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The clinical utility of repetitive transcranial magnetic stimulation in reducing the risks of transitioning from acute to chronic pain in traumatically injured patients. 
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Abstract
Pain is a multifaceted condition and a major ongoing challenge for healthcare professionals having to treat patients in whom pain put them at risk of developing other conditions. Significant efforts have been invested in both clinical and research settings in an attempt to demystify the mechanisms at stake and develop optimal treatments as well as to reduce individual and societal costs. It is now universally accepted that neuroinflammation and central sensitization are two key underlying factors causing pain chronification as they result from maladaptive central nervous system plasticity. Recent research has shown that the mechanisms of action of repetitive transcranial magnetic stimulation (rTMS) make it a particularly promising avenue in treating various pain conditions. This review will first discuss the contribution of neuroinflammation and central sensitization in the transition from acute to chronic pain in traumatically injured patients. A detailed discussion on how rTMS may allow the restoration from maladaptive plasticity in addition to breaking down the chain of events leading to pain chronification will follow. Lastly, this review will provide a theoretical framework of what might constitute optimal rTMS modalities in dealing with pain symptoms in traumatically injured patients based on an integrated perspective of the physiopathological mechanisms underlying pain.

Introduction
Pain is a multidimensional phenomenon consisting of complex mechanisms featuring sensory and motor components (sensory-discriminative features of pain) as well as emotional and cognitive aspects (affective-motivational processing of pain) (Davis & Moayedi, 2013; Seifert & Maihofner, 2011). According to the International Association for the Study of Pain (IASP), chronic pain is characterized as persistent pain that is experienced everyday for three months over a period of six months (Merskey & Bogduk, 1994). Chronic pain constitutes a major public health concern that has deleterious effects on quality of life (Patel et al., 2012). Chronic pain afflicts, in the United States alone, more than 100 million individuals suffering from a wide variety of diseases and results in more than $560 to $654 billion in total annual cost (Gaskin & Richard, 2012). 

Acquired traumatic injuries represent a significant proportion of patients seeking care in the healthcare system and regroup a wide variety of injuries such as, but not limited to, musculoskeletal injuries (fractures), cranio-maxillofacial trauma (facial trauma), and traumatic brain injuries (Centers for Disease, 2011). Pain constitutes one of the most common symptoms shared among this population and is known to delay return to work even in patients suffering from minor traumas (Albrecht et al., 2013; Archer, Castillo, Wegener, Abraham, & Obremskey, 2012; MacDermid, Roth, & Richards, 2003; Platts-Mills et al., 2016). Despite intensive research, treating pain represents a particularly challenging task considering the high heterogeneity in clinical manifestations across individuals and pathologies. Furthermore, the difficulty in predicting which patients will transition from acute to chronic pain as well as the lack of consensus as to which treatment to prioritize make it an even bigger challenge for healthcare professionals. Indeed, predictors of pain chronification following an acquired traumatic injury are not well understood, which makes it even more challenging to develop effective treatments that will maximize recovery, but recent evidence suggests the involvement of maladaptive neuroplasticity mechanisms (McGreevy, Bottros, & Raja, 2011; Miranda et al., 2015). Development of interventions aiming to prevent the installation of chronic pain is critical as persistent pain is associated with an increased risk of medical complications, staggering financial burdens (on personal and societal levels) and diminished quality of life (Patel et al., 2012). 

Although treating pain is considered a human right for which all healthcare professionals are responsible (Lohman, Schleifer, & Amon, 2010), this field of research is currently undergoing important transformations to address the multiple shortcomings associated with pharmacological treatments. Indeed, it is estimated that 30% of chronic pain patients remain symptomatic despite optimal treatment (Galhardoni et al., 2015). An increasing amount of alternative treatments are currently gaining in popularity in an attempt to reduce, and eventually replace, the use of the highly controversial prescription of opioids for its potentially serious side effects (Benyamin et al., 2008; R. Chou et al., 2015; Ray, Chung, Murray, Hall, & Stein, 2016). Among them, repetitive transcranial magnetic stimulation (rTMS), a non-invasive brain stimulation technique, appears particularly promising in alleviating pain symptoms among acquired injury patients by tackling key elements of the neurophysiopathological underpinnings of acute pain symptoms. Indeed, the modulating effects of rTMS on synaptic plasticity together with its ability to precisely target brain regions involved in pain processing has provided pain relief in several experimental pain studies (Hallett, 2000, 2007). Moreover, although very limited data exist on the clinical utility of rTMS during the acute phase, we believe that this technique would be most beneficial when applied during the early stage of the trauma given that rTMS allows to modulate the excitability of the stimulated brain region through the activation/inhibition of NMDA receptors, a central element to the excitotoxic chain reactions associated with pain chronification. To support this opinion, we will first provide a detailed description of two of the main mechanisms involved in pain chronification, namely central sensitization and neuroinflammation, in a context of acquired injuries. Secondly, this review will discuss the available literature on the mechanisms involved in rTMS as a potential treatment for reducing the risk of transition from acute to chronic pain. Furthermore, this review will provide a theoretical framework of what could reveal to be optimal rTMS modalities in order to reduce pain based on an integrated perspective of the physiopathological mechanisms underlying pain in acquired injury patients. 

