ω1, ω2 and ω3). At step 2, pixels in the 
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second row (BDF) all acquire a phase shift of 180° relative to the first row. 

After each phase-encoding step, a MR signal is recorded which reflects the 

contribution from each pixel. Therefore, with only two phase-encoding 

gradients, two MR signals are recorded from the same slice. At step 0, the 

MR signal is recorded without phase shift between the two rows. The 

spectrum generated by the Fourier transformation of this MR signal 

generates three frequencies (ω1, ω2, and ω3). At this stage we only know 

the sums (A+B), (C+D), and (E+F) of the pixel values for each frequency 

column. The individual value for a given pixel is unknown. The MR signal 

recorded from the whole sample after step 1, in which the second row (BDF) 

has been phase-shifted by 180°, is different. Again, the Fourier spectrum 

generates three frequencies with a magnitudes equal to A−B, C−D, and E−F. 

Now, for each frequency column, the differences in the pixel values are 

known. At this step, it is possible to deduct the phase change information. 

As for the two pixels example of Figure 1.44, an algebraic manipulation 

allows to compute A, B, C, D, E, and F. In reality, a MR image have hundreds 

of pixels in each dimension. Therefore, hundreds of phase-encoding 

gradients are needed to finish the MR image formation. However, the basic 

principle is the same as for this six pixels example (Adapted from Elster 

(2021e)).  
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Figure 1.46. (A) For high-resolution images of 256 x 256 pixels, 256 phase-

encoding gradients are needed. Advanced mathematical techniques are 

required to simultaneous resolve multiple equations. For real MR images, 

the basic principles for images formation are the same as for the six pixels 

example in Figure 1.45. However, there are several differences. First, typical 

MR images use 256 “columns” in the frequency-encoding gradient direction. 

The first Fourier transform spectrum will be thus constituted of 256 

frequency "bars" rather than three in the six pixels example of Figure 1.45. 
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Second, as already stated, the number of echo signals acquired equals the 

number of phase encoding steps. Third, the phase shifts between the rows 

are not only multiples of 180°, they vary from echo to echo according to the 

size of the phase-encoding gradient. Finally, the spectral amplitudes for each 

echo cannot simply be added or subtracted to calculate individual pixel value 

because each echo has been acquired using a different set of inter-row 

phase shifts. Therefore, a second Fourier transform has to be performed. (B) 

Illustration of the 2D-Fourier transform process. Multiple phase-encoding 

steps are used to elicit an array of different MR signals from a given slice of 

a spherical object.  A frequency projection of this object is elicited by the first 

Fourier transform of each of the MR signal. Each frequency projection is 

changed by the phase shifts of each step. For low order phase-encoding 

gradients, the MR signal is strong and gives an approximation of the shape 

of the object with few details about the edges. Inversely, higher order phase-

encoding gradients are characterized by smaller MR signals and provide 

information about spatial details, such as the location of the edges. Image 

shown in (C) represents the image processing when it was interrupted after 

the first Fourier transform. In (D) is shown the desired slice of the phantom 

after the second Fourier transform (Adapted from Elster (2021e) and Elster 

(2021f)).   

Importantly, the appropriate choice of the phase- and frequency-encoding 

gradients direction is a key element for reducing artifacts. Indeed, the phase-

encoding direction is associated with two major artifacts. First, aliasing can 

be observed when the size of the sample to be imaged exceeds the defined 

field-of-view (FOV)4 in the phase-encoding direction. This causes the 

anatomy outside the FOV to be folded in over the main part of the image. 

This will lead to a “wrap-around” artifact where the parts of the brain 

outside the FOV will be folded in over the main part of the image. Therefore, 

                                                           
4 The total extent of an image along a spatial direction.  



153 

 

to avoid aliasing, the phase-encoding direction is usually chosen to be along 

the shortest anatomic dimension. Susceptibility artifacts due to the presence 

of an external object such as a TMS coil can produce image distortions. It can 

be difficult to predict in advance the optimal direction for both phase- and 

frequency-encoding gradients. It is often necessary to work by trial and 

error. Simply changing the phase- and frequency-encoding directions can 

significantly decrease the susceptibility artifacts or move it away from the 

area of interest. The optimal choice of phase- and frequency-encoding 

directions when a TMS coil is placed within a MRI scanner will be discussed 

in more details in section 6.5 of this chapter.  

The total MR signal recorded from a given slice depends of the net 

magnetization at all points’ coordinates (x and y) within that slice. In 

addition, the phase of each pixel is dependent of the strength of the gradient 

fields at that location. In order to facilitate the comprehension of the link 

between the MR signal and the sample which is imaged, a notation scheme, 

termed k-space, is used. The k-space can be viewed as an array of numbers 

representing the spatial frequencies constituting the MR image. The 

brightness of each point of the k-space is proportional to the relative 

contribution of the spatial frequency of that point to the final image. The k-

space is usually shown on a rectangular grid with its principal axes kx and ky. 

These axes represent the spatial frequencies in the x- and y-directions. They 

do not represent a position in space. Importantly, a given point (kx;ky) in the 

k-space does not correspond one-to-one with an individual pixel (x;y) in the 

image. At the contrary, each k-space point contains both the spatial 

frequency and the phase information about every locations in the final 
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image (Figure 1.47). In consequence, each pixel of the image maps to every 

points in the k-space. The k-space is in fact the Fourier transformation of the 

MR image (Figure 1.47).  

 

Figure 1.47. (A) The k-space is the Fourier transformation of the MR image 

and vice-versa. (B) Each data point in the k-space consists of the sum of the 

MR signal from all pixels in the image space (Adapted from Elster (2021g)).   

Distinct parts of the k-space correspond to different spatial frequencies in 

the MR image. Any image can be represented with an assembly of spatial-

frequency components. The k-space is brightest in its center than near its 

edges (Figure 1.48). Figures 1.48 and 1.49 illustrate that low spatial 

frequency data (grating patterns with thick lines; i.e. shapes and contours) 

are represented near the center of the k-space. Inversely, data from the 
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periphery of the k-space are related to high spatial frequencies (grating 

patterns with thin lines; i.e. edges and details).  

 

Figure 1.48. Low spatial frequency data are represented near the center of 
the k-space while data from the periphery are related to high spatial 
frequencies (Adapted from Elster (2021h)).    

 

 

Figure 1.49. The kx coordinates represent the frequency components along 

the x-direction of the image. Inversely, the Ky coordinates are related to the 

frequency components along the y-direction of the image. MR images have 

frequency components in all directions. A bright point in the k-space shows 
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that the spatial frequency of this particular point significantly contributes to 

the final image (Adapted from Elster (2021i)).  

Note that, in order to decrease the time needed to acquire MR images, echo-

planar imaging (EPI) sequences are usually used. In EPI sequences, the 

collection of an entire 2D-image is achieved by changing spatial gradients 

quickly after a single RF excitation pulse. To rapidly fill the k-space after one 

single excitation pulse, EPI sequences use a pattern in which alternating lines 

are scanned in opposite directions as shown on Figure 1.50.  

 

Figure 1.50. An EPI pulse sequence. Pulse sequence is a series of changing 

magnetic field gradients and RF pulses used for generating an image 

sensitive to a particular physical property. The RF pulse is usually 

represented by three ovals to highlight that it is composed of a band of 

frequencies of a sinc function. The time interval separating two excitation 

pulses is termed repetition time (TR). The slice selection gradient consists on 

a first positive gradient followed by a negative gradient whose the goal is to 

counteract the dephasing effect of the first positive gradient, thus limiting 

the loss of phase coherence in the transverse plane. In EPI sequences, the 

collection of an entire 2D-image is achieved by changing the phase- and 

frequency-encoding gradients rapidly after a single RF excitation pulse. The 
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way in which they are represented conveys the idea that they are quickly 

changed over time to rapidly fill the k-space by using a back- and forth-

trajectory through the k-space. Note that data acquisition is typically done 

simultaneously to the phase- and frequency-encoding gradients. The time 

interval which separates the excitation pulse and the data acquisition (the 

time when the signal from the center of the k-space is recorded) is termed 

echo time (TE).  

6.5 Concurrent TMS-fMRI 

6.5.1 Technical aspects of concurrent TMS-fMRI 

The combination of TMS and fMRI is methodologically challenging due to the 

strong magnetic fields used by the two methods. Indeed, for human use, the 

static magnetic field (B0) generated by a MRI scanner is usually between 1.5 

and 3 Tesla while the short-lasting magnetic field generated by a TMS coil 

can reach 1-2 Tesla for 100-200 µs (George et al., 1999). Bohning et al. (1997) 

were the first to implement TMS with online fMRI. Their initial aim was to 

produce a map of the magnetic field generated by a TMS coil. To safely insert 

the TMS coil inside the scanner, they used an MRI compatible TMS coil 

without ferromagnetic materials (Figure 1.51) in order to avoid projectile 

effects (Bohning et al., 1997; Bohning et al., 1998). The TMS stimulator, 

which contains ferrite elements, was placed outside the scanner room and 

was connected to the TMS coil by a long cable. However, due to 

inhomogeneities in the surrounding B0, static artifacts can be induced in T2*-

weighted EPI sequences by the mere presence of the non-ferromagnetic 

TMS coil (Baudewig et al., 2000). Indeed, on T2*-weighted EPI images of a 
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phantom, Baudewig et al. (2000) observed both signal loss in the vicinity of 

the TMS coil and geometrical distortions at further distance. 

 

Figure 1.51. MRI-compatible TMS coil and TMS coil holder without 

ferromagnetic elements.  

6.5.1.1 Imaging artifacts induced by the mere presence of 

the TMS coil 

Static imaging artifacts can be reduced by adapting the sequence 

parameters. For instance, shorter TE by using stronger gradients can reduce 

the distortions and the signal losses because the data are recorded before a 

consistent loss of phase of transverse magnetization (Bestmann et al., 

2008c). Concurrent TMS-fMRI can also benefit of a parallel acquisition in 

which undistorted EPI images can be obtained by using an optimal 

orientation of all the three gradients, i.e. the slice selection, the frequency- 

and phase-encoding gradients (Figure 1.52).  
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Figure 1.52. Schematic representation of both perpendicular and parallel EPI 

acquisitions. The black arrow represents the main static magnetic field, B0, 

which is stable during the acquisition. Gx, Gy and Gz represent the gradient 

magnetic fields. The magnetic field inhomogeneities induced by the TMS coil 

can have distinct influences on the three imaging gradients. In perpendicular 

acquisition, the phase- or the frequency-encoding gradient have to cross the 

plane of the TMS coil resulting in distortions in various locations of the 

image. In contrast, during a parallel acquisition relative to the TMS coil, only 

the slice selection gradient crosses the TMS coil essentially resulting in signal 

loss without geometrical distortions. 
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Indeed, Baudewig et al. (2000) suggest that for perpendicular EPI 

acquisition, i.e. when the slice selection gradient is parallel to the TMS coil, 

inhomogeneities in either the phase- or the frequency-encoding gradients, 

which cross the plane of the coil, result in a perturbation of the k-space 

trajectory, which induce distortions in the EPI image (Figure 1.53). On the 

other hand, in parallel EPI acquisition, the slice selection gradient crosses the 

coil plane resulting in signal losses due to perturbations of the transverse 

magnetization. Therefore, to record undistorted images, concurrent TMS-

fMRI benefits of a parallel acquisition in which the phase- and frequency-

encoding gradients do not cross the TMS coil. Note that the parallel and 

perpendicular acquisitions refer to the choice of the phase- and frequency-

encoding gradient directions. This should not be confused with the parallel 

imaging technique which uses multiple surface coils receiving the MR signal 

to shorten the imaging time. Importantly, in humans, due to the scalp-cortex 

distance, the signal loss observed with parallel acquisition does not reach 

the cortex (Figure 1.54; Baudewig et al. (2000)). Although depending on the 

coil orientation inside the scanner bore, stronger static artifacts are usually 

observed when the frequency-encoding gradient crosses the plane of the 

TMS coil and best EPI images can usually be obtained when both the section 

orientation and the frequency-encoding gradient are parallel to the plane of 

the TMS coil (Figure 1.55; Bestmann et al. (2003a)). Also, ghost artifacts due 

to perturbations of the phase-encoding gradient can be alleviated by over-

sampling the image in the phase-encoding direction (Bestmann et al., 2008c; 

Feredoes et al., 2011). According to our personal experience it is often 

necessary to work by trial and error by simply changing the phase- and 
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frequency-encoding directions to find the best compromise for reducing the 

artifacts according to the orientation of the TMS coil. 

 

Figure 1.53. A and B. Frontal and top views of a spherical phantom in the 

presence of a TMS coil. The arrow indicates the direction of B0. C. Frontal 

view of a 3D-reconstruction of contiguous T2*-weighted EPI scans in which 

the EPI acquisition was perpendicular to the TMS coil. The arrow indicates 
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the orientation of the phase-encoding gradient. The dashed line shows the 

location of the cross-sectional image represented in D. Note that in EPI 

acquisition, both significant distortions and signal losses can be observed in 

perpendicular acquisition. E and F. are the same views as in C and D except 

that the EPI acquisition was parallel to the TMS coil. Therefore, by using 

proper orientation of the different gradients, it is possible to reduce static 

artifacts. Indeed, for EPI acquisitions perpendicular to the TMS coil plane, 

the images are affected by a regional signal loss in the direct vicinity of the 

TMS coil. In addition, the images also show consistent distortions at rather 

far distances (as far as 140 mm in this study). These effects can be 

significantly reduced by using EPI sections acquired parallel to the TMS coil. 

However, a more restricted signal loss can still be observed in regions as 

deep as 25 mm from the TMS coil plane. Note that the distortions seem to 

have disappeared (Adapted from Figure 1 in Baudewig et al. (2000)). 
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Figure 1.54. A and B. Side and top views of a 3D-head reconstruction of a 

subject with a TMS coil positioned over the vertex. The same is represented 

in C and D for the cortical surface. In E and F the brain surface from a T2*-

weighted EPI sequence with a transverse orientation parallel to the TMS coil 

is represented. Note that in humans, thanks to the scalp-cortex distance, the 

signal loss observed with parallel acquisition in phantom does not reach the 

cortex (Adapted from Figure 2 in Baudewig et al. (2000)).  
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Figure 1.55. EPI effects produced by the presence of a TMS coil with a 

transverse orientation relative to B0. In coronal sections (middle), a switch 

of the frequency- and phase-encoding gradients allows to reduce ghosting 

artifacts. Similarly, the transverse sections with phase-encoding gradients in 

a posterior-anterior direction, showed only negligible distortions. Therefore, 

best results can be elicited when both the section orientation and the 

frequency-encoding gradient were parallel to the plane of the TMS coil 

(Adapted from Figure 1 in Bestmann et al. (2003a)). 
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The transmission of the RF noise into the scanner, via the TMS cable, can 

alter the SNR in functional images in an extent depending on the specific MR 

resonance frequency (i.e. the Larmor frequency which depends of the 

strength of the B0) (Bestmann et al., 2008c).  The alterations of the MR image 

can be limited by preventing the RF noise to propagate inside the scanner 

(Bungert et al., 2012a). For instance, in-line filters can prevent the RF noise 

to be transmitted from the TMS stimulator to the TMS coil (Moisa et al., 

2009; Heinen et al., 2011; Bungert et al., 2012a). Others placed the 

stimulator into a shielded piece or in a shielded cabinet inside the scanner 

room (Feredoes et al., 2011), thus decreasing external RF influences 

(Bohning et al., 1999; Heinen et al., 2011). To further attenuate RF 

perturbations, the TMS cable can be surrounded by ferrite sleeves (Ruff et 

al., 2008; Feredoes et al., 2011; Heinen et al., 2011). However, Bungert et al. 

(2012a) showed that any method filtering RF interferences originated only 

from the environment caused an incomplete RF attenuation. Indeed, RF 

noise caused by the stimulator itself can have a significant impact on the 

image quality. Leakage currents in the TMS coil caused by the high-voltage 

capacitor used by the TMS stimulator can distort the MRI images (Weiskopf 

et al., 2009). This source of artifacts can be attenuated by the insertion, in 

the TMS circuit, of a bypass high-voltage diode relay in parallel to the TMS 

coil, together with two high-voltage diodes in series to the coil (Weiskopf et 

al., 2009; Feredoes et al., 2011). Closing this remote-controlled relay when 

the coil is not discharging allows the current to flow through the relay and 

not through the TMS coil, thus reducing leakage currents in the TMS coil. 

Finally, Bungert et al. (2012b) showed that passive shimming of both sides 
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of the TMS coil using thin pieces of austenitic stainless steel can reduce 

inhomogeneities in the static magnetic field by ± 85 % up to 90 mm under 

the TMS coil, reducing the signal loss in the direct vicinity of the TMS coil.  

6.5.1.2 Imaging artifacts induced by the discharge of the 

TMS coil 

The main technical issue to combine TMS and fMRI acquisition is the 

dynamic artifacts generated by the discharge of the TMS coil (Figure 1.56). 

Depending on when the TMS pulses are delivered during the pulse 

sequence, different dynamic artifacts can be observed (Bestmann et al., 

2008a). First TMS pulses delivered prior to the slice acquisition may alter the 

signal intensity when the time interval between the TMS pulse and the RF 

pulse is too short. Although this waiting period depends of, inter alia, the 

orientation of the TMS coil and the stimulus intensities, Bestmann et al. 

(2003a) estimated that 100 ms were required between the pulse and the 

onset of slice acquisition to avoid consequent artifacts (Figure 1.57). This 

signal fluctuation can probably be explained by eddy currents in the TMS coil 

induced by mechanical vibrations (Bestmann et al., 2003a; Bestmann et al., 

2008a). Later, by improving the fixation of the TMS coil and thus reducing 

currents induced by vibrations, Bestmann et al. (2004) succeeded to record 

functional images free of artifacts with a waiting period of   ̴ 70ms.  
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Figure 1.56. Time 

periods in which 

TMS can be 

delivered during an 

fMRI acquisition. A.  

TMS pulses 

delivered prior to 

the slice acquisition. 

B. TMS pulses 

delivered during the 

RF pulse. C. TMS 

pulses delivered 

during the data 

acquisition. 
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Secondly, if TMS pulses are delivered at the same time that the RF excitation 

pulse, the pulse will alter the specificity of the RF pulse for protons. This will 

cause persistent changes of the signal in spatially adjacent slices (Bestmann 

Figure 1.57. EPI 

signal intensity 

changes (mean 

±SD) from a 

region-of-interest 

located at 2 cm, 4 

cm, and 6 cm from 

the TMS coil. The 

x-axis represents 

the time 

separating the 

TMS pulse (100% 

MSO) and the RF 

excitation pulse. 

Note the signal 

alteration for 

waiting periods 

after the TMS 

pulse of less than 

about 100 ms 

(Adapted from 

Figure 3 in 

Bestmann et al. 

(2003a)).  
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et al., 2008a) which can result in false-positive activations (Figure 1.58; 

Bestmann et al. (2003a)).  

 

Figure 1.58. Functional activation maps during a sequential finger-to-thumb 

opposition task obtained without (top) and with (bottom) TMS pulses 

delivered during the RF pulse. The interference between both the TMS 

pulses and the RF pulse not only alters the affected image, but also increases 

the signal intensity in subsequent acquisitions (Adapted from Figure 6 in 

Bestmann et al. (2003a)).  

Finally, TMS pulses delivered during the data acquisition act as spoiler 

gradients perturbing the transverse magnetization, which results in severe 

signal losses (Figure 1.59). The MR signal perturbation depends of which part 

of the k-space is affected. Indeed, the later a TMS pulse is delivered during 

the image acquisition, the fewer signal loss will be observed (Bestmann et 

al., 2003a).   
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Figure 1.59. The application of a TMS pulse during the first half of data 

acquisition can induce a complete loss of signal. By increasing the waiting 

period after the onset of data acquisition, it is possible to obtain images with 

quality recovering to that elicited without a TMS pulse. The first raw 

represents EPI data, the second raw represents the different times at which 

the TMS pulse is delivered during data acquisition in the k-space (Adapted 

from Figure 4 in Bestmann et al. (2003a)).   

6.5.2 Synchronization strategies for concurrent TMS-fMRI 

6.5.2.1 Time gaps between successive volumes 

In order to separate the TMS pulses from the image acquisition, several 

studies introduced a temporal window between successive volumes in 

which TMS pulses can be delivered (Bestmann et al., 2008a). This 

synchronization strategy, although leading to a decrease of the temporal 

resolution, allows to deliver TMS pulses at a relatively high-frequency (Figure 

1.60). For instance, short bursts of TMS were delivered at   ̴10 Hz during 

temporal gaps of   ̴500 ms between successive volumes to investigate top-
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down influences of the frontal or parietal cortex to visual areas (Ruff et al., 

2006; Ruff et al., 2008; Ruff et al., 2009; Blankenburg et al., 2010; de Weijer 

et al., 2014).  

6.5.2.2 Time gaps between successive slices 

The insertion of time windows between successive slices allows to interleave 

TMS pulses and the EPI fMRI sequence (Bestmann et al., 2008a). If the 

temporal gap is of sufficient length, a TMS pulse can be delivered without 

affecting the next slice (Figure 1.60). For instance, Bohning et al. (1999) 

controlled the timing of TMS by counting, using a computer, the RF 

excitation pulses and triggered the TMS stimulator using a transistor-

transistor logic (TTL) pulse when appropriated. Note that, by using the 

interleaved TMS-fMRI strategy, the frequency at which the TMS pulses are 

delivered is limited due to the waiting period needed before the onset of the 

acquisition of the subsequent slice. 

6.5.2.3 Voluntary perturbation of a single slice 

TMS can be applied at any time during data acquisition (Figure 1.60). The 

TMS pulse could corrupt all slices equally, the perturbed slice can be 

replaced offline by interpolation, using the same slice in the preceding and 

subsequent volumes (Bestmann et al., 2008a; Feredoes et al., 2011; Hawco 

et al., 2017). This strategy allows to deliver pulses at random ISIs (e.g. jittered 

single pulses). Nevertheless, if the TMS pulse perturbs the RF pulse, spatially 

adjacent slices can be corrupted as well. This perturbation can be attenuated 

by the introduction of a spatial gap between adjacent slices (Bestmann et 

al., 2008a).   
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Figure 1.60. Synchronization strategies for concurrent TMS-fMRI.  

6.5.3 Practical considerations 

A major practical issue in concurrent TMS-fMRI is the stable and fix 

positioning of the coil on a predefined brain target inside the scanner bore. 

Therefore, TMS coil holders have been developed allowing a large coverage 

of the head in order to stimulate a number of cortical targets while being 

compact enough to enter inside the scanner bore (Figure 1.51;  Bohning et 

al. (2003a)). This kind of device includes several joints allowing to determine 

the orientation of the TMS coil relative to the selected target.  
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For stimulating M1, the optimal target can be easily located when subjects 

are laying in the scanner by adjusting the position of the coil in order to 

observe consistent motor responses in the contralateral upper limb. 

However, except for M1 and the visual cortex for which motor responses 

and phosphenes can be evoked by single pulses of TMS, the functional 

localization of the selected target is not always possible. Number of studies 

used either probabilistic atlases (Pascual-Leone et al., 1996) in which the 

distance between the target and M1 is measured or the international 10-20 

EEG system to position the TMS coil on a given brain region (Herwig et al., 

2003). Although easy, using probabilistic atlases to position the TMS coil on 

the desired brain target seems relatively inaccurate (Herwig et al., 2001). On 

the other hand, the international 10-20 EEG system seems to be more 

precise and suitable to reach the selected target on a larger scale level 

(Herwig et al., 2003). Alternatively, anatomical location of the target can be 

determined using the individual 3D T1-weighted structural MRI data of the 

whole head of each subject using a neuronavigation system. By doing a mark 

on the scalp of the subject, the TMS coil can be correctly repositioned on the 

target when the subject is returned in the MRI scanner. Although more 

precise than the placement of the coil using the 10-20 EEG system, this 

method can be time consuming given that the neuronavigation system and 

the MRI scanner are usually not in the same room. Moreover, difficulties can 

be encountered to replace the TMS coil on the correct position previously 

determined on the scalp because the marks can be hidden by the TMS coil. 

