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Understanding the brain and its activity is one of the great challenges of modern science. Normal brain activity (cognitive processes, etc.) has been extensively studied using electroencephalography (EEG) since the 1930's, in the form of spontaneous fluctuations in rhythms, and patterns, and in a more experimentally-driven approach in the form of event-related potentials (ERPs) allowing us to relate scalp voltage waveforms to brain states and behavior. The use of EEG recorded during functional magnetic resonance imaging (EEG-fMRI) is a more recent development that has become an important tool in clinical neuroscience, for example for the study of epileptic activity. The purpose of this review is to explore the magnetic resonance imaging safety aspects specifically associated with the use of scalp EEG and other brain-implanted electrodes such as intracranial EEG electrodes when they are subjected to the MRI environment. We provide a theoretical overview of the mechanisms at play specifically associated with the presence of EEG equipment connected to the subject in the MR environment, and of the resulting health hazards. This is followed by a survey of the literature on the safety of scalp or invasive EEG-fMRI data acquisitions across field strengths, with emphasis on the practical implications for the safe application of the techniques; in particular, we attempt to summarize the findings in terms of acquisition protocols when possible.
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INTRODUCTION

Electroencephalography (EEG) is a technique to record the brain's electrical activity. Since its introduction by Berger in 1929 and replication by Adrian in 1934 [1], this technique has evolved from recording electrophysiological of the brain activities to clinical use including identification of epileptic seizures, non-epileptic seizures, migraine and movement disorders based on the spontaneous changes in the rhythms and shapes of the event-related potentials (ERPs). The activity of neurons, and to a lesser extent glial cells, produces electrical and magnetic fields [2]. In epilepsy, recording patients having a seizure using scalp EEG is a clinical tool of the utmost importance especially when used in conjunction with video recording to better identify the seizure onset. Two types of EEG are available: scalp EEG, the non-invasive tool capable of recording brain activity, mostly originating in the superficial neocortex, and intracranial EEG (icEEG), an invasive technique requiring surgery with exquisite sensitivity, although more restricted to the immediate vicinity of the implanted electrodes [2–4]. According to Tao et al. [5], recognizable activity recorded on scalp EEG must originate from at least 10 cm2 of cortical area. However, volume conduction and the attenuating effect of the skull make it difficult to relate these signals to their specific origin, forcing the investigator to make assumptions on the nature of the generator, combined with models of the associated fields: this is the inverse problem of EEG (MEG) [2]. IcEEG is capable of detecting activities generated in the mesial cortex during a seizure [6, 7]. In addition, icEEG has the ability to detect weaker brain activity that sometimes cannot be identified in scalp EEG and MEG and it can only detect activity occurring within a set of small brain regions defined by patient clinical needs [2, 3].

Functional brain imaging can help to localize regions responsible for epileptic discharges; this includes positron emission tomography (PET), single photon emission computed tomography (SPECT) and functional magnetic resonance imaging (fMRI). FMRI reveals changes in the blood oxygenation level [8] by measuring the local hemodynamic variations through detecting the changes in the blood oxygen level dependent (BOLD) signals that can be seen clearly during brain activities [9]. FMRI can be used to identify regions involved in the generation of epileptic discharges, particularly when combined with EEG: Simultaneous scalp EEG-fMRI [10, 11] or icEEG-fMRI [12–17]. However, as with all simultaneous multimodal data acquisitions methodologies, data quality can be compromised due to interactions between the two systems, and the subject [18].

The potential benefits of simultaneous scalp EEG-fMRI or icEEG-fMRI are plentiful. However, there are several risks associated with the three types of magnetic fields used by MRI: the static magnetic field (B0), time-varying magnetic gradient field and radiofrequency (RF) magnetic field (B1). The greatest risk is generally heating which is related to RF electromagnetic field-induced currents that cause increased power deposition in the tissue in the vicinity of metallic EEG or icEEG electrodes when applying concurrent fMRI [19]. In addition heating can also occur as a result of the induced currents by the switching magnetic fields [20]. These problems can cause tissue burns in the locations adjacent to the metallic electrodes [20, 21].

The main objective of this review is to provide a survey of the current knowledge regarding the safety of placing EEG electrodes in contact with or within human subjects, within the MRI scanner; although our primary interest is in the use of non-invasive (scalp) and invasive EEG electrodes, we consider studies of other brain implants such as electrodes for deep brain stimulation (DBS), to the extent that studies involving those are directly relevant to the topic of this review. Specifically, depth intra-cranial EEG electrodes are very similar to DBS electrodes, geometrically and in their composition, and therefore we believe that any published work on the safety implications of placing DBS electrodes in the MRI environment must be included in this review.

The article is structured as follows: first, we briefly review the health hazards that are associated with the technique of simultaneous scalp EEG-fMRI and icEEG-fMRI after which we discuss the main theoretical aspects of EEG equipment when subjected to MRI. Second, we list the factors that can affect the increase of the heating of the scalp EEG and implanted electrodes inside the MRI that are subjects of previous and current research studies. Finally, we follow that by reviewing the appropriate acquisition protocol.

HEALTH HAZARDS RELATED TO CURRENT FLOW IN, AND IN THE PRESENCE OF CONDUCTIVE ELECTRODES IN CONTACT WITH OR WITHIN, HUMAN TISSUE: A BRIEF SURVEY OF OBSERVATIONS

Observations from the use of diathermy show that electrical currents of the order of 1 A or greater may cause skin burns around metallic electrodes; similar effects have been observed in the vicinity of electrodes in contact with tissue placed in the MR environment [22–25]. Ulcers can be caused due to electrolysis from direct currents (DC) [20, 26]. Electro-motive forces and thermal skin damage are caused at the electric field of 3,500 V/m [25, 27]. Electric shock or stimulation under the frequency of 100 KHz and tissue heating in the frequencies higher than 100 KHz occur as a result of current flow to the body in contact with a metallic objects [20, 28–31]. Human subjects reported mild neural stimulation when exposed to gradient field changes of 61 Ts−1 [32]. Other health effects of the switching gradients in the body include nerve or muscle stimulation [33–35]. Schaefer et al. estimated that nerve simulation might occur during exposure to an electric field of 0.0006 Volts/m or greater assuming the radius of the patient 0.2 m [33]. Prolonged RF induced heating for up to 5°C (over the normal body temperature) would damage the neurons [34, 36] and that depends on the sensitivity of the tissue in the brain [37, 38].