Mechanisms of central sensitization 
Central sensitization is a pain-facilitatory state resulting from the amplification of membrane excitability and synaptic efficacy within the CNS (Koltzenburg, Torebjork, & Wahren, 1994; Latremoliere & Woolf, 2009). The resulting chain reaction makes the brain overly reactive (sensory amplification) to noxious stimuli (pain hypersensitivity and hyperalgesia) and non-noxious stimuli (allodynia) (Baron, Binder, & Wasner, 2010; Latremoliere & Woolf, 2009; Sandkuhler, 2009; Woolf, 2011). When the tissue or nerve insults result from peripheral damage, such as following a fracture, this central mechanism of pain chronification mainly occurs as a consequence of both peripheral and central nervous system markers (Clauw, 2015; McGreevy et al., 2011). Indeed, nociceptors at the site of injury become overly activated due to inflammation, which creates short-lasting synaptic plasticity called “wind-up” within the spinal cord (D'Mello & Dickenson, 2008; Herrero, Laird, & Lopez-Garcia, 2000). This phenomenon mainly results from excitatory amino acids and neuropeptides release taking place via the spinothalamic tract of the dorsal horn in the spinal cord ultimately leading to excitotoxicity (D'Mello & Dickenson, 2008; Xu, Liu, Hughes, & McAdoo, 2008). Excitotoxicity is defined as prolonged overactivation of excitatory neurotransmitters such as glutamate and can lead to neuronal damage or death (Yi & Hazell, 2006). The excitotoxicity state occurring within the spinal cord also facilitates the transitioning of nociceptive afferent signals to the brain (Hanakawa, 2012) resulting in central sensitization.  

Multiple other pain-facilitating mechanisms are at stake in central sensitization, such as overactivation of N-methyl-D-aspartate (NMDA) receptors and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Hains, Saab, Klein, Craner, & Waxman, 2004; Ultenius, Linderoth, Meyerson, & Wallin, 2006). The up-regulation of NMDA receptors, a type of glutamate receptor, triggers and facilitates peripheral and central sensitization by lowering the firing threshold, therefore making the spinal cord overly reactive to pain stimuli (Latremoliere & Woolf, 2009; Petrenko, Yamakura, Baba, & Shimoji, 2003). Similarly, up-regulated AMPA receptors also contribute to increasing nociceptive synaptic plasticity within the spinal cord (Garry et al., 2003), but more so during the initial acute phase (D'Mello & Dickenson, 2008; Voscopoulos & Lema, 2010). There is also an increased activation of voltage-gated sodium channels in the second-order nociceptive neurons, which act as facilitators for glutamate and substance P release (Luo et al., 2001), further promoting an excitatory state (Naro et al., 2016). Furthermore, this excitatory state also negatively affects GABAergic activity within the CNS (the spinal cord and the cortex), the main inhibitory neurotransmitter of the human body, which can no longer produce sufficient inhibitory influence to compensate for the excessive excitability and play its usual neuroprotective role (Baba et al., 2003; Lin, Peng, & Willis, 1996). For this reason, inefficient GABA inhibition further contributes to central sensitization (Baron et al., 2010; Castro-Lopes, Tavares, & Coimbra, 1993). Indeed, GABAergic transmission and efficacy are suppressed by overly represented NMDA receptors and their excitatory neurotoxic effects, which eventually lead to disinhibition (Latremoliere & Woolf, 2009). This is supported by studies showing that NMDA receptor antagonists can successfully reduce various central sensitization symptoms such as allodynia (painful reaction to non-noxious stimuli) and hyperalgesia (exaggerated reaction to pain in response to noxious stimuli) (Bennett, 2000). Unfortunately, long-term use of NMDA receptors-based substances is contraindicated due to adverse non-specific side effects (Niesters, Martini, & Dahan, 2014) but they remain an important therapeutic target (Corasaniti, Amantea, Russo, & Bagetta, 2006). Taken together, secretion of excitatory neuropeptides and amino acids within the dorsal horn and reduction of inhibitory mechanisms generate an unbalanced state within the CNS, which represents a putative risk for developing central sensitization and maladaptive neuroplasticity (Naro et al., 2016; Petrenko et al., 2003). 

