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ABSTRACT

Objective:  Until date few studies have dealt with safety aspects caused by exposure to magnetic fields during transcranial magnetic stimulation (TMS).  The aim of this work was (i) to discuss and review the effect induced by the magnetic field, (ii) to measure the magnetic field for different kind of stimulus pulses (monophasic, biphasic or polyphasic pulse form), and (iii) to study the magnetic pulse shape and to validate the use of a simple Hall effect instrument in order to measure the magnetic field.  We will review the safety limits applicable and compare these to measurements of the magnetic field from different kind of stimulators and waveforms.
Methods:  We measured and compared the induced magnetic flux density (B-field) and the rate of change of the magnetic flux density dB/dt.  The B-field was measured with a Hall sensor and the dB/dt was recorded via a one loop search coil.  We compared measurements of three different kind of stimulator (waveforms): monophasic, biphasic and polyphasic.  Measurements were performed at different distances from the coils.

Results:  At distances from 50 to 70 cm from the magnetic coil, reference values defined by the International Commission on non-iononizing Radiation Protection (ICNIRP) for dB/dt was exceeded for all three kind of magnetic stimulators at 100% output.
Conclusions:  This study provides additional evidence that reference values proposed by ICNIRP can be exceeded within a distance about 50-70 cm or nearer the coil of the magnetic stimulator.
Significance:  Further research should be performed in order to understand the significance of the exposure to time varying magnetic fields, compare exposure levels with basic restrictions, and define appropriate safety measures to apply.
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INTRODUCTION

With the development and demonstration of the technique of transcranial magnetic stimulation (TMS) in 1985 it was possible to study the entire motor pathway from the brain to a muscle (Barker et al., 1985a; Barker et al., 1985b).  The technique is non-invasive and relatively without pain.  Magnetic stimulation is based on the principle of mutual induction, which was described by Michael Faraday in 1831.  Faraday showed that a current could be induced in a circuit (in modern terms defined as secondary) if it was brought near a primary circuit in which a time-varying current was flowing.  If the human body is exposed to a magnetic field pulse, the induced electrical field will cause a current to flow.  And if the amplitude, duration, and spatial characteristics of the induced current are sufficient, a depolarization will occur (Barker, 1996).  Quickly magnetic stimulation turned out to be a tool for clinical neurophysiology and cognitive neuropsychology as demonstrated by Amassian and co-workers (Maccabee et al., 1988; Amassian et al., 1989a;  Amassian et al., 1989b).  And as described by many researchers, when using a single-pulse TMS or paired-pulse TMS (two stimuli separated by a variable delay) there are probably no other techniques available able to reliably and non-invasively determine intracortical excitability (Kujirai et al., 1993; Ziemann et al., 1998; Ferreri et al., 2006).  Usually the effect of single or paired-pulse TMS does not last longer than the period of stimulation.  With up-to-date stereotactic MRI-based controlled magnetic stimulators, the precision of targeting TMS can be approximated to a few millimeters (Hannula et al., 2005).