We are not aware of any officially recorded report of significant injury directly linked to EEG recording inside the MR scanner in the scientific literature, European or North American regulatory authority databases or those of equipment manufacturers (Robert Stormer, Brain Products GmbH; personal communication). However, there are reports of ECG electrode-related burns sometimes placed during EEG-fMRI recording sessions [39].

THE SOURCES OF HEALTH HAZARDS IN SIMULTANEOUS EEG AND FMRI: THEORETICAL CONSIDERATIONS

The sources of health hazards associated with the use of EEG during MRI scanning have been studied since the technique's first published demonstrations of feasibility of recording EEG on 0.3 T MRI systems [40, 41] and then continued as EEG-fMRI was developed on 1.5 T scanners [42–48]. The same general safety considerations apply to EEG-fMRI as for all applications of MR to human subjects. In summary, safety issues might arise not only from the physical forces or from magnetic fields on these foreign objects but also inductive interactions between magnetic fields and the body and other components placed within the field [31]. In addition, capacitive interactions occur between the RF electrical field and the human body close to RF transmit coils in the form of (time varying) charge accumulation [20].

As with the introduction of any device not part of the MR system in the scanner, extra precautions are advised and careful consideration of any potential additional health hazard specifically related to the device should be given: ballistic (projectile) and electrical device safety issues and electromagnetic compatibility; these will not be the subject of this review and the reader should consult standard texts on MR safety and electrical device safety (as applied outside the MR environment), for example, [31, 49, 50]. In the case of EEG recording, we have the introduction of electrically conductive circuits consisting of powered amplifiers electrically connected to the patient via leads and electrodes attached to the patient's body and additional risks can arise from induced currents. Such electrically active components are the subject of electromagnetic compatibility regulations and standards such as produced by the International Electrotechnical Commission (IEC) (www.iec.ch), International Organization for Standardization (ISO) (www.iso.org), the US Federal Communications Commission (FCC) (www.fcc.gov) and the Society of Automotive Engineers (SAE) (www.sae.org). The conductive loops in EEG equipment typically contain high impedance components in the amplifiers and low impedance segments [20].

Let us consider the exposure of conductive to the electromagnetic fields involved in the acquisition of MR images, namely the magnetic (B) and electric (E) fields. Interactions with different types of materials arise when EEG electrodes and leads are introduced in the three types of magnetic fields used in MRI. First, the strong and uniform static magnetic field (B0) interacts with different materials that have specific magnetic properties that include: diamagnetic, paramagnetic and ferromagnetic materials, resulting in mechanical forces (the aforementioned ballistic effects) or torques. Diamagnetic materials are repelled by magnetic field forces as a result of these forces. The paramagnetic or ferromagnetic materials are attracted by the forces of the magnetic fields. Second, RF electromagnetic fields, that are produced by RF coils during the MR sequence, contains two components; one magnetic (B1), and the second non-conservative electric component [20, 51]. For a circularly polarized B1, the electrical component can be expressed as follows:
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Where ω0 is the Larmor frequency (63.76 MHz and 127.7 for 1.5 T and 3 T, respectively) and ẑ is the unit vector along the scanner's long (Bo) axis. Third, the gradient magnetic fields that modulate Bz produced by the scanner's gradient coils, for spatial encoding along the 3 orthogonal axes x, y and z [52]:
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Therefore, induced currents can arise in circuits comprising of conductive loops (including body tissues) when exposed to a time-varying magnetic field (gradient and RF) or when there are moving loops interacting with a spatially varying static magnetic field (B0) [19, 20]. The ERF field can give rise to time-varying charge accumulation in extended linear conductors. The currents and charges resulting from such interactions increase with the strength and frequency of the applied fields (and/or the rate of motion within the fields) and require careful consideration in theory, and possibly experimentally.

Theory of the Interaction between Closed Circuits (Loops) and the Switching Gradient Field

The interaction between conductive loops and a time-varying magnetic field follows Faraday's law:
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Where V is the induced electromotive force, (dS) is the infinitesimal area parameter which is also a factor of the moving surface area (A); B is the magnetic field. Equation (3) can be generalized to show the relationship between the electric and switching magnetic fields; Maxwell-Faraday's equation:
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Where ∇ is the curl operator, [image: image] is the electric field and dB/dT is the rate of the magnetic field. In MRI terms, the maximum change in the magnetic field (dB/dT)max corresponds to the gradient field's (Smax) maximum slew rate at the position (z) relative to the central axis of the gradient coils:
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The switching gradient field that is applied in three coordinates x, y, and z, and used to modulate the resonance frequency, is an important element of MR scanning pulse sequences. The switching gradient field can interact with conducting loops causing one main issue for EEG-fMRI: the flow of the currents within the loop of tissues that depends on (dB/dT), the conductivity of the body and the cross-section of the conducting loop [32].

Interaction between the RF Field and Circuits (Loops and Linear Antennas)

At frequencies in the MHz range and above, and in contrast to the gradient fields, the electrical component of the EM field produced by coils becomes a primary element with significant safety implications.