Therefore, several groups developed hardware/software systems which 

allow to position the TMS coil. For instance, the software developed by 
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Bohning et al. (2003a) can be used in two modes. First, the experimenters 

can determine a target on the structural MRI data. Then, their software 

computes the holder settings to reach that region. Alternatively, the 

operators can enter the holder parameters in the software which places a 

mark on the brain images at the corresponding area. Denslow et al. (2005) 

demonstrated the effectiveness and the accuracy of such image-guided coil 

placement techniques. However, when targeting M1, this procedure seems 

to have a low benefit compared to the function-guided method. By using a 

neuronavigation system, Moisa et al. (2009) described a similar approach in 

which the coil position is determined on a T1-weighted structural MRI data 

of the whole head before the experiment. During the TMS-fMRI session, the 

position of the head in the scanner is determined by a fast structural image 

which is then coregistered to the high-definition structural image recorded 

previously. This allows to determine the transformation to be applied to the 

target position (defined on the high-definition MRI image) to obtain its 

coordinates in the scanner space. Then, their software determines the 

parameters needed to be applied at each joints of the coil holder to reach 

this particular target. Although allowing a robust and precise positioning of 

the TMS coil, these methods require specific software systems. Therefore, 

most of studies labeled the TMS coil with markers visible on the MR images 

(Bohning et al., 2000; Kemna and Gembris, 2003; Bestmann et al., 2003b). 

These markers can be used for offline validation of the TMS coil position. 

Similarly, Yau et al. (2013) used a V-shaped marker filled with Gadolinium. 

The top of the V-shaped marker coincided with the center of the TMS coil. 

This allowed to check both the coil placement and orientation during the 
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recording session. This method also enables to visualize the TMS coil on the 

functional images in order to determine the brain area crossing a line 

orthogonal to the TMS coil (and passing by its center). The coordinates of 

the targeted cortical surface can then be projected in a standard space, i.e. 

a probabilistic atlas, to check the selected brain region. Similarly, de Weijer 

et al. (2014) developed a point-based registration method allowing to 

estimate, during scanning, the region which is stimulated.  

In addition to correctly positioning the TMS coil inside the scanner bore, it 

has been shown that the magnetic field induced by the TMS coil can be 

altered by the static magnetic field generated by the scanner (Figure 1.61; 

Yau et al. (2014)). Specifically, the influence of the static magnetic field 

depends of both the coil location and orientation relative to the static field. 

Indeed, stronger alterations have been observed near the gantry of the 

scanner where the magnetic field induced by the TMS coil seems to be lower 

than that induced inside the scanner for identic coil orientations and 

stimulator outputs (i.e. TMS intensity). This can be explained by an 

electromagnetic coupling between the TMS and one or more MRI coils such 

as the superconducting solenoid coil generating the static magnetic field, the 

gradient or RF coils (Peterchev, 2014). The coupling between the TMS coil 

and the MRI coils is dependent on the coils location and orientation. Indeed, 

except for perfect symmetric positions of the TMS coil relative to the scanner 

coils for which the flux generated by one of the TMS coil loop in the MRI coils 

cancelled the flux generated by the other one, different coupling for each of 

the two loops will induced a TMS field reduction (Peterchev, 2014). 

Practically, these observations are of importance for TMS intensity 
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calibration and suggest that the intensity of stimulation should be 

determined inside the scanner bore (Peterchev, 2014). 

 

Figure 1.61. A and C. Location (B0 vs. fringe field) and orientation (vertical 

vs. horizontal) of the TMS coil in the scanner. B and D. TMS field strength 

measurements in Tesla. While the TMS strength did not differ between 

horizontal and vertical orientations when the TMS coil was placed within the 

scanner bore, the orientation of the coil induced consistent alterations of 

the TMS-induced magnetic field in the fringe field. Indeed, the TMS fields 

were weaker at horizontal vs. vertical orientations. This is an important 

observation given that the threshold of TMS is usually determined at this 

location (Adapted from Figures 2 and 3 in Yau et al. (2014)). 

Most TMS-fMRI studies use standard imaging head coils such as a birdcage 

MR coil which provides a uniform spatial coverage throughout a large 
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volume, the TMS coil is placed inside the MRI coil (Baudewig et al., 2000; 

Bestmann et al., 2006; Sack et al., 2007; Peters et al., 2013). The 

disadvantage of using a volume coil is the difficulty to position the TMS coil 

inside. Therefore certain cortical targets can be difficult to reach despite the 

removal of the TMS coil handle. Others, investigating top-down influences 

over the visual cortex, placed a surface coil over the visual areas while 

stimulating either the frontal eye-field or the intraparietal sulcus, taking 

advantage of the high imaging sensitivity provided by the close spatial 

proximity between the surface coil and the region of interest (Ruff et al., 

2006; Ruff et al., 2008; Ruff et al., 2009). However, this solution does not 

provide a uniform spatial coverage of the whole brain. More recently, a TMS 

setup was proposed in which the position of both the coil and the head of 

the subject can be adapted in a space delimited by two RF surface coils 

positioned at the left and right sides of the head of subjects (de Weijer et al., 

2014). However, the SNR was lower and the MR signal was less stable 

compared to the temporal SNR of the MR signal acquired with a standard 

head coil, probably because of the distance between the receiver coil and 

the scalp of the subject (de Weijer et al., 2014). However, they were able to 

elicit TMS-evoked BOLD responses of similar magnitude and locations than 

the TMS-evoked activity recorded using a standard head coil in both local 

and remote regions. Moreover, they did not observe either signal drop out 

or geometric distortion in the vicinity of the TMS coil. However, for their M1 

session, 2 out of 6 subjects moved significantly during the data acquisition 

probably because their heads were not sufficiently fixed by the setup. 

Recently, a multichannel receiver MR coil array has been developed 
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(Navarro de Lara et al., 2015) which can be placed between the TMS coil and 

the head of the participants. This MR coil can be attached to the TMS coil. 

Its spherical curvature allows to position the setup over a large variety of 

head shapes. Moreover, the magnitude of the magnetic field delivered by 

the TMS coil is moderately attenuated (TMS efficiency loss of ± 15%) thanks 

to the low thickness of the MR coil (4.5 mm in the center of the coil). In 

addition, because the coil is placed adjacent to the surface of the scalp, this 

coil array improves significantly the SNR in the specific region under the coil 

(Navarro de Lara et al., 2015). 

6.5.4 TMS-evoked BOLD responses in stimulated and remote 

brain regions   

The first investigations combining online TMS and fMRI acquisition focused 

mainly on the motor system, especially on M1, due to the possibility to 

position the TMS coil and determine the intensity of stimulation according 

to the elicited muscular response.  Bohning et al. (1998), by delivering 1 Hz 

TMS at 110% of the rMT, were the first to show TMS-evoked BOLD responses 

in M1, illustrating the feasibility to measure neural activity elicited by TMS 

pulses with online fMRI acquisition. TMS-evoked hemodynamic changes 

were dose-dependent as the magnitude of the response, at both the 

stimulated and non-stimulated areas, increased for higher intensities of 

stimulation (Bohning et al., 1999; Hanakawa et al., 2009) and for longer train 

lengths (Bohning et al., 2003b) with both linear and non-linear components 

in the stimulus-response relationship. Note however that Dowdle et al. 

(2018) did not find a significant relationship between the intensity of DLPFC-
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TMS and the magnitude of BOLD activation. Moreover, the location, the 

magnitude and the time course of the BOLD responses elicited by short 

trains of TMS delivered at suprathreshold intensities are concordant with 

those elicited by a voluntary movement, suggesting that cortical 

mechanisms underlying these hemodynamic changes are, at least in part, 

similar (Bohning et al., 2000; Denslow et al., 2004; Shitara et al., 2011; Yau 

et al., 2013). In agreement, Baudewig et al. (2001) observed a similar pattern 

of activations in remote regions such as the SMA for both voluntary 

movement and suprathreshold TMS of M1. However, subthreshold TMS of 

M1, i.e. below the rMT, was not able to elicit hemodynamic responses either 

in the stimulated region or in remote brain areas (Baudewig et al., 2001). 

Similarly, no significant BOLD responses were evoked by TMS of the 

premotor cortex at suprathreshold intensities (Baudewig et al., 2001; Moisa 

et al., 2012), including when TMS was delivered at 150% of the rMT (Kemna 

and Gembris, 2003). Similar observations were reported when the parietal 

cortex was stimulated (Blankenburg et al., 2008). Given that the stimulation 

of both non-primary motor areas such as the prefrontal and parietal cortices 

and M1 at subthreshold intensities do not evoke a muscle twitch, these 

observations suggest that the cerebral processing related to sensory 

afferent feedbacks could underlie, at least in part, the BOLD responses 

evoked by suprathreshold TMS delivered over M1. However, further studies 

observed that short trains of TMS delivered on M1 at subthreshold 

intensities were able to induce hemodynamic changes in remote cortical 

areas such as the SMA, the bilateral premotor cortices, the cingulate motor 

areas and the contralateral M1 as well as in subcortical structures such as 
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the putamen, the left and right ventrolateral thalami without inducing 

consistent responses in the stimulated M1 (Bestmann et al., 2003b; 2004). 

A parallel can be drawn between (1) the hemodynamic response evoked by 

subthreshold TMS in remote interconnected regions observed when 

concurrent TMS-fMRI is used and (2) the changes in cortical excitability in a 

given brain region observed when a single pulse of TMS is delivered at 

subthreshold intensity on a distant connected brain area (Ferbert et al., 

1992; Civardi et al., 2001; Koch et al., 2006). On the other hand, the lack of 

activation in the brain region directly under the coil (in this case M1) when 

subthreshold TMS are used suggests that the BOLD response evoked in M1 

by TMS delivered at suprathreshold intensities reflects, to a certain extent, 

the reafferent feedback processing in the sensorimotor cortex. In 

agreement, Shitara et al. (2011) investigated the spatial distribution of the 

BOLD response in motor regions evoked by muscle afferents. They 

contrasted the pattern of activity elicited by median nerve stimulation above 

the MT inducing a muscle twitch vs. the activation evoked by median nerve 

stimulation below the MT, i.e. which does not evoke a muscle contraction. 

They recorded significant activities in M1, SMA and basal ganglia. The close 

location of the activity evoked by both suprathreshold TMS (relative to 

subthreshold TMS) and supra-MT median nerve stimulation (relative to 

subthreshold median nerve stimulation) suggests that proprioceptive 

afferents can partially account for the BOLD responses evoked by 

suprathreshold TMS of M1 not only in local but also in remote 

interconnected brain regions (Shitara et al., 2011). Similarly, Hanakawa et al. 

(2009) showed that the stimulus-response profile of the TMS-evoked BOLD 
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responses included both linear and non-linear components in both the 

stimulated region and distant brain regions. The non-linear component 

represented a sharp rise in signal magnitude when the TMS pulses were 

delivered around the rMT. Because this dose response profile was observed 

in both the stimulated and non-stimulated regions such as S2, they suggest 

that the non-linear component reflected, at least in part, cortical processing 

related to reafferent feedbacks in addition to a nonlinear recruitment of 

excitatory neurons. On the other hand, given that median nerve stimulation 

led to a stronger EMG activity than suprathreshold TMS, the same authors, 

by correcting for the movement size, estimated that muscle afferents-

evoked activity could take account for ± 10 % of the signal evoked by 

suprathreshold TMS in M1 (Shitara et al., 2013).  

The lack of significant hemodynamic changes after subthreshold TMS of M1 

is surprising. Indeed, although unable to generate descending volleys 

sufficient to elicit a motor response, TMS pulses delivered at subthreshold 

intensity over M1 can induce changes in intracortical excitability as shown 

by paired-pulse techniques (Kujirai et al., 1993). Several hypothesis were put 

forward to account for the lack of activation in the target directly under the 

coil (Siebner et al., 2003). First, several studies reported a reduction in signal 

intensity in slices located in the direct vicinity of the TMS coil which could 

obscure subtle hemodynamic changes (Bohning et al., 1998; Bohning et al., 

1999). Secondly, pulses of TMS could activate both excitatory and inhibitory 

neurons which could lead to a net synaptic activity insufficient to be 

translated in a significant BOLD response (Siebner et al., 2003; Bestmann et 

al., 2004). Differences in excitatory and inhibitory processes in both the 
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stimulated and remote regions could explain why BOLD responses evoked 

by subthreshold TMS are detectable only in remote interconnected regions 

(Hanakawa et al., 2009; Shitara et al., 2011). Moreover, the activation of the 

target by an electrical currents could lead to an axonal activation which 

requires less energy than the synaptic activation elicited in remote regions 

(Attwell and Laughlin, 2001). Therefore, more hemodynamic changes are 

observed in distant areas (synaptic activation) than in the target (axonal 

activation) (Hallett et al., 2017). Finally, the time course of the BOLD 

response elicited by TMS at the target and/or at distant sites could differ 

from the standard hemodynamic response functions (HRF) (Siebner et al., 

2003). However, it has been shown that the standard HRF gives an adequate 

estimation of the TMS-evoked BOLD responses in both the stimulated M1 as 

well as in remote interconnected regions (Shitara et al., 2011).  It has to be 

noted that consistent hemodynamic changes were evoked by short trains of 

TMS delivered at 100% of the rMT over the prefrontal cortex (Li et al., 2004; 

Hanlon et al., 2013). Although Nahas et al. (2001) and Bestmann et al. (2005) 

observed BOLD responses in the stimulated prefrontal cortex only for 

stimulus intensities above the rMT, TMS delivered at MT (Nahas et al., 2001) 

or below (Bestmann et al., 2005), while sufficient to elicit activity in distant 

regions including subcortical and contralateral regions, did not evoke 

hemodynamic activities at the stimulated site. These observations suggest 

the importance of several factors to elicit consistent responses directly 

under the coil such as the intensity of stimulation, the train length as well as 

the frequency of stimulation. For instance, Kemna and Gembris (2003) and 

Baudewig et al. (2001) used short-trains of 4 and 10 Hz for 1 s respectively 
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while other studies, which reported local activity, used longer trains, i.e. 1Hz-

rTMS during 21 s (Nahas et al., 2001; Li et al., 2004) or 3 Hz-rTMS during 10 

s (Bestmann et al., 2005). Several studies succeeded to obtain consistent 

responses with a small number of TMS pulses delivered either to the DLPFC 

or to the mPFC at a low frequency of stimulation (Hanlon et al., 2013; Hanlon 

et al., 2016), suggesting that different patterns of stimulation can be 

adequate to elicit a local response in different regions. 

Most of earlier investigations using concurrent TMS-fMRI delivered short 

bursts of TMS at rest to induce changes in excitability in a given region while 

the activity changes in remote areas were assessed by neuroimaging 

techniques (Bestmann and Feredoes, 2013), according to the perturb and 

measure approach (Paus, 2005). Importantly, previous studies showed that 

the local and distant effects of TMS delivered on a specific region were 

dependent of the cortical excitability when pulses of TMS were delivered. 

For instance, the TMS intensities required to elicit a facilitation of the H-

reflex, i.e. the threshold to evoke descending volleys in the cortico-spinal 

tract, is lower during a voluntary contraction than at rest (Mazzocchio et al., 

1994). Furthermore, changes in both intra-cortical circuits (Ridding et al., 

1995; Fujiwara and Rothwell, 2004; Ortu et al., 2008) and interhemispheric 

interactions (Ferbert et al., 1992) were reported during a tonic contraction 

(vs. at rest). Moreover, distinct patterns of TMS-evoked potentials were 

recorded in different phases of sleep (Massimini et al., 2005). By using 

concurrent TMS-fMRI, Bestmann et al. (2008b) showed that the functional 

interactions between various motor brain regions were dependent of the 

excitability of the motor system. Indeed, they observed that TMS of the left 
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premotor cortex induced an increased activity in both the contralateral 

dorsal premotor and M1 during an isometric voluntary contraction while a 

decreased activity was seen at rest. Later, Moisa et al. (2012) reported that, 

during a visuomotor task, the effect of TMS of the left premotor cortex on 

the right hemispheric motor areas was dependent of the mode of movement 

selection, i.e. freely selected movements vs. sequential movements 

according to a visuomotor association. In addition, by using concurrent TMS-

fMRI, Blankenburg et al. (2008) showed that interhemispheric interactions 

between the right parietal cortex and the left S1 were dependent on the 

sensory context, i.e. whether or not the median nerve stimulation was 

delivered to the right hand. Bestmann et al. (2010), in chronic stroke 

patients, observed a stronger effect of contra-lesional premotor TMS on the 

BOLD responses evoked in the ipsi-lesional sensorimotor cortex during an 

active motor task (vs. at rest) in patients with more clinical motor 

impairments. Similarly, concurrent TMS-fMRI can also be used to investigate 

state-dependent top-down influences between brain regions. For example, 

distinct top-down influences of both parietal and frontal cortices on visual 

regions were identified by concurrent TMS-fMRI (Ruff et al., 2006; Ruff et 

al., 2008; Ruff et al., 2009). Moreover, by varying the baseline activity of the 

visual cortex, by using visual inputs at the time of parietal TMS deliverance, 

they obtained a pattern of activity changes in visual areas which were 

dependent of the visual context. Indeed, increasing TMS intensities 

delivered to the parietal cortex induced a decrease of the hemodynamic 

activity in the visual area V5. This was only observed when moving stimuli 

were presented. The opposite was shown for visual areas V1-V4, i.e. that 
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increasing parietal TMS led to an increase of BOLD signal in V1-V4 areas only 

when no visual inputs were presented (Ruff et al., 2008). Similar state-

dependent top-down interactions were highlighted by concomitant TMS-

fMRI in various domains such as multisensory integration (Leitao et al., 

2013), visuospatial attention (Blankenburg et al., 2010; Heinen et al., 2011) 

and working memory (Feredoes et al., 2011). Together, these observations 

illustrate that, by delivering TMS pulses over a given brain region and by 

concomitantly recording the activity elicited by the TMS pulse in other brain 

areas by using concurrent fMRI, it can be possible to obtain an index of the 

cortical excitability and the effective connectivity between the stimulated 

and recorded brain regions. Moreover, this suggests that concurrent TMS-

fMRI can be used to probe changes in functional connectivity related to 

distinct functional state of a given network of interconnected areas (Ruff et 

al., 2009). Finally, the concomitant use of TMS and fMRI can give insights in 

the functional significance of a given region inside a cortical network, 

opening the possibility to probe the functional interplay between brain areas 

(Bestmann et al., 2008c; Ruff et al., 2009). 

Concurrent TMS-fMRI can also be used in a clinical context to investigate 

changes in brain activity and connectivity related to neurological/psychiatric 

disorders or to study the effects of pharmacologically active substances. Li 

et al. (2004) used interleaved TMS-fMRI in depressed patients to investigate 

whether TMS of the DLPFC produced hemodynamic changes in limbic 

regions. They recorded TMS-evoked BOLD responses in remote regions such 

as the bilateral prefrontal cortices, the right orbitofrontal cortex and the left 

hippocampus. However, their study did not include a control group, 
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preventing thus to compare the pattern of activation observed in depressed 

patients with that of healthy subjects. However, Hanlon et al. (2016) 

compared, by using concurrent TMS-fMRI, the connectivity of both the 

medial and lateral fronto-striatal circuits in healthy subjects vs. cocaine 

users. They observed that cocaine users showed less activation in the ventral 

striatal circuit in response to TMS of the mPFC while cocaine users did not 

show the decrease of BOLD response in the DLPFC observed in the control 

group (Hanlon et al., 2016). Furthermore, concurrent TMS-fMRI has been 

used to study the effect of psychoactive substances on brain excitability and 

connectivity. Several studies investigated the TMS-evoked activity patterns 

before vs. after the administration of both lamotrigine and valproic acid (Li 

et al., 2004; Li et al., 2010; Li et al., 2011). They observed that when TMS was 

applied to M1, the administration of both lamotrigine and valproic acid 

decreased the TMS-evoked hemodynamic responses in the stimulated M1 

as well as in the premotor cortex and SMA. On the other hand, when the 

prefrontal cortex was stimulated, an increase of TMS-evoked BOLD 

responses in the ACC was observed after the administration of lamotrigine 

but not after taking valproic acid (Li et al., 2011). Again, these studies 

illustrate that TMS-fMRI can be a valuable tool to compare the effective 

connectivity in health and disease, or before vs. after taking neuroactive 

compounds.   
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6.5.5 Limitations of concurrent TMS-fMRI: non-specific 

hemodynamic effects of TMS  

In addition to the neural activity evoked by the pulses of TMS at the target 

as well as in remote interconnected regions, TMS provokes both auditory 

and somatosensory sensations leading to hemodynamic activities in 

auditory and somatosensory regions (Bestmann et al., 2008c). For instance, 

TMS-evoked hemodynamic activities were evoked in superior and 

transverse temporal gyrus of both hemispheres extending up the planum 

temporale and the inferior frontal gyrus as well as at subcortical level where 

the inferior colliculi and the medial geniculate nuclei were activated 

bilaterally (Bestmann et al., 2004). The reason for that is the Lorentz forces 

in the coil winding which provoke small vibrations leading to the “click” 

sound (Bestmann et al., 2008c). Moreover, a startle-like response can be 

observed, especially at the beginning of the session. To control these 

unspecific effects, various strategies have been used. For example, some 

studies placed a plastic piece between the TMS coil and the scalp (Leitao et 

al., 2015; Leitao et al., 2017). Alternatively, the vertex can be used as a 

control site (Ricci et al., 2012) even though it has been shown that TMS 

delivered to the vertex induced a widespread decrease of hemodynamic 

activity (Jung et al., 2016). Recently, it has been shown that placing 3 cm of 

foam between the TMS coil and the scalp, which preserves the sensory 

aspects of TMS but decreases the strength of the TMS-induced magnetic 

field, also produced consistent hemodynamic responses in many of the same 

brain areas than active TMS (Dowdle et al., 2018). Indeed, TMS-evoked BOLD 

responses were found in the cingulate, the thalamus, the insula, and the 
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middle frontal gyri during both active and control conditions, when TMS was 

delivered to the left DLPFC. However, active TMS provoked higher BOLD 

responses in the anterior cingulate, caudate and thalamus compared to the 

control condition. This suggests that, to a certain extent, the TMS-evoked 

BOLD responses may be related to unspecific effects such as sensory or 

attentional aspects of TMS. This highlights the importance of control 

conditions. 
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Chapter 2. Overall objectives  

The first part of the present work (chapters 3-5; Table 2.1) mainly focuses on 

characterizing pain-motor interactions in healthy individuals. The general 

objective was, by combining TMS of M1 with both brief and sustained 

nociceptive stimulation, to characterize the changes in motor excitability 

induced by various experimental pain models. In a first study (chapter 3), I 

combined laser stimulation with single pulses of TMS delivered over M1 to 

explore the limb specificity and the time course of the effects of a transient 

nociceptive stimulus on motor excitability. I hypothesized that a transient 

nociceptive stimulus could modulate motor system excitability, potentially 

differentially (1) within the muscles of the ipsilateral vs. contralateral limb 

relative to where the nociceptive stimulus was applied and (2) within 

muscles involved vs. not involved in the withdrawal of the stimulated limb. 

This was assessed by using TMS of the left and right M1 to elicit MEPs in 

proximal and distal flexor and extensor muscles of both arms. To assess the 

time-course of nociception-motor interactions, the TMS pulses were 

triggered 50-2000 ms after delivering short-lasting nociceptive stimuli, 

generated by an infrared CO2 laser stimulator, to the left or right hand 

dorsum. 