In the late 1980’s technical developments allowed for the introduction of stimulators for repetitive TMS (rTMS).  In rTMS, trains of stimuli are applied to the brain several times per second lasting seconds or even minutes.  High-frequency rTMS is delivered at stimulus rates higher than 1 Hz, whereas low-frequency rTMS is delivered at 1 Hz or below.  Repetitive TMS produces effects that can last longer than the period of stimulation, and can in fact temporarily modulate brain function such as language, memory, vision, or attention (Daskalakis and Chen, 2005).  Since rTMS is still being an experimental technique, subjects should be studied under a research protocol approved by an Institutional Ethics Committee.  And as stated by the rTMS Committee of the International Federation of Clinical Neurophysiology (IFCN 1999), before entering a research protocol subjects should clearly understand the purpose and design of the study, and the form and amount of rTMS that they will receive.  Furthermore, subjects should be informed about the potential risks and adverse effects of rTMS, about the steps taken to prevent them, and should be asked to sign an informed consent before beginning a study.
The duration of the initial peak of the magnetic field is of the order of 50 to 100 µs, with a peak intensity of about 2 Tesla.  The application of the magnetic coil to the patient is usually performed by a physician or a technician holding the handle of the magnetic coil placed on the head of the patient.  The time-varying magnetic field pulse is obtained by the discharge of capacitors of the power-supply into the magnetic coil.  The time varying current in the coil can be a monopolar or near-rectangular waveform (over damped condition), a polyphasic waveform (under damped sinusoidal), or a biphasic sinusoidal waveform (critically damped sinusoidal), in each case with a peak current of about 10,000 Ampere.  With such currents in the wire of the coil, it is subject to high internal mechanical forces that must be faced in the design.  The same magnetic field exerts its force on any metallic object near the coil, and until about 2008 the rule of thumb was that persons with metal in their head, for example plates, screws, aneurysm clips, should be excluded from TMS and rTMS, as well as persons with implanted devices and cardiac pacemakers (IFCN 1999;  Hallett et al., 1999; Daskalakis and Chen, 2005).  However, according to the general conclusions from a consensus meeting held in Siena, Italy, 2008, some metals and electronic implants, such as MRI-compatible titanium plates and screws in the skull, as well as pacemakers, are generally compatible with most forms of TMS and rTMS and a consensus paper is to be published soon (IFCN, 2009).  Recently, in a letter to the Editor of Clinical Neurophysiology, a study demonstrated the safe application of rTMS in patients with titanium skull plates in the region of stimulation (Rotenberg and Pascual-Leone, 2009).
In this work we will describe the magnetic stimulator applied for non-invasive stimulation of the brain – TMS.  However, another application of the magnetic stimulator is for peripheral nerve and root stimulation (Panizza and Nilsson, 2005).  Usually for the determination of nerve conduction of the peripheral nerve an electrical stimulus is applied to the nerve.  The electrical stimulus is applied to the surface of the skin over the nerve.  However, since the current arriving to the nerve must be able to depolarize it, the intensity is often elevated and since the current must be conducted through different tissue, fat and receptors, the electrical stimulus might be painful.  Magnetic stimulation has the advantage that it can be applied almost without pain.  When studying deep peripheral nerves, where electrical stimulation can be extremely painful and uncomfortable, magnetic stimulation can be used.  In order to be able to clinically use magnetic stimulation it is necessary to know the exact locations of the virtual cathode and anode to know exactly where the nerve is depolarized (Nilsson et al. 1992).  Furthermore, magnetic stimulation is used for nerve root stimulation, again because it is almost without pain (Maccabee et al., 1991).

Since the magnetic field passes through the skull without attenuation and the resulting induced current do not pass through the skin, TMS is almost painless and can easily be applied.  It is assumed that harmful effects of TMS are related to the induced electric field, since the body tissue is transparent to low-frequency magnetic fields.  During the initial studies using single pulse TMS, no statistically significant changes were found in the EEG recording, in blood pressure, pulse rate, balance, gait, serum prolactin and cortisol levels (Ruohonen, 1998).

The developments on the rTMS technique have provided a means to an ever growing number of therapeutic and investigational techniques.  For example cognitive functions can be transiently changed, i.e. naming, verbal fluency tasks, reaction time tasks (Daskalakis and Chen, 2005).  Repetitive TMS is used with success for the treatment of depression (George et al., 1996; George et al., 2005), pain (Lefaucheur et al., 2001) or movement disorders (Pascual-Leone et al., 1994).  Recently, the delivery of repetitive stimuli in short trains of TMS (“theta burst”) have permitted to temporarily change the cortical excitability (potentiation or inhibition).  The effects of theta burst TMS (TBS) are long-lasting compared to conventional TMS techniques (Huang et al., 2005).  By using new techniques such as theta burst TMS it might be possible to find new applications for psychiatric disorders and neurorehabilitation (Talelli et al., 2007).