Other studies have shown that ongoing excitatory discharge in chronic pain induces LTP-like synaptic plasticity changes (Nijs et al., 2015), which ultimately give rise to maladaptive plasticity. The latter was recently associated with significant facilitation of neuronal pain transmission and, again, possibly excitotoxicity (Costigan, Scholz, & Woolf, 2009). Interestingly, transcranial magnetic stimulation (TMS) applied over the primary motor cortex (M1) allows the modulation of long-term potentiation (LTP) and long-term depression (LTD) mechanisms, therefore appearing as a highly pertinent and reliable measure for studying the mechanisms involved in central sensitization (Stefan, Kunesch, Cohen, Benecke, & Classen, 2000). Of note, glutamatergic and GABAergic neurotransmission play a key regulating role on LTP and LTD bidirectional plasticity mechanisms (Caillard, Ben-Ari, & Gaiarsa, 1999; Hasan et al., 2012; Pavlov, Lauri, Taira, & Rauvala, 2004). Most chronic pain studies describe a disinhibition state partly due to deficiency in GABA-dependent intracortical inhibition (ICI) and the latter is associated with the intensity of pain levels (Caumo et al., 2016; Lefaucheur, Drouot, Menard-Lefaucheur, Keravel, & Nguyen, 2006; Lenz et al., 2011; Mhalla et al., 2011; Parker, Lewis, Rice, & McNair, 2016; Schwenkreis et al., 2010). Accordingly, TMS markers of cortical excitability strongly correlate with the magnitude of pain, depression, catastrophizing, motor deficits and fatigue (Mhalla et al., 2011). In the latter study, cortical excitability restoration following a 14-day rTMS protocol was associated with significant symptoms relief including pain symptoms. Furthermore, brain-derived neurotrophic factor (BDNF), a protein capable of modulating neuronal excitability (Desai, Rutherford, & Turrigiano, 1999), can further promote the process of pain chronification from a very early stage following the injury (Caumo et al., 2016). Indeed, BDNF has the potential to increase levels of available excitatory neurotransmitters (glutamate), or LTP, as well as to inversely reduce levels of inhibitory neurotransmitters (GABA) within the spinal cord and the brain (Caumo et al., 2016; Nijs et al., 2015; Smith, 2014). Given that BDNF is indiscriminately release immediately after an acquired brain injury, BDNF is believed to play a central role in the formation of maladaptive synaptic connections and thus contribute to the diffuse brain response seen during chronic pain installation.

At the brain level, the “pain matrix”, a cortical network specifically involved in the perception of pain (primary (S1) and secondary (S2) somatosensory cortex, insula, anterior cingulate cortex, thalamus, dorsolateral prefrontal cortex (DLPFC) and basal ganglia), becomes overly activated due to persistent maladaptive neuroplasticity and associated cortical reorganization (Gracely, Petzke, Wolf, & Clauw, 2002; Henry, Chiodo, & Yang, 2011; Legrain, Iannetti, Plaghki, & Mouraux, 2011; McGreevy et al., 2011; Napadow, Kim, Clauw, & Harris, 2012; Nijs et al., 2015; Olivan-Blazquez et al., 2014; Seifert & Maihofner, 2009). Persistent pain also exerts functional reorganization within the sensorimotor cortex by reducing gray matter density but also by modifying functional connectivity between the insula, a key structure responsible for the emotional-cognitive component of pain, and other brain regions (Baliki et al., 2012). Accordingly, it has been shown that the level of pain experienced by patients is closely related to the level of cortical reorganization. Indeed, restoring brain function to normal levels was found to reduce pain perception and to improve quality of life (Chapman & Vierck, 2016; Passard et al., 2007). Furthermore, there is also a shift from inhibitory to excitatory-dominant activity within the endogenous pain modulatory descending pathway of the spinal cord during pain chronification, which again increases nociceptive transmission (Vanegas & Schaible, 2004). Indeed, the spinal cord appears to play a major role in maintaining pain states, such that it contributes to the spreading of excitatory activity both via the ascending and the descending pathways. Interestingly, studies have shown that descending facilitatory mechanisms can dictate the duration of pain (McGreevy et al., 2011), making it a relevant target for treatment. 

Mechanisms of neuroinflammation
Inflammation is a natural response that systematically occurs following tissue or nerve damage and is essential for restoring homeostasis (Ellis & Bennett, 2013; Pape et al., 2010). However, in various chronic pain conditions that originate from a peripheral insult, the restoration process of inflammation following lesion is altered resulting in an excessive and prolonged inflammation (Schinkel et al., 2006). This physiological reaction subsequently triggers a complex cascade of events eventually leading to neuroinflammation and pain chronification (Scholz & Woolf, 2007; Walker, Kavelaars, Heijnen, & Dantzer, 2014; Watkins, Milligan, & Maier, 2003). Persistent inflammation that originates from the injured-body region and later invades the CNS significantly alters the blood-brain barrier’s (BBB) permeability, allowing undesired materials to reach the brain, compromising its ability to promote brain equilibrium (DosSantos, Holanda-Afonso, Lima, DaSilva, & Moura-Neto, 2014; Huber et al., 2001; Varatharaj & Galea, 2017). Disruption of the BBB’s permeability also occurs following a brain insult (traumatic brain injury), where excessive inflammatory response disrupts and crosses the BBB to initiate a systemic immune response (Rowe et al., 2016). BBB leakage facilitates inflammatory spreading in regions that are otherwise not related to the initial injury, which can ultimately result in hyperalgesia (Rowe et al., 2016). It is interesting to note that this inflammatory response may become increasingly detrimental when patients suffer from multiple injuries, such as a brain insult combined with an orthopaedic trauma, where inflammatory response from each injury exacerbates its diffusion throughout the brain (Rowe et al., 2016). Health-care professionals should be aware of this reality, especially since patients with acquired traumatic injuries often suffer from multiple injuries (Gross, Schuepp, Attenberger, Pargger, & Amsler, 2012; Jodoin et al., 2016)