In a second study (chapter 4), the onset latency of the motor responses 

elicited by the preferential activation of nociceptors using intra-epidermal 

electrical stimulation (IES) of the sole of the foot were compared to the 

reflex responses elicited by a more conventional technique using high-

intensity transcutaneous electrical stimulation (TES) which activates 
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preferentially non-nociceptive afferents. The NWR constitutes an effective 

mean to quickly withdraw the lower limb from potentially tissue-damaging 

threats. In most studies, high-intensity TES delivered by large surface 

electrodes are used to elicit the NWR. Due to the unavoidable activation of 

non-nociceptive afferents by such a stimulus, the resulting motor response 

is composed of two electromyographic (EMG) bursts, the RII and RIII 

components, conveyed respectively by non-nociceptive and nociceptive 

fibers. Most of the time, these two components overlap each other, leading 

the researchers to use time windows aiming to minimize the contribution of 

the RII component. In chapter 4, I wanted to characterize the EMG responses 

recorded from lower limb muscles elicited by the preferential activation of 

nociceptors by using IES of the sole of the foot. Responses elicited by IES in 

a number of neck and upper limb muscles were also recorded in order to 

investigate whether the IES-evoked responses could be contaminated by a 

muscle activity of supraspinal origin, such as the startle reaction. I 

hypothesized that the IES-elicited motor responses would be preferentially 

related to nociceptive inputs and, hence, should be delayed with respect to 

the responses elicited by TES.  

In a third study (chapter 5), by using a similar approach to the one in chapter 

3, I characterized the changes in the TMS-mapped representation of several 

muscles following the induction of secondary mechanical hyperalgesia by 

HFS of the skin. Here, our aim was to characterize changes in the motor 

system induced by a sustained nociceptive stimulus generating central 

sensitization. Experimentally, it is possible to induce a mechanical 

hyperalgesia in the secondary zone by HFS of the human skin (Klein et al., 
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2004). I therefore determined the effects of HFS of the skin on the cortical 

motor map generated by TMS. I hypothesized that, in addition to inducing 

central sensitization of nociceptive pathways at the level of the spinal cord, 

HFS of human skin may also induce sustained activity-dependent changes at 

the supraspinal level. Moreover, because of consistent pain-motor 

interactions in chronic pain patients (Parker et al., 2016; Chang et al., 2018), 

I made the assumption that this sustained activation also provokes changes 

outside the nociceptive system, i.e. in the motor system. 

Finally, the general objective of the second part of this dissertation (chapter 

6; Table 2.1) was the development of a novel approach based on the 

recording of TMS-evoked BOLD responses sampled by means of concurrent 

TMS-fMRI. This approach could subsequently be used to study chronic pain-

related changes in brain function. Recently, the recording of fMRI-BOLD 

responses elicited by TMS applied over a given brain region has been 

proposed as a potential non-invasive tool to measure directly, at a given 

moment in time, the functional connectivity between brain regions. In 

chapter 6, I present the method that I developed to combine online TMS 

with fMRI to study changes in brain connectivity. Our specific aim was to 

validate the recording of BOLD responses elicited by TMS over the DLPFC. 

The combination of TMS and fMRI is methodologically challenging due to the 

strong magnetic fields generated by the two methods. Practically, the 

limited space provided by birdcage MRI coils, most often used in concurrent 

TMS-fMRI studies, can be an obstacle to place the TMS coil over lateral or 

frontal brain regions. Therefore, to place the TMS coil over the DLPFC, the 

MRI data were collected using two flexible surface MRI coils rather than a 
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rigid birdcage coil. Our specific aim was to validate the recording of BOLD 

responses elicited by TMS over the DLPFC by delivering pulses of TMS inside 

a flexible MRI coil. A second identical MRI coil was placed at the other side 

of the head to collect MRI data of the entire brain.  

Section 6.3 and 6.4 of chapter 1 is dedicated to methodological 

considerations about concurrent TMS-fMRI. A comment about structural 

and functional changes of the DLPFC in various chronic pain conditions is 

provided in section 6.1 of the same chapter. Chapter 6 presents the method 

I developed to combine TMS delivered over the DLPFC with fMRI by using 

flexible surface MRI coils. 
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Table 2.1  

 Objectives and hypotheses 

Chapter 3.  Objective: characterize the temporal profile of the modulatory 
effect of transient nociceptive stimulation on the excitability of 
the motor system.  

Hypothesis: phasic pain delivered to the hand dorsum should 
facilitate a purposeful defensive reaction in the stimulated limb, 
which would be reflected in a limb-specific and time-dependent 
modulation of motor excitability within the flexor muscles 
involved in the withdrawal of the stimulated limb. 

Chapter 4.  Objective: characterize the reflex elicited by preferential 
activation of nociceptors by using IES of the sole of the foot. 

Hypothesis: IES-elicited motor responses would be preferentially 
related to nociceptive inputs and, hence, should be delayed with 
respect to the responses elicited by TES.  

Chapter 5. Objective: characterize changes in motor function induced by a 
sustained nociceptive stimulus generating central sensitization 
(HFS).  

Hypothesis: in addition to inducing central sensitization of the 
nociceptive pathways at the level of the spinal cord, the intense 
activation of nociceptors may also induce sustained activity-
dependent changes at supraspinal level.  

Chapter 6. Objective: validate the recording of BOLD responses elicited by 
TMS over the DLPFC by delivering pulses of TMS inside a flexible 
MRI coil.  

Hypothesis: this original approach to conduct concurrent TMS-
fMRI studies could overcomes some practical issues encountered 
when usual birdcage MRI coils are used, i.e. the restricted space 
to place the TMS coil, especially when frontal or lateral regions 
are targeted. 

Table 2.1. Objectives and hypotheses of chapters 3-6.  
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Chapter 3. Temporal profile and limb-specificity of 
phasic pain-evoked changes in motor excitability 

Algoet M., Duque J., Iannetti G., Mouraux A. Temporal profile and limb-specificity 

of phasic pain-evoked changes in motor excitability. Neuroscience 2018; 386: 240-

255  

Abstract  

A fundamental function of nociception is to trigger defensive motor 

responses to threatening events. Here, we explored the effects of phasic 

pain on the motor excitability of ipsilateral and contralateral arms. We 

reasoned that the occurrence of a short-lasting nociceptive stimulus should 

result in a specific modulation of motor excitability for muscles involved in 

the withdrawal of the stimulated limb. This was assessed using transcranial 

magnetic stimulation (TMS) of the left and right primary motor cortex to 

elicit motor-evoked potentials (MEPs) in three flexor and two extensor 

muscles of both arms. To assess the time-course of nociception-motor 

interactions, the TMS pulses were triggered 50-2000 ms after delivering 

short-lasting nociceptive laser stimuli to the left or right hand. We made 

three main observations. First, nociceptive stimuli induced an early-latency 

(100 ms) enhancement of MEPs in flexor muscles of the stimulated hand. 

Considering its latency, this modulation is likely consequent to nociceptive-

motor interactions at spinal level. This early and lateralized enhancement 

was followed by a later (150-400 ms) MEP reduction in extensor muscles of 

the stimulated hand and flexor muscles of both hands, predominant at the 
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stimulated hand. Finally, we observed a long-lasting (600-2000 ms) MEP 

enhancement in muscles of the non-stimulated hand. These later effects of 

the nociceptive stimulus could reflect nociception-motor interactions 

occurring at cortical level.  
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1. Introduction 

Because of its intrinsic aversive nature, pain strongly influences behavior. 

For example, following a lesion, pain-related changes in motor behavior can 

protect from further injury and promote recovery (Hodges and Tucker, 2011; 

Burns et al., 2016b). Most importantly, the ability to generate swift motor 

responses to the detection of a sudden noxious stimulus is crucial to prevent 

or limit injury, and is thus essential for survival (Iannetti and Mouraux, 2010).  

Nociception-evoked motor responses imply the existence of strong 

interactions between nociceptive and motor systems (Bank et al., 2013). 

Such interactions have been clearly demonstrated at spinal level. For 

example, nociceptive stimulation of the foot elicits a spinal nociceptive 

withdrawal reflex (NWR) resulting in a simultaneous activation of flexor 

muscles and inhibition of extensor muscles of the stimulated limb (Sandrini 

et al., 2005). Interestingly, this nociceptive response could encompass 

several reflex modules, each having a characteristic reflex-evoking receptive 

field, and controlling one or more synergistic muscles (Schouenborg and 

Kalliomaki, 1990; Andersen et al., 1999). The elicited muscular response 

would thereby be dependent on the location of the nociceptive stimulus 

(Andersen, 2007). Similarly, it was shown that high-intensity electrical 

stimulation of the nociceptive afferents of a digital nerve can transiently 

interrupt the voluntary muscle contraction of the stimulated limb through 

spinal inhibitory circuits (Merton, 1951; Caccia et al., 1973; Kranz et al., 1973; 

McLellan, 1973; Uncini et al., 1991; Inghilleri et al., 1997; Floeter, 2003; 

Kofler, 2003). 
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There is also evidence supporting the existence of nociception-motor 

interactions at cortical level, but these interactions have not been 

characterized as extensively. For example, Frot et al. (2013) found, using 

depth electrodes implanted in the pre- and post-central gyri of epileptic 

patients, that brief nociceptive stimuli delivered to the hand dorsum elicit 

early-latency responses in the contralateral primary motor cortex (M1), 

peaking approximately 170 ms after stimulus onset. 

A more direct approach to characterize modulatory effects of nociception 

on the motor system at cortical level is to assess the effect of nociceptive 

stimuli on the motor-evoked potentials (MEPs) elicited by transcranial 

magnetic stimulation (TMS) of M1 (Hallett, 2000; Bestmann and Duque, 

2015). Using this approach, Valeriani et al. (1999; 2001) found, in  studies 

performed in five healthy volunteers, that noxious heat stimuli delivered to 

the hand dorsum exert an early (170-270 ms) and transient inhibition of 

MEPs recorded from the first dorsal interosseous muscle (FDI) (Valeriani et 

al., 1999) and biceps brachialis (BB) (Valeriani et al., 2001) of the stimulated 

limb. This inhibition was interpreted as resulting from a change in excitability 

at cortical level, because MEPs evoked by anodal electrical stimulation of 

M1, which is thought to directly activate the cortico-spinal tract, were 

unaffected by the nociceptive stimulus.  

Here, we aimed to characterize the temporal profile of the modulatory 

effect of transient nociceptive stimulation of the hand dorsum skin on the 

excitability of the motor system controlling a number of muscles of the hand 

and upper limb ipsilateral and contralateral to the stimulated hand. We 

hypothesized that phasic pain delivered to the hand dorsum facilitates a 
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purposeful defensive reaction in the stimulated limb, which would be 

reflected in a limb-specific and time-dependent modulation of motor 

excitability within the flexor muscles involved in the withdrawal of the 

stimulated limb.  

2. Experimental procedures 

2.1 Participants and experimental design 

Ten subjects took part in the experiment (5 men), aged 20-24 years (22 ±1; 

mean ± standard deviation). None of the participants had a history of 

neurological or psychiatric disorder, and all were naive to the purpose of the 

study. All participants gave written informed consent and received a 

financial compensation for their participation. The protocol was approved 

by the institutional ethics committee of the Université catholique de Louvain 

in accordance to the Declaration of Helsinki. 

The experimental design is detailed in Figure 3.1. We examined the effect of 

a nociceptive stimulus delivered to the left or right hand dorsum on the 

MEPs elicited in flexor (FDI, flexor carpi radialis; FCR) and extensor (extensor 

carpi radialis; ECR) muscles of the left and right hand.  

The time course of the possible modulatory effects of the laser stimulus on 

motor excitability was characterized by varying the delay between the onset 

of the laser stimulus and the onset of the TMS pulses delivered over the left 

and right M1. 

We also conducted a supplementary experiment in which we aimed to 

assess the effects of nociceptive stimulation on two proximal muscles of the 
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upper limb controlling the flexion (BB) and extension (triceps brachialis, TB) 

of the forearm. The design of this experiment was almost the same as that 

of the main experiment (see below).  

 

Figure 3.1. Experimental design. MEPs were recorded from intrinsic and 

extrinsic muscles of both hands (flexors: FDI, FCR; extensor: ECR) using quasi-

concomitant stimulation of the left and right M1 (TMS inter-pulse interval: 1 

ms). Intrinsic (FDI) and extrinsic (FCR, hatched in the figure, anatomically 

more anterior than ECR) muscles of the hand are schematically shown. TMS 

pulses were systematically preceded by a nociceptive laser stimulus 

delivered either to the left or to the right hand. The time-interval between 

the laser stimulus (shown in red) and the TMS pulse (shown in blue) was 50, 

100, 150, 200, 250, 300, 350, 400, 600, 1000 or 2000 ms (Adapted from 

Figure 1 in Algoet et al. (2018)).  

2.2 Nociceptive stimulation  

Participants were seated in a comfortable chair in a dimly-lit room with their 

arms placed on a cushion and their hand palms resting on a table (Figure 

3.1). A small curtain occluded vision of the hands and laser stimulus. 

Therefore, participants were not aware of which hand was going to be 

stimulated. High-intensity nociceptive stimuli were 50 ms pulses of radiant 
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heat generated by an infrared CO2 laser stimulator (wavelength 10.6 µm; 

Université catholique de Louvain; Plaghki L. et al. (1994)). The target of the 

laser stimulator was visualized by a coaxial He-Ne laser beam, and controlled 

using two mirrors mounted on a computer-controlled 2-axis galvanometer 

(LSST-10.6-12-105-8062-3A, Sintec Optronics, Singapore). The stimuli were 

delivered to the left or right hand dorsum, in random order. Beam surface 

area at target site was 80 mm2. To avoid skin overheating and nociceptor 

fatigue or sensitization, the target of the laser beam was displaced to a 

random position on the hand dorsum after each pulse. The minimum 

distance between two consecutive pulses on the same hand was set to 20 

mm. In a preliminary session, laser stimuli of variable energy were delivered 

to the hand dorsum such as to determine the energy at which the stimuli 

elicited a clear painful pinprick sensation, detected with reaction times 

compatible with the conduction velocity of Aδ-fibers (<650 ms; Mouraux et 

al. (2003)). The same intensity was used on the two hands and kept constant 

throughout the whole experimental session. 

2.3 Transcranial Magnetic Stimulation and MEP recording 

Participants were asked to relax their muscles. Motor responses were 

obtained simultaneously from the left and right hand, using two figure-of-

eight coils (wing internal diameter: 35 mm) positioned over the hand 

representation of the right and left M1. We chose to record MEPs 

simultaneously from three different muscles to decrease the total number 

of TMS pulses required to conduct the experiment, a factor known to induce 

changes in motor cortex excitability (Pellicciari et al., 2016); and the total 
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number of laser stimuli, a factor that can lead to nociceptor habituation or 

sensitization (Bromm and Treede, 1987; Raij et al., 2003). Moreover, it 

ensured that the responses from all three muscles were recorded in the 

same state of vigilance and attentiveness (Derosiere et al., 2015).  

Monophasic TMS pulses (approx. 0.1 ms rise time and 1 ms total duration) 

were generated using two Magstim 200 magnetic stimulators (Magstim, 

Whitland; UK). A 1-ms inter-pulse interval separated the onset of the two 

pulses, and the order of the two pulses was randomized across trials. The 

two pulses of TMS were not simultaneous to reduce physical interactions 

between the electrical fields induced by each of the two coils (Cincotta et 

al., 2005). A 1-ms inter-pulse interval was chosen as this interval is 

sufficiently short to avoid inhibitory (Ferbert et al., 1992) or facilitatory 

(Hanajima et al., 2001) interactions between the two hemispheres. This 

double-coil TMS approach using a 1-ms inter-pulse interval has been 

recently validated by Grandjean et al. (2018), in a study showing that MEPs 

obtained using the double-coil approach to stimulate the left and right M1 

are similar to those elicited by single-coil stimulation of the left or right M1. 

It was also shown to be an effective approach to study cortico-spinal 

excitability within the context of a motor task (Vassiliadis et al., 2018). 

After fitting the participant with an elastic fabric head cap (Electro-cap 

International, USA), the coils were positioned tangentially to the scalp, with 

the handle pointing toward the back of the head 45° away from the midline, 

approximately perpendicular to the central sulcus.  

Electromyographic (EMG) signals were recorded using surface electrodes 

(Ambu, BlueSensor NF-50-K/12/EU, Ballerup, Denmark) placed over the FDI, 
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FCR and ECR muscles of both hands. The signals were amplified and 

bandpass filtered on-line (4-1500 Hz) using a Neurolog signal conditioner 

(Digitimer; Hertfordshire, UK), and digitized at 5000 Hz using a CED 1401 

(Cambridge Electronics Design; UK).  

For each hemisphere, we first identified the optimal coil location to obtain 

MEPs simultaneously in the contralateral FDI, FCR and ECR muscles. This 

location was marked on the cap to provide a reference point throughout the 

experiment. We then determined the minimum intensity required to elicit a 

measurable MEP in the FCR muscle (peak-to-peak MEP amplitudes >50 µV) 

in 5 out of 10 trials. For both left and right FCR muscles, the mean resting 

motor threshold (rMT) amounted to 43 ±4% and 43 ±5% of maximum 

stimulator output, respectively. The intensity of TMS used for the 

experiment was then set to 120% of this value. 

2.4 Recording of MEPs following nociceptive stimulation 

Each trial started by the delivery of a nociceptive laser stimulus to a random 

position on the left or right hand dorsum. The laser stimulus was always 

followed by a TMS pulse delivered with a variable interval.  

The time intervals between the onset of the laser stimulus and the delivery 

of the TMS pulses (inter-stimulus interval; ISI) were 50, 100, 150, 200, 250, 

300, 350, 400, 600, 1000 or 2000 ms (Figure 3.1). The trials were presented 

in five blocks. Within each block, each trial type was repeated two times, 

resulting in 44 trials per block (2 x 11 time intervals x 2 laser stimulus 

locations). The order of the trials was pseudo-randomized across blocks. At 

the end of each trial (3-4 s after the onset of the laser stimulus), a warning 
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tone prompted the participant to report the intensity of the percept elicited 

by the laser stimulus using a numerical rating scale (NRS) extending between 

0 (no sensation) to 10 (most intense sensation). The inter-trial interval was 

6-7 seconds. 

2.5 Statistical analyses  

2.5.1 Effect of the nociceptive laser stimulus on MEP 

amplitudes 

For each muscle, MEP amplitudes were estimated by measuring the 

maximum peak-to-peak amplitude of the TMS-evoked EMG response 

(Figure 3.2). MEP amplitudes were expressed as the percentage of change 

relative to the average amplitude of the MEPs obtained in both limbs at 

ISI=50 ms, which served as control (Figure 3.3). The rationale for this 

approach is that 50 ms after the onset of the rise in skin temperature 

generated by the laser stimulus, the afferent volley generated by the 

activation of heat-sensitive nociceptors has not yet reached the spinal cord 

(because of the time required to reach the thermal activation threshold of 

these nociceptors, the time required for neural transduction, and the 

peripheral conduction time) (Bromm and Treede, 1984). Therefore, at ISI=50 

ms, the nociceptive afferent volley cannot interact with the descending 

motor volley generating the MEPs.   

If the laser stimulus has no time-dependent effect on motor excitability, the 

average amplitude of the MEPs elicited 100-2000 ms after the laser stimulus 

should tend towards the average amplitude of the MEPs elicited at ISI=50 

ms of the corresponding side. Therefore, for each limb and for each muscle, 
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MEP amplitudes obtained at ISIs 100-2000 ms were compared using paired 

sample t-tests to the MEP amplitudes obtained at ISI=50 ms to assess the 

time-intervals at which they were either increased or decreased. The results 

of this first-step analysis was then used to cluster ISIs in four categories prior 

to comparing changes in motor excitability at the stimulated and non-

stimulated limbs. Cluster 1 corresponded to the average MEP amplitude at 

ISI=50 ms, serving as control. As detailed in the Results section, cluster 2 

corresponded to an early-latency increase of MEPs observed in FDI and FCR 

muscles at ISI=100 ms. Cluster 3 corresponded to a later reduction of MEPs 

observed in all three muscles at ISIs=150-400 ms. Finally, cluster 4 

corresponded to a late and prolonged MEP facilitation observed in ECR and 

FDI muscles at ISIs=600-2000 ms. Using the average amplitude of the MEPs 

obtained at the ISIs belonging to each cluster, the differential effect of the 

laser stimulus on motor excitability at the laser-stimulated limb and at the 

contralateral non-laser-stimulated limb was assessed separately for each 

muscle (FDI, FCR, ECR), using a two-way repeated-measures ANOVA with the 

factors ‘ISI cluster’ (four levels: clusters 1-4) and ‘side’ of the limb onto which 

the nociceptive stimulus was applied (two levels: stimulated and non-

stimulated limbs). In this analysis, a main effect of ‘ISI cluster’ on MEP 

amplitudes would indicate a global non-limb-specific effect of the 

nociceptive stimulus on motor excitability, whereas the presence of an 

interaction between the factors ‘ISI cluster’ and ‘side’ would indicate a limb-

specific effect of the nociceptive stimulus on motor excitability. 

The Kolmogorov-Smirnov test was used to assess the assumption of 

normality. For some measures (4/24), the assumption of normality was 
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violated according to this test. Importantly, simulation studies have shown 

that F-tests control well the false positive rate under conditions of non-

normality (Glass et al., 1972; Harwell et al., 1992; Lix et al., 1996), suggesting 

that F-tests remain robust under conditions of non-normality, especially 

when group sizes are equal (Donaldson, 1968). A Greenhouse-Geisser 

correction for violations of sphericity was used when appropriate. When 

justified, post-hoc comparisons of the responses were performed using 

paired sample t-tests, as follows. For each cluster, MEP amplitudes obtained 

at the stimulated limb were compared to the MEP amplitudes obtained at 

the non-stimulated limb to assess the time-intervals at which the laser 

stimulus differentially affected excitability in the two limbs. Reported p-

values were not corrected for multiple comparisons (Rothman, 1990; Feise, 

2002).  Significance threshold was set at p<0.05.  

2.5.2 Relationship with background EMG activity 

Variations in EMG background activity could have contributed, at least in 

part, to differences in MEP amplitudes. Therefore, the background EMG 

activity was estimated by computing the root-mean-square (RMS) amplitude 

from -100 ms to the onset of each TMS pulse. For each muscle, the average 

RMS amplitudes obtained at the different ISIs were compared using a two-

way repeated-measures ANOVA with the factors ‘ISI cluster’ (four levels: 

clusters 1-4) and ‘side’. 
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2.5.3 Relationship with intensity of perception 

We also examined whether the effect of the nociceptive stimulus on MEP 

amplitudes was dependent on the reported intensity of perception. For this 

purpose, a median split was used to separate the trials of each participant in 

two categories of equal size (low vs. high-intensity of perception). For each 

muscle, the average MEP amplitudes obtained across the different 

conditions were then compared using a three-way repeated-measures 

ANOVA with the factors ‘ISI cluster’ (four levels: clusters 1-4), ‘side’ and 

‘perception’ (low vs. high-intensity of perception). In this analysis, a main 

effect of ‘perception’, or an interaction between the factors ‘perception’ and 

the factors ‘ISI cluster’ or ‘side’ would indicate that nociceptive stimuli 

perceived as more or less intense do not exert the same effect on motor 

excitability. 

