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Introduction 


Though magnetic stimulation of the peripheral and central nervous system knows a long history (Martens et al., 2013) transcranial magnetic stimulation (TMS) starts with the work of Barker et al. (1985): this provided the opportunity to stimulate the motor cortex with a fast changing magnetic field. Since this time, a lot of clinical work has been done into the diagnostic applications of TMS. A review paper of Chen et al. (2008) gives a nice overview of all the possibilities. More recent developments use the possibility to measure the excitability of the motor cortex and find clinical applications. Further, TMS is the only non-invasive way to measure the central motor conduction in a functional way and assess it quantitatively. In addition, deeper lying structures like the conus/cauda, plexus, facial nerve and roots can be activated simply. Recent developments make it also possible to measure combined TMS and EEG. In this way, the focus of research shifts from motor physiology to cortical physiology and epilepsy.  


Technique 


The various apparatus on the market offer essentially all the same functionality. Basically, a capacitator provides a strong current in a coil following a trigger. This current evokes a fast changing magnetic field outside the coil. Thereby, an electrical current is evoked in nearby electrical conducting tissues which can activate axons. (figure 1). The output of the machine is expressed in percentages of the maximal output (=100%). As a consequence, the output of different brands is difficult to compare. In addition, the strength of the evoked magnetic field, is also dependent on the size of the coil. Usually, the stimulus strength for the central nervous system is expressed in relation to the motor threshold. The evoked magnetic field has a strength of 2 to 7 tesla and the required current is up to 6000 A and has a voltage up to 3000 V. This implies that high demands are posed to apparatus and the coils and that the technical service department of the hospital is not allowed to repair the systems. 

It is important to realise that the maximal strength of the magnetic field is positioned directly below the edge of the coil and not in the centre. Different shapes and sizes of coils are developed in order to focus the field (e.g. the butterfly coil). The small coils (diameter 4 cm) evoke a stronger magnetic field but with a limited depth, therefore, in clinical practice a big round coil is usually preferable. The direction of the field is also important for the brain: the right hemisphere is easier to activate and with a shorter latency with a field running from occipital to frontal. 
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Figure 1. Relation between the direction of the current in the coil, the magnetic field and the evoked current in the brain. 


The apparatus is usually safe in use, especially with low stimulation frequencies obtained with standard machines. Wit special, high frequency magnetic stimulators one has to obey special safety demands (Anand et al., 2002). Patients with metal clips in their head, pacemakers should not be stimulated nearby the implant. In patients with epilepsy there is a slightly increased risk for an epileptic attack following TMS using single-pulse, paired pulse or low frequent repetitive stimulation (Chen et al., 2008, Rossi et al., 2009, Groppa et al., 2012), so this risk should be weighed against the expected profit from the TMS. 
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 Figure 2. Schematic explanation of excitability measurement using double stimulation (bistim). 


Intracortical inhibition and facilitation. 


Different techniques exist to measure the excitability of the cortex. Using a standard TMS stimulator, one can determine the threshold for motor activation or the duration of the ‘silent 
period’ during contraction. Often, a bistim is used: a stimulator able to produce 2 stimuli with a short time interval. In this way, a test and control stimulus can be given. With intervals < 5 ms one obtains inhibition (SICI: short interval intracortical inhibition). Using intervals  5-30  ms facilitation is produced (ICF: intracortical facilitation). Long intervals of 150-300 ms again produces inhibition (LICI: long interval intracortical inhibition). All phenomena result from activating different populations of cortical neurons, each with a different cascade of interneurons and transmitter systems.  
In most excitability experiments, the second test stimulus is kept constant and the effect is judged as a relative amplitude change (Kujirai et al., 1993). A still rarely used variation is threshold tracking: the test stimulus is varied until the amplitude is unchanged (Vucic et al., 2006, Awizus et al., 1999). Probably, both techniques are exchangeable. Threshold tracking is attractive by the automated measurement , the theoretical underpinning and the comparability with peripheral axons and physiological models (Burke el al., 2001).  
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Figure 3. Relation between interstimulus interval and obtained inhibition or facilitation (figure thanks to drs. M. Munneke). 