When looking at chronic pain mechanisms, one realizes the obvious interaction existing between the nervous system and the immune system, where persistent inflammatory response and central sensitization mutually influence each other’s development (Franco, Pacheco, Lluis, Ahern, & O'Connell, 2007; Grace, Hutchinson, Maier, & Watkins, 2014; Ji, Xu, & Gao, 2014). Indeed, inflammatory response can modulate central sensitization by facilitating glutamatergic transmission while decreasing GABAergic transmission (Bleakman, Alt, & Nisenbaum, 2006; Crowley, Cryan, Downer, & O'Leary, 2016; Haroon et al., 2016). A study conducted by Latromoliere and colleagues (2009) suggested that glial cells malfunction and neuroinflammation are core contributing factors of central sensitization. Microglia, a glial cell typically responsible for removing neurotoxins in cases of injury or infection such as bacteria, scavenge cellular debris, and foreign invaders, may become unable to successfully fulfill its role, thereby worsening inflammation (Chen & Trapp, 2016; Ellis & Bennett, 2013). Indeed, upregulated microglial activation provokes a cascade of events where inflammatory processes are activated by recruiting other glial cells such as astrocytes (slower onset that may be responsible for the maintenance of pain states) and oligodendrocytes and by facilitating the neuronal release of glutamate and neurotoxins (Rock et al., 2004; Watkins, Milligan, & Maier, 2001). Schwann cells, another type of glial cells, also facilitate inflammatory processes by secreting pro-inflammatory cytokines (Campana, 2007) and reducing anti-inflammatory cytokines (J. M. Zhang & An, 2007). This cascade of event coincides with a shift from pro-inhibitory to pro-facilitatory cytokines (Vanegas & Schaible, 2004). Pro-inflammatory cytokines, such as tumor necrosis factor (TNF), Interleukin 6 (IL-6) and Interleukin-1 beta (IL-1b), are considered glial mediators that induce a metabolic cascade promoting excessive release of glutamatergic neurotransmission and GABAergic down-regulation (Galic, Riazi, & Pittman, 2012; Watkins et al., 2003; J. M. Zhang & An, 2007). The ensuing state of disinhibition and hypersensitivity was found to mediate pain habituation processes (Crowley et al., 2016; Davis & Moayedi, 2013; DeLeo, Tanga, & Tawfik, 2004; Gwak, Crown, Unabia, & Hulsebosch, 2008; Hamilton & Attwell, 2010; Kawasaki, Zhang, Cheng, & Ji, 2008). Through their central role on the development and persistence of inflammatory responses, central sensitization and glutamate upregulation, high concentrations of pro-inflammatory cytokines within the CNS lead to hypersensitivity and long-term plasticity changes (Baron et al., 2010; DeLeo et al., 2004; Milligan & Watkins, 2009; Moalem & Tracey, 2006; Ye et al., 2013). This interaction between the nervous system and the immune system is further supported by studies in TBI patients showing that excessive glutamate production promotes inflammatory response and enables immune cells to enter the brain due to BBB breakdown (Das, Mohapatra, & Mohapatra, 2012). BBB breakdown occurs as a secondary injury that can last days to weeks along with multiple other physiopathological reactions such as, but not limited to, excitotoxicity due to excessive glutamate release and inflammation (Choi, 1987; Greve & Zink, 2009). 

Under homeostasis conditions, the GABAergic system exerts immunoprotective effects by suppressing pro-inflammatory cytokines (Bhat et al., 2010; Prud'homme et al., 2013; Walker et al., 2014). In chronic pain, however, downregulated GABA inhibition occurs in a context of pro-inflammatory cytokine excessive release, which further contributes to neuroinflammation (Crowley et al., 2016). Lastly, studies conducted at the brain level showed that neuroinflammation impacts neuronal connectivity (maladaptive plasticity) and disrupts CNS homeostasis in the pain matrix. Indeed, these regions were characterized by glial cell and cytokine overproduction (Di Filippo, Sarchielli, Picconi, & Calabresi, 2008; Loggia et al., 2015). More importantly, Loggia and colleagues (2015) found that glial cell activation offered a pattern within S1, M1 and the thalamus that coincides with somatotopic representation of affected body part. A possible explanation for this phenomenon is the effects of neuroinflammation on BDNF expression, such that excessive pro-inflammatory cytokines alter and change BDNF expression, which later results in maladaptive plasticity (Calabrese et al., 2014). 