2.5.4 Baseline MEPs recording  

A baseline recording of MEPs was performed at the beginning and at the end 

of the experiment (20 TMS pulses delivered using a constant 6-7 s inter-trial 

interval), to assess potential inter-block cumulative effects of the repeated 

TMS pulses (Pellicciari et al., 2016) and/or differences related to hand 

dominance (Triggs et al., 1994). The average amplitude of the MEPs obtained 

at the two baseline measurements were compared using a two-way 

repeated-measures ANOVA with the factors ‘time’ (beginning vs. end of the 

experiment) and ‘dominance’ (MEPs recorded from the dominant vs. non-

dominant limb).  



208 

 

2.5.5 Supplemental experiment 

In order to assess the effect of a nociceptive stimulus delivered to the hand 

dorsum on more proximal muscles controlling the flexion (BB) and extension 

(TB) of the forearm, we conducted a supplemental experiment on seven 

healthy participants (4 men), aged 22-24 years (23 ± 1). Such as in the main 

experiment, the laser stimuli were delivered to the left or right hand dorsum, 

in random order. Because it was not possible to position two coils over the 

more medial M1 representation of proximal upper-limb muscles, only one 

hemisphere was stimulated, using a single figure-of-eight coil (wing internal 

diameter: 45 mm) over the right or left M1. EMG signals were recorded using 

surface electrodes placed over the BB and TB muscles of either the dominant 

hand (3 participants) or the non-dominant hand (4 participants). After 

having identified the optimal coil location to obtain MEPs in both muscles, 

the minimum intensity required to elicit measurable MEPs in the BB muscles 

was determined (peak-to-peak MEP amplitudes >20 µV in 5 out of 10 trials). 

The mean rMT of the left and right BB muscle amounted to 64 ±7% and 68 

±3% of maximum stimulator output, respectively. The intensity of TMS used 

for the experiment was then set to 120% of this value. On the basis of the 

results of the main experiment, the time intervals between the laser 

stimulus and the TMS pulse were 50, 100, 250, 300 or 1000 ms. Trials were 

presented in five blocks. Within each block, each trial combination was 

repeated four times, resulting in 40 trials per block (4 x 5 time intervals x 2 

laser stimulus locations). Maximum peak-to-peak MEP amplitudes were 

measured and expressed as the percentage of change relative to the average 

amplitude of the MEPs obtained at both limbs at ISI=50 ms. For each muscle, 
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the average amplitude of the MEPs was compared using a two-way 

repeated-measures ANOVA with the factors ‘ISI’ (50, 100, 250, 300, and 1000 

ms) and ‘side’ of the limb onto which the nociceptive stimulus was applied 

(stimulated vs. non-stimulated hand).  

3. Results 

3.1 Nociception-motor interactions in flexor and extensor 

muscles of the hand 

3.1.1 Effect of the nociceptive laser stimulus on MEP 

amplitudes 

Consistent MEPs were recorded from all three muscles controlling flexion 

and extension of the hands (Figure 3.2). The nociceptive stimulus appeared 

to induce a consistent sequence of changes in MEP amplitude in all three 

muscles (Figure 3.3). The paired-sample comparison of the MEP amplitudes 

obtained at ISI=50 ms with the MEP amplitudes at ISIs 100-2000 ms in each 

muscle led us to group the different ISIs in four separate clusters (Table 3.1). 

Cluster 1 consisted in the MEPs obtained at ISI=50 ms, serving as control. 

Cluster 2 consisted in the MEPs obtained at ISI=100 ms. At this early-latency 

ISI, an increase in amplitude was observed in the FDI and FCR muscles. 

Cluster 3 consisted in the MEPs obtained at ISIs 150-400 ms. At these ISIs, a 

reduction of amplitude was observed in all three muscles. Finally, cluster 4 

consisted in the MEPs obtained at ISIs 600-2000 ms. At these ISIs, a late and 

prolonged increase was observed in ECR and FDI muscles of the non-laser-

stimulated hand.  
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Figure 3.2. Group-level average rectified EMG time courses of the MEPs 

recorded at ISI=50 ms from left and right FDI, FCR and ECR muscles. Subject-

and group-level average ±SD peak-to-peak amplitude of the MEPs recorded 

from the different muscles. Note that consistent MEPs were recorded from 

all muscles, but that their magnitude varied greatly across muscles (Adapted 

from Figure 2 in (Algoet et al. (2018))). 
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Figure 3.3. Effect of the 

nociceptive laser stimulus 

delivered to the hand 

dorsum on the magnitude of 

the MEPs elicited in flexor 

(FDI, FCR) and extensor 

(ECR) muscles of the laser-

stimulated hand (red) and 

non-laser-stimulated hands 

(blue). X-axis: time-interval 

between the onset of the 

nociceptive laser stimulus 

and the onset of the TMS 

pulse. Y-axis: MEP 

amplitude, expressed as the 

percentage of change 

relative to the MEPs 

obtained at ISI=50 ms. The 

red and blue dots show the 

time points at which the 

change in MEP amplitudes 

was significantly different 

from MEPs recorded at 

ISI=50 ms (Adapted from 

Figure 3 in Algoet et al. 

(2018)).  
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For each of the three muscles, the repeated-measures ANOVA showed a 

significant interaction between the factors ‘ISI cluster’ and ‘side’ (laser-

stimulated limb vs. non-laser-stimulated limb), indicating that the 

nociceptive stimulus had a differential effect on the magnitude of the MEPs 

recorded from muscles of the laser-stimulated limb as compared to the non-

laser-stimulated limb (Table 3.2).  
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For cluster 2 (ISI=100 ms), post-hoc comparisons of the MEPs obtained at 

the laser-stimulated and non-laser-stimulated limbs showed that the early-

latency enhancement of MEPs was significantly greater in the FCR muscle of 

the laser-stimulated hand as compared to the non-laser-stimulated hand 

(Table 3.3 and Figure 3.4). For cluster 3 (ISIs 150-400 ms), the mid-latency 

reduction of MEPs was significantly stronger in all three muscles of the laser-

stimulated limb as compared to the non-laser stimulated limb. Finally, for 

cluster 4 (ISIs 600-2000 ms), the amplitudes of the MEPs obtained from the 

FDI and ECR muscles of the non-laser-stimulated limb were significantly 

greater as compared to the same muscles of the laser-stimulated limb.  

Table 3.3.    

 FDI FCR ECR 

Cluster 2 
ISI=100 ms 

.369 .049* .629 

Cluster 3 
ISI=150-400 ms 

<.001** .001** <.001** 

Cluster 4 
ISI=600-2000 ms .012* .081 <.001** 

Table 3.3. Post-hoc comparisons (paired-sample t-tests) of the MEPs elicited 

in the FDI, FCR and ECR muscles of the laser-stimulated and non-laser-

stimulated hands, at ISI=100 ms (cluster 2), ISI=150-400 ms (cluster 3) and 

ISI=600-2000 ms (cluster 4). The degrees of freedom are equal to nine for all 

paired-sample t-tests. * p<0.05; ** p<0.005  
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Figure 3.4. Subject-

and group-level 

average ±SD of the 

MEPs expressed as 

the percentage of 

change in MEP 

amplitude in the FDI, 

FCR and ECR muscles 

of the laser-

stimulated and non-

laser-stimulated limb 

at ISI=100 ms (cluster 

2), ISI=150-400 ms 

(cluster 3) and 

ISI=600-2000 ms 

(cluster 4), relative to 

the MEPs obtained at 

ISI=50 ms (cluster 1).  

The asterisks indicate 

the clusters at which 

the magnitude of the 

MEPs obtained at the 

laser-stimulated and 

non-laser-stimulated 

limbs were 

significantly different 

from one another 

(paired-sample t-

tests) (Adapted from 

Figure 4 in Algoet et 

al. (2018)). 
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3.1.2 Background EMG activity 

In all muscles, the two-way repeated-measures ANOVA conducted on the 

measures of background EMG activity showed no main effect of ‘side’ (FDI: 

F(1,9)=0.33, p=0.578, 2=0.036; FCR: F(1,9)=0.36, p=0.566, 2=0.038; ECR: 

F(1,9)=0.14, p=0.718, 2=0.015), no main effect of ‘ISI cluster’ (FDI: F(3,27)=2.38, 

p=0.092, 2=0.209; FCR: F(1.4,12.1)=3.81, p=0.065, 2=0.297; ECR: 

F(1.4,12.5)=0.51, p=0.546, 2=0.054), and no interaction between the two 

factors (FDI: F(3,27)=0.28, p=0.841, 2=0.03; FCR: F(1.3,12)=1.87, p=0.199, 

2=0.172; ECR: F(3,27)=0.28, p=0.841, 2=0.03). 

3.1.3 Intensity of pain perception 

The three-way repeated-measures ANOVA assessing whether the effect of 

the nociceptive stimulus on motor excitability was dependent on the 

intensity of the elicited percept showed no significant main effect of 

‘perception’ (FDI: F(1,9)=2.98, p=0.118, 2=0.249; FCR: F(1,9)=0.71, p=0.422, 

2=0.073; ECR: F(1,9)=4.56, p=0.062, 2=0.336) and no significant ‘perception’ 

x ‘side’ interaction (FDI: F(1,9)=1.59, p=0.239, 2=0.15; FCR: F(1,9)=0.56, 

p=0.474, 2=0.058; ECR: F(1,9)=0.81, p=0.391, 2=0.083) or ‘perception’ x ‘ISI 

cluster’ interaction (FDI: F(1.9,17.2)=0.81, p=0.458, 2=0.082; FCR: F(3,27)=0.41, 

p=0.745, 2=0.044; ECR: F(1.5,13.8)=1.29, p=0.297, 2=0.125). There was also 

no three-way interaction (FDI: F(3,27)=0.18, p=0.908, 2=0.02; FCR: F(3,27)=1.8, 

p=0.172, 2=0.166; ECR: F(3,27)=1.78, p=0.174, 2=0.165). 
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3.1.4 Baseline MEPs 

Consistent MEPs were recorded from the FDI, FCR and ECR muscles of both 

hands, both before the TMS-laser session (FDI: 3.4±2.0 mV, FCR: 0.3±0.2 mV, 

ECR: 0.8±0.4 mV) and after the TMS-laser session (FDI: 2.9±2.2 mV, FCR: 

0.3±0.2 mV, ECR: 0.9±1.0 mV). In all three muscles, the two-way repeated-

measures ANOVA showed no significant main effects of ‘time’ (FDI: 

F(1,9)=1.82, p=0.21, 2=0.168; FCR: F(1,9)=0.61, p=0.457, 2=0.063; ECR: 

F(1,9)=0.37, p=0.558, 2=0.04), and ‘dominance’ (FDI: F(1,9)=0.96, p=0.354, 

2=0.096; FCR: F(1,9)=0.57, p=0.470, 2=0.06; ECR: F(1,9)=1.63, p=0.234, 

2=0.153), as well as no interaction between the two factors (FDI: F(1,9)=1.40, 

p=0.266, 2=0.135; FCR: F(1,9)=1.29, p=0.286, 2=0.125; ECR: F(1,9)=0.02, 

p=0.88, 2=0.003).  

3.2 Nociception-motor interactions in flexor and extensor 

muscles of the forearm (supplemental experiment)  

Consistent MEPs were recorded from the BB and TB muscles of the two 

forearms. However, interpretation of potential nociception-motor 

interactions in these muscles was limited by the fact that the magnitude of 

MEPs recorded in these muscles was markedly lower than the magnitude of 

MEPs obtained from hand muscles in the main experiment (Figure 3.5). 

Subject-and group-level averages of the change in MEP amplitude relative 

to baseline are shown in Figure 3.5. The repeated-measures ANOVA with the 

factors ‘ISI’ (50, 100, 250, 300, and 1000 ms) and ‘side’ (stimulated vs. non-

stimulated hand) showed no significant main effects of ‘ISI’ (BB: F(4,24)=1.27, 

p=0.311, 2=0.174; TB: F(12,11.7)=0.71, p=0.509, 2=0.106), ‘side’ (BB: 
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F(1,6)=0.63, p=0.457, 2=0.095; TB: F(1,6)=5.14, p=0.064, 2=0.462) and no 

significant two-way ‘side’ x ‘ISI’  interaction (BB: F(4,24)=1.89, p=0.145, 

2=0.24; TB: F(4,24)=1.59, p=0.21, 2=0.209). No significant modulatory effect 

of the nociceptive stimulus was thus observed in either muscles (Figure 3.6). 

In all muscles, there was also no significant change of the background EMG 

activity. The two-way repeated-measures ANOVA showed no main effect of 

‘side’ (BB: F(1,6)=0.01, p=0.91, 2=0.002; TB: F(1,6)=2.68, p=0.153, 2=0.309), 

no main effect of ‘ISI’ (BB: F(1.92,11.49)=0.91, p=0.425, 2=0.132; TB: 

F(4,24)=2.21, p=0.099, 2=0.269), and no interaction between the two factors 

(BB: F(1.4,8.37)=1.43, p=0.279, 2=0.193; TB: F(1.25,7.5)=1.17, p=0.33, 2=0.163). 

 

Figure 3.5. Left panel. Group-level average rectified EMG time courses of the 

MEPs recorded at ISI=50 ms from forearm flexor (BB) and extensor (TB) 

muscles in the supplemental experiment. Middle panel. Subject-and group-

level average ±SD peak-to-peak amplitude of the MEPs recorded from the 

different muscles. Note that consistent MEPs were recorded from all 
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muscles, but that their magnitudes were, on average, of much smaller 

magnitude than the MEPs recorded from distal muscles in the main 

experiment. Right panel. Subject-and group-level average ±SD of the MEPs 

obtained at ISI=100-1000 ms, expressed as the percentage of change relative 

to the MEPs obtained at ISI=50 ms. The x-axis represents the time-interval 

between the onset of the laser stimulus and the onset of the TMS pulse 

(Adapted from Figure 5 in Algoet et al. (2018)). 

  

 

Figure 3.6. Group-level average amplitude of the MEPs elicited in BB and TB 

muscles of the laser-stimulated and non-laser stimulated hands in the 

supplemental experiment. X-axis: time-interval between the onset of the 
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laser stimulus and the onset of the TMS pulse. Y-axis: MEP amplitude, 

expressed as the percentage of change relative to the MEPs obtained at 

ISI=50 ms. No significant changes were observed (Adapted from Figure 6 in 

Algoet et al. (2018)). 

4. Discussion 

In this study, we characterized the temporal profile of the effects of a 

transient nociceptive stimulus delivered to the hand dorsum on the motor 

excitability of extensor and flexor muscles of the stimulated and non-

stimulated arm. We hypothesized that the occurrence of phasic pain 

delivered to one hand would modulate motor excitability in a limb-specific 

(stimulated vs. non-stimulated limb) and possibly muscle-specific (flexor 

muscles involved in the withdrawal of the stimulated limb vs. other muscles) 

manner, with a time-specific profile.  

Our results can be summarized as follows. First, 100 ms after the onset of 

the nociceptive stimulus, the responses in flexor muscles of the stimulated 

hand (FDI and FCR) were significantly increased. This enhancement was 

observed at both hands, but was significantly more pronounced at the hand 

which received the nociceptive stimulus, at least for the FCR muscle. A trend 

towards an MEP enhancement at ISI=100 ms was also observed in the 

extensor muscle of the stimulated hand (ECR). Previous studies have 

suggested that, at ISI=100 ms, the nociceptive afferent volley has not yet 

reached its cortical projection sites (Xu et al., 1995; Spiegel et al., 1996; 

Valentini et al., 2012a). Therefore, it is likely that the enhancement observed 

at ISI=100 ms results from nociceptive-motor interactions occurring at spinal 

level. Second, this initial enhancement was followed by a reduction of MEP 
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amplitudes extending between 150 to 400 ms after the presentation of the 

nociceptive stimulus. This reduction was significantly more pronounced at 

the stimulated hand, and observed in both flexor and extensor hand 

muscles. Third, between 600 and 2000 ms we observed a sustained 

enhancement of the MEPs obtained from the non-laser-stimulated limb as 

compared to the laser-stimulated limb. Importantly, these changes in MEP 

amplitude were not the consequence of changes in background EMG 

activity, which remained similar at all ISI clusters, and at both limbs.  

4.1 Early-latency increase of motor excitability at the 

stimulated hand 

At an ISI of 50 ms between the onset of the laser stimulus and the onset of 

the TMS pulse, the nociceptive afferent volley does not have enough time to 

reach spinal projection sites and exert an effect on the motor volley 

generated by the TMS pulse. Indeed, considering the time required for the 

laser stimulus to bring skin temperature above the thermal activation 

threshold of heat-sensitive nociceptors and the time required for the 

transduction of the stimulus into a neural impulse (Bromm and Treede, 

1984), the delay between the onset of the laser stimulus and receptor 

activation should be at least 40 ms. To this delay, one must then add the 

peripheral conduction time of the nociceptive afferent volley (Kakigi et al., 

1991; Tran et al., 2001). Bromm and Treede (1987) estimated the mean 

conduction velocity of Aδ fibers activated by brief pulses of radiant heat to 

be approximatively 14 m/s. The peripheral conduction distance separating 

the hand dorsum from the cervical spinal cord is in the range of 90 cm. Thus, 
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approximately 60 ms is required for the nociceptive afferent volley to reach 

the spinal cord. Therefore, considering (1) the time required for receptor 

activation and (2) the peripheral conduction distance, the afferent volley 

elicited by the laser pulse can be expected to reach the spinal cord 

approximately 100 ms after stimulation onset (Tarkka et al., 1992). This 

latency must then be compared to the central motor conduction time 

(CMCT), i.e. the time required for the descending motor volley generated by 

the TMS pulse to reach spinal motoneurons. In healthy subjects, normal 

values of CMCT are in the range of 4-8 ms (Rossini et al., 1987; Claus et al., 

1988; Homberg et al., 1991). Similarly, descending indirect volleys (I-waves) 

have been recorded in humans with cervical epidural electrodes with 

latencies of up to ±10 ms after delivering TMS over M1 (Di Lazzaro et al., 

1998; Di Lazzaro et al., 2004). Moreover, excitatory postsynaptic potentials 

generated in spinal motoneurons can last as long as 10-20 ms (Curtis and 

Eccles, 1959; Landgren et al., 1962; Rall et al., 1967). Taking this into account, 

when the time-interval between the onset of the laser stimulus and the 

onset of the TMS pulse was 50 ms, the descending motor volley has already 

been fully transmitted to peripheral efferents at the time the nociceptive 

input reaches the spinal cord.  

In contrast, when the laser stimulus was delivered 100 ms before the TMS 

pulse, the nociceptive input conveyed by myelinated Aδ fibers has enough 

time to interact with the descending motor volley at spinal level, but it does 

not have enough time to interact at cortical level. Indeed, studies have 

shown that the first cortical response to laser stimuli delivered to the hand 

dorsum occurs approximately 140-180 ms after onset (Xu et al., 1995; 
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Spiegel et al., 1996; Valentini et al., 2012a; Lenoir et al., 2017). Moreover, 

depth recordings performed in epileptic patients have shown that laser 

stimuli delivered to the hand dorsum can elicit responses in M1 starting 

approximately 120 ms after stimulation onset, and peaking 170 ms after 

stimulation onset (Frot et al., 2013). For these reasons, the early-latency 

enhancement of motor excitability observed at ISI=100 ms was most 

probably related to a segmental effect of Aδ fiber nociceptive input on the 

excitability of spinal motoneurons. Although less investigated than in the 

lower limb, upper limb nociceptive reflex activities can be recorded 

following noxious electrical stimulation of the ulnar nerve as well as the 

fingers (Cambier et al., 1974; Bromm and Treede, 1980; Campbell et al., 

1991; Bouhassira et al., 1993; Floeter et al., 1998; Serrao et al., 2006; Serrao 

et al., 2012; Eckert and Riley, 2013). Such as for the lower limbs, this reflex 

activity could constitute a protective withdrawal response (Serrao et al., 

2006; Peterson et al., 2014). Whether a parallel can be drawn between our 

observation and the NWR remains an open question. The early latency of 

our effect (100 ms) is compatible with the fact that the NWR can be observed 

60-120 ms after noxious electrical stimulation of the ulnar nerve (Cambier 

et al., 1974). The relatively early onset of this reflex activity can be explained 

by the overlap of RII and RIII components, respectively conveyed by non-

nociceptive and nociceptive inputs (Floeter et al., 1998). Notably, our results 

suggest that the laser stimulus affects similarly the MEP amplitudes 

recorded from flexor and extensor hand muscles (Figures 3.3 and 3.4), 

whereas it could have been expected that noxious stimulation would induce 

a differential modulation of motor excitability in muscles involved vs. not 
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involved in limb withdrawal, i.e. flexor vs. extensor muscles. Supporting our 

results, several studies have observed simultaneous reflex activity in flexor 

and extensor muscles, both at the upper and lower limbs (Grimby, 1963; 

Floeter et al., 1998; Peterson et al., 2014), the activation pattern depending 

on the location of the nociceptive stimulus and the position of the limbs 

(Andersen et al., 1999; Andersen, 2007). Considering the biomechanical 

function of the muscles investigated in the present study, it can be argued 

that the limb posture (hand palms resting on a table) and the location of the 

nociceptive stimulus (hand dorsum) would prevent us from observing a 

withdrawal response in intrinsic (FDI) and extrinsic (FCR) flexor muscles of 

the hand. Nevertheless, a NWR in the FCR muscle has been described at rest 

in a semi-flexed position similar to that used in our study (Serrao et al., 2006) 

and has been recorded from the FDI muscle after delivering noxious 

electrical stimuli to different fingers (index, middle and fifth finger) (Floeter 

et al., 1998). Also, the “cutaneous silent period” (CSP), which is thought to 

be an inhibitory component of a defensive reflex (Inghilleri et al., 1997), can 

be evoked in the FDI muscle after noxious electrical stimulation of both the 

index (Floeter et al., 1998) and the hand dorsum (Romaniello et al., 2004; 

Kahya et al., 2010). Moreover, while the influence of limb position is well 

established for the lower limb (Andersen, 2007), few studies have 

investigated this for the upper-limb withdrawal reflex and have found 

inconsistent results (Eckert and Riley, 2013; Peterson et al., 2014).   
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4.2 Mid-latency decrease of motor excitability at the stimulated 

hand 

Following the transient early-latency enhancement of the responses 

recorded in flexor hand muscles, there was a longer-lasting decrease of MEP 

amplitudes extending between 150 and 400 ms after the onset of the 

nociceptive stimulus. This decrease was significantly more pronounced at 

the hand which received the nociceptive stimulus. It was present in flexor 

and extensor hand muscles. This observation is in agreement with reports of 

a decreased motor excitability in hand muscles after noxious electrical 

stimulation (Inghilleri et al., 1995; Kofler et al., 1998; Kofler et al., 2001; 

Tamburin et al., 2001; Urban et al., 2004; Kofler et al., 2008) or during phasic 

painful heat stimulation (Dube and Mercier, 2011). Similarly, Valeriani et al. 

(1999) found a significant reduction of MEP amplitudes in the FDI muscle 

170-270 ms after the delivery of a thermal nociceptive stimulus on the 

stimulated hand dorsum.   

At these latencies, the nociceptive input conveyed by Aδ fibers has enough 

time to reach M1 before the onset of the TMS pulse (Frot et al., 2013). 