In general the procedure of TMS is considered safe, when the guidelines are followed.  However, there are some side effects to TMS, such as muscle tension headache, neck ache, the risk of producing seizures, ringing in the ears, transient hearing loss (IFCN 1999).  Single-pulse TMS has been reported to produce seizures in patients (Hömberg and Netz, 1989; Kandler, 1990; Fauth et al., 1992; Chen et al., 1997), but never in healthy subjects.  Until now in epileptic patients there has only been reported one case of seizures definitely triggered by single pulse TMS (Classen et al., 1995).  Several rTMS caused seizures in volunteers without neurological problems or history of epilepsy has been reported (Pascual-Leone et al., 1993; Michelucci et al., 1994; Wassermann et al., 1996; Pascual-Leone and Wassermann, 1996; Chen et al., 1997).  Using rTMS at rates of several Hz might cause increased motor cortex facilitation based on a possible increased cortical excitability and metabolism (Yozbatiran et al., 2009).  Therefore, it is extremely important to follow the International Guidelines for the application of rTMS (Wassermann et al., 1998).  The parameters of TMS that have produced seizures during experimentation are well known and documented (Wassermann 1998; Hallett et al., 1999), and there are no reports of seizure in subjects who were treated with TMS parameters administered within the safety guidelines (Wassermann, 1998; Gazzaniga, 2005).  Usually, the reports and guidelines refer to the motor threshold and TMS applied to the motor cortex, however, recently it was demonstrated the safety of rTMS under the present guidelines even for applications to non-motor area stimulation (Machii et al., 2006).  When using new techniques such as the intermittent TBS (iTBS) and continuous TBS (cTBS) special attention should be taken to avoid the induction of seizures.  In a letter to the editor, a seizure was reported in a healthy control during cTBS, where the intensity of the stimulus was at motor threshold (Oberman and Pascual-Leone, 2009).  Since there are no current guidelines for TBS, the authors suggest the use of an intensity of less than 90% of motor threshold intensity (Oberman and Pascual-Leone, 2009).
The mechanical forces in the coil, as described, result in a sound pulse that can exceed 100 dB near the coil (Starck et al., 1996).  Most sound energy is in the frequency range 2–7 kHz. The noise may exceed criteria limits for sensorineural hearing loss (Counter et al., 1993), and earplugs prevent this risk (Ruohonen, 1998).

Several TMS devices are approved by the U.S. Food and Drug Administration (FDA) for peripheral nerve stimulation.  Most TMS use is currently done off label or under research protocols approved by hospital ethics boards and, in the US, often under Investigational Device Exemption from the FDA. The requirement for FDA approval for research use of TMS is determined by the degree of risk as assessed by the investigators, the FDA, and the local ethics authority.
Since 2001 rTMS has been approved in Canada as a treatment for patients with medication-resistant depression (Daskalakis and Chen, 2005).  Recently, Neuronetics (Neuronetics Inc., NeuroStar® Transcranial Magnetic Stimulation Therapy System, Malvern, PA, USA) received FDA approval for their rTMS therapy for treatment of depression in the US (IEEE Spectrum Online, October 2008).