Repetitive TMS 
Repetitive TMS is a non-invasive neuromodulation technique that recently gained in popularity as a potential alternative intervention for treating various pain conditions (Galhardoni et al., 2015; Lefaucheur, 2006; Platz, 2016). This procedure allows to directly modulate cortical activity through the induction of repetitive magnetic field pulses that vary according to various parameters, namely the number of stimuli, the strength of the stimuli, the duration of the stimuli, the length of the interval between stimuli, and the targeted area of the brain (Wassermann, 1998). This technique differs from traditional TMS by its ability to deliver repetitive pulses at regular intervals, as opposed to single pulses, that have long-lasting effects (Wassermann, 1998). Repetitive TMS was first introduced within the medical field for its therapeutic effects on major depression (George et al., 1995), which offered a novel alternative to drug-resistant patients (Lee, Blumberger, Fitzgerald, Daskalakis, & Levinson, 2012). This technique is approved by the U.S. Food and Drug Administration (FDA) since 2008 for its well-demonstrated efficacy in major depression patients at reversing deficient hypoactive cortical excitability in a region that is key to mood regulation and emotion responsiveness, the dorsolateral prefrontal cortex (DLPFC) (Baeken & De Raedt, 2011; George et al., 2010; Pascual-Leone, Rubio, Pallardo, & Catala, 1996). More recently, this technique has shown promising results in treating other pathologies such as, but not limited to, schizophrenia, pain conditions, epilepsy, and Parkinson’s disease (Bae et al., 2007; Chou, Hickey, Sundman, Song, & Chen, 2015; Galhardoni et al., 2015; Prikryl, 2011; Y. Zhang et al., 2013). 
Accumulating evidence suggests that rTMS could induce short and long-term analgesic effects in various chronic pain conditions (CRPS, neuropathic pain, low back pain, phantom limb syndrome, fibromyalgia) (Andre-Obadia et al., 2006; Canavero et al., 2002; Khedr et al., 2005; Lefaucheur et al., 2014; Lefaucheur et al., 2006; Pleger et al., 2004), which can last beyond the duration of the stimulation and are free of adverse side effects (Lefaucheur et al., 2014; Platz, 2016), with the exception of possible transient headaches in a minority of patients (Klein et al., 2015). The success of rTMS in treating chronic pain states stems from its ability to precisely modulate and restore the main markers of brain plasticity, namely LTP and LTD but its clinical applicability remains debated (Bliss & Cooke, 2011). Baron and colleagues (2006) suggested that therapies able to modulate these two mechanisms (LTP and LTD) within the descending pathways show promise in treating pain conditions. Moreover, afferent nociceptive transmission can be reduced by the CNS through the descending or modulatory system (Voscopoulos & Lema, 2010). In this regard, rTMS appears particularly suitable in patients suffering from a peripheral insult (fracture) for its ability to precisely stimulate the corresponding brain region of the affected body region, therefore offering a precise and well-tailored therapeutic alternative. In other words, rTMS could be applied specifically on the somatotopic representation of the injured dermatome within the primary motor cortex (M1) (Eisenberg et al., 2005). Moreover, we believe that this technique is highly suitable and polyvalent for treating pain conditions as it successfully targets, directly or indirectly, specific mechanisms that various acquired traumatic injury patients share, namely central sensitization and neuroinflammation: a major advantage over current pharmacological treatments of pain. The following section will describe how rTMS may help in treating acute pain early on by modulating central sensitization and neuroinflammatory mechanisms of pain.
Repetitive TMS and Central sensitization 
Given that pain conditions are characterized by early installation of maladaptive plasticity processes, it would appear logical to implement pain relief interventions that directly target plasticity mechanisms (McGreevy et al., 2011; Nijs et al., 2015; Pelletier, Higgins, & Bourbonnais, 2015). Accordingly, rTMS is specifically used to modulate and restore synaptic plasticity equilibrium in the brain through the induction of electromagnetic fields, whether aiming for facilitation (LTP) or inhibition (LTD) effects over the targeted brain area (Pashut et al., 2011). Given that the ultimate goal is to optimize the function of brain structures implicated in pain perception and to reduce pain, rTMS appears as an intervention of choice in efficiently restoring unbalanced excitatory and inhibitory systems. This is further supported by a recent study published by Clauw (2015) suggesting that pain therapies that allow to block excitatory and increase inhibitory neurotransmitters involved in pain states should logically yield positive results. More specifically, in a context of acute pain where cortical facilitation predominates, low-frequency rTMS and TMS-based theta-burst stimulation were shown efficient in inducing GABA-mediated inhibitory effects (Stagg et al., 2009; Trippe, Mix, Aydin-Abidin, Funke, & Benali, 2009). Of note, theta-burst stimulation (TBS) is a more novel technique that offers the possibility of delivering a significantly higher number of stimulation bursts within a shorter period of time (<2 minutes) when compared to conventional rTMS protocols (Huang, Edwards, Rounis, Bhatia, & Rothwell, 2005). In particular, a magnetic resonance spectroscopy study by Stagg and collaborators (2009) showed that continuous TBS (c-TBS) over M1, a type of TBS protocol that reduces cortical motor excitability, significantly increased GABA concentration in the stimulated cortical region, relative to the unstimulated control site (Huang et al., 2005). Increased GABA concentration in M1 following c-TBS should therefore reduce the excessive cortical pain network activation in addition to help the GABA system regain its neuroprotective function. Indeed, GABA plays a major role in reducing pain levels (analgesia) in the brain but also throughout the descending pathway (Crowley et al., 2016; Jasmin, Rabkin, Granato, Boudah, & Ohara, 2003; Moisset, de Andrade, & Bouhassira, 2016; Nardone et al., 2016), suggesting that a restoration of the deficient neuronal plasticity would be beneficial. In parallel, as previously discussed, NMDA receptors play an important role in the development and perpetuation of chronic pain (Ultenius et al., 2006). Indeed, studies showed that rTMS inhibitory effects could effectively block NMDA receptors activity, thus preventing further LTP induction and maintaining brain equilibrium (Chervyakov, Chernyavsky, Sinitsyn, & Piradov, 2015; Naro et al., 2016). 