Therefore, this effect could be related to nociception-motor interactions 

occurring at cortical level (exerting an effect on the excitability of M1) and/or 

spinal level. Several studies have shown that nociceptive laser stimuli can 

induce a significant reduction of the sensorimotor mu rhythm, maximal over 

the hemisphere contralateral to the stimulated hand (Raij et al., 2004; Ploner 

et al., 2006). Considering that these stimulus-evoked changes in mu rhythm 

magnitude have been shown to index context-dependent changes in the 

level of activation of sensorimotor cortices (Valentini et al., 2012b), and 
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considering the latency of the effect of nociceptive stimulation on mu 

rhythm magnitude (180-570 ms; Raij et al. 2004), the decrease of MEP 

amplitudes we observed at 150-400 ms could be related to stimulus-evoked 

changes in cortical sensorimotor oscillatory activity. Mechanisms underlying 

theses changes in cortical activity are still poorly understood. Nociceptive 

inputs could act through spinothalamic projections to brain region involved 

in motor function such as M1 (Frot et al., 2013) or cingulate areas (Dum et 

al., 2009) involved in motor control of the upper limb (Turken and Swick, 

1999) including defensive movements (Cooke and Graziano, 2003; 2004; 

Moayedi et al., 2015). Furthermore, interactions between brain regions 

underlying the processing of nociceptive inputs and those supporting motor 

control could also be involved (Suppa et al., 2013). In agreement, 

hemodynamic changes following acute pain have been observed in several 

motor structures including the cerebellum, the supplementary motor area, 

and the lenticular and caudate nuclei (Peyron et al., 2000). In parallel, the 

decrease in MEP amplitudes that we observed could be related to changes 

in top-down influences on the spinal sensorimotor system (Eccles and 

Lundberg, 1959; Schomburg, 1990). Indeed, several cortical (Lundberg and 

Voorhoeve, 1962) and brainstem (Engberg et al., 1968; 1968; Carstens and 

Campell, 1992) structures can modulate the strength of synaptic 

transmission within spinal reflex circuits including those underlying the 

NWR.  

Importantly, such sensori-motor interactions (i.e. the reduction of MEPs in 

flexor and extensor muscles of the stimulated hand) are probably not 

specific for nociception. Non-nociceptive electrical stimulation of both the 
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median nerve and the digits provokes, 20-50 ms after stimulation, a 

suppression of MEPs recorded from proximal and distal upper limb muscles 

(Clouston et al., 1995; Manganotti et al., 1997; Bertolasi et al., 1998; Classen 

et al., 2000; Helmich et al., 2005; Tamburin et al., 2005; Bikmullina et al., 

2009; Fischer and Orth, 2011). This afferent inhibition is thought to mainly 

result from cortical inhibitory mechanisms in the sensorimotor cortex 

(Tokimura et al., 2000; Bikmullina et al., 2009; Ferreri et al., 2012; Tsang et 

al., 2014; Kojima et al., 2015; Bailey et al., 2016; Noda et al., 2016) conveyed 

by cholinergic (Di Lazzaro et al., 2000; Di Lazzaro et al., 2002) and GABAAergic 

pathways (Di Lazzaro et al., 2005; Di Lazzaro et al., 2007). This short-latency 

inhibition is followed by a later inhibitory period (200-1000 ms) which could 

result from mechanisms involving basal ganglia, thalamo-cortical (Sailer et 

al., 2003) and cortico-cortical interactions (Chen et al., 1999; Abbruzzese et 

al., 2001; Sailer et al., 2002). Whether the decrease in motor excitability we 

observed in the current study 150-400 ms after nociceptive stimulation can 

be explained by similar mechanisms remains an open question that cannot 

be answered with our experimental protocol.  

4.3 Late-latency enhancement of motor excitability in the 

contralateral hand 

Nociceptive stimuli delivered to the hand also induced a late-latency and 

long-lasting enhancement of the magnitude of the MEPs recorded from the 

non-laser-stimulated hand, extending 600 ms onwards after stimulus onset, 

at least for the FDI and ECR muscles.  
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Again, one can only speculate on the nature of this late effect, which could 

result from interhemispheric interactions (Terada et al., 2012) and/or 

crossed interactions occurring at spinal level (Sherrington, 1910; Andersen 

et al., 2003; Emborg et al., 2009). It has also to be noted that such an 

enhancement might not be limited to the non-stimulated limb as it was also 

observed in the FDI muscle of the stimulated hand. Furthermore, 

considering the late latency of this effect, it could reflect changes induced 

by nociceptive input conveyed by slow-conducting unmyelinated C fibers.     

Using a similar experimental design, Chen et al. (1999) characterized the 

temporal profile of the changes in motor excitability induced by non-

nociceptive electrical stimulation of the median nerve at the level of the 

wrist. Such as in the present study, they observed an early-latency 

enhancement of MEPs recorded from hand muscles of the stimulated hand, 

followed by a later attenuation of MEPs closely resembling the attenuation 

observed in the present study. The latency at which electrical stimulation of 

the median nerve exerted effects on motor excitability was shorter than the 

latency of the effects induced by laser stimulation. As discussed previously, 

this is easily explained by the time required for skin heating, heat 

transduction and nerve conduction of heat-evoked responses conveyed by 

thinly-myelinated Aδ fibers as compared to the responses elicited by direct 

electrical activation of large-diameter A fibers.  

However, contrasting with our results, non-nociceptive electrical stimulation 

did not appear to induce a late asymmetry of the MEPs elicited within hand 

muscles of the stimulated and non-stimulated limb (Chen et al., 1999), 

suggesting that the late asymmetric effect of the laser stimulus on motor 
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excitability observed in the present study reflects sensori-motor interactions 

that are specific for nociception. This interpretation is consistent with the 

observations of Pereon and Guiheneuc (1995). In their experiment, MEPs 

were recorded from the right abductor digiti minimi muscle 200-700 ms 

after electrical stimulation of the left median nerve. Especially for high 

stimulation intensities, i.e. when the electrical stimulus was likely to activate 

small-diameter nociceptive afferents, they observed a late-latency 

enhancement of MEPs similar to the enhancement observed in the present 

study. 

4.4 Spinal vs. cortical nociception-motor interactions  

In the present study, we did not test directly the excitability of spinal 

motoneurons. Therefore, we cannot determine with certainty whether the 

late effects of the nociceptive stimulus on motor excitability are due to 

interactions occurring at the level of the spinal cord, or interactions 

occurring at the level of the cortex. Valeriani et al. (1999; 2001) attempted 

to do so by comparing the effects of laser stimulation on the EMG responses 

elicited by TMS and anodal electrical stimulation of M1, assuming that 

anodal stimulation generates responses exclusively related to a direct 

activation of the cortico-spinal tract. However, several studies have 

suggested that this assumption might not always be true (Di Lazzaro et al., 

1998). Other techniques to test spinal excitability suffer from other 

limitations. H-waves recorded by electrical stimulation of a nerve trunk, in 

addition to being influenced by presynaptic, reciprocal and non-reciprocal 

inhibition (Knikou, 2008), are difficult to evoke at rest (Mazzocchio et al., 
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1995) and can be insensitive to changes, depending on the test reflex size 

(Crone et al., 1990). F-waves test only a fraction of the motoneurons pool 

(Espiritu et al., 2003). The recording of MEPs elicited by transcutaneous 

electrical stimulation of the cortico-spinal tract at cervico-medullary level 

could be an interesting mean (Taylor, 2006). However, cervico-medullary 

MEPs are difficult to obtain in relaxed subjects (Matsumoto et al., 2008). We 

attempted to record these responses in pilot experiments, but failed to 

obtain consistent responses compatible with the objective of assessing how 

they are modulated by a preceding laser stimulus. Further experiments 

relying on other techniques to disentangle changes in spinal and supraspinal 

motor excitability are thus needed.   

4.5 Phasic vs. tonic pain 

A number of studies investigated changes in motor excitability induced by 

tonic cutaneous pain (Romaniello et al., 2000; Farina et al., 2001; Fierro et 

al., 2010; Martel et al., 2017) or muscle pain (Romaniello et al., 2000; Le Pera 

et al., 2001; Svensson et al., 2003; Martin et al., 2008; Schabrun and Hodges, 

2012; Schabrun et al., 2013; Burns et al., 2016b). Changes in motor 

excitability induced by tonic pain and phasic pain could have different 

functions and reflect different mechanisms. For example, changes induced 

by phasic pain might be expected to prompt swift protective withdrawal 

responses, whereas changes induced by tonic pain may induce changes in 

motor behavior promoting healing and recovery (Farina et al., 2003).  

Farina et al. (2001) showed that MEPs recorded from several muscles of the 

upper limb are reduced up to 20-30 minutes after the topical application of 
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capsaicin on the skin overlying the FDI and FCR muscles. This inhibitory effect 

was interpreted as originating from a modulation at cortical level, because 

measures of peripheral and spinal excitability (F-, H- and M-waves) remained 

unchanged throughout the experiment. Using paired-pulse measures of 

MEPs, Fierro et al. (2010) brought additional evidence of changes in cortical 

motor excitability induced by tonic cutaneous pain. A similar decrease in 

MEPs was observed after inducing tonic muscle pain (Le Pera et al., 2001; 

Svensson et al., 2003; Martin et al., 2008). The suppression was explained by 

a reduction of excitability of both cortical and spinal motoneurons. Tonic 

muscle pain reduced not only the amplitude of MEPs elicited by M1 

stimulation, but also the amplitude of the H-reflex (Le Pera et al., 2001), as 

well as the MEPs elicited by direct stimulation of descending motor tracts at 

the level of the foramen magnum (Svensson et al., 2003), indicating a 

reduction of spinal motoneuron excitability. Conversely, Martin et al. (2008) 

observed a facilitation of the MEPs elicited by direct stimulation of the 

cortico-spinal tract using cervico-medullary electrical stimulation without 

any concomitant increase of the MEPs elicited by cortical M1 stimulation, 

suggesting a facilitation of spinal motoneurons and a concomitant inhibition 

of cortical motoneurons. Inhibition at cortical level related to phasic and 

tonic pain might constitute a mean to induce a “motor decerebration” 

allowing the spinal motor system to generate stronger protective reflex 

movements (Farina et al., 2003). 
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4.6 Study limitations 

4.6.1 Lack of changes in forearm flexion and extensor 

muscles  

In the supplemental experiment, we attempted to assess the effect of a laser 

stimulus on more proximal muscles controlling the flexion (BB) and 

extension (TB) of the forearm. In contrast with the clear modulation of the 

MEPs recorded from flexor and extensor muscles of the hand, we did not 

observe any significant effect of the nociceptive stimulus on the MEPs 

recorded from flexor and extensor muscles of the forearm. This lack of effect 

contrasts with the results of Valeriani et al. (2001), showing a significant 

decrease of MEPs in the BB muscle 170-220 ms after the onset of the laser 

stimulus. However, both results should be interpreted with caution, as the 

MEPs recorded from forearm muscles were of low amplitude (Figure 3.5). 

This is related to the fact that activation of the motor representation of these 

muscles is more difficult than activation of the large motor representation 

of hand muscles (Wassermann et al., 1992; Metman et al., 1993). The non-

linear stimulus-response curve characterizing the relationship between TMS 

intensity and MEP amplitudes suggests that changes in these motor 

responses are dependent on the baseline amplitude of MEPs (Devanne et 

al., 1997). Therefore, further experiments investigating, for example, 

changes in the stimulus-response curve using a range of TMS stimulation 

intensities could be more appropriate to assess nociception-evoked changes 

in the motor excitability of proximal upper limb muscles.  
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4.6.2 Large-amplitude MEP amplitudes recorded from the 

FDI muscles 

Because the intensity of TMS was set such as to obtain reliable MEPs in FDI, 

FCR and ECR muscles, the MEPs obtained from the FDI muscle had a large 

average amplitude, suggesting that for this muscle, the stimulation was 

probably in the upper part of the sigmoidal input-output curve (Devanne et 

al., 1997). Importantly, this did not prevent us from observing a time-

dependent change in amplitude of the MEPs recorded from the FDI muscle, 

including a significant increase at ISI=100 ms.   

4.6.3 Effect of experimental context 

Our experimental design required participants to rest both volar forearms 

against a table, and to refrain from moving the stimulated hand, in order to 

allow the recording of reliable MEPs. Future studies should examine 

whether limb position, location of the nociceptive stimulus, and the 

instruction to avoid stimulus-evoked movements (Bestmann and Duque, 

2016; Duque et al., 2017) could have contributed to the results of the 

present study as well as the results of previous studies (Valeriani et al., 1999; 

Farina et al., 2001; Valeriani et al., 2001). Furthermore, at the end of each 

trial, participants were asked to verbally report the intensity of the percept 

elicited by the laser stimulus. Performing this task required to evaluate the 

stimulus, maintain information in working memory, and await a warning 

tone. Whether these could have influenced our results should thus be 

considered. An enhancement of MEPs recorded from the tongue has been 

described before the onset of speech. However, this was observed only 
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shortly before speech onset (260 ms) (Neef et al., 2015) and, in the present 

study, the minimum time between the TMS pulse and the verbal report was 

1-2 s. Furthermore, an effect of speech on MEPs recorded from upper-limb 

muscles has, to the best of our knowledge, never been reported. 

Nevertheless, several studies have suggested that working memory tasks 

can induce changes in M1 excitability (Honey et al., 2000; Cairo et al., 2004). 

Most of these studies used protocols requiring the subject to press a button 

(Tomasino and Gremese, 2016). Because participants did not perform any 

manual task, it seems unlikely that such an effect of working memory would 

differentially affect the MEPs elicited in the hand receiving vs. not receiving 

the laser stimulus.  

In conclusion, the present study shows that phasic pain delivered to one of 

the two hand dorsum induces an early excitatory effect on muscles of the 

stimulated hand, possibly related to the spinal nociceptive withdrawal 

reflex. Following this initial enhancement, the nociceptive stimulus induces 

an inhibitory effect in flexor and extensor muscles of both hands, but 

maximal at flexor muscles of the stimulated hand. This later effect may be 

related to nociceptive-motor interactions occurring at cortical level, 

although late interactions at spinal level cannot be ruled out. Finally, we 

show that nociceptive stimuli induce a very late and long-lasting facilitation 

in the flexor and extensor muscles of the non-stimulated hand. This long-

lasting effect, which was not previously observed following non-nociceptive 

stimulation of the median nerve, could be specific for nociception. 

 





237 

 

 

 



238 

 

Chapter 7. Conclusion, further considerations and 
perspectives 

1. Transient nociceptive stimuli induce a time-dependent 

modulation of motor excitability: disentangling 

nociception-motor interactions at spinal and supraspinal 

levels 

Acute pain, because of its intrinsic aversive nature, is an advantage for 

survival. The nociceptive system, from which this perception may emerge, 

conveys the processes allowing to detect and warn any situation that could 

affect bodily integrity. One of the most important function of nociception is 

to trigger an adequate protective response to a threatening event. 

Importantly, generating a prompt motor response in reaction to a sudden 

noxious stimulus is essential for preventing and limiting injury (Iannetti and 

Mouraux, 2010). I showed that short-lasting nociceptive stimuli delivered to 

the hand dorsum was able to trigger a time-dependent modulation of motor 

excitability within flexor and extensor muscles of both the stimulated and 

non-stimulated limb (chapter 3). Indeed, nociceptive stimuli induced an 

early-latency (100 ms) enhancement of MEPs in flexor muscles of the 

stimulated hand. This was followed by a later (150–400 ms) MEP reduction 

in extensor muscles of the stimulated hand and flexor muscles of both 

hands, predominant at the stimulated hand. Finally, a long-lasting (600–

2000 ms) MEP enhancement in muscles of the non-stimulated hand was 

observed. Disentangle spinal from supraspinal mechanisms underlying the 

interactions between pain and the motor system represents a great 
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challenge. Various techniques used to test spinal excitability suffer from 

significant limitations. Motor responses elicited by anodal stimulation of M1 

is often considered as to be related to a direct activation of the cortico-spinal 

tract. However, several studies have suggested that this assumption might 

not always be true (Di Lazzaro et al., 1998). The H-waves, one of the most 

popular techniques for testing spinal motoneurons excitability, is influenced 

by presynaptic, reciprocal and non-reciprocal inhibition (Knikou, 2008). In 

addition, these responses can be difficult to evoke at rest (Mazzocchio et al., 

1995) and can be insensitive to changes, depending of the test reflex size 

(Crone et al., 1990). The F-waves test only a fraction of the motoneurons 

pool. Furthermore, there is not always a concordance between changes 

observed in the H- and F-waves (Espiritu et al., 2003). An attractive 

technique for testing spinal excitability is the recording of cMEPs elicited 

either by transcutaneous electrical or magnetic stimulation of the cortico-

spinal tract at the cervico-medullary level (Taylor, 2006), though these 

responses can be difficult to record at rest (Matsumoto et al., 2008). 

Interestingly, cMEPs do not seem to be affected by presynaptic inhibition 

(Nielsen and Petersen, 1994). One original approach could be to record 

cMEPs elicited by magnetic stimulation of the cortico-spinal tract at the 

cervico-medullary level while concomitantly recording brain responses by 

using EEG. Indeed, the simultaneous recording of brain and spinal responses 

to a magnetic pulse delivered at the cervico-medullary level could be an 

interesting mean to disentangle spinal from supraspinal mechanisms 

underlying pain-motor interactions. Complementary, investigating the 

effects of a brief nociceptive stimulus on SICI, ICF, IHI or the cortical silent 
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period could bring new insights about the contribution of spinal vs. 

supraspinal mechanisms involved in nociception-evoked motor responses. 

Similarly, a complementary approach to investigate phasic pain-evoked 

changes in brain connectivity could be to combine TMS with online 

functional neuroimaging techniques such as EEG (Ilmoniemi et al., 1997).  

2. Assessing nociceptive processing at spinal level using the 

nociceptive withdrawal reflex 

Nociception-evoked motor responses have been extensively investigated at 

spinal level as illustrated by the NWR elicited in various upper and lower limb 

muscles after noxious electrical stimulation of the skin. This short-latency 

response constitutes a first line of defense against potentially tissue 

damaging threats. In most studies, the NWR is elicited either by high-

intensity TES using large surface electrodes or by electrical stimulation of the 

sural nerve in the lateral malleolus space (Sandrini et al., 2005; Andersen, 

2007). Electrical stimuli have the advantage of generating a well 

synchronized afferent volley compatible with the recording of time-locked 

EMG responses such as the withdrawal reflex. Therefore, more consistent 

and reproducible reflexes can then be obtained in comparison to those 

elicited by a purely nociceptive stimulation such as a radiant heat stimulus 

(Andersen, 2007). Because electrical stimuli unavoidably also activate non-

nociceptive afferents, the EMG response evoked by TES consists in one EMG 

burst including two distinct components (Chan and Dallaire, 1989; Dowman, 

1991), referred to as the RII and RIII, and conveyed by non-nociceptive and 

nociceptive fibers, respectively. This incited the researchers to use time 
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windows to minimize the contribution of the RII component (e.g. Plaghki et 

al. (1998), Rhudy and France (2007)). In chapter 4, I characterized the EMG 

responses recorded from lower limb muscles elicited by the preferential 

activation of nociceptors by using IES of the sole of the foot. This study 

showed that the motor responses elicited by IES were significantly delayed 

compared to those elicited by TES of the same skin area. Furthermore, the 

EMG responses obtained by IES consist of two separate EMG bursts. 

Importantly, the early-latency activity elicited by IES appeared significantly 

later than the muscular response elicited by TES, suggesting that these two 

responses are conveyed by distinct populations of fibers conducting 

impulses at different CVs. Based on these observations, I proposed that this 

early-latency activity elicited by IES could represent a “purer” measure of 

the RIII than the EMG responses elicited by more classical techniques such 

as TES. Several studies attempt to elicit the NWR by selectively activating 

heat-sensitive nociceptors by means of high-intensity radiant heat stimuli 

(Hardy, 1953; Willer et al., 1979; Campbell et al., 1991; Andersen et al., 2006; 

Morch et al., 2007). However, in these studies, reflexes were observed in 

less than half of the trials (Andersen et al., 2006; Morch et al., 2007). In our 

study, I recorded motor responses in 80% of trials. However, to elicit 

consistent and reliable IES-evoked responses, pilot experiments were 

needed to improve the placement of the electrode on the sole of the foot. 

Therefore, further investigations should consider increasing the spatial 

summation by using a set of punctate electrodes similar to that used in the 

multi-pin electrode designed to preferentially activate nociceptive afferents 

(and used to deliver HFS in chapter 5). Such electrodes could achieve a high 
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current density at low current intensity allowing the preferential activation 

of nociceptors in the superficial layers of the epidermis.  

3. Pain-motor interactions in the context of central 

sensitization 

Though pain-related changes in motor behaviors can lead to immediate 

benefices, motor adaptation to pain can have long-term negative 

consequences when pain persists for months or years (Hodges and Tucker, 

2011). Cutaneous tissue injuries can be associated with the development of 

hyperalgesia at the site of injury, a phenomenon known as primary 

hyperalgesia. Furthermore, an increased pain sensitivity to mechanical 

stimuli is also observed in the surrounding uninjured skin and is termed 

secondary hyperalgesia (Hardy et al., 1950; LaMotte et al., 1983; Raja et al., 

1984; Dahl et al., 1993). This secondary hyperalgesia is thought to be 

conveyed by central sensitization via, at least in part, a LTP in the spinal cord. 

Interestingly, a prominent clinical feature of central sensitization in 

persistent pain conditions, such as postoperative pain, is hyperalgesia to 

mechanical stimuli in the surrounding uninjured skin (Lavand'homme et al., 

2005). Therefore, I tried in chapter 5 to determine whether the intense 

activation of nociceptors could lead to changes in motor system excitability. 

The effects of HFS of primary nociceptive afferents on the cortical motor 

map generated by TMS were therefore investigated. Surprisingly, HFS of the 

skin does not induce sustained changes in the TMS-mapped representation 

of both intrinsic hand muscle and flexor/extensor muscles of the forearm. 

Importantly, this does not allow to conclude to the absence of HFS-evoked 
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changes in motor system at both spinal and supraspinal levels. Further 

studies, investigating intracortical networks and/or cortico-cortical 

interactions by combining TMS with neuroimaging techniques could help to 

assess possible HFS-related changes in the motor cortex organization. 

Methodological considerations must be also considered. Indeed, in the 

study of chapter 5, a standard MRI provided by the neuronavigation system 

was used to generate a 3D-reconstruction of the scalp allowing an 

instantaneous feedback about the TMS stimulus position. A fixed coil 

orientation of 45° relative to the mid-sagittal line was then used. This 

procedure does not take into account the individual anatomy of the central 

gyrus which shows a characteristic bending in the motor cortex 

representation of hand muscles, the so-called hand-knob (Yousry et al., 

1997). Therefore, neither the TMS coil position relative to the central gyrus 

nor the coil orientation relative to the shape of the central sulcus were 

adjusted during the TMS map procedure. By adapting the TMS coil position 

and its orientation relative to the sulcal shape during the map procedure, 

which could allow to generate a current perpendicular to the central sulcus 

at all mapping sites, I could improve the resolution of the motor mapping 

procedure (Raffin et al., 2015) and decrease the inter-subject variability of 

the TMS map (Kraus and Gharabaghi, 2015). Furthermore, a fixed TMS coil 

orientation at 45° away from the midline could not be the optimal TMS coil 

orientation for all the three muscles investigated in the present study (Bashir 

et al., 2013). More importantly, most studies that investigated the effects of 

the sustained activation of cutaneous nociceptors on motor function used 

experimental models inducing, unlike HFS of the skin, an ongoing pain 
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sensation during the assessment of motor excitability. Therefore, these 

studies do not allow to distinguish the ongoing pain- vs. central sensitization-

induced changes in the motor system. Further studies are thus needed to 

explore the modulation of the motor system excitability in a situation of 

central sensitization without a concomitant ongoing pain sensation.  

Allodynia - a condition in which a stimulus that does not normally evoke pain 

provokes an unexpectedly painful response (Treede et al., 1992; Jensen and 

Finnerup, 2014) – is, as secondary mechanical hyperalgesia, a prominent 

clinical feature in persistent postoperative pain (Jensen and Finnerup, 2014). 