Central motor conduction 


To measure this, it is enough to have a magnetic stimulator and a EMG machine. It is possible that the EMG machine triggers the magnetic stimulator, but the other way round is also possible. Usually, one measures to the intrinsic hand muscles, such as m. abductor pollicis brevis, m. interosseus dorsalis I of m. abductor digiti minimi. Using electrical stimulation,  the 
maximal ‘compound muscle action potential’ is determined, accordingly, more proximal stimulation is possible. If the peripheral conduction has to be determined it is easiest to use magnetic stimulation of the cervical roots. One obtains a submaximal, but reliable response with respect to latency. Alternatively, the peripheral conduction is determined using F waves. Subsequently, the motor cortex is stimulated, one starts with a low stimulus strength to give the patient time to get accustomed at the stimulation. The measurements can be done during rest or with slight preactivation of the target muscle. The last technique has usually preference. Preactivation results for the hand muscles in a faster and higher response that is easier to obtain. Subtracting the peripheral conduction time from the latency found with motor cortex stimulation results in the central motor conduction time (CMCT). This largely agrees with the conduction in the pyramid tract (Claus, 1990). The responses with cortical stimulation are always variable with respect to latency, amplitude and form, for the measurement the shortest latency is chosen. 
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Figure 4. The responses at peripheral electrical (wrist and elbow) and magnetic (plexus, root, cortex) stimulation and the CMCT between the 2 vertical lines, indicating the latencies of respectively the cervical root stimulation and cortical stimulation. Recording from the m. abductor pollicis brevis.
In the same way, the conduction to the leg can be measured, for the peripheral conduction one uses lumbar root stimulation. For the CMCT to the legs it is important to correct for body height.

For a synopsis of normal values, see table 8.2 en 8.3 from Mills, 1999. Using a large circular coil and preactivation to the intrinsic hand muscles and the peripheral root stimulation technique, the CMCT is about 6,2 +/- 1 ms (average +/- SD). So, the upper limit of normal is (at 2,,5 SD) about 8,7 ms. Of course, it is better to obtain own normal values.
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Figure 5. Upper traces 2 normal responses, in the middle 2 with respect to latency normal, but strongly polyphasic responses (early cervical myelopathie) and then 2 strongly delayed responses in multiple sclerosis. Recording: m. abductor pollicis brevis, stimulation: motor cortex.
The most investigated and probably the most useful contribution has TMS in cervical myelopathy. TMS has a 100% sensitivity and a specificity of 84% on finding MRI abnormalities (Lo et al., 2004). In the Netherlands Tavy et al. (1999) found that a clinically asymptomatic myelopathy almost always have a normal CMCT. So, this can be very useful if the question arises into the clinical relevance of MRI abnormalities. Further, by recording different muscles with different segmental innervation, the level and degree of abnormality can be determined (Chan et al, 1998). In the differential diagnosis of cervical myelopathy versus ALS, the finding of abnormalities above the level of the radiological abnormalities can be useful in the case of ALS. In addition, in cervical myelopathies, the delay is in the range of a demyelinating disease, while in the case of ALS the slowing is usually slight while especially the amplitudes are low.
In ALS, TMS abnormalities are often described such as low MEP’s and slightly delayed CMCT’s, however, the diagnostic value of the classical technique is not high (Eisen et al, 2001). The triple stimulation technique (TST) is a combination of TMS with supra-maximal elektrical stimulation of the n. ulnaris and the plexus brachialis. This method makes the amplitude of the MEP a reliable measure, by which “axonal damage” in the pyramidal tract can be assessed (Magistris et al., 1998). In the diagnosis of ALS, the added value of TST is prospectively shown (Kleine et al., 2010). One should realise that a sensitivity of TST for ALS not exists because central conduction and TST can show involvement of the pyramidal tract in every neurodegenerative disease. Within the differential diagnosis of ALS one has to consider hereditairy spastic paraparesis en multiple system atrophy (Attarian et al. 2007, Eusebio et al. 2007, Kleine et al. 2010). In addition, it is important to remember that TMS, technically, is based on peripheral motor study: in case of a low motor response, a normal central conduction proves an intact pyramidal tract, but an abnormal central conduction should be considered with suspicion in such a case. 
In a large number of different diseases, changes in TMS are found. Examples are multiple sclerosis, extrapyramidal movement disorders etc. The diagnostic significance of these findings are nil. In case of a psychogenic paralysis, a normal TMS can give a positive clue to the diagnosis, although a precentral cause of the loss in motor function should still be considered. 