Another distinctive asset of rTMS is that it can modify brain activity in regions connecting with the stimulated region, such as M1 (Passard et al., 2007). Indeed, rTMS effects expand beyond the stimulated region to multiple cortical (cingulate, orbitofrontal and prefrontal cortices, thalamus, and striatum) and subcortical (periaqueductal gray matter) regions of the pain matrix (Marlow, Bonilha, & Short, 2013; Mylius, Borckardt, & Lefaucheur, 2012; Naro et al., 2016) through shared connections between M1 and the thalamus (Holsapple, Preston, & Strick, 1991), the latter structure acting as a relay station to numerous brain regions that contribute to neuronal activity modulation. Furthermore, maladaptive plasticity and central sensitization also occur in spinal cord descending pathways (Vanegas & Schaible, 2004), which play an important role in central sensitization. The spinal cord represents the crossroad between the peripheral, where the injury occurred in a context of musculoskeletal injuries, and the central nervous system, where rTMS effects on excitatory/inhibitory mechanisms take place. Indeed, persistent pain is associated with sustained functional abnormalities of the descending corticospinal pathway through a progressive reinforcement of excitatory mechanisms (Millan, 2002). In pain-inducing conditions, descending inhibitory mechanisms should therefore be enhanced in order to effectively and rapidly reinstate LTP and LTD balance (Millan, 2002). Given the long-term relief of depressive symptoms (George et al., 1995; Lee et al., 2012) with rTMS, one could make use of inhibition-inducing rTMS protocols to reverse the excitatory state set off by pain-inducing peripheral injury via lasting desensitization from the CNS to the injury site. Interestingly, rTMS could presumably target the origin of nociception (peripheral terminal) itself by projecting through the dorsal horn of the spinal cord where takes place most of the pain sensitization processes. 

Repetitive TMS and Neuroinflammation 
To our knowledge, there has been very few studies, if any, that looked specifically at the potential effects of rTMS on neuroinflammation in patients with acquired traumatic injuries. This is surprising considering that glial cells are known to respond to electrical activity in various ways, highlighting the potential relevance of rTMS application in the treatment of pain (Cullen & Young, 2016). In a recent TBI rodent model, rTMS successfully reduced neuroinflammation by modulating astrocytes and microglia activity (Sasso et al., 2016), both important markers of pain chronification. Moreover, microglia and astrocytes can respectively up-regulate CNS excitability and modulate synaptic plasticity (Cullen & Young, 2016). This is further supported by a recent study by Loggia and colleagues (2015) that showed an increase in activation of glial cells in specific brain regions, namely S1, M1, and the thalamus that corresponded to somatotopic representation of the affected limb. This is particularly interesting knowing that rTMS can precisely modify activity in these regions and that glial cells respond to electrical current (Cullen & Young, 2016). It would therefore stand to reason that durable inhibitory effects of multisession rTMS regimens could also help reduce immune system activity by reducing otherwise hyperactive glial cells. 

Considering the association between the immune system and the CNS (Franco et al., 2007; Grace et al., 2014; Ji et al., 2014), it is expected that a reduction in central sensitization could positively impact neuroinflammation. In parallel, accumulating evidence suggests that upregulated GABA neurotransmitter release can control excitoxicity and ultimately reduce neuroinflammation (Crowley et al., 2016). This is further supported by pharmacological studies showing the efficacy of drugs targeting GABA receptors in reducing neuroinflammation (Rudolph & Mohler, 2006). These findings raise the possibility that a restoration of the GABAergic modulator system via rTMS could help reduce neuroinflammation. A recent study provided evidence of a link between excessive glutamatergic system activity and BBB’s permeability through overactivation of NMDA receptors (Vazana et al., 2016). Indeed, it has been shown that increased levels of glutamate availability directly affects BBB’s integrity and increases intracellular calcium levels, which further compromises BBB integrity and central sensitization (Coderre & Melzack, 1992; Vazana et al., 2016). This suggests that if BBB’s permeability could be restored with rTMS by downregulating NMDA receptor activity, inflammatory spreading could be restrained (DosSantos, Ferreira, Toback, Carvalho, & DaSilva, 2016). This is particularly interesting in a context of acquired traumatic injuries where either peripheral insults (fractures) or central insults (traumatic brain injuries) induces acute disruptions of BBB permeability, which in turn promotes spreading of inflammatory response (Adelson, Whalen, Kochanek, Robichaud, & Carlos, 1998; Huber et al., 2001; Price, Wilson, & Grant, 2016). 

In addition to potential rTMS suppressing effects on glutamatergic activity through the induction of GABA-like activity, recent rTMS study conducted in rodent models of stroke showed that rTMS can down-regulate the expression of TNF (Ljubisavljevic et al., 2015), an important pro-inflammatory cytokine. Taken together, the use of rTMS could be effective in breaking down the inflammatory cascade of events by increasing the level of anti-inflammatory cytokines and by preventing the inflammatory response to invade the spinal cord. 