Further studies could try to disentangle spinal vs supraspinal mechanisms 

underlying allodynia by combining the TMS map procedure I used in chapter 

5 with techniques exploring spinal pathways excitability, such as IES and TES 

used in chapter 4. Interestingly, the spinal convergence of non-nociceptive 

and nociceptive inputs could play a role in the pathophysiology of allodynia 

(Ellrich and Treede, 1998). Therefore, combining IES (used as a “purer” 

measure of the nociceptive part of the spinal reflex) with techniques which 

preferentially evoke the RII could help to study the mechanisms underlying 

the clinical phenomenon of allodynia.  

Finally, future TMS studies, by means of a TMS map procedure such as in 

chapter 5 or by combining TMS with neuroimaging techniques, could help to 

explore central mechanisms of the opioid-induced hyperalgesia, a state of 

sensitization of the nociceptive system caused by exposure to opioids (Lee 

M. et al., 2011; Yi and Pryzbylkowski, 2015).  
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4. Changes in brain connectivity related to chronic pain 

Recently, the recording of fMRI-BOLD responses elicited by TMS applied 

over a given brain region has been proposed as a potential non-invasive tool 

to measure directly, and at a given moment in time, the functional 

connectivity between brain regions (Bestmann et al., 2008c).  In the last part 

of this dissertation (chapter 6), I presented a method that I developed to 

combine online TMS with fMRI to study changes in brain connectivity related 

to chronic pain. Our aim was to investigate the feasibility of delivering TMS 

concomitantly to fMRI acquisition by using two flexible surface MRI coils 

placed on both sides of the head rather than a more classical birdcage MRI 

coil. Indeed, the limited space provided by birdcage MRI coils can be an 

obstacle to place the TMS coil over lateral or frontal brain regions. To not be 

restricted by any spatial consideration, I placed the TMS coil at the center of 

the right MRI coil. My specific aim was to validate the recording of BOLD 

responses elicited by TMS of the DLPFC. In further investigations, the 

recording of TMS-evoked BOLD responses could be used to characterize the 

supraspinal activity-dependent changes underlying the chronification of 

pain. More specifically, the DLPFC seems to be an appropriate target in CLBP 

patients for such a project. Indeed, the DLPFC is a superficial structure easily 

reached with a figure-of-eight coil. In addition, consistent structural changes 

were reported in various chronic pain conditions. However, despite these 

structural alterations, changes in the functional connectivity between the 

DLPFC and remote brain areas are rarely reported in the literature 

(Seminowicz and Moayedi, 2017). This can be explained, at least in part, by 
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the fact that the DLPFC is not easily identifiable by the resting-state 

approach. On the other hand, CLBP patients represent one of the most 

frequent chronic pain state in our societies (Andersson, 1999). The variability 

in fMRI data across subjects (i.e. intersubject variability) and from a single 

subject (i.e. intrasubject variability) should be a point of interest because of 

the heterogeneity of CLBP patients regarding their etiologies, their 

associated comorbidities or their drugs consumption (Dolman et al., 2014). 

The concurrent TMS-fMRI approach could also be used to explore the 

changes in functional connectivity induced by experimental acute pain in 

patients suffering from chronic pain in comparison to healthy subjects. 

Indeed, cerebral processes which underlie acute pain seem to differ in 

healthy subjects vs chronic pain patients (Apkarian et al., 2009).  
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Appendices 

A. Report of one confirmed generalized seizure and one 

suspected partial seizure induced by deep continuous 

theta burst stimulation of the right operculo-insular 

cortex 

Lenoir C.#, Algoet M.#, Vanderclausen C., Peeters A., Ferrao Santos S. and Mouraux 
A. Report of one confirmed generalized seizure and one suspected partial seizure 
induced by deep continuous theta burst stimulation of the right operculo-insular 
cortex. Brain stimul. 2018; 11(5):1187-1188 

# Both authors contributed equally 

Dear Editor,  

We report one confirmed generalized epileptic seizure and one suspected 

partial epileptic seizure that occurred during short (20s) continuous theta 

burst stimulation (cTBS) over the right operculo-insular cortex. Combined 

with psychophysics performed before and after cTBS, the aim of the 

procedure was to test whether modulation of the operculo-insular cortex 

affects the perception of thermal, nociceptive and tactile stimuli delivered 

to the ipsilateral and contralateral hands.  

Our report is the second describing epileptic seizures triggered by cTBS 

(Oberman and Pascual-Leone, 2009). Case 1 was a 25-year-old healthy 

woman with no medical history other than the fact that, two days before the 

event, she took 150 mg fluconazole and 3x500 mg ornidazole to treat a 

benign, acute and local non-neurological infection. Case 2 was a 23-year-old 

healthy man with no medical history. He was not under any medication. The 
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two participants had no risk factor for epilepsy and no contraindication to 

cTBS (Rossi et al., 2009). 

The study was approved by the ethical committee of UCLouvain 

(B403201316436). All participants provided written informed consent. In 

both cases, cTBS was delivered with a MagPro X100 stimulator. Biphasic 

pulses – with an anterior-posterior eddy current direction – were delivered 

using a 70-mm double-cone coil (Model D-B80) designed for deep 

stimulation. The coil was positioned tangentially over the scalp covering the 

right Sylvian fissure with the handle pointing occipitally. The exact position 

of the coil over the dorsal-posterior operculo-insular cortex was achieved by 

means of a MRI-guided neuronavigation system. The stimulation intensity 

was set to 80% of the average of the left and right tibialis anterior resting 

motor thresholds (rMT; 52% of the maximal stimulator output (MSO) in case 

1 and 39% MSO in case 2). This intensity of stimulation was chosen based on 

a report of repetitive TMS (rTMS) of the insula (Ciampi de Andrade et al., 

2012). The rMT was determined following the guidelines of the International 

Federation of Clinical Neurophysiology (Rossini et al., 1994). A short cTBS 

protocol was used, comprised of 100 trains of 3 biphasic pulses delivered at 

50Hz with a 200ms inter-train interval (total of 300 pulses). The experiments 

took place in the Université catholique de Louvain (Brussels, Belgium) under 

the supervision of a neurologist. During stimulation, the participants were 

comfortably positioned in left lateral decubitus. To reduce the scalp 

discomfort associated with the delivery of cTBS, 45 minutes before cTBS, the 

skin area located under the TMS coil was treated with 2.5 g of topical 

lidocaine/prilocaine cream (EMLA, AstraZeneca). The participants were 
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provided with earplugs and a mouth-guard to reduce discomfort due to the 

sound and the peripheral muscular activation induced by TMS. 

Case 1. The event occurred approximately 15 seconds after the beginning of 

cTBS. The stimulation was interrupted during the 93rd train of pulses. During 

the first 10 seconds of cTBS the participant had euphoric thoughts 

immediately followed by mild bilateral paraesthesias at the fingertips, which 

progressively increased in the left (contralateral to cTBS) upper limb. A 

dystonic attitude started in the left hemibody followed by clonic movements 

of the upper and lower limbs and eyes rotation. The participant then tried 

to sit with a feeling of panic. She recovered within one minute after the 

onset of the episode. The participant reported afterward that she was not 

able to speak or move especially the left upper and lower limbs during the 

incident. She also described dyspnea associated with sensations of laryngeal 

constriction and thoracic oppression. The neurologist and experimenters 

confirmed these manifestations (dyspnea, dysarthria and tonic contraction 

with a striking facial asymmetry). The participant remained conscious. She 

had no post-ictal confusion. Within 20 minutes, she was admitted to the 

Department of Neurology of Saint-Luc University Hospital where an 

electroencephalogram (EEG) examination was performed and did not reveal 

any epileptic activity nor post-ictal signs. Neurological examination was 

normal. A T1 structural MRI did not reveal any lesion or structural 

abnormality. A 24-hours EEG performed a few weeks after the event was 

normal. 
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Case 2. The event occurred approximately 10 seconds after the beginning of 

cTBS. The stimulation was stopped during the 65th train of pulses. As in case 

1, during the first seconds of cTBS the participant had euphoric thoughts 

immediately followed by grunts and a dystonic attitude predominantly of 

the right (ipsilateral) hemibody, which tended to become bilateral and 

followed by generalized clonic movements during approximately 2 minutes. 

TMS was interrupted as soon as the experimenters noted the change in 

behavior. The participant became unresponsive and presented a stertorous 

respiration. He had post-ictal confusion during approximately 30 minutes. 

He was admitted to the Emergency Department of Saint-Luc University 

Hospital. Neurological examination was normal. A T1 structural MRI did not 

reveal any lesion or structural abnormality. Both subjects recovered fully.  

Our observations suggest that deep cTBS of the operculo-insular cortex 

triggered two epileptic seizures with an operculo-insular onset. In case 1, the 

seizure was very short lasting and remained focal. In case 2, the seizure was 

also short lasting, initially focal, but with secondary generalization. 

Supporting an operculo-insular onset is the fact that the clinical 

manifestations and their sequence are highly like the manifestations of 

insular lobe seizures (Isnard et al., 2004; Wynford-Thomas and Powell, 

2017). 

In healthy volunteers, the seizure risk associated with TBS appears to be 

extremely low. Seizure occurrences after TBS and other high-frequency 

rTMS protocols are respectively estimated to 0.02% and less than 0.1% 

(Rossi et al., 2009; Oberman et al., 2011). The fact that deep cTBS of the 

operculo-insular cortex triggered two seizures out of only 18 participants 
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suggests that this specific protocol is associated with a higher risk of TMS-

induced seizures. Two potential factors could have contributed to this 

increased risk. First, as compared to standard figure-of-eight coils, the 

double-cone coil can achieve significantly deeper field penetration, but at 

the expense of more intense and widespread electrical fields (Deng et al., 

2014). Therefore, the volume of cortex that is synchronously stimulated by 

each TMS pulse is probably markedly increased as well as the electric field 

affecting the superficial cortex. These two factors potentially increase the 

risk of TMS-induced seizures. Current safety guidelines for rTMS have been 

proposed only for standard figure-of-eight coils (Rossi et al., 2009; Oberman 

et al., 2011) and may not be fully applicable to other coil designs (Deng et 

al., 2014). Nevertheless, it is important to stress that numerous previous 

studies have delivered deep rTMS using double cone coils at comparable or 

even higher intensities to what was delivered here without any report of 

TMS-induced seizure (Benito et al., 2012; Kreuzer et al., 2015). This suggests 

that deep cTBS of the operculo-insular cortex could be associated with a 

higher seizure risk than deep cTBS of other deep regions, e.g. cingulate or 

lower limb motor cortices. 
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B. Deep continuous theta burst stimulation of the 

operculo-insular cortex selectively affects Aδ-fiber heat 

pain 

Lenoir C.#, Algoet M.# and Mouraux A. Deep continuous theta burst stimulation of 
the operculo-insular cortex selectively affects Aδ-fiber heat pain. J Physiol 2018; 
596, 4767-4787 

# Both authors contributed equally 

Abstract 

Previous studies have suggested a pivotal role of the insular cortex in 

nociception and pain perception. Using a double-cone coil designed for deep 

transcranial magnetic stimulation, our objective was to assess (1) whether 

continuous theta burst stimulation (cTBS) of the operculo-insular cortex 

affects differentially the perception of different types of thermal and 

mechanical somatosensory inputs, (2) whether the induced after-effects are 

lateralized relative to the stimulated hemisphere, and (3) whether the after-

effects are due to neuromodulation of the insula or neuromodulation of the 

more superficial opercular cortex. Seventeen participants took part in two 

experiments. In Experiment 1, thresholds and perceived intensity of Aδ- and 

C-fiber heat pain elicited by laser stimulation, non-painful cool sensations 

elicited by contact cold stimulation and mechanical vibrotactile sensations 

were assessed at the left hand before, immediately after and 20 min after 

deep cTBS delivered over the right operculo-insular cortex. In Experiment 2, 

Aδ-fiber heat pain and vibrotactile sensations elicited by stimulating the 

contra-lateral and ipsilateral hands were evaluated before and after deep 

cTBS or superficial cTBS delivered using a flat figure-of-eight coil. Only the 
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threshold to detect Aδ-fiber heat pain was significantly increased 20 min 

after deep cTBS. This effect was present at both hands. No effect was 

observed after superficial cTBS. Neuromodulation of the operculo-insular 

cortex using deep cTBS induces a bilateral reduction of the ability to perceive 

Aδ-fiber heat pain, without concomitantly affecting the ability to perceive 

innocuous warm, cold or vibrotactile sensations. 

1. Introduction 

There is increasing – but somewhat conflicting – evidence that the operculo-

insular cortex plays an important role in pain perception (Starr et al., 2009; 

Davis et al., 2015; Segerdahl et al., 2015; Feinstein et al., 2016; Liberati et al., 

2016). This has led some authors to propose that neuromodulation of the 

operculo-insular cortex could constitute a means to alleviate chronic pain 

(Ciampi de Andrade et al., 2012; Galhardoni et al., 2015; Segerdahl et al., 

2015; Moisset et al., 2016). Supporting a central role of the operculo-insular 

cortex in nociception and pain is the observation that more than 40% of the 

spino-thalamic tract is relayed by thalamic neurons projecting to the insular 

cortex in primates (Dum et al., 2009). Second, brain responses elicited by 

painful stimuli have been consistently observed in the human operculo-

insular cortex using functional magnetic resonance imaging, positron 

emission tomography, and intracerebral electro-encephalography (Peyron 

et al., 2002; Mazzola et al., 2012). Interestingly, intracerebral recordings 

performed in patients have shown that nociceptive stimuli elicit early-

latency responses in both the contralateral and ipsilateral operculo-insular 

cortex (Frot et al., 1999; Peyron et al., 2002). Several authors have proposed 
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that the posterior part of the operculo-insular cortex could be more 

specifically involved in the processing of nociceptive inputs and in pain 

perception (Segerdahl et al., 2015). Indeed, direct intracerebral electrical 

stimulation of the dorsal-posterior insular cortex can elicit painful 

sensations, especially when the posterior part of the insular cortex is 

stimulated (Ostrowsky et al., 2002; Afif et al., 2008; Mazzola et al., 2009; 

Mazzola et al., 2012), but not when other brain areas activated by 

nociceptive stimuli were stimulated such as the primary somatosensory 

cortex (S1) or the anterior cingulate cortex (ACC) (Hutchison et al., 1999; 

Mazzola et al., 2006; Mazzola et al., 2012). However, it is important to note 

that painful sensations were reported in only 26 out of 101 patients 

(Ostrowsky et al., 2002; Mazzola et al., 2006; Afif et al., 2008; Mazzola et al., 

2009; Stephani et al., 2011) and for only 10% of the stimuli delivered to this 

region (Ostrowsky et al., 2002; Mazzola et al., 2006; Afif et al., 2008; Mazzola 

et al., 2009). Finally, whether lesions of the posterior insula and adjacent 

parietal operculum impair the ability to perceive thermal sensations and/or 

pain remains debated. Garcia-Larrea et al. (2010) retrospectively studied 

270 patients suffering from somatosensory abnormalities after stroke. Five 

of these patients had a selective impairment of thermonociception. All of 

these patients had lesions involving the posterior operculo-insular cortex. 

However, a later review of 24 patients with unilateral stroke lesions 

primarily affecting the insular cortex reported no changes in cold, heat or 

mechanical pain thresholds (Baier et al., 2014). Furthermore, Starr et al. 

(2009) reported two patients with extensive lesions of the insular cortex, 

and unscathed abilities to perceive and evaluate pain (see also Feinstein et 
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al. (2016)). In fact, these patients even exhibited increased pain ratings to 

noxious heat stimuli as compared to age-matched controls. The noxious 

stimuli also elicited stronger activity in primary and secondary 

somatosensory cortices (S1 and S2), suggesting a functional reorganization 

of nociceptive processing. Whether the perception of thermal and/or 

nociceptive stimuli depends on the function of the operculo-insular cortex 

in healthy individuals thus remains a very open question. In the present 

study, we attempted to address this question by characterizing the after-

effects of repetitive transcranial magnetic stimulation (rTMS) delivered over 

the posterior operculo-insular cortex on the perception elicited by a set of 

somatosensory stimuli selectively activating heat- or cold-sensitive afferents 

of the spino-thalamic system, and mechano-sensitive afferents of the 

lemniscal system. Because of the deep location of the insula, the TMS pulses 

were delivered using a double-cone coil specifically designed to reach deep 

cortical targets such as the representation of the lower limb in the primary 

motor cortex (M1) (Stokic et al., 1997; Terao et al., 2000; Groppa et al., 2012; 

Deng et al., 2014). This procedure was recently proposed by Ciampi de 

Andrade et al. (2012), who also showed that repetitive TMS delivered at 10 

Hz over the operculo-insular cortex using a double cone coil is safe and well 

tolerated. We chose to deliver repetitive TMS using a protocol referred to as 

continuous theta-burst stimulation (cTBS; Huang and Rothwell (2004)). 

Applied to the hand representation of the motor cortex, this protocol has 

been shown to have an inhibitory effect on motor-evoked potentials (MEPs) 

lasting at least 20 min after the stimulation (Huang et al., 2005). In addition 

to testing whether cTBS delivered over the operculo-insular cortex 
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differentially affects the ability to perceive thermal and/or nociceptive 

inputs conveyed by the spinothalamic system, we also examined whether 

the after-effects are restricted to the perception of sensory inputs 

originating from the hemibody contralateral to the operculo-insular cortex 

targeted by cTBS, or whether they affect similarly the perception of inputs 

originating from both hemibodies. As mentioned above, numerous studies 

reported bilateral operculo-insular activation by nociceptive stimuli (Coghill 

et al., 1999; Maihofner et al., 2002; Peyron et al., 2002; Garcia-Larrea et al., 

2003; Iannetti et al., 2005; Mazzola et al., 2009; Mazzola et al., 2012). 

Therefore, modulating the excitability of one insula might affect not only the 

processing of inputs originating from the contralateral hemibody but also 

from the ipsilateral hemibody. Finally, deep cTBS delivered using a double-

cone coil can be expected to affect not only the targeted structure but also 

more superficial structures such as S2 (Valmunen et al., 2009; Lockwood et 

al., 2013). For this reason, we also compared the after-effects of deep cTBS 

delivered using a double-cone coil to the after-effects of superficial cTBS 

delivered using a conventional flat figure-of-eight coil. 

2. Methods 

Ethical approval. The experiments were conducted according to the latest 

revision of the Declaration of Helsinki, except for registration in a database. 

Approval for the experimental procedures was obtained from the local 

ethics committee (Commission d’Ethique Biomedicale Hospitalo-Facultaire) 

of the Université catholique de Louvain (B403201316436). All participants 
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were informed of the experimental procedures, provided written informed 

consent and were financially compensated for their participation.  

Subjects. A sample size of 10 participants was planned in both experiments. 

A neurologist screened all participants for contra-indications to TMS (Rossi 

et al., 2009). None of them had any history of psychiatric or neurological 

disorders including migraine and epilepsy or family history of seizure. None 

of the participants was allergic to lidocaine. All participants were right 

handed (Flinders Handedness Survey; Nicholls et al. (2013)). Eleven healthy 

volunteers (3 women/8 men; 29.2 ± 5.3 years; range 23–41 years) took part 

in Experiment 1. Eight healthy volunteers (3 women/5 men; 23.3 ± 1.7 years; 

range 20–26 years) took part in Experiment 2. In both experiments, cTBS was 

delivered over the right operculo-insular cortex. In one participant of 

Experiment 1, cTBS triggered a partial seizure starting with a very transient 

euphoria followed by a dystonic attitude of the left hemibody and hemiface, 

anxiety, a feeling of thoracic oppression and dysarthria lasting less than 1 

min. Lateralization of the symptoms was difficult to confirm because the 

participant was positioned in left lateral decubitus when receiving cTBS. 

Subsequently, in one participant of Experiment 2, cTBS triggered similar 

symptoms with a dystonic attitude of the right hemibody and hemiface 

followed by a generalized tonicoclonic seizure lasting approximately 3 min, 

and acute post-ictal confusion. The two subjects fully recovered after the 

incident. The data of these two participants was excluded from the analyses, 

and the decision was taken to end the study. These two seizures induced by 



258 

 

deep cTBS of the operculo-insular cortex have been fully described 

elsewhere (Lenoir et al., 2018b).  

Experimental design. In Experiment 1, we examined whether deep cTBS 

delivered using a double-cone coil over the right operculo-insular cortex 

differentially affects the perception of transient heat, cool and vibrotactile 

stimuli delivered to the contralateral hand by comparing detection 

thresholds and intensity of perception before cTBS (T0), immediately after 

cTBS (T1), 10 min after cTBS (T2) and 20 min after cTBS (T3) (Figure 1). In 

Experiment 2, we examined – in two separate sessions whose order was 

counterbalanced across participants – whether deep cTBS delivered using a 

double-cone coil and superficial cTBS delivered using a flat figure-of-eight 

coil over the right operculo-insular cortex differentially affects the 

perception of transient heat and vibrotactile stimuli delivered to the 

contralateral and ipsilateral hands. Detection thresholds were determined 

before (T0), immediately after (T1) and 20 min after (T3) cTBS. Reaction 

times, intensity and quality of perception elicited by suprathreshold stimuli 

were assessed before (T0) and 10 min after cTBS (T2). In both experiments, 

all assessments were completed within 30 min after ending cTBS. Our 

experimental design did not include a sham condition, because our aim was 

to assess the differential effect of deep vs. superficial cTBS delivered over 

the operculo-insular cortex. Furthermore, a control condition with sham 

cTBS would not have matched the strong sensations associated with the 

delivery of cTBS over the lateral aspect of the skull resulting in part from the 

peripheral activation of the temporalis muscle. 
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Figure 1. Experimental design. Both experiments followed the same 

procedure. Detection thresholds were monitored before (T0), immediately 

after (T1) and 20 min after cTBS (T3). The perceived intensity elicited by 

suprathreshold stimuli was monitored before (T0) and 10 min after cTBS 

(T2). Note that the threshold measurements at T0 and T1 and the perception 

evaluation at T0 and T2 were separated by approximately the same amount 

of time. In Experiment 1, thresholds and perception were assessed for four 

modalities: Aδ-heat, C-heat, Aδ-cool and Aβ-vibrotactile stimuli delivered on 

the contralateral hand (left) relative to the right insular cortex onto which 

deep cTBS was applied. In Experiment 2, sensory changes were assessed for 

two modalities: Aδ-heat and Aβ-vibrotactile stimuli delivered on the 

contralateral and ipsilateral hand at the same time points before and after 

deep cTBS of the operculo-insular cortex or superficial cTBS of the 

operculum. The experimental procedures were completed within 30 min 

following cTBS. 

Determination of the dorsal posterior operculo-insular target. The target 

of cTBS was determined using individual 3D T1-weighted structural magnetic 

resonance imaging (MRI) data of the whole head (1 mm × 1mm × 1 mm; 3T 

Achieva; Philips Healthcare, Amsterdam, The Netherlands), acquired before 

the experiment. The right insular cortex was identified on the 3D MRI image 

of each participant (Ciampi de Andrade et al., 2012). A landmark was 

positioned over the dorsal-posterior region of the insular cortex, 
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corresponding to the dorsal portions of the anterior and posterior long gyrus 

(Figure 2; Nieuwenhuys (2012)).  

 

Figure 2. Localization of the target sites in the dorso-posterior insular cortex 

and the localization of the positions of the TMS coil. A, position of the TMS 

double cone coil with the handle pointing backwards during the cTBS 

protocol; the participants were lying in left lateral decubitus position. B, 

localization of the target sites in the dorso-posterior insular cortex (black 

circles; MNI coordinates x: [34 to 42], y: [−17 to−5], z: [4 to 14]) defined on 

individual 3D structural MRI image for the MRI-guided neuronavigation 

system. C, projections on the cortical surface of the position of the center of 

the TMS coil (white circles) at which cTBS was applied for all participants; 

the corresponding target markers in the dorsal posterior insula are indicated 

by the black circles; the location of the insula is indicated in dark grey. The 

apparent discrepancy between the target markers and the position of the 

coil is due to the 2D visualization of the different orientations of the TMS coil 

according to the individual curvature of the head (MNI Colin 27 brain 

reconstruction adapted from JuBrain; Mohlberg et al. (2012)). 