Concerning the magnetic element, B1, the following proportionality relationship applies the induced voltage, V, in a closed circuit:
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The exact relationship is a function of the circuit's geometry and location, and B1 distribution [20]. This occurs in loop antennas (inductive coupling).

The electrical part of the RF field can generate charges to flow and accumulate in extended wires (capacitive coupling) [20] according to Equation (1) for the E field for circularly polarized B1. More generally the effect of EEG equipment can be considered as altering the electric field such that its overall power is increased both globally and in localized areas.

Interaction between Moving Closed Circuits (Loops) and Static Magnetic Field (B0)

Moving loops interaction with the static magnetic fields (B0) follows Equation (3) and the electromagnetic field and can be calculated by the following equation:
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Where (dS/dt) is the average of the loop area across the static magnetic field.

Magnetic Forces and Torques

Another potential source of health hazard is the presence of magnetic forces and torques on any conductive or magnetic element because of the exposure to the temporary gradient magnetic field within the permanent magnetic fields; these forces are known as Lorentz forces that act on the icEEG implants and causes vibrations and displacement that can be directly dependent on the Bo (in the absence of the permanent magnetic parts) as well as the induced currents and the location from the iso-center of the Bo and inversely on the gradient ramp time [53–56].

In summary, the hazards related to EEG recording inside MRI fields that were listed in International Organization of Standardization [57] are:

• Heating which is induced by RF or gradient fields.

• Vibration as result of gradient switching fields.

• Force and torque due to B0.

• Extrinsic electric potential as a result of lead voltage induced by gradient fields (is not the subject of this review).

• Rectification that is caused by lead voltage induced by RF (is not the subject of this review).

• Malfunction as a result of B0, RF and gradient fields (is not the subject of this review).

Experimental Factors that can Affect the Amount of Heating in the Vicinity of Electrodes in the Application of the EEG-fMRI

In this section, we start by describing the factors that are common to the safety of all MR scanning, and taking into consideration the presence of electrodes, starting with physiological, followed by the scanning process itself and associated MR technology. We then describe factors specifically related to experiments designed to assess the safety of MR scanning in the presence of electrodes.

RF Energy Deposition

Although the type of sequence can be a general guide to RF-induced heating, the details of a MR scanning sequence are crucial in assessing the specific risks associated with its use, in the presence of conductive devices such as EEG electrodes. In the following, we discuss two common practical MR factors closely related to energy deposition: SAR and RF transmit coil type.

Specific absorption rate

The specific absorption rate (SAR) is a measure of the amount of heat generated in a body due to exposure to RF fields through the Joule effect and is the most important parameter to quantify the risks associated with RF exposure during MR scanning [19, 58]. Furthermore, it can be empirically linked to the heating of implants and electrodes [59]. SAR is the relation between tissue exposure to the RF field and the absorbed energy in a certain mass [60, 61]. SAR in units of W/Kg can be related to the electric part of the RF field, as:
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Where σ is the material's electrical conductivity in (S/m), ρ is the mass density in the unit (kg/m3) and [image: image] is the local RF electrical field magnitude. The SAR value can be calculated and expressed in several ways: averaged over a whole body, averaged over whole head and averaged over local or small volume that can be 1 g of tissue or 10 g of tissue or other values. (In this review, we use head-averaged SAR unless indicated otherwise) Under certain conditions, without heat dissipation, SAR can be expressed in-terms of temperature changes as follows [54]:
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Where Cp is the heat capacity in unit (4,186 J/C°.Kg for water) and dT/dt is the rate of temperature change.

The international safety guidelines for MRI scanning state that the increase in the temperature of human tissues must not exceed 1°C and that the SAR value should not exceed 10 W/Kg for the local SAR (using local transmit coils) [50, 60]. For the volume transmit coils such as head or body RF coils, whole-body SAR must not exceed 2 W/Kg and the whole-head SAR must not exceed 3.2 W/Kg for the head-average over 6 min [50]. For more information about thermal damage and thresholds, please refer to Sapareto and Dewey [37] and Yarmolenko et al. [38].

Type of RF transmit coil

RF transmit coils vary greatly in geometry, size (anatomical coverage) and excitation mode, depending on the desired application and scanner design, with direct consequences for the E field distribution and power. Therefore the distribution and amount of tissue heating with or without any conductive components placed in or near the RF coil is greatly affected by the coil size and design. For example, SAR values can be decreased by careful transmit coil design [62–68]. Kangarlu and co-workers performed simulations and experiments to study the impact of coil length on localized heating at 8T, showing greater heating for longer coils [69]. In practice, the volume of the coil is an important determinant of the total power required to produce the B1 field needed for a given pulse sequence with increased power requirements being associated with a greater risk of heating. Hence multiple studies have considered the type of coil coverage (head vs. body) in the presence of EEG electrodes and leads [19, 36, 55, 70, 71]. For example, Carmichael et al. [19] in a study at 1.5T in the presence of icEEG (depths or subdural grids and strips) electrodes found that the head transmit-receive coil results in significantly less localized heating compared to the body coil. The authors conclude that body transmit coil should be avoided when icEEG electrodes are present; this finding is in line with that of others, but in contradiction with Boucousis et al. [36]. This could be explained by the different electrode and phantom configuration.

In addition, the use of multi-channel coils (such as an 8-channel system arranged in two rows positioned in the z-orientation) can help to reduce the required RF power and SAR values [64, 72–75]. Multi-transmit coils offer reduced power requirement to produce RF field and thus, a decreased SAR value [63–66, 73–78].

It is important to note that there is a complex relationship between the position of the body and the conductive components of the EEG system in relation to the RF coil and their coupling which is also field strength dependant. Therefore, generalizations are limited to the range of tested circumstances such as a particular spatial arrangement of EEG equipment tested in different RF coils.