Most guidelines for TMS studies are based on current scientific knowledge and published by the International Commission on Non-ionizing Radiation Protection (ICNIRP 1998, 2003 and 2004), and it refers to the health risk and safety due to known short-term adverse effects in the human body caused by the circulation of induced currents, by contact currents and by heat absorption as well.  The basic restrictions of these guidelines for occupational exposure limit the induced current-density to 50 mA/m2 in the head, when using a waveform with a frequency of 5 kHz.  This is achieved if the incident magnetic flux density is kept below a reference value of 30.7 µT.  Furthermore, the guidelines limit the static field to 2 Tesla.  In 2004 by using the ICNIRP guidelines, the European Union (EU) enacted a directive for the protection of the workers who come into contact with electromagnetic fields (Directive 2004/40/EC).  The applications of these guidelines on the static fields would have put an immediate stop to the development of high-field MRI.  An expected revision of the ICNIRP guidelines, caused the EU at the end of 2007 to postpone the deadline for Directive 2004/40 until April 30, 2012 (Directive 2008/46/EC).
ICNIRP 1998 guidelines concerned electric and magnetic fields ranging from below 1 Hz to 300 GHz.  However, recently ICNIRP guidelines have been divided into separate guidelines concerning static fields (ICNIRP, 2009a) and a proposal for electric and magnetic fields from 1 Hz to 100 kHz (ICNIRP, 2009b).  According to this proposal, for example, at a frequency of 5 kHz frequency the suggested occupational limit is 1 mV/m for the electric field into the target tissue or organ.  The corresponding reference value for magnetic flux density is 100 μT as root mean square value (RMS).  A number of methods have been applied to be able to derive applicable criteria, based on the ICNIRP guidelines, for pulsed magnetic fields (Hanson Mild et al., 2009) and the subject is very much a matter of debate.  Recently by using a simple evaluating approach suggested by ICNIRP (2003), it was demonstrated that reference values can be exceeded within 70 cm from a TMS coil (Karlström et al., 2006).
Until date very few studies have focused on the radiation safety aspects of TMS concerning the operator of the magnetic stimulator.  The aim of this study was to review some of the safety aspects concerning exposure of the operator to transient magnetic field when applying transcranial magnetic stimulation.  We measured the magnetic fields from three kind of magnetic stimulators (monophasic, biphasic and polyphasic), at distances up to one meter from the coils (round and figure-of-eight).  Since patients are covered by IFCN guidelines and they usually only participate in studies for a short period of time, we have concentrated this work on the safety aspect for the operator, who might be exposed to magnetic fields several times a day.  Furthermore, the aim was to compare measurements of the magnetic field using a calibrated pick-up loop and measurements with a simple Hall-effect instrument (gaussmeter).
Material & Methods

Measurements of the magnetic fields were performed on three different kind of magnetic stimulators: (A) a Magstim 200 (Magstim Corporation, Whitland, United Kingdom), (B) a Cadwell MES-10 (Cadwell Laboratories Inc., Kennewick, WA, USA), and (C) a Cadwell high speed TMS.  With stimulator A we used a commercially available round coil with a 13 cm outer diameter and 6 cm inner diameter (Model High Power 90 mm coil).  With stimulator B we used a focalpoint coil with 9 cm outer diameter and 7 cm inner diameter.  Stimulator C had a water-cooled figure-of-eight coil and had a diameter of each wing of 8 cm.  Figure 1 illustrates the physical layout of the different coils.

[Please Figure 1 near here]
Measurements

We measured the magnitude and time course of the magnetic flux density (B-field) using a Namicon gauss-meter (Model MP-U) equipped with a Hall effect probe.  The instrument has 3 sensitivity ranges:  0-20 mT, 0-200 mT, and 0-2 T, with a calibrated analogue output (0-2 Volt).  The Hall chip has a measuring surface of 2x2 mm.  The gauss-meter display was set in the peak mode.
The induced electric field in the tissue is proportional to the rate of change of the magnetic field dB/dt (Barker et al., 1991).  We measured the amplitude and time course of the rate of change of the waveforms via a MagProbe (MagVenture, Farum, Denmark).  The MagProbe is one circular winding  (2.5 cm outer diameter and 2.0 cm inner diameter) of a 2.8 mm2 thick insulated wire.  The MagProbe had a calibrated output with 316 mV being equal to 1 kT/s.  Both the MagProbe and the Hall effect gauss-meter were connected to a digital Oscilloscope (Hitachi Digital Oscilloscope model VC-5850).  Waveforms were recorded with a sampling frequency of 1 MHz, and waveforms were displayed using dedicated software developed for Matlab (MathWorks, Natick, MA, USA).  We performed measurements of the magnetic flux density and its time derivative at different distance from the coils.  Both the MagProbe and the Hall effect probe were held parallel in front of the magnetic coil (normal to axis of the coil) (Fig. 2, z-direction).  We used a wooden holder in order to fix the probes at different distances from the coils.  The distances from the magnetic coil centers to the MagProbe were 0.5, 1, 2, 5, 10, 15, 20, 30, 40, 50, 60, and 100 cm.  For each stimulator the intensity of stimulation was set to 50% of the stimulator output and the time course of B and dB/dt were recorded three times with the MagProbe and three times with the Hall effect probe.  We made sure that for each measurement position, we recorded in a position and orientation that would ensure the maximum induced field, a worst case measurement.  Measurements were performed in the center of the round coils (Stimulator A and B), or at distances in a plane parallel to the coils.  Whereas, for the figure-of-eight coil (Stimulator C) the measuring probe was placed in the center of one of the two almost round wings, or at planar distances to the coils.  Measurements for both probes were taken as the mean of the peak amplitude of the first peak.  
[Please Figure 2 near here]