The Visor2 neuronavigation system (Visor 2.1 and Visor 2.3.3, Advanced 

Neuro Technologies, Enschede, The Netherlands) was used to generate a 3D 

reconstruction of scalp and cortical volumes using the individual MRI data, 
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to coregister 3D space with the reconstructed MRI space using landmark-

based markers (nasion and tragi) followed by head-shape matching (Wang 

et al., 1994; Gugino et al., 2001), and to accurately position and monitor the 

target of the TMS coil relative to the defined MRI target.  

Continuous theta-burst stimulation. To reduce the scalp discomfort 

associated with the delivery of cTBS, 45 min prior to the experiment, 2.5 g 

of lidocaine cream (EMLA cream; AstraZeneca, Brussels, Belgium) was 

applied on the scalp of the participants where the coil would be positioned 

(Borckardt et al., 2006). Furthermore, during cTBS, participants were 

provided with ear plugs and a mouth guard to reduce discomfort due to the 

sound generated by the TMS pulses and teeth contact resulting from the 

peripheral activation of the temporalis muscle, respectively. During 

stimulation, the participants were comfortably positioned in left lateral 

decubitus. The stimulation consisted of trains of three biphasic pulses 

(280μs) delivered at 50 Hz, repeated every 200 ms (i.e. 5Hz; Huang and 

Rothwell (2004); Huang et al. (2009)) during 20 s (total number of pulses: 

300; Di Lazzaro et al. (2005); Huang et al. (2005)). The TMS pulses were 

generated using a MagPro X100 magnetic stimulator (Magventure, Farum, 

Denmark). The direction of the current induced in the brain was set to the 

anterior–posterior posterior–anterior (AP-PA) direction. In both 

experiments, the TMS coil (double cone coil or figure-of-eight coil) was 

positioned tangentially to the scalp on the right temporoparietal region with 

the handle pointing towards the back of the head, approximately parallel to 

the midline (Fig. 2A). In Experiments 1 and 2, deep cTBS of the operculo-
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insular cortex was delivered using an angled double-cone coil designed for 

deep stimulation (70 mm; D-B80 Butterfly Coil; MagVenture). The intensity 

of the TMS pulses was set individually to 80% of the average of the resting 

motor thresholds (rMT) obtained for the left and right tibialis anterior (TA). 

The TA-rMT was determined as the minimum intensity required to elicit 

MEPs 50μV (peak-to-peak amplitude between 20 and 50 ms after stimulus 

onset; Rossini et al. (2015)) in the contralateral TA in at least 5 out of 10 

consecutive trials. This approach to determine stimulation intensity was 

used previously by Ciampi de Andrade et al. (2012), in a study aiming to 

modulate the insular cortex using a double-cone TMS coil, and is justified by 

the fact that the distance from the skull to the motor representation of the 

lower limbs in M1 is similar to the distance from the scalp to the insular 

cortex (respectively 47.1 ± 4.8 and 48.8 ± 4.2 mm; Ciampi de Andrade et al. 

(2012)). In Experiment 2, superficial cTBS over the operculo-insular cortex 

was delivered using a flat figure-of-eight coil (75 mm; C-B60 Butterfly Coil; 

MagVenture). The intensity of the TMS pulses was set individually to 80% of 

the average of the rMTs of the right and left first dorsal interosseous (FDI). 

Deep cTBS was delivered such as in Experiment 1.  

Skin temperature. Skin temperature of the contralateral hand dorsum in 

Experiment 1 and of both hand dorsums in Experiment 2 was measured 

before and after each time point measurement, using an infrared 

thermometer (Raytek MI3, Raytek Corp., Santa Cruz, CA, USA).  

Sensory stimulation. Transient heat stimuli consisted of radiant heat pulses 

(CO2 laser; 100 ms duration; 6 mm diameter flat-top beam) delivered to the 
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hand dorsum and generated by a temperature-controlled CO2 laser (Laser 

Stimulation Device; SIFEC, Ferrières, Belgium). These stimuli could be  

expected  to  generate  responses  related  to  the selective activation of 

heat-sensitive Aδ- and/or C-fibres (Towell et al., 1996; Mouraux et al., 2003; 

Plaghki and Mouraux, 2003). To avoid habituation and/or sensitization 

effects, the target of the laser was slightly displaced after each stimulus by 

approximately 2 cm. Transient  cool  stimuli consisted  of  fast  cooling  of  

the hand  dorsum  skin  (200°C s−1;  200  ms  duration; 125 mm2 probe 

surface) using a novel contact cold stimulator  based  on  micro-Peltier  

elements  (TCS; QST.Lab, Strasbourg, France). These stimuli would be 

expected to generate responses related to the selective activation of cool-

sensitive Aδ-fibers (Simone and Kajander, 1997). Such as for laser stimuli, 

the location of the probe on the skin was slightly displaced after each 

stimulus by approximately 2 cm. Transient vibrotactile stimuli consisted of 

short lasting mechanical vibrations (300 Hz frequency; 100 ms duration; 20 

mm diameter round-tipped probe) delivered to the index finger tip and 

generated by a piezo-electric actuator (VTS, Arsalis, UCL, Louvain-la-Neuve, 

Belgium). These stimuli could be expected to generate responses related to 

the selective activation of low-threshold Aβ-fibre mechanoreceptors.  

Detection thresholds. Detection thresholds were determined using an 

adaptive staircase procedure based on the detection of the stimulus 

(Churyukanov et al., 2012). Participants were requested to press a button 

held in the contralateral hand as soon as they detected the stimulus 

delivered on the other hand dorsum. The intensity of the next stimulus was 
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decreased or increased by a fixed amount, depending on whether the 

previous stimulus was detected or undetected, respectively. The threshold 

was computed by averaging the intensities of the four stimuli at which a 

staircase reversal occurred (detected stimulus followed by undetected 

stimulus or the reverse). In Experiment 1, four different detection thresholds 

were assessed at the left hand dorsum using four randomly intermingled 

staircases: C-fiber heat detection threshold, Aδ-fiber heat detection 

threshold, cool detection threshold and vibrotactile detection threshold (Fig. 

3).  
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In Experiment 2, two different detection thresholds were assessed at both 

the left hand dorsum and the right hand dorsum: Aδ-fiber heat detection 

threshold and vibrotactile detection threshold. The stimuli of these two 

modalities were alternatively delivered to one of the two hands, followed by 

the same procedure on the other hand. In both experiments, the time 

Figure 3. Example of the threshold 

intermingled staircase procedure for 

Experiment 1. In this representative 

participant, the first stimulus delivered 

was Aβ-vibrotactile (1; lower panel) 

followed by a C-heat stimulus (2) 

followed by a Aδ-cool stimulus (3) 

followed by an Aδ-heat stimulus (4; 

upper panel). The order is indicated by 

the arrows. This sequence was repeated 

until four reversals (open circles) were 

obtained for each modality. The order of 

the modalities was counterbalanced 

across participants. The different 

thresholds were computed within each 

modality by averaging stimulation 

intensities of the first four staircase 

reversals. In Experiment 2, the 

procedure was the same with 

alternative delivery of Aδ-heat and Aβ-

vibrotactile stimuli. This procedure was 

conducted on one hand at a time. The 

order of the first tested hand was 

counterbalanced across participants. 
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interval between two successive stimuli varied between 10 and 20 s. For 

each type of stimulus, the staircase was ended as soon as four reversals had 

occurred. Several previous studies have shown that, for transient heat 

stimuli applied onto the skin, the detection threshold to C-fiber input is 

markedly lower than the detection threshold to Aδ-fiber input. Therefore, if 

detection of the stimulus is used as sole criterion, the estimated threshold 

will be related to the ability to detect input conveyed by heat-sensitive C-

fibers. Conversely, if detection of the stimulus with a reaction time (RT) 

compatible with the conduction velocity of myelinated Aδ-fibers is used as 

criterion, the estimated threshold will be related to the ability to detect 

input conveyed by heat-sensitive Aδ-fibers (Towell et al., 1996; Mouraux et 

al., 2003; Plaghki and Mouraux, 2003). C-fiber heat detection thresholds 

were thus estimated with a staircase procedure using detection of the CO2 

laser stimulus as sole criterion. To reduce the number of steps required to 

estimate the threshold, the temperature of the first stimulus of the staircase 

was set close to the expected threshold (41°C; Meyer and Campbell (1981); 

Treede et al. (1995); Namer et al. (2009); Wooten et al. (2014)). Aδ-fiber heat 

detection thresholds were estimated with a staircase procedure using 

detection of the CO2 laser stimulus with a RT<650 ms as criterion. The 

temperature of the first stimulus of the staircase was set to 46°C. For both 

staircases, step size was 1°C until the first reversal was obtained and then 

set to 0.5°C. Because transient innocuous cooling of the skin produces 

sensations strictly related to the activation of cool-sensitive Aδ-fibers 

(Mackenzie et al., 1975; Campero and Bostock, 2010), Aδ-fiber cool 

detection thresholds were estimated with a staircase procedure using 
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detection of the cool stimulus as sole criterion. The intensity of the first 

stimulus of the staircase was set to a temperature decrease of −1°C relative 

to baseline skin temperature. Step size was 0.5°C until the first reversal was 

obtained and then set to 0.25°C. Aβ-fiber vibrotactile detection thresholds 

were also estimated using detection as sole criterion. The intensity of the 

first stimulus of the staircase was set to 0.16 μm (detection threshold of 300 

Hz vibration; Freeman and Johnson (1982); Bensmaia (2008)). Step size was 

0.05 μm until the first reversal was obtained and then set to 0.02 μm. In both 

experiments, the modality of the first stimulus of the intermingled staircases 

was counterbalanced across participants. In Experiment 2, the hand which 

was tested first was also counterbalanced across participants. In both 

experiments, to reduce the number of steps required to estimate the 

threshold at T1 and T3, the intensity of the first stimulus of the staircase was 

set to the threshold obtained at the preceding time point.  

Intensity of perception to suprathreshold stimuli. In Experiment 1, 

participants were asked to report verbally the intensity of perception elicited 

by supra-threshold high-intensity heat stimuli co-activating Aδ-and C-fiber 

heat-sensitive afferents, low-intensity heat stimuli preferentially activating 

low-threshold heat-sensitive C-fiber afferents, cool stimuli and vibrotactile 

stimuli. Ratings were provided using a numerical rating scale (NRS) ranging 

from 0 (no perception) to 100 (maximal conceivable intensity). For each of 

the four modalities, a block of 10 stimuli was delivered on the left hand 

dorsum of all participants. In Experiment 2, the same procedure was used to 

assess the intensity of the percept elicited by suprathreshold Aδ-heat and 
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Aβ-vibrotactile stimuli delivered to the left and right hands. In both 

experiments, the order of the blocks was counterbalanced across 

participants. Furthermore, in Experiment 2, reaction times to the 

suprathreshold stimuli were recorded, and participants were asked to 

describe the quality of the percept elicited by suprathreshold stimuli by 

selecting one item from a list of seven descriptors for Aδ-heat stimuli (‘not 

perceived’, ‘light touch’, ‘touch’, ‘tingling’, ‘warm’, ‘pricking’ and ‘burning’) 

and a list of five descriptors for Aβ-vibrotactile (‘not perceived’, ‘light touch’, 

‘touch’, ‘flutter’ and ‘vibration’) (Ochoa and Torebjork, 1983; Nahra and 

Plaghki, 2003; Mouraux et al., 2010). Suprathreshold Aδ-heat stimuli 

consisted of 60°C CO2 laser pulses. Suprathreshold C-heat stimuli consisted 

of CO2 laser pulses delivered at a target temperature corresponding, for each 

participant, to the mean of Aδ- and C-fiber heat detection thresholds 

estimated before cTBS (44 ± 1.8°C), i.e. a temperature expected to be above 

the threshold of C-fibers, but below the threshold of Aδ-fibers. 

Suprathreshold Aδ-cool stimuli consisted of cooling of the skin down to 10°C. 

Supra-threshold Aβ-vibrotactile stimuli consisted of mechanical vibrations of 

95 μm amplitude. 

Statistics. Statistical analyses were conducted using SPSS Statistics version 

25 (IBM Corp., Armonk, NY, USA). Significance threshold was set at p<0.05. 

In Experiment 1, to assess the differential effects of cTBS on the detection 

thresholds to heat, cool and vibrotactile stimuli, a two-way repeated-

measures ANOVA (RM-ANOVA) was conducted with the factor ‘time’ (T0: 

before cTBS, T1: immediately after cTBS, T3: 20 min after cTBS) and 
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‘modality’ (Aδ-heat, C-heat, Aδ-cool, Aβ-vibrotactile). The same design was 

used to assess changes in perceived intensity to suprathreshold stimuli, 

except for the fact that the factor ‘time’ had only two levels (T0: before cTBS, 

T2: 10 min after cTBS). With this model, an interaction between the factors 

‘time’ and ‘modality’ would indicate a differential effect of cTBS on the 

responses to the different types of stimuli. In Experiment 2, separate four-

way RM-ANOVAs with the factors ‘time’, ‘treatment’ (deep vs. superficial 

cTBS), ‘modality’ (Aδ-heat vs. Aβ-vibrotactile) and ‘side’ (stimuli delivered to 

the contralateral vs. ipsilateral hand) were used to assess changes in 

detection thresholds, RTs and intensity of the perception elicited by 

suprathreshold stimuli. Because of the absence of any significant effect of 

‘side’ (all p>0.114), measures from both sides were merged and further 

analyzed using three-way RM-ANOVAs with the factors ‘time’, ‘treatment’ 

and ‘modality’. With this model, a two-way interaction between the factors 

‘time’ and ‘modality’ would indicate that both deep and superficial cTBS 

exert, at both hands, a differential effect on the responses to the two types 

of stimuli, but that the effects of deep and superficial cTBS are similar. A 

three-way interaction between the factors ‘time’ × ‘treatment’ × ‘modality’ 

would indicate that deep and superficial cTBS differentially modulate the 

responses to the two types of stimuli. When necessary a Greenhouse–

Geisser correction was performed (denoted FG-G). When justified, the effects 

were further assessed using univariate within-subjects contrasts and/or 

pairwise comparisons using a paired-sample Student’s t test, Bonferroni-

corrected for multiple comparisons.  
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To test if cTBS affected the quality of perception in Experiment 2, a chi-

square or Fisher’s test was performed on the number of times each 

descriptor was used to qualify the sensation elicited by each stimulus. In 

addition, to examine whether the effects of cTBS on detection or perception 

of somatosensory stimuli was dependent on the intensity of the cTBS pulses, 

a linear Pearson’s correlation was performed. 

3. Results 

M1 lower limb and insula distances from the scalp. The distance from the 

dorsal posterior insular cortex to the scalp, and from the lower limb 

representation in M1 to the scalp were measured in each individual MRI 

(n=16; scalp–insular cortex: 46 ± 4 mm; scalp–M1 lower limb: 45 ± 3 mm; 

Table 1). The mean difference between scalp–M1 lower limb and scalp–

insula distances was −0.5 ± 3.9 mm. No significant difference between the 

two measures (t(15)= 0.519; p= 0.612) was observed.  
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Skin temperature. The skin temperature of the tested hand dorsum did not 

vary significantly over time, either in Experiment 1 (at T0: 30.9 ± 2.4°C; T1: 

30.4 ± 1.7°C; T2: 30.5 ± 2°C) or in Experiment 2 (deep cTBS condition at T0: 

32.6 ± 1.9°C; T1: 31.9 ± 1.9°C; T2: 32.3 ± 2.3°C; superficial cTBS condition at 

T0: 32.7 ± 1.5°C; T1: 31.9 ± 1.7°C; T2: 31.8 ± 2.4°C). Indeed, the one-way RM-

Table 1. distance (mm) cTBS intensity (% MSO) 

Experiment 1 scalp - M1 scalp – insula uncorrected corrected 

Subject 1 47.5 46.1 39 41 
Subject 2 45.9 48.3 46 44 
Subject 3 42.6 44.8 50 48 
Subject 4 42.1 39.8 32 35 
Subject 5 41.1 44.1 50 47 
Subject 6 49.7 48.1 37 39 
Subject 7 48.2 44.9 60 64 
Subject 8 48.0 47.5 36 37 
Subject 9 42.7 48.3 47 41 
Experiment 2 

Subject 1 49.2 50.6 39 31 
Subject 2 43.7 46.6 34 27 
Subject 3 44.7 41.3 37 30 
Subject 4 47.0 41.3 38 30 
Subject 5 43.2 41.2 27 22 
Subject 6 43.3 53.2 33 26 
Subject 7 43.7 44.4 33 26 

Table 1. Distances and cTBS intensities relative to brain targets sites for 

both experiments. The distance from the scalp to the lower limb 

representation in M1 and from the scalp to the insular cortex were 

measured on the 3D MRI scans of each participants. The uncorrected 

cTBS intensities correspond to 80% of the average of the resting motor 

thresholds obtained for the right and left tibialis anterior, corrected cTBS 

intensities correspond to the distance-corrected intensities based on the 

intra-individual differences in distance between M1 and the insula. 
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ANOVA did not reveal any significant difference in Experiment 1 (main effect 

of ‘time’; F(2,18)= 1.95; p= 0.171; η2= 0.178) and neither the two-way RM-

ANOVA in Experiment 2 when considering the temperatures of the 

contralateral and ipsilateral hands (main effect of ‘time’: F(2,12)= 1.878; p= 

0.195; η2= 0.238; ‘time’ × ‘treatment’ interaction: F(2,12)= 1.247; p= 0.322; η2= 

0.172; ‘time’ × ‘treatment’ × ‘side’ interaction: F(1.137,6.821)= 0.911; p= 0.387; 

η2= 0.132).  

Experiment 1.  

Detection thresholds. Figure 4 shows the individual changes in detection 

threshold for the different types of stimuli, immediately after cTBS (T1 vs.T0) 

and 20 min after cTBS (T3 vs. T0). In almost all participants, the detection 

threshold to Aδ-heat stimuli delivered to the contralateral hand was 

increased both at T1 and at T3. In contrast, cTBS did not appear to induce 

any reproducible change in the detection threshold to C-heat stimuli, Aδ-

cool stimuli and Aβ-vibrotactile stimuli.  
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Figure 4. The effect of deep cTBS over the right operculo-insular cortex on 

detection thresholds in Experiment 1. Bar graphs represent the individual 

changes (increase in red, decrease in blue) in detection thresholds (n=10) 

immediately after cTBS (T1–T0) and 20 min after cTBS (T3–T0) for the four 

somatosensory modalities: Aδ-heat, C-heat, Aδ-cool and Aβ-vibrotactile 

delivered on the left contralateral hand. The lower graphs show the 

individual absolute thresholds at T0, T1 and T3; group-level average is 

displayed in green (mean ±SD). 

This was confirmed by the RM-ANOVA, which revealed a significant a two-

way ‘time’ × ‘modality’ interaction (F(2.04,18.37)= 7.947; p= 0.003; η2= 0.469) 

(Table 2). The univariate within-subjects contrasts showed a significant 

interaction for Aδ-heat vs. C-heat, Aδ-cool and Aβ-vibrotactile stimuli at T1 

vs.T0 (Aδ-heat vs. C-heat: F(1,9)= 7.321; p= 0.024; η2= 0.449; Aδ-heat vs. Aδ-

cool: F(1,9)= 17.806; p= 0.002; η2= 0.664; Aδ-heat vs. Aβ-vibrotactile: F(1,9)= 

7.742; p= 0.029; η2= 0.428) and at T3 vs. T0 (Aδ-heat vs. C-heat: F(1,9)= 

20.879; p= 0.001; η2= 0.699; Aδ-heat vs. Aδ-cool: F(1,9)= 29.871; p= 0.0004; 
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η2= 0.768; Aδ-heat vs. Aβ-vibrotactile: F(1,9)= 13.399; p= 0.005; η2= 0.598). 

Post hoc paired t tests showed that the increase in detection threshold for 

Aδ-heat stimuli was significant 20 min after cTBS (T3 vs.T0: t(9)= −3.661; p= 

0.009), but not immediately after cTBS (T1 vs.T0: t(9)= −2.597; p= 0.057). 

Table 2. Experiment 1 

main effect of  
‘time’   

main effect of  
‘modality’   

interaction  

‘time’  ‘modality’ 

 F value p ²  F value p ²  F value p ² 

threshold (G-G)2.85 .084 .241   (G-G)943.4 <.001* .991   (G-G)7.95 .003* .469 

perception 22.22 .001* .702   22.28 <.001* .712   1.13 .354 .112 

 

Table 2. Two-way RM-ANOVAs in Experiment 1. Repeated-measures 

ANOVAs for thresholds and intensity of perception with the factors ‘time’ 

(T0: before cTBS, T1: immediately after cTBS, T3: 20 minutes after cTBS; for 

thresholds) and (T0: before cTBS, T2: 10 minutes after cTBS; for perception) 

and ‘modality’ (Aδ-heat, C-heat, Aδ-cool, Aβ-vibrotactile).* p<.050. (G-G) 

indicates Greenhouse-Geisser correction. 

Intensity of perception. As shown in Fig. 5, the intensity of the percept 

elicited by suprathreshold Aδ-heat stimuli was decreased 10 min after cTBS 

(T2) as compared to before cTBS (T0), in all but one participant. In contrast, 

cTBS did not appear to induce consistent changes in the intensity of the 

percept elicited by C-heat stimuli, Aδ-cool stimuli and Aβ-vibrotactile stimuli.  
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Figure 5. Effects of deep cTBS over the right operculo-insular cortex on 

perceived intensity in Experiment 1. Bar graphs represent the individual 

changes in perception (numerical rating scale, NRS; increase in red, decrease 

in blue; n=10 except for Aβ-vibrotactile where n=9 because of missing data) 

elicited by the four different suprathreshold stimuli delivered on the 

contralateral hand: Aδ-heat (60°C), C-heat (44°C), Aδ-cool (10°C) and Aβ-

vibrotactile (95 μm) 10 min after cTBS (T2–T0). The lower graphs show the 

individual intensity of perception at T0 and T2; group-level average is 

displayed in green (mean ±SD). 

The RM-ANOVA showed a significant main effect of ‘time’ (F(3,27)= 21.222; p= 

0.001; η2= 0.702), a significant main effect of ‘modality’ (F(3,27)= 22.284; 

p<0.0001; η2= 0.712), but no ‘time’ × ‘modality’ interaction (F(3,27)= 1.133; p= 

0.354; η2= 0.112) (Table 2). Paired sample t tests comparing, for each 

modality, the ratings obtained at T2 vs.T0 showed a significant decrease of 

the perception elicited by Aδ-heat stimuli (t(9)= 2.74; p= 0.045), but not for 

C-heat stimuli (t(9)= 1.166; p= 0.274), Aδ-cool stimuli (t(9)= 2.138; p= 0.061) 

and Aβ-vibrotactile stimuli (t(9)= 1,699; p= 0.128).  
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Experiment 2.  