Type of MR Sequence

The type and parameters of an MR sequence are crucial factors for temperature elevation because of the obvious link between the amount of RF power deposited in the body, the power applied and heating; this deposited power, the SAR is a fundamental parameter in MR safety [55]. For structural and functional imaging of the brain in epilepsy, sequences typically used include spin echo (SE) and derived sequences such as fast spin echo (FSE) or turbo spin echo (TSE), gradient echo (GE) sequences with or without and inversion pulse for T1 weighted imaging and echo planar imaging (EPI) for functional imaging. SE involves the application of an excitation and refocusing RF pulse (90° and 180°) however it is rarely used due to long imaging times. In FSE or TSE, a series of multiple refocusing RF pulses are applied following the excitation pulse, which is termed the echo train length. A large power is required to produce the RF B1 field for refocusing pulses (that need to approach 180°) and many are applied in a short time period (order 1 per 10 ms) that leads to high RF power levels. This then causes increases in the heating effects because of the coupling between E-field and B-field in the RF band [79]. Gradient echo sequences involve a single RF pulse followed by a gradient reversal [80], and generally have a much lower SAR than SE. In either case, the amount of heating can be controlled by changing parameters such as the flip angle and sequence repetition time (TR). EPI is a time efficient sequence where an entire image is obtained in a series of gradient echoes with differing phase encoding following a single RF pulse. This makes it typically a low RF power sequence. SE-EPI uses the same readout following an excitation and refocusing pulse which increases its SAR.

Multi-band (MB) (also known as simultaneous multi-slice) sequence is a more recent development to speed the image acquisition by the use of excitations of multiple slices simultaneously [81]. This type of technique has recently become widely used in fMRI to allow faster temporal sampling than the single-banded acquisition pulse techniques. The requirements of exciting multiple slices can lead to greater RF power requirements, especially peak power and at high multiband factors. However, there are already a number of approaches to RF pulse design to limit this power requirement (e.g., Norris PINS pulses, transmit sense) [82]. In addition, for faster sampling (shorter TRs), optimal imaging requires smaller flip angles helping to limit power requirements. Nevertheless, these sequences repose the challenge of managing heating risks when higher SAR sequences are used together with EEG recording equipment particularly for high acceleration factors and high field strength MRI scanners [83].

In the context of studies focused on identifying the set of circumstances and image acquisition parameters that allow MRI in the presence of EEG electrodes (or other implants), SE sequences are often used to assess worst-case heating [20, 55, 70], and in comparison with other, less SAR intensive and more practically relevant sequences such as GE EPI used for fMRI. The former approach has the advantage of demonstrating the potential health impact of the wrong scanning protocol being used, for example through operator error, while allowing for risk assessment of lower SAR protocols. It is crucial to note that the calculation of SAR is scanner and software specific therefore to directly compare between pulse sequences across vendors B1rms (root mean squared B1) provides a much more reliable metric independent of factors such as the RF coils used, body position or weight. SAR estimates for any given acquisition are model-based and scanner manufacturer-specific and are not designed to take any foreign body into consideration and therefore, caution is advised when using SAR in relation to the heating of implants [19].

EEG Equipment-Related Factors

Type, number and position of electrodes

The general aim of most experiments on RF-induced electrode heating has been to identify the worst case scenario, which in effect means identifying the location of greatest heating for a given electrode/subject configuration. This approach is typically in accordance with the ASTM guidelines.

The types of EEG electrodes are factors that can theoretically affect the amount of localized heating in the presence of EEG electrodes in contact with human subjects in the MRI environment. EEG electrode types include scalp and icEEG (and for the purpose of this study, DBS electrodes which are extremely similar to depth EEG electrodes). The material used for the clinical and investigative scalp EEG electrode contacts range from Ag/AgCl, Au, plastic to stainless steel, each with greatly varying magnetic and conduction properties. Invasive (icEEG) electrodes are usually made of Pt-iridium (though steel and platinum are also used) and the conductive wires made of nichrome (NiCr). At 4T, Stevens and co-workers reported no significant heating increases in three different types of scalp EEG electrodes: brass, silver, and conductive plastic of about 0.1, 0.0, and 0.1°C, respectively, when they are attached to an oil phantom without connection to the lead wires and EEG devices and without forming a resonant loop [84]. These temperature increases changed to 0.05, 0.04, and 0.06°C for the brass, silver and conductive plastic electrodes, respectively, when they were attached to an agarose phantom indicating the importance of choosing the proper phantom and electrode materials for heating measurements in the high magnetic fields [84]. Phantom composition will be explained in the following sections.

Angelone et al have found that the number of scalp EEG electrodes can affect the amount of heating using finite difference time domain (FDTD) computational simulations. In their simulations, SAR values of 0.59 W/kg without EEG and 0.77 W/kg were estimated in the skin with 124 scalp EEG electrodes at 3T [85]. The same trend was obtained for simulations at 7T where the results showed 0.29 W/kg without scalp EEGs, 0.35 W/kg with 16 electrodes, 0.41 W/kg with 31 electrodes and 0.43 W/kg with 62 electrodes [85]. However, outside the field of MR, a reduction in heating was observed experimentally when placing increased number of electrodes in the presence of GSM900 mobile phone (RF: 890–915 MHz) that depended on the location and angle of the electrode leads with respect to the RF [86]. Importantly the shielding effect of electrodes can result in a reduction in the local SAR [85, 86].

Concerning the distribution of RF-induced heating, Vasios et al studied that with the scalp EEG electrodes according to the 10–20 international systems [87]. They measured heating of 1.09°C and 6.61°C in the CZ paste position and 0.87°C and 0.97°C 5 mm from Fp1 position when placing inkCap (thin nylon grommet contacts and thin polyester film) and the standard (gold/grass) scalp EEG electrodes, respectively [87].