Furthermore, we measured the magnetic flux density and its time derivative in the horizontal plane with respect to the coils (Fig. 2, x-direction).  Again, the probes were always moved in order to measure the worst case field.  In the horizontal plane, the measurements were performed at distances of 1, 5, 10, 30, 60 and 100 cm away from the center of the coils.
Results

Magnetic flux density
All three types of magnetic stimulators exceed a level of magnetic flux density of 3 mT, which is considered to be the threshold for having a possible projectile risk (Directive 2004/40/EC, Hansson Mild et al., 2009).  Concerning static fields, the ICNIRP guidelines (ICNIRP, 2009a) consider the limit for projectile risks to be “a few mTesla”, whereas, for the protection of medical devices sets the limit to 0.5 mT.  However, with respect to time-varying magnetic fields, there are no mention of this question (ICNIRP, 2009b).

The duration of the initial pulses were in the order of 50 – 650 µs.  While the problem of an eventual mechanical effect for static fields is limited to ferromagnetic materials, in TMS the self induced field require to pay the attention to non ferromagnetic electric conductors as well.

Moreover, in particular cases, i.e. if the electric wiring of the room does not fulfill technical specifications, the magnetic pulse might cause interference effects on other devices.
Waveforms of the magnetic stimulators

For magnetic stimulation there exist different kind of waveforms to induce currents:  (i) a monophasic or near-rectangular shaped, (ii) a polyphasic waveform, and (iii) a biphasic sinusoidal waveform (Fig. 3).  Stimulator A induces currents using a monophasic waveform with a duration of the initial peak of 95 µs at the point of the zero-crossing (Fig. 3A).  Stimulation occurs during the first rapid phase of the induced waveform, and if the direction of the current is clockwise in the stimulating coil, the resulting induced current will be counter clockwise in the tissue.  Of course by flipping the coil, the direction of the induced current will be reversed.  Stimulator B induces currents using a polyphasic waveform and had a duration of the initial phase of about 70 µs (Fig. 3 B).  The following phases are usually smaller in amplitude and the waveform decays to zero in about 650 µs.  Stimulation occurs normally during the initial phase of the oscillatory induced current.  Specifically, with respect to peripheral nerve stimulation in order for a waveform to behave monophasicically the amplitude of the second phase must be small relative to the first, and the duration of the second phase must be greater than the membrane time constant, which for large motor axons is on the order of 100-150 µs (Barker et al., 1991;  Panizza et al., 1992;  Panizza et al., 1994;  Panizza et al., 1998).  Finally, stimulator C with a biphasic sinusoidal waveform had a duration of the initial peak of about 50 µs (Fig. 3 C). 

[Please Figure 3 near here]
Time-varying magnetic field (z-direction)
The time variation of the field is the most important parameter for magnetic stimulation.  Table 1 lists the mean values of the measurements performed in the z-direction from the magnetic coils that we tested, and Figure 4 summarizes our findings.  

The sensitivity of the gauss meter is above the reference values listed by ICNIRP (ICNIRP, 1998) for pulses shorter than 200 µs (see Table 2), but approaches the reference values reported in the 2009 draft (ICNIRP, 2009b).  Notice that ICNIRP guidelines (ICNIRP, 1998) does not contemplate a reference value for dB/dt, instead ICNIRP (ICNIRP, 2003) report methods in order to derive guidelines for non sinusoidal waveforms by using spectral analysis or appropriate filtering of the signal.  This guideline has been confirmed in a recent report (ICNIRP, 2009b).
As can be seen in the graph (Fig. 4), the reference value for dB/dt is exceeded for all three kind of magnetic stimulators already at a distance between 30-35 cm from the magnetic coil at 50% output setting on the stimulators.  