Detection thresholds. The  three-way  RM-ANOVA showed a significant 

three-way ‘time’ × ‘treatment’ × ‘modality’ interaction (F(2,12)= 10.662; p= 

0.002; η2= 0.640), indicating that deep and superficial cTBS did not induce 

the same after-effects and, such as in Experiment 1, that cTBS did not exert 

the same effect on Aδ-heat and Aβ-vibrotactile detection thresholds. The  

univariate  within-subjects  contrasts  showed  a significant interaction ‘time’ 

× ‘treatment’ × ‘modality’ immediately after cTBS (T1 vs.T0: F(1,6)= 8.890; p= 

0.025; η2= 0.597) and 20 min after cTBS (T3 vs.T0: F(1,6)= 14.919; p= 0.008; 

η2= 0.713). Post hoc pairwise comparisons showed that, such as in 

Experiment 1, the detection threshold for Aδ-heat stimuli was significantly 

increased 20 min after deep cTBS (T3 vs.T0: p= 0.022). In contrast, the 

detection threshold for Aδ-heat stimuli was not significantly changed 

immediately after deep cTBS (T1 vs.T0: p= 0.144). No significant changes in 

Aδ-heat detection thresholds were observed after superficial cTBS (T3 vs.T0: 

p= 0.969; T1 vs.T0: p= 0.320). Finally, there was no significant change in Aβ-

vibrotactile detection thresholds, both after deep cTBS (T3 vs.T0: p= 1.0; T1 

vs.T0: p= 0.685) and after superficial cTBS (T3 vs.T0: p= 1.0; T1 vs.T0: p=1.0) 

(Fig. 6). 
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Figure 6. The effect of cTBS on detection thresholds in Experiment 2. Effects 

of deep and superficial cTBS of the operculo-insular cortex on Aδ-heat and 

Aβ-vibrotactile thresholds. Bar graphs represent the individual changes 

(increase in red, decrease in blue) in threshold (n=7) immediately after cTBS 

(T1–T0) and 20 min after cTBS (T3–T0). The lower graphs show the individual 

thresholds; group-level average is displayed in green (mean ±SD).  

Intensity of perception. The intensity of perception elicited by 

suprathreshold Aδ-heat and Aβ-vibrotactile stimuli was not significantly 

affected after either deep cTBS or superficial cTBS (Table 3 and Fig. 7). 

 

 

 

 



278 

 

Table 3. Experiment2 

 
main effect of ‘time’  

interaction ‘time’  
‘modality’ 

 
interaction ‘time’  

‘modality’   ‘treatment’ 

 F value p ²  F value p ²  F value p ² 

threshold 6.05 .015* .502  6.06 .015* .503  10.66 .002* .640 

perception .798 .406 .117  .078 .789 .013  2.303 .180 .277 

RTs .566 .480 .086  .053 .826 .009  .670 .444 .100 
 

Table 3. Three-way RM-ANOVAs in Experiment 2. Repeated-measures 

ANOVAs with the factors ‘time’ (T0: before cTBS, T1: immediately after cTBS, 

T3: 20 minutes after cTBS; for thresholds) and (T0: before cTBS, T2: 10 

minutes after cTBS; for perception and reaction time), ‘modality’ (Aδ-heat 

vs. Aβ-vibrotactile) and ‘treatment’ (deep vs. superficial cTBS).* p <.050. 

 

 

Figure 7. Effect of deep and superficial cTBS on intensity of perception in 

Experiment 2. Bar graphs indicate individual changes in perception 

(numerical rating scale, NRS; increase in red, decrease in blue; n=7) elicited 

by Aδ-heat (60°C) and Aβ-vibrotactile (95 μm) stimuli. The lower graphs 

show the individual perception; group-level average is displayed in green 

(mean ±SD). 
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Reaction time. The RTs elicited by suprathreshold Aδ-heat and Aβ-

vibrotactile stimuli were not significantly affected after either deep or 

superficial cTBS (Table 3 and Fig. 8). The group-level average RT across 

conditions was 330 ± 50 ms for Aδ-heat stimuli and 227 ± 42 ms for Aβ-

vibrotactile stimuli. During the threshold procedure, the RTs related to Aδ-

heat stimuli detected within the time window criterion were similar before 

(at T0: 399 ± 75 ms) and after (at T3: 401 ± 35 ms) deep cTBS, and before (at 

T0: 452 ± 61 ms) and after (at T3: 435 ± 46 ms) superficial cTBS. This was also 

the case for the RTs related to Aβ-vibrotactile stimuli detected during the 

threshold procedure, before (at T0: 386 ± 71 ms) and after (at T3: 375 ± 125 

ms) deep cTBS, and before (at T0: 369 ± 67 ms) and after (at T3: 361 ± 65 

ms) superficial cTBS. 

 

Figure 8. Relative frequency distribution of reaction times to suprathreshold 

Aδ-heat and Aβ-vibrotactile stimuli in Experiment 2. A, effect of deep and 

superficial cTBS on reaction times to suprathreshold Aδ-heat stimuli (60°C). 

The relative frequency distribution of RTs are displayed before (T0) and 10 
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min after (T2) cTBS. B, effect of deep and superficial cTBS on RTs to 

suprathreshold Aβ-vibrotactile stimuli (95 μm) at T0 and T2. 

Quality of perception. The descriptors most often chosen to qualify the 

percept elicited by suprathreshold Aδ-heat stimuli and Aβ-vibrotactile 

stimuli before and after deep and superficial cTBS are shown in Fig. 9. Aδ-

heat stimuli were most often considered as painful and described as burning 

or pricking (75–88%). The relative proportion of the different descriptors 

remained similar both after deep cTBS (Aδ-heat: p= 0.445; Aβ-vibrotactile: 

p= 0.071) and after superficial cTBS (Aδ-heat: p= 0.090; Aβ-vibrotactile: p= 

0.321).  

 

Figure 9. Quality of perception of suprathreshold stimuli in Experiment 2. A, 

quality of perception of suprathreshold Aδ-heat stimuli. B, quality of 

perception of suprathreshold Aβ-vibrotactile stimuli (95 μm). Pie charts 

represent the proportion of the use of each descriptor before (T0) and 10 

min after (T2) cTBS. In both cases, all stimuli were perceived; in all conditions 
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Aδ-heat stimuli were mainly perceived as painful (burning or pricking) before 

and after deep or superficial cTBS. 

Influence of cTBS intensity. The average intensity of TMS to deliver deep cTBS 

was 44 ± 8% of maximum stimulator output in Experiment 1 and 34 ± 9% in 

Experiment 2. There was a significant correlation between the magnitude of 

the increase in detection threshold of Aδ-heat stimuli 20 min after deep cTBS 

and the intensity of TMS (Fig. 10A). Specifically, taking the 16 participants of 

Experiments 1 and 2, there was a strong positive correlation between the 

increase in Aδ-heat thresholds at T3 vs. T0 and the intensity of cTBS pulses 

(r= 0.733; n= 16; p= 0.001; Pearson correlation; one observation has a 

standardized residual greater than the cut-off of three standard deviations, 

this participant was excluded for linear regression). When all the 17 

participants of Experiments 1 and 2 were considered, there was still a 

significant positive correlation (r= 0.613; n= 17; p= 0.009; Pearson 

correlation). This indicates that increasing cTBS intensity led to a larger 

increase in Aδ-heat detection thresholds. On the contrary, there was no 

significant correlation between the change in Aβ-vibrotactile detection 

threshold 20 min after deep cTBS and the intensity of TMS (r= 0.110; n= 17; 

p= 0.676; Pearson correlation; Fig. 10B). Additionally, we estimated, for each 

participant, the intensity of cTBS pulses at the depth of the insular cortex 

using the attenuation coefficient for a batwing coil proposed by Cai et al. 

(2012) (Table 1). Taking into account coil–cortex distance did not improve 

the correlation between intensity of cTBS and the changes in Aδ-heat 

detection (r= 0.592; n= 16; p= 0.016 vs. r= 0.733; n= 16; p= 0.001; Pearson 

correlation; Fig. 10C). 
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Figure 10. Relationship between the effect of deep cTBS on thresholds and 

intensity of cTBS pulses. A, linear regression for all the participants 

(Experiment 1 and 2) between the intensity of cTBS pulses used during deep 
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cTBS of the operculo-insular cortex and the relative difference in Aδ-heat 

threshold 20 min after cTBS (T3–T0). The increase of Aδ-heat threshold was 

significantly positively correlated with the intensity of cTBS pulses (r= 0.733; 

n= 16; p= 0.001; one observation, indicated by ∗, was excluded due to a 

standardized residual greater than 3 standard deviations; when all 

participants were included: r= 0.613; n= 17; p= 0.009). B, linear regression 

for all the participants (Experiment 1 and 2) between the intensity of cTBS 

pulses used during deep cTBS of the operculo-insular cortex and the relative 

difference in Aβ-vibrotactile threshold 20 min after cTBS (T3–T0). There was 

no significant correlation (r= 0.110; n= 17; p= 0.676). C, linear regression for 

all the participants (Experiment 1and 2) between the intensity of deep cTBS 

pulses, corrected for the coil–cortical target distance, used during deep cTBS 

of the operculo-insular cortex and the relative difference in Aδ-heat 

threshold 20 min after cTBS (T3–T0). The increase of Aδ-heat threshold was 

significantly positively correlated with the intensity of cTBS pulses (r= 0.592; 

n= 16; p= 0.016). 

4. Discussion 

Our results show that deep cTBS of the operculo-insular cortex selectively 

impairs the ability to perceive thermonociceptive input conveyed by Aδ-

fiber thermo-nociceptors. Indeed, deep cTBS but not superficial cTBS of the 

right operculo-insular cortex induced a significant increase of Aδ-fiber heat 

detection thresholds, without concomitantly affecting the perception of 

thermal sensations conveyed by C-fibers, the perception of cold sensations 

conveyed by cool-sensitive Aδ-fibers, and the perception of vibrotactile 

input conveyed by low-threshold Aβ-fiber mechanoreceptors. The effect of 

operculo-insular cTBS on the perception of Aδ-fiber input was present at 

both the contralateral and the ipsilateral hand. Importantly, the magnitude 

of the increase in detection threshold was correlated with the intensity of 
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the cTBS pulses, indicating that the change was truly due to a neuro-

modulatory effect of cTBS.  

Deep operculo-insular cTBS selectively affects the perception of Aδ-fiber 

heat. Deep cTBS over the operculo-insular cortex induced a significant 

change in the ability to detect heat sensations related to the transient 

activation of Aδ-fiber thermonociceptors, without concomitantly affecting 

the detection of heat sensations conveyed by unmyelinated C-fibers, the 

detection of cold sensations conveyed by cool-sensitive Aδ-fibers, and the 

detection of vibrotactile sensations conveyed by large-diameter Aβ-fibers. 

The significant increase of Aδ-heat detection thresholds was present in both 

experiments after deep cTBS. Importantly, it was not observed in 

Experiment 2 after superficial cTBS, indicating that the increase in detection 

threshold after deep cTBS was not a consequence of response habituation 

(Greffrath et al., 2007; May et al., 2012) or decreased vigilance (Legrain et 

al., 2002; Legrain et al., 2012). Given that the criterion to determine Aδ-heat 

detection thresholds depended on whether participants detected the 

stimuli with a reaction time compatible with the conduction velocity of 

myelinated Aδ-fibers, whether the change in Aδ-heat detection thresholds 

could have been driven by an effect of cTBS on motor/sensorimotor 

processes should also be considered. This seems very unlikely as there was 

no significant difference in the average detection latency for Aδ-heat stimuli 

detected within the time window criterion during the threshold procedure, 

as well as in the detection latency for suprathreshold Aδ-heat stimuli. There 

was also no change in the detection latency of Aβ-vibrotactile stimuli. Finally, 
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there was a clear relationship between the intensity of the TMS pulses used 

to deliver cTBS and its after-effect on Aδ-heat detection threshold. Although 

our results allow us to conclude a differential effect of deep cTBS on the 

different modalities (with a significant effect on Aδ-heat perception), they 

do not allow us to conclude an absence of effect on the other modalities. 

Unfortunately, to answer this question, increasing the sample size is not 

possible for safety and ethical reasons given the induction of one suspected 

and one confirmed epileptic seizure in two participants after the deep cTBS 

protocol. It has been proposed that cTBS induces cortical inhibition through 

a local increase of γ-aminobutyric acid (GABA) (Stagg et al., 2009; Trippe et 

al., 2009). Supporting this interpretation, Jasmin et al. (2003) demonstrated 

in rodents that increasing GABA concentration in the insular cortex reduces 

pain behavior to noxious heat. Therefore, the modulation of 

thermonociception by cTBS observed in the present study could be 

explained, at least in part, by a GABAergic modulation of the operculo-

insular cortex, as suggested by several authors (Enna and McCarson, 2006; 

Lefaucheur, 2006; Mylius et al., 2012; Denis et al., 2016; Moisset et al., 

2016). Previous evidence suggesting a specific role of the operculo-insular 

cortex in thermonociception would predict that deep operculo-insular cTBS 

preferentially affects the perception of all inputs conveyed by the 

spinothalamic system; i.e. that deep operculo-insular cTBS would similarly 

affect the perception of heat and cold stimuli, as compared to vibrotactile 

stimuli. Other studies, suggesting that the processing of cold and heat may 

involve distinct operculo-insular subregions (Casey et al., 1996; Davis et al., 

1998; Davis et al., 1999; Craig et al., 2000; Mano et al., 2017), would predict 
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that cTBS can differentially affect the detection of heat and cold stimuli, but 

would not predict a differential effect of cTBS on the detection of heat 

sensations conveyed by Aδ- and C-fibers. Studies investigating the 

relationship between the activity of the operculo-insular cortex and heat 

perception have revealed different patterns of activation depending on 

whether the stimulus is perceived as painful. Bornhovd et al. (2002) reported 

that heat-evoked BOLD responses in the operculo-insular cortex show a 

linear relationship with pain ratings but not for stimulus intensities below 

pain threshold. Frot et al. (2007) showed using intracerebral EEG recordings 

that the responses in the secondary somatosensory cortex correlate with 

the intensity of stimulation below pain threshold and exhibit a ceiling effect 

for stimulation intensities above pain threshold. Conversely, responses 

recorded in the posterior insula were of similar magnitude for intensities 

below pain threshold, but increased when the intensity of stimulation 

entered the painful range. Such observations could be related to our 

observation of a differential effect of cTBS on the ability to perceive 

sensations conveyed by heat-sensitive Aδ-fiber nociceptors having a high 

activation threshold vs. heat-sensitive C-fiber afferents and cool-sensitive 

Aδ-fiber afferents having low activation thresholds.  

Deep cTBS over the right operculo-insular cortex similarly affects the 

perception of Aδ-fiber heat stimuli delivered to the left and right hands. In 

Experiment 2, we found that 20 min after deep cTBS, Aδ-heat detection 

thresholds were increased similarly at the contralateral hand and at the 

ipsilateral hand. This bilateral effect of cTBS is in line with the work of Denis 
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et al. (2016) who reported that high-frequency (150 Hz) intracerebral 

electrical stimulation of the insular cortex in epileptic patients increases heat 

pain thresholds bilaterally, without affecting cold and pressure pain 

thresholds. Currently, one can only speculate on the mechanism responsible 

for this bilateral effect. A first explanation could be that the operculo-insular 

cortex is involved in the processing of thermonociceptive inputs originating 

from both hemibodies. Supporting this view, it is well known that 

nociceptive stimuli elicit strong responses in both the contralateral and the 

ipsilateral operculo-insular cortex. For example, using intracerebral EEG, 

Frot et al. (1999) showed that nociceptive laser stimuli delivered to the hand 

dorsum elicit early-latency local field potentials in the left and right 

operculo-insular cortex. The latency of the response elicited in the ipsilateral 

operculo-insular cortex was, on average, delayed by 15 ms relative to the 

response elicited in the contralateral operculo-insular cortex, compatible 

with transcallosal interhemispheric conduction times. A second explanation 

could be that cTBS delivered over the operculo-insular cortex induces 

remote effects leading to a generalized modulation of thermonociception. 

For example, operculo-insular cTBS could activate descending projections 

involved in the modulation of nociceptive transmission at spinal level 

(Garcia-Larrea et al., 1999; Garcia-Larrea and Peyron, 2007; Onesti et al., 

2013).  

Deep vs. superficial operculo-insular cTBS and intensity of stimulation. In 

Experiment 2, we observed that, unlike deep operculo-insular cTBS 

delivered using a double-cone coil at 80% of the lower-limb resting motor 
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threshold, superficial operculo-insular cTBS delivered using a flat figure-of-

eight coil at 80% of the upper-limb resting motor threshold had no effect on 

the ability to perceive Aδ-heat stimuli. This is an indication that the effects 

of deep operculo-insular cTBS could be due to neuromodulation of the 

deeply located insular cortex rather than neuromodulation of more 

superficial opercular areas such as S2. The recent work of Koyama et al. 

(2017), who showed that applying bilaterally transcranial direct current 

stimulation over the opercular cortex did not affect pain perception, is in line 

with our results. However, the differential effect of deep and superficial cTBS 

could also be due to the fact that the double-cone coil used to deliver deep 

cTBS generates a less focal magnetic field than the flat figure-of-eight coil 

used to deliver superficial cTBS. Hence, deep cTBS is likely to activate a larger 

area of both superficial and deep cortex (Deng et al., 2014). The differential 

effect of deep and superficial cTBS could also be due to the fact that during 

deep cTBS, intervening superficial structures are probably exposed to higher 

magnetic fields than during superficial cTBS (Deng et al., 2014; Lu and Ueno, 

2017), which could lead to a differential modulatory effect on intracortical 

excitability (McAllister et al., 2009). Several other studies have reported that 

superficial TMS over the operculo-insular cortex can modulate 

thermonociception. Valmunen et al. (2009) found that, as compared to 

other targets (M1, S1, the occipital lobe), superficial 10 Hz repetitive TMS 

over the right S2 induces a long-lasting elevation of heat pain thresholds and 

a short-lasting impairment of the ability to discriminate different 

temperatures. Conversely, Ciampi de Andrade et al. (2012) did not observe 

any significant change in heat or pain detection thresholds after deep 10 Hz 
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repetitive TMS of the operculo-insular cortex delivered using the same 

double-cone coil that was used in the present study. However, their 

feasibility study included a limited number of participants, and the after-

effects of repetitive TMS were assessed at a relatively late time point, 1 h 

after stimulation.  

Deep operculo-insular cTBS could be associated with a higher risk of TMS-

evoked seizures. Experiment 2 was stopped after the occurrence of a 

generalized TMS-induced seizure in one participant. Furthermore, in 

Experiment 1, deep cTBS triggered a short-lasting manifestation compatible 

with a partial TMS-induced seizure. Both TMS-induced adverse events were 

preceded by a sensation of mirth followed by a dystonic posture of the left 

or right hemibody, which tented to become diffuse. Both participants 

presented a dysarthric speech and had breathing difficulties associated to 

laryngeal sensation and thoraco-abominal heaviness. These clinical 

manifestations were very similar to the clinical manifestations of insular lobe 

seizures (Isnard et al., 2004; Wynford-Thomas and Powell, 2017). Therefore, 

in the present study, deep cTBS over the operculo-insular cortex may have 

triggered two epileptic seizures involving the insula. This was highly 

unexpected. To our knowledge, there is only one case of TMS-induced 

seizures reported during cTBS. This case occurred while stimulating the hand 

representation of M1 using a flat figure-of eight coil (Oberman and Pascual-

Leone, 2009). Furthermore, our study is not the first study attempting to 

modulate relatively deep brain structures using various repetitive TMS  

protocols  delivered  with  a  double-cone  coil, including TBS (Bakker et al. 
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(2015); for review Dunlop et al. (2015)), rTMS delivered at 1 Hz (Gerschlager 

et al., 2002; Vanneste et al., 2012; Vanneste and De Ridder, 2013; Nauczyciel 

et al., 2014; Schuwerk et al., 2014; Bradley, 2015; Modirrousta et al., 2015), 

at 5 Hz (Vanneste et al., 2011; Vanneste et al., 2012; Garg et al., 2016), at 10 

Hz (Hayward et al., 2007; Vanneste et al., 2011; Ciampi de Andrade et al., 

2012; Vanneste et al., 2012; Vanneste et al., 2014; Bakker et al., 2015; 

Dunlop et al., 2015; Kreuzer et al., 2015) and at 20 Hz (Rollnik et al., 2002; 

Vanneste et al., 2011; Benito et al., 2012) with comparable or even higher 

intensities of TMS. None of these studies, totalling 615 participants, 

reported any TMS-induced seizures. The main distinction between these 

studies and the present study appears to be the fact that we targeted the 

operculo-insular cortex, whereas the other studies targeted the dorsomedial 

prefrontal cortex, the cingulate cortex, the cerebellum or the lower limb 

motor representation in M1. Only two studies, including respectively five 

and seven participants, also targeted the operculo-insular cortex (Ciampi de 

Andrade et al., 2012; Bradley, 2015), using respectively 10 Hz and1 Hz 

repetitive TMS. Repetitive TMS delivered using a double-cone coil to target 

deep brain structures could be associated with a higher risk of TMS-induced 

seizures because the double-cone coil induces a less focal magnetic field 

than conventional flat-surface figure-of-eight coils and, therefore, 

synchronously activates a larger brain volume. The intensity at which the 

brain structures located between the coil and the target site are stimulated 

could also play a role (Rossi et al., 1999; Oberman et al., 2011; Deng et al., 

2013; 2014). Finally, as our study is the first to apply deep cTBS over the 

operculo-insular cortex, the possibility that stimulation of this specific brain 
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structure could be associated with a higher risk of seizure should be 

considered. One possible reason could be that the insular cortex is highly 

connected with the operculum (Peyron et al., 2002) and numerous other 

brain structures (Augustine, 1996; Moayedi, 2014).  

Operculo-insular cortex as an alternative rTMS target for pain relief? Most 

studies aiming at reducing pain with rTMS have targeted M1 (Poreisz et al., 

2008; O'Connell et al., 2011; Onesti et al., 2013; Torta et al., 2013; 

Lefaucheur et al., 2014; O'Connell et al., 2014; Rossini et al., 2015). A few 

studies have examined the effects of applying rTMS to other targets, such as 

S1 (Poreisz et al., 2008; Antal and Paulus, 2010; Torta et al., 2013), the 

dorsolateral pre-frontal cortex (Nahmias et al., 2009; Fierro et al., 2010; 

Borckardt et al., 2011; Brighina et al., 2011; de Andrade et al., 2011; Taylor 

et al., 2012; Taylor et al., 2013; Ciampi de Andrade et al., 2014), ACC (Fan et 

al., 2012; Tzabazis et al., 2013), S2 (Valmunen et al., 2009; Fregni et al., 2011) 

and the insular cortex (Ciampi de Andrade et al., 2012). The mechanism 

underlying the analgesic effect of rTMS over M1 remains largely unknown. 

Garcia-Larrea and Peyron (2007) suggested that it could be due to the 

activation of cortico-thalamic projections which, in turn, would activate the 

lateral thalamus leading to a cascade of modulations of remote areas such 

as the ACC, the insular cortex and the orbitofrontal cortex, finally leading to 

the activation of descending inhibitory pain mechanisms (Garcia-Larrea et 

al., 1999). Because rTMS of M1 leads to changes in the activity of remote 

brain areas and because these same brain regions are implicated in the 

processing of nociceptive inputs and/or in pain perception (Treede et al., 
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2000; Peyron et al., 2002; Apkarian et al., 2005), there is a growing interest 

in considering these non-motor areas as more direct targets for rTMS when 

it is applied to reduce pain. Future studies aiming to assess whether deep 

rTMS over the operculo-insular cortex may alleviate pain in chronic pain 

patients should consider the fact that deep cTBS delivered over that 

structure is associated with a higher risk of triggering a TMS-induced seizure.  

 

5. Conclusion 

Our  study  shows  that  neuromodulation  of  the operculo-insular cortex 

using deep cTBS induces a bilateral reduction of the ability to perceive 

transient Aδ-fiber heat pain, without concomitantly affecting the ability to 

perceive innocuous warm sensations conveyed by low-threshold heat-

sensitive C-fibers, cold sensations conveyed by cool-sensitive Aδ-fibers and 

vibrotactile sensations conveyed by low-threshold Aβ-fiber mechano-

receptors. 
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