M1 should be the targeted region for stimulation 
Multiples studies have investigated the efficacy of rTMS associated with the stimulation of various cortical sites (M1, M2, DLPFC, S1, S2, supplementary and premotor areas) to determine which cortical area provides optimal analgesia (Hirayama et al., 2006; Sacco, Prior, Poole, & Nurmikko, 2014; Treister, Lang, Klein, & Oaklander, 2013). Although the exact underlying mechanisms are not well understood, accumulating evidence show that M1 is a target of choice in intervening against pain (Antal & Paulus, 2010; DosSantos et al., 2016; Hirayama et al., 2006; Treister et al., 2013). Multiple explanations can be proposed but warrant precautions as robust and replicated evidence is still lacking. A potential explanation for this phenomenon emerges from the anatomical connections between M1 and the thalamus (Holsapple et al., 1991; Moisset, de Andrade, & Bouhassira, 2015), a brain structure that acts as a relay station with regions involved in the “pain matrix”, as well as its connection with regions that are involved in pain processing (Bestmann, Baudewig, Siebner, Rothwell, & Frahm, 2004; Moisset, de Andrade, et al., 2015; Peyron, Laurent, & Garcia-Larrea, 2000). Furthermore, M1 directly projects through descending pathways where sensory-discriminative components of pain are located (Lefaucheur et al., 2008). Indeed, M1, a region rich in NMDA receptors, is the primary entrance to the corticospinal descending pathway (Rossini et al., 2015) and changes in its excitability (LTP and LTD) can easily be measured in humans. Studies show that rTMS can modulate descending pathway activity by reaching antinociceptive mechanisms through M1. Interestingly, afferent nociceptive transmission can also be reduced by the CNS through the descending or modulatory system (Voscopoulos & Lema, 2010). Modulation of antinociceptive mechanisms via M1 stimulation could therefore act on both sensory discriminative features of pain as well as emotional and affective motivation processing of pain (Lefaucheur, Drouot, Menard-Lefaucheur, Zerah, et al., 2004; Passard et al., 2007). Moreover, there is convincing evidence suggesting that pain may lead to significant memory impairments in traumatically injured patients due, in part, to the shared connections between the pain matrix and the hippocampus (Moriarty, McGuire, & Finn, 2011). Although it may be speculated that low-frequency rTMS could conceptually worsen memory alterations through its downregulating effects on LTP, we believe that restoring normal brain activity with rTMS through pain reduction effects would in fact positively affect memory function.

Furthermore, rTMS is a dose-dependent pain treatment for which the efficacy varies according to the stimulation frequency, the number of intervention sessions and stimulations, and the type of stimulation (Lefaucheur et al., 2014). Maintenance therapy or boost sessions, where patients later return to the clinic for sporadic treatment sessions following one or two weeks of consecutive rTMS treatment, show prolonged benefits of rTMS-induced analgesic effects that can last 6 months to a year (Galhardoni et al., 2015; Lefaucheur, Drouot, Menard-Lefaucheur, & Nguyen, 2004; Mhalla et al., 2011). As proposed in a recent review by Galhardoni and colleagues (2015), the implementation of boost sessions appears fundamental in prolonging the effects of non-invasive brain stimulation-based interventions on both the level of pain and the emotional aspects of pain. Furthermore, as suggested by Lefaucheur (2014), increasing the number of pulses delivered through additional treatments sessions should lead to prolonged rTMS-induced analgesia. TBS, a more novel technique, offers the possibility of delivering a significantly higher number of stimulation bursts within a shorter period of time (<2 minutes). Preliminary results suggest that TBS is more effective than conventional rTMS in treating chronic pain stages (Huang et al., 2005; Moisset, Goudeau, et al., 2015). More specifically, prolonged-continuous TBS (pcTBS) applied over M1, a type of stimulation protocol aiming to restore normal intracortical excitability and to reduce synaptic activity, was recently shown more effective than other TMS-based pain relief protocols in treating both acute and chronic pain states (Antal & Paulus, 2010; Moisset, Goudeau, et al., 2015). Future studies contrasting the efficacy of available TMS intervention options with larger samples consisting of diverse pain-inducing pathologies are needed to optimize TMS-based intervention protocols. At this point, it would be premature for rTMS to completely replace the use of pharmacological therapy or any other pain-relief strategy, but future studies should investigate whether the combination of rTMS with other therapeutic approaches such as in a multidisciplinary context could reduce the use of pain relief drugs (Mills, Torrance, & Smith, 2016; Picarelli et al., 2010). Moreover, it is to note that multidisciplinary, biopsychosocial rehabilitation (orthopaedic care, physical therapy, psychological therapy, pharmacological therapy, occupational therapy, massage therapy, etc.) was shown effective in treating patients afflicted with chronic pain (Guzman et al., 2001; Scascighini, Toma, Dober-Spielmann, & Sprott, 2008; Volker et al., 2017) but its applicability during the acute phase remains debated (Cochrane et al., 2017). Consequently, it would be of great interest to evaluate the impact of acute rTMS intervention in reducing the financial burden associated with chronic pain management.  

Patients should be treated early on to prevent pain chronification

For obvious reasons, focus should be put on preventing rather than treating chronic pain. In this regard, treatment timing appears particularly important, given that there is a critical time window for optimal pain recovery. Indeed, as reported by Vranceanu and colleagues (2016), patients who have been absent from work for less than 12 weeks are more likely to return to work compared to patients who took longer. This is particularly alarming considering that pain becomes chronic after 12 weeks and that a wide proportion of patients who suffer from chronic pain are in fact within the working-age range (Rustoen et al., 2005). For these reasons, we stress the importance of beginning the rTMS intervention as early as possible. 