[Please Figure 4 near here]

If the data are extrapolated to a 100% output the distance would increase to 45-50 cm as already found in the literature (Karlström et al., 2006).

In Table 1 are illustrated the correlation between the peak values of the magnetic field measured with the Hall effect probe and the dB/dt measured with the MagProbe.  The regression analysis for stimulator A, B and C were all statistically significant (p<0.0001).  Whereas, if we applied the integral of dB/dt and compared this to the B field waveforms, the cross correlation showed statistically significative comparison (p<0.05) with a delay of 30-60 μs.
Time-varying magnetic field (x-direction)


The measurements taken for the horizontal plane (x-direction, Fig. 2) showed a much larger drop off than for the z-direction (Fig. 2).  At a horizontal distance of 30 cm from the magnetic coil (x-direction), the measured values were similar to the ones measured at distances of 100 cm in the plane normal to the coil (z-direction, Fig. 2).
Discussion

Until date very few publications have dealt with the safety aspects concerning the operator and the patients being exposed to time varying magnetic fields during transcranial magnetic stimulation (TMS).  

In the simplest approach of ICNIRP 1998, the peak value of a 100 µs impulse, can be compared with the reference value for magnetic flux density at 5 kHz, multiplied by (2, in this case 43.3 µT.  

We have demonstrated that the above mentioned values can be exceeded when the operator is at a distance of 30-70 cm or nearer, similarly to the work by Karlström and co-workers (Karlström et al., 2006).  Our data show that the measurements, at close distance from the coil, are independent of the stimulus waveform or the type of coil, at least for three most common stimulators that we have used until date (Cadwell and Magstim).
The sensitivity of the gauss meter we used is higher than required to extend the analysis below the ICNIRP 1998 guidelines reference value.  Whereas, when considering the new guidelines of 2009 (ICNIRP, 2009b) the situation is slightly better, where the proposed reference value is 140 µT.

Our measurements were performed in the direction of the maximum intensity of the field, and we are well aware that in a number of clinical applications the operator holds the coil in such a way that the maximum fields are rather distant from the head and trunk of the operator. However, with manual positioning of the coil of the magnetic stimulator there is at the moment no warranty that the above mentioned reference values are respected. 

 Depending on the waveform and the type of coil used for the magnetic stimulation, a region with a radius of about 1 m can be compiled around the coil of a magnetic stimulator with an output of 2 Tesla, where reference values of ICNIRP might be exceeded.  This is even valid when considering the higher reference values reported in the draft ICNIRP draft for 2009, which list a value of 140 μT (ICNIRP, 2009b).
Figure 4 illustrates that measuring magnetic flux density with a gauss meter might give useful information concerning the safe distance around a magnetic coil, provided that the instrument have a sensitivity well below 100 μT.  The instrument that we used in these measurement had an upper frequency of the peak detector above 10 kHz, but probaly an upper frequency limit well above 30 kHz would have been better, and might have enhanced the correlation in Figure 3.
The ICNIRP 1998 guidelines (ICNIRP, 1998) list reference values of the magnetic field that are intended to the respect of basic restriction for the current density in the head and trunk.  These basic restrictions were intended mainly to avoid stimulation and safety considerations were applied when setting reference values well below the level that could induce such current density able to stimulate.

In the ICNIRP 2009 draft (ICNIRP, 2009b), the internal  electric field (E-field) has been chosen has the quantity for setting a basic restriction, “because of relatively large uncertainties in the conductivity of the tissue, induced electric field appears to be a more stable dose quantity than the induced current density”, and a higher reference value for the B- field is being setting.  This work, and further studies can be of support in establishing appropriate reference levels for the different applications.