Intracranial electrodes used for invasive monitoring in epilepsy patients are either strips or grids of disks that are designed to reside on the cortical surface (ECoG) or penetrating cylindrical electrodes (depth electrodes). Concerning studies of heating in the presence of icEEG, comparing depth electrodes with grid electrodes, the two electrodes tend to have similar heating [36, 55]. It has been shown that icEEG electrodes implanted coronally with their terminating wires positioned posteriorly to the magnet, showed heating below the standard allowed limits (<1°C); however, these terminating wires showed increased heating when positioned anteriorly to the magnet, and excessive heating can be seen in the parasagittal implant locations at 1.5T [70]. Therefore, it is recommended to apply EPI sequences in an orthogonal approach (perpendicular to the Z-axis of the magnet) [70]. The addition of multiple and different electrodes have been studied by Carmichael and Boucousis but the total electrode number itself has not been identified as a critical factor determining heating.

Connection cables (leads) and their configuration

The conductive termination of wires can play a significant role in the amount of localized heating in the vicinity of EEG electrodes. For instance, Carmichael et al. have tested the effect of the position of the terminal cables on heating and found that when these cables were positioned in the z-axis to the magnet, they produced high temperature of about 6°C and about 2.6°C when the cables are placed close to the body toward the feet (inside the bore) [55]. Heating can elevate above the permitted limits when the wires are shorted and placed in close proximity (effectively creating a short-circuit) [19, 36, 70].

It is well established that the length of electrode leads and cables plays a vital role in determining the amount of heating due to the possibility of resonant antenna effects, as a function of the relationship between effective length and the Larmor frequency (and therefore static field strength). This effect was investigated at 1.5T by Yeung et al. who determined that wires of a length of less than 0.6 m and around 2.6–3 m result in reduced heating [88]. Assecondi et al. also tested this phenomenon at 4T, observing a difference of 1.5°C temperature increase between two cable lengths [89].

Static Field Strength (B0)

As noted above, scanner static magnetic field strength is an important factor for localized heating in itself, because the frequency of the RF is linearly related to field strength thus the power required for a given B1 amplitude is also increased and correspondingly the same pulse sequence results in higher SAR at higher field strengths. However, the higher SAR may not always result in greater heating for a given EEG system because the coupling between any conductive structure and the RF coil will depend on their respective resonant lengths. One research study that compared the heating effect on icEEG inside 1.5T and 3T MRI scanners was performed by Carmichael et al. [19] where they studied the effect of heating in three MR systems (1.5T GE, 3T GE Signa Excite and 3T Siemens TIM Trio) and found that in general the 3T MRI systems produces higher temperature elevation above the limits than 1.5T in the vicinity of metallic electrodes specifically when using structural sequences. The temperature increase also can be high even when the head transmit coil is used [55]. Another study showed that it may be possible to use the body transmit and head receive coil configuration in 3T and low SAR EPI sequences but the structural sequences such as FSE should be avoided because they produce heating above the standard limits [36].

Mullinger, Neuner and Jorge reported that using EEG cap connected with MR compatible EEG amplifier at ultrahigh field MRI scanners (7T and 9.4T) can be performed with acceptable risk under specific conditions [90–93].

Gradient Fields

The switching magnetic gradient fields can also affect the heating in the presence of metallic implants made of conducting materials [79]. The heating from the gradient switching fields can be determined by Faraday's law where the magnetic flux change produced by the scanner induces electrical eddy currents in conductive implants which is then converted to thermal energy. The magnitude of the flux change is strongly dependant on the position relative to the magnet's iso-center [20, 79]; however this effect is minimal for EEG electrodes [20, 55].

Perfusion Process in the Human Body

Blood perfusion plays a vital role in temperature regulation and therefore is a consideration in devising safety tests, at least theoretically. Blood flow carries about 50–80% of the heat in or out the body tissues [94, 95]. There are many biophysical models that have been formulated to study temperature change or regulation by perfusion. It is noteworthy that some body parts are not normally perfused such as the eye [96]. Nonetheless, everything else being equal, perfusion should result in reduced heating compared to that observed in tests performed on (passive) phantoms and can therefore be cited as a mitigating effect although difficult to quantify or validate precisely due to the possible presence of other temperature regulating processes such as conduction, convection, radiation, metabolism and evaporation [97].

Survey of the Experimental Literature on the Safety of Scalp EEG-fMRI and icEEG-fMRI

The main health-related effect that can be caused by the RF fields when scalp or intracranial EEG are within the MRI scanner during image acquisition are thermal as consequence of tissue absorption of RF energy that can be locally increased by the presence of the EEG system.

Summaries of the experimental research articles relevant to the topic can be found in Tables 1, 2. In the following, we describe some of the highlights and discuss important experimental factors for consideration when conceiving such experiments. One of the first safety studies using EEG within MRI was performed by Zhang et al. [98], where they studied the heating effect, resonant frequency and the RF power loss when placing nickel-chromium intracranial depth electrodes inside 1.5T MRI scanner. Zhang et al. found that the resonant frequency was 100 MHz and the RF power loss was −2 dB when the electrode was in air, the resonant frequency decreased to 37 MHz and the RF power loss became −19 dB when the electrode was placed inside saline solution. The RF power loss became −3 dB at the frequency of 64 MHz (1.5T), and the heating increased to 0.07°C which was measured after each SE sequence [98]. The ASTM standard specifies the use of gel phantoms since saline can lead to significantly underestimated temperature increases due to the greater heat dissipation due to convection, which may partly explain the results of Zhang et al. [98]. We also note that the temperature measurements were performed after a delay following the scanning. Lemieux et al. also performed one of the early measurements of heating effect inside 1.5T MRI scanner examining the main factors of heat induction. It was performed by designing a loop from the wires of 15 EEG electrodes fitted with current limiting resistors in a square box shape surrounding a spherical head phantom in order to assess the effect of heating and suggest the appropriate resistor which was found to be around 5.6 k ohm for the maximum allowed specific air ratio (SAR) and 13 k ohm for the minimum heating of the fitted non-ferrous carbon resistors to achieve maximum heating of less than 1°C in the resistors for the non-loop and in the electrode [20]. While current-limiting resistors have been used to reduce the heating from the currents that are induced by the gradient and RF field, some authors have found their effectiveness in limiting the heating associated with capacitive coupling (at 7T) to be doubtful [60]. Other authors such as Bonmassar and colleagues investigated the effect of MR induced heating by the addition of junction field effect transistor (JFET) in a circuit connected to the scalp EEG has been determined to produce isolated currents with less noise when it is in OFF mode [71]. The safety profile of scalp EEG have been further characterized using similar protocols and a range of different MRI protocols and clinical setups [84, 87, 89, 90, 99–102]. The summaries of the safety studies of scalp EEG in MRI are listed in Table 1.