If we then focus on the underlying mechanisms of pain, it also makes sense to intervene rapidly in order to prevent acute pain from transitioning into chronic pain, given that neuroinflammatory response spreads diffusely throughout the brain in chronic pain. As discussed earlier, during the transitioning from the acute to the chronic pain stage, changes in the brain occur rapidly following injury (Moseley & Flor, 2012), where nociceptive inputs no longer originate solely from the injured body site but recruit otherwise healthy areas located near the inflammation. This leads pain-facilitating networks to become well anchored within the brain, where not only the sensory-discriminative features of pain are involved, as it is the case in acute pain, but also the affective-motivational processing (Doan, Manders, & Wang, 2015; Hashmi et al., 2013). This can partly explain the association between chronic pain and multiple comorbidities such as anxiety, depression, and social isolation (McWilliams, Cox, & Enns, 2003), which makes it even more difficult to treat due to the convergence of multiple and complex mechanisms. 

It also appears logical that rTMS could provide optimal results in treating acute pain following a musculoskeletal injury, as opposed to chronic pain, for its more direct effects on targeting a specific body region in acute pain as opposed to when chronic pain effects have spread throughout the brain (Bruehl, 2015; Katz & Seltzer, 2009). This is further supported by recent work by Bliss and colleagues (2011) suggesting that low-frequency, GABA-agonist rTMS stimulation provide optimal results in reversing LTP-like mechanisms if treated rapidly following the accident. The proposed inhibition-enhancing rTMS intervention in acute pain contrasts sharply with most rTMS and chronic pain studies showing more promising results when using high-frequency rTMS protocols (Galhardoni et al., 2015). This discrepancy in treatment approaches when initiated in the acute as opposed to the chronic phase is in line with significant physiopathological differences existing between acute and chronic pain states (Fornasari, 2012; Phillips & Clauw, 2011; Vellucci, 2012). In acute pain, the CNS is in an excitatory state via the “wind-up” phenomenon where no endogenous compensatory mechanisms have been put in place within the spinal cord or the brain (central sensitization and maladaptive plasticity). Accordingly, rTMS may reveal to be less effective in relieving pain symptoms in chronic pain states such as fibromyalgia given that pain origin cannot easily be defined (Staud & Rodriguez, 2006). Nevertheless, multiple studies have provided positive effects of rTMS in treating fibromyalgia with an effect on overall pain levels, quality of life and mood (Boyer et al., 2014; Knijnik et al., 2016; Mhalla et al., 2011). In the context of acute pain and based on the physiological mechanisms discussed in this review, low-frequency rTMS should be applied during the early stages of pain in an attempt to suppress excitotoxic activity and inflammation as well as to restore GABAergic activity to normal value. This would ultimately allow increasing synaptic strength to prevent lowering of the firing threshold, and thereby decreasing the risk of diffuse maladaptive plasticity. 


Furthermore, regions involved in acute pain, namely S1, S2 and the thalamus, share more direct connections with M1 than regions activated in chronic pain (anterior cingulate cortex, insular cortex, prefrontal cortex, amygdala) (Davis & Moayedi, 2013; Yen & Lu, 2013). By increasing the availability of inhibitory GABAergic neurons through rTMS, the cascade of maladaptive inflammation and sensitization (excitatory neurons) could potentially be blocked from crossing the BBB and reaching the brain, thereby preserving brain homeostasis. This is further supported by studies showing that “wind-up” and peripheral sensitization can be attenuated by blocking the activity of NMDA receptors and increasing GABA-like activity (Herrero et al., 2000), two phenomena that can be achieved via rTMS. Ultimately, this could not only reduce physical suffering but it may also lessen the risk of psychological distress (Pergolizzi et al., 2013). 

Conclusion
Chronic pain has deleterious effects on the quality of life of patients and generates important costs. For this reason, many efforts have been devoted in developing treatments that will allow patients to rapidly return to their previous level of functioning. Pharmacological treatment remains, to this day, the therapy of choice despite important shortcomings and serious adverse effects. For this reason, alternative treatments have gained increasing popularity in an attempt to reduce, and ultimately replace, the use of pharmacological treatments. Repetitive TMS appears particularly suitable for its ability to modulate synaptic plasticity, a phenomenon greatly altered in the early stages of pain chronification. This review presents evidence that rTMS can act on key mechanisms of pain, namely central sensitization and neuroinflammation, by reducing excitatory activity through the induction of GABA-like activity. Current data suggest that optimal results can be achieved by stimulating M1 for its direct connection with the descending pathway of the spinal cord and its ability to precisely target the somatotopic region of the affected limb and therefore reach the nociceptor peripheral terminal. From a mechanistic perspective, current knowledge about chronic pain and action mechanisms of rTMS supports the importance of applying inhibitory rTMS interventions as early as possible to prevent the transition from acute to chronic pain in patients with acquired traumatic injuries. More studies are needed to characterize the effects of rTMS on neuroinflammation in pain chronification but also to optimize treatment modalities.
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