In the range of low frequency, most of the work concerning non sinusoidal field has been devoted to prevent painful stimulation in diagnostic imaging (MRI), whereas in TMS one of  the goals is the peripheral nerve stimulation of the patient (Gowland et al., 2007).  
The problem for diagnostic imaging (MRI) and clinical neurophysiology (TMS) is the lack of a specific directive concerning these highly specialized techniques (Gowland et al., 2007).  Certain aspect of the techniques are in fact comparable, both use transient magnetic fields in the frequency range 0 – 10 kHz. 
A better knowledge of the distribution of the internal E-field  induced by TMS  would be of help in establishing safety standard for the patient in MRI and limiting staff exposition in TMS, even if the guidelines could require to be specialized for the two different situations.

Apart of studies listed by Ruohonen (1998) we have not been able to find studies concerning TMS induced magnetic field effects in humans.  Several studies concern the effects of high frequency electromagnetic fields emitted by mobile phones.  Established effects are due to tissue heating at high power while no evidence has been found about non thermal effects at low power level involved in the normal use of mobile phones.  Furthermore, a substantial amount of work has been done concerning extremely low frequency (ELF) fields as those emitted by power lines.  In this case, established effects are cause by induced current at high field levels and only a weak statistical correlation has been found between low level fields and childhood cancer (Knave, 1994).
   However in a recent study by Ferreri and co-workers, they found modifications in the brain excitability, when exposing the human brain to 30 min of time-varying GSM magnetic fields (global system mobile telecommunication).  The intracortical excitability curve became significantly modified during real exposure, and no changes were observed to sham exposure (Ferreri et al., 2006).  Tympanic temperature showed no significant effect.  In the work by Ferreri, they used TMS to demonstrate significant changes to cortical excitability.   It is important to point out that, even when using paired-pulse TMS or rTMS the frequency component of the stimulation pulse is usually less than 10 KHz.  Therefore, from the point of view of the effects, TMS should rather be compared to low frequency fields. 

What is the influence of the different waveforms used in TMS?  Magnetic stimulators using biphasic waveforms are more efficient to activate the brain, when compared to monophasic waveforms, even if the initial phase of the waveforms are of the same size (Kammer et al., 2001; Rothwell, 2005).  One possible explanation is that the charge transfer is maximal in the swing between the first and second phases of the biphasic waveform (Maccabee et al., 1998; Corthout et al., 2001; Kammer et al., 2001; Rothwell, 2005; Sommer et al., 2006).  For example when evoking motor responses from the hand muscles during TMS the optimal current direction induced in the brain is near perpendicular to the central sulcus, but diagonally flowing posterior-to-anterior (PA) (Brasil-Neto et al., 1992;  Di Lazzaro et al., 1998;  Rothwell, 2005).  Therefore, when using a magnetic stimulator with a biphasic waveform, the initial phase of the stimulus must be directed anterior-to-posterior (AP) in order for the current direction in the swing phase to be in the PA direction.  In other terms, the stimulus depends on the derivative of the stimulating field which change its sign in the swing phase of the sinusoidal waveform.


It is rather clear that one way to protect the operator could be to mechanically fix the coil of the magnetic stimulator on the head of the patient.  A mechanical system allowing to fix and maintain the magnetic coil on the head of the person would be ideal.  Several solutions have been proposed by the manufacturers of magnetic stimulators, for example the Magstim company, MagVenture and Neuronetics have designed several mechanical arms and solutions, and for the moment the Neuronetics NeuroStar TMS Therapy system shown is the only FDA-cleared device.  Ingenious and clever solutions have been proposed by Lancaster and co-workers (2004) and Matthäus et al. (2005).  Both laboratories have described robot positioned TMS system, using MRI, CT scan and a navigation system to feedback control the position of the magnetic coil on the head of the person.  Such a solution would be ideal, since the robot system would ensure a correct positioning of the coil even if the person is moving the head during the stimulation.
Discuss the problem that MRI and TMS can not have the same guidelines.  Take for example the fact of peripheral nerve stimulation.  In the MRI you want to avoid painful stimulation.  Whereas in TMS you want to provoke stimulation. (see above)
Conclusion

Considering the facts on transcranial magnetic stimulation, we can conclude that there are no particular elevated risks for the patient or the operator, as long as a number of guidelines are observed.  