Table 1. Summaries of the experimental research of scalp or external EEG-fMRI and implanted EEG-fMRI.
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Table 2. Summaries of the experimental research of DBS external electrodes and internal implants using MRI and fMRI sequences.
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In a similar vein, different groups have tested the MRI interactions with DBS devices. These typically consist of a pulse generator (housed in a metallic box), electrodes and connection wires. Overall at 0.35T [103] and 1.5T it has been found that risks can be managed under specific configurations (low SAR sequences and often a head transmit-receive coil) and the production of heating is less when DBS equipment are fully implanted [34, 59, 104–113]. In 3T MRI fields and higher [34, 59, 107, 109–111, 114–118], similar results in terms of heating have been obtained but more caution is required when dealing with DBS implants and wires as well as pulse sequences in general require greater SAR. The summaries of the safety studies of DBS external electrodes and implants in MRI are listed in Table 2.

A study by Carmichael et al focused on the safety of MRI in patients with icEEG electrodes used for epilepsy monitoring and presurgical evaluation. In this study, the mechanical forces on electrodes (types and positions), tissue heating and tissue stimulation were tested [19]. In addition, a study was performed to evaluate the safety of recording icEEG during fMRI where terminating cables positions and the use of different types of MRI scanners and RF coils were explored both on 1.5T MR scanners [55] and with the use of 3T MRI systems [19, 36, 55, 119]. In addition, studies by Shellock et al. [120], Nyenhuis et al. [121], and Bhattacharyya [122] were performed to assess the heating of metallic implants. Summaries of the safety research of icEEG and metallic implants in MRI are listed in Table 1.

Other groups [85, 93, 123, 124] have performed temperature and safety assessments when utilizing simultaneous EEG-fMRI and DBS techniques using finite difference time domain (FDTD) computing approaches. Yeung et al. performed heating assessments on conducting wires using the simulations of method of moments (MoM) [88]. Another technique known as finite element method (FEM) was used to study the heating effect on DBS electrodes and leads [125–128]. The summaries of the safety studies using computer simulation techniques when placing EEG, implants and DBS electrodes in MRI are found in Table 3. In principle, computer simulations offer the possibility of speeding up safety research by allowing the consideration of a variety of experimental scenarios (electrode configuration, subject, scanner design, sequence, etc.) the testing of which could be time consuming [85, 125]. However, this benefit is reliant on two considerations: computational speed and, most crucially, computational model accuracy. Therefore, computational simulations can be effective once the model has been subjected to exhaustive experimental validation.


Table 3. Summaries of the researches that utilized computer simulation platforms for studying the use of EEG and DBS electrodes inside the MRI.
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Animal testing in vivo was performed by Ciumas et al. [70], Gorny et al. [110], Shrivastava et al. [114], Eryaman et al. [115], Shrivastava et al. [116], Eryaman et al. [117] and showed agreement with water-gel phantom experiments. The summaries of the safety researches of EEG and implants in MRI using animal samples are included in Table 1.

In the following we describe the experimental conditions in more depth.

Phantom Composition and Geometry

ASTM has set the guidelines regarding the characteristics of phantom material for heating measurements which should have water mixed with sodium chloride and polyacrylic acid (PAA) or other materials such as hydroxyethylcellulose mixed with sodium chloride and water containing a conductivity of 0.47 ± 10% S/m at temperature range from 20 to 25°C, specific heat of 4150 J/(kg K) at 21°C, diffusivity of approximately 1.3 × 10−7 m2/s and heat capacity of about 4,150 J/kg°C in order to simulate the human thermal properties of the tissues [49]. The phantom contents and its effect on heating in the application of EEG-fMRI has been addressed by Shellock research group where they filled a rectangular plastic phantom with a semi-solid gel containing hydroxyetheyl-cellulose (HEC) and mixed with 91% of water and 0.12% of NaCl that simulates a conductivity of 0.8 S/m [120]. Other research has been performed by Mullinger et al. [91] that included mixing a heated solution of 4% Agar and 0.5% of NaCl. Boucousis et al. have used a spherical phantom filled with 45 g of semi-solid agar gel, 1500 ml of distilled water and 6.75 g NaCl, which all mixed together in the sphere and surrounded by 0.9% NaCl solution in a small area isolated from the agar solution which is also surrounded by acrylic material from the outside to produce an electrical conductivity of 0.7 S/m and simulate the electrical conductivity of the gray matter [36]. The difference in phantom materials between studies is a potential source of error for temperature measurements that are carried out inside the MRI environment. The effect of the gelling-agent PAA, which controls the viscosity of the phantom material, with the heating increase was well characterized by Park and co-workers, finding that the more viscous the phantom material the more the localized heating which might be closer to “worst case” tissues with low perfusion in the human body [129].

Location of the Temperature Probes

The location of the temperature-measuring devices relative to the EEG electrodes is another factor that affects the accuracy of temperature measurements. According to the ATSM safety standard, the temperature probes should be placed in the area which is suspected to experience the greatest heating, the temperature probe should have spatial resolution of less than 1 mm for the performance of heating calculations in all orientations [49]. Park and co-workers demonstrated the effect of taking temperature measurements on the tip of a DBS electrode, 5 mm lateral to the electrode and 5 mm above the electrode and determined different results in each setup [129]. Mattei et al. determined that there were underestimations of the measurements using Luxtron temperature probes of about 11 and 70% of the heating and SAR values, respectively at 1.5T when positioning the tip of the Luxtron temperature probe to the side of the contact and when positioning the tip of the Luxtron temperature probe to the tip of the contact [130]. The measurement of temperature and SAR values can be improved (less underestimation) by placing the active area of these particular probes (not the tip) in contact with the tip of the contact [130]. Therefore in general, care must be taken to consider the implant and probe geometry and sensitivity to ensure accurate temperature measurements are obtained.

GENERAL CONCLUSIONS IN VIEW OF MINIMIZING THE ADDITIONAL HEALTH RISKS ASSOCIATED WITH SIMULTANEOUS EEG-FMRI

It must be emphasized that the safety of EEG recording in the MR environment (or conversely, MR scanning with EEG recording equipment) should always be treated as a non-standard procedure requiring extra care, and potentially require a site-specific risk assessment, even for non-invasive (scalp EEG) and MR Conditional labeled equipment, irrespective of field strength. Once implemented, it is strongly advised to monitor the subjects throughout the procedure. These considerations are more critical for the case of MR scanning in the presence of invasive, intracranial EEG electrodes, due to the greater risk of serious injury. MRI with invasive electrodes remains a relatively rare occurrence concentrated in specialized centers with only a few relevant publications dedicated to the study of the safety aspects. Although post-icEEG (and DBS) electrode implantation MR scanning (for electrode localization validation) is an established procedure in some clinical settings, to our knowledge this is usually performed under local safety rules and supervision. As things stand it seems unlikely that the icEEG-fMRI technique with electrodes attached to recording amplifiers will become standard clinical practice in the short to medium term and will not benefit from fully tested, commercially available turn-key solutions. Therefore site- (and scanner-) specific safety investigations are warranted for all applications of MR in the presence of implanted electrodes. For field strengths above 3T, this recommendation is even stronger and also applies to scalp EEG electrodes.

Nonetheless, it is possible to extract a summary of conclusions that may guide investigators wanting to implement EEG-fMRI. Firstly, follow the instructions provided by the providers/manufacturers of the (so-called) “MR-compatible” EEG equipment (from electrode, electrode cap, etc. to amplifier/digitiser/signal transmitter) carefully; this advice usually comes in the form of a User's Manual and MR Conditional Statement and may cover the details of the application of the electrodes, EEG equipment handling and positioning, MR scanner field strength, type of MR sequence, etc. In the specific case of icEEG-fMRI, no “MR-compatible” EEG equipment solution is available on the commercial market (as of July 2017) and therefore the type of guidance described above (for scalp EEG) does not exist. Secondly, we can provide the following general guidance, for the implementation of simultaneous EEG-fMRI in every local setting:

• High-SAR MR sequences (such as FSE) should always be avoided [36, 55].

• Excessive heating is more likely to occur when using body transmit RF coils than localized (e.g., head) transmit coils [14, 19, 55].

• Noxious effects are usually reduced by placing all leads and cables along the scanner's central axis [36, 55].

At this time, given the huge variety of MR environments (scanner type and model, RF coil, etc.) it is not possible, nor wise in our opinion, to provide more specific guidelines for EEG-fMRI.

CONCLUSIONS

Simultaneous scalp EEG-fMRI remains a significant tool for the detection, identification, and localization of epileptiform discharges. Simultaneous icEEG-fMRI is a more technically challenging, and much less widely applied technique, with potential for providing richer data on brain activity. The relative complexity and constant evolution of MRI instruments, with the numerous fields involved, combined with the quasi infinite number of possible EEG electrode and wire configurations provide the setting for a range of complex potential health hazards resulting from a number of mechanisms, i.e., physical interactions such as RF-induced heating due to the aforementioned factors (including lead orientations) and therefore require careful consideration and evaluation.
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sequence. rigid bur hole cover,  dge of the phantom measurements and can be bonsficalf

Large burr hole cover, they are implemented for

Cranial screw, BoCip neurosurgical and
interventional MRl
acquisitons

6 [ - 1.5TGE scamer - Siver Scalp EEG The scalp EEG dlectrodes - Artfact assessment - Salio-flled spherical plastic  Maximum heating change MR compatible EEG  NA
- Head RF col dlectrodes witha thick  were posioned according - Temperature phantom was 2045°Gandthe  system can bo utiized for
-TI,T2,DW,EPLSTR,  goldfashattachedto tothe 10-20 itemational  measuroments - Thermometer (FTI-10,FISO averagohead SARwas  concurtent EEG MRI

FLAIR, 30-5PGR thin cupper wires with  system of EEG Technologies) 16Whkgin the subjects  recording salely with fewer
Toflon coating antfects by applying
- 23 scalp EEG dectrodes structuraland functonal
sequences of < 1.6Wkg
SARvalves
7 B0 - LSTGEMRI - Twodiferent types of  Thirty-woleads were - SAR smulation - 32 EEG electrodes withand  6°Gin 30min usingthe EEG Caution shoukd be taken  NCRP Report No. 67
- Quadraturebidcage  EEGwih32 ‘bundled on the Cz postion, - B1 fild efect vithout esistors paste, 122°CusingGz  when selecting EEG for  (1981), IEC Part 2-33
hoad col. 3 head slectiodesfeads were  wrapped around the head | - Temperature - Hoad mameauin 15mmand 1.31°C using Cz simutaneous EEG-MRI  (2002)
acquisitons -T1 modsled and modsi cosato the neck. In  measurements anthvopomorphic (CHEMA) and 25mm and the use of igh-
weighted 3D- SPGR coregistered withthe  additon, the ‘2 computer designed phantom rsistive leadss and
homogeneous head  slectiodesfeads with - EEG- Fluoropic thermomater solutons is recommended
model 100hm and 32 resistors (Ldtron)
- Modeled 32 scalp EEG  were modeled as a passive
electiodeon 2DMask  port directed along the lead
(on MATLAB)
- EEG electrodes with 10k
ohm resistor
- 32 standard gold EEG
and 32 Ag/AGIEEG

8 [ - 7TMRiscamer - ICap EEG AG/AQOl  InkCap contains 32 - Temperature - Phantom (CHEMA) AT, InkCap EEG. InkGep electrodes are  IEC 60601-2:33
(Siemens, Germany) slectrodes non-magnetic old EEG  measurements. - Luxtron 8100 fluoroptic slectrodes presentad ive  sutablofor muti-channel ~ (2002)

- T2TSE - Standard EEG electiodes lectiodes. QuickCap - EEG signal variance  lemperalure sensors (Luion  mes decreased signal  EEG and high-feld MRl

(QuickGap) contains 32 EEG olectrode  throughout EPL o, USA) varianco thanthe standard  experiments. Patient
sequence QuickCap EEG lectrodes  movement artfacts can
- Balisto-cardiogram duing EPl sequence. In be minimized by usig the
noiso adition, more heating was  lghtweight InkCap EEG
cbsenvedinthe QuickCap  electrodes
EEG clectrodes compared
with InkCap EEG efectrodes.

O[B4 - 4TvamnUniylova - EEG olectrodes madoof - Tho oloctrodes woro - B0 fld ditorton - Homisphori oi phantom The heating rate in the il No signiicart heating vias N/A
‘whole-body MR scamner  brass, siver, and aligned paralel o thexy - Signal s - 15% agarose gel sphere phantom was found 0.1,0  obsarved i the thee EEG
contains Siemens ‘conductive plastic were  axis of the scanner in order - Heating  Fiber optic temperature probe  and 0.1°C forthe brass,  electrodes made of brass,
shiglded gradients tested to detormine tho maimum (FTI0; FISO Technologies Inc., - siver, and conductive plastic siver, and conductive

- Quadature brdcage RF fied distortons around ush) electrodes, respectively, andplastc when they were
<ol them the heating ateforthe  placed on the phantom

- 30 muli-echo gradiert ‘agarose gel was 0.05,0.04  without the leads and the
‘echo (GE) sequence and006°Cforthe same  EEG equipment
(RASTAMAP), T2-SE. dlectrodes respectively
and MRS pusse
sequence (LASER)

10 [19) - 15GESgna3TGE - Grds The depth elecrodes were - Stmulation - Perspex phantom AULST thomaximum  Intracranalelectode  ASTMF 2182.02a
Bcite MRIand 8T - Depths placed in the left-right axis - RF-related heating - Auoroptic thermorneter (Model  temperature change was  localization can be
Semens TIM Trio - stip and perpendicular to the 3100 Luxtron, USA) withintho safe Imits (<1°C), performed safelyin 1.6

- FSEsequence2.4Wikg - 8 contacts ekctrode  sagital level, Electrodes” (<20°C)aGTonGE  and 3T using head col
for head colland with 10mm spacing, 6 leads wore placed dlong scanner and (<1°C) onthe  Modifications of the
12Wigforbodycol  contacts electrode with  the side of the phantom ‘Semens. The maximum  imaging protocl (scan

10mm spacing, Grid and container (nside the gelfor heating was 6.7 °C using  duration and number of
strip electrodes (dmm  40mm before s location body coll slices) are needed 1o keep
dameter Plr disks and  outside the phartom. The. the healing changes
2.3mm exposec) within  gric and strp electrodes. within the safe mits
asiiconsheotand  were positionedin a sotup
stailess stecl wires  that mimics the phacement

- Stri: 6-contact ekectrode of the electrodes for e
with 10mm spacing,  EEG recording from the
Grid (6 x 8 contacts wth- corticalsurface
10mm spacing, and 6
tais)

11 [90) - 7TPhipsAchiaMR - EasyCapscapEEG - Internaional 1020 - Heating measurements - 20-cr-ciamete, plastic Temperature measurements EEG-MRI can be NA
scanner (Hesching Gemany)  system - Noise sources spherical phantom with showed values ess than  performed safely using

- Quadrature bicdcage RF - 32 AY/AGC fng - EEG-MRIstudy on salne-and agar gel 04°Cdurng20min TSE  commercial MR
ol (Nova Medical, USA)  electrodes with plastic humans - Lustron Fiber Optic sequence compatible EEG ampifier

- TSE and EPI GE adepter and a -2 thermometer Labikt and EEG cap at 7T MRI

safetyresistor (LumaSenso, Denmark) ‘scanner under tested
standards

2 [55) - Semens3TTo, 15T - Stipelectode Thesameselupasin - Voltage measurements - Perspex phantom accordingto <1.0°Cusngahead  Heatingwas withinthe  ASTM F 2162:02a,
Avantoand 3T Signa - Grd eloctrode Camichacletal. (19) - Heatmeaswements  (ASTMF2182-02a,2007) tranomit RF ool The safelmits whenusinga IEC (2002), IEC
Excite GE - Depth electrode: from the RF of the head - Fiuoropic thermometer (Model  measured gracient head RF transmit coll,  (2005), ICNIRP

- Birdcage T/R coi (or the - Three depth implants of 2 and body transmit coils 3100 Luxtron, USA) switching induced currents  adding