 Cortical excitability in epilepsy 


In patients with a symptomatic epilepsy, structural disturbances in the motor system or abnormalities of the neurological exam, abnormalities in central motor conduction are to be expected. However, most patients with epilepsy have no structural abnormalities and the TMS investigation is completely normal. Investigating cortical excitability does show abnormalities in patients with epilepsy, even though the attacks are not accompanied by motor signs. Iti is important to realise that even a focal TMS coil stimulates a large cortical brain area and it is impossible to delineate the border of the stimulated area. However, the origin of the pyramidal tract is focal and only TMS effects that directly or indirectly affect the Betz cell can modulate TMS responses. It is also shown that both a small, focal and a large coil can be used to measure excitability (Badawy et al., 2011). 

Subsequently, we will discuss the findings in focal and generalised epilepsy, the relation with sleep and the effects of antiepileptic drugs. 

In patients with generalised epilepsy, a lower motor threshold is found in comparison with normal controls. Treatment with valproate does increase the threshold (Reutens et al., 1993). As to be expected, this can be seen in both hemispheres. In focal epilepsy, a higher threshold is seen at the affected site (Badawy et al., 2007). Independent of the epilepsy syndrome, a lessened intracortical inhibition is seen, both at long and short intervals. So the changes in cortical excitability are not directly connected to a neurotransmitter system. 
The abnormal TMS findings are also functionally relevant, already in the 24 hours before an attack a lowering of the threshold is found, postictally the threshold is increased (Badawy et al., 2009). Again, in generalised epilepsy, the changes are bilateral, in focal epilepsy, the results depend on the extend of generalisation. In the early morning, the intracortical inhibition is diminished. As to be expected, these changes are most pronounced in juvenile myoclonus epilepsy, further increasing with sleep deprivation (Badawy et al., 2006, Civardi et al., 2001, Manganotti et al., 2006). Also, these studies prove that the effects of sleep deprivation on the EEG are only partly explained by sleepinduction.  
Several pharmacological studies have been performed using TMS, mostly into the acute effects in healthy controls. Sodium channel blockers such as carbamazepine and lamotrigine increase the threshold. If corrected for this effect, intracortical inhibition and facilitation remain unchanged. Drugs that influence GABA receptors such as benzodiazepines and valproate do not change the threshold, instead, they enhance cortical inhibition (Ziemann et al. 2004). Chronic use and abnormal initial values of TMS in patients however, can result in different patterns.  

A clinical relevant application of TMS is the monitoring and prognosis of anti-epileptic drug effect. In a longitudinal study, Badawy et al. (2010) have followed a cohort of de-novo patients and studied TMS before and after starting drug treatment. They found that a substantial change in intracortical inhibition within several weeks was correlated with seizure freedom during the period of one year. This was subsequently confirmed after 3 years. Also during adding a second antiepileptic drug, the improved intracortical inhibition predicted a favorable respons. A progressive decline in inhibition is seen in refractory epilepsy. Also, in partal epilepsy with an unfavourable course, it was found that an initial normal inhibition in the healthy hemisphere a secondary lessening of inhibition occurs (Badawy et al. 2013). If confirmed in an independent prospective study, TMS could shorten the process of tuning the right antiepileptic medication considerably, especially if the seizure frequency is in the order of once in several months (or less).  
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Figuur 6. Relation between seizure freedom and changes in TMS threshold  (from Badawy et al. Ann Neurol. 2010;67:64-73). Long interval (250 ms) intracortical inhinition was measured before starting of valproate, carbamazepine or lamotrigine and measured after reaching the intended dose. A change in excitability was predictive for seizure freedom in the next year at a cut-off point of -100%. In idiopatic gegeneralised epilepsy the positive predictive valua was 0,97, in  focal epilepsy 0,69. The negative predictive value was at a threshold of -100% low (0,42 en 0,45).  

In conclusion, it can be stated the magnetic stimulation enriches the tools of the neurologist/ clinical neurophysiologist. New applications such as measurement of the excitability of the motor cortex seem promising in the treatment of patients with epilepsy.  
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