In general the evaluation of magnetic fields around TMS requires knowledge about pulse shapes and intensities.  The measurements performed by a gauss meter are useful provided that: (i) the instrument can measure peak values of transient signals with frequency up to at least 10 kHz; and (ii) a sensitivity below 30 µT.

Dangerous situations can be avoided by using strict clinical protocols, based on the known risks (according to International Federation of Clinical Neurophysiology - IFCN).  In the following we will briefly list some rules to apply for the use of TMS:

· use of the TMS only by trained personal (the personal should be aware that it can be dangerous to stimulate in the presence of metallic objects or other electronic instruments);
· patients should be given clearly all details, benefits, risks and aspects of the TMS procedure before signing an informed consent;
· clinical evaluation in case of the presence of metallic implants, pacemakers or implanted cardioverter-defibrillator;
· only use the stimulator in a room that will guaranty a minimum distance of at least 1 meter to metallic objects, power line wiring etc.;
· maintain the longest possible distance between the body of the operator and the magnetic coil;
· whenever possible use a mechanical system to fix or hold the magnetic coil in order to be in direct physical contact with the head.
Anyway operators of TMS must be considered professionals exposed to electromagnetic fields.  Further research should be dedicated to the work on using mechanical arms or even robot systems to hold and fix the magnetic coil.  Furthermore, novel transcranial magnetic stimulation devices should be developed, that would have a higher efficiency and allow for an optimized waveform of the induced electric field pulse (Peterchev et al., 2008).  In this work we have used stimulators that were available to us at the moment of these experiments.  However, further work needs to be done in order to understand the size of the magnetic fields for other and newer types of magnetic stimulators, such as deep TMS using an H-coil (Zangen et al., 2005), Neuronetics iron core coil (O'Reardon et al., 2007), optimized waveform (rectangular) (Peterchev et al., 2008) as well as coil like the double cone coil (shaped to the head) and the four-leaf coil (Roth et al., 1994).
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Figure legends

Figure 1.  X-ray of the different magnetic coils used in the experiments.  A:  the round coil with a 13 cm outer diameter and 6 cm inner diameter used with the Magstim 200, B:  a focalpoint coil with the Cadwell MES-10, and C: a water-cooled figure-of-eight coil used with the Cadwell high speed TMS.

Figure 2.  Experimental setup for the measurement of the magnetic field illustrating the measurements for the coils A, B and C.  For illustrative purposes the MagProbe (dB/dt) is shown at a measuring distance of 10 cm and the Hall effect probe (B-field) at a distance of 20 cm.  The measurements were consecutively, with the two probes fixed in a wooden holder at distances (z-directions) at 0.5, 1, 2, 5, 10, 15, 20, 30, 40, 50, 60 and 100 cm.  Measurements were performed at 50% stimulator output.

Figure 3.  The waveforms for the type A stimulator (top), type B stimulator (middle), and type C stimolator (bottom traces) are shown.  For each stimulator we have plotted two waveforms:  (i) the timecourse of the rate of change of magnetic fields measured with the MagProbe to demonstrate the dB/dt, and (ii) the magnetic field using the simple Hall effect instrument to plot the B field.  

Figure 4.   A. Measurements of the dB/dt (kT/s) plotted as a function of distance from the magnetic coil for stimulator A (open triangle), stimulator B (open square) and stimulator C (open diamond).  Furthermore the data were averaged and extrapolated to 100% output (solid circle).  On the graph the action value from the European directive is indicated as well as the theoretical level of peripheral nerve stimulation (PNS, the perception level) according to Reilly, 1998.  B.  Measurements of the B-field (mT) plotted as a function of distance from the magnetic coils for stimulator A, B and C (simbols as in fig. 4A).  The averaged and extrapolated data for 100% output are indicated as a solid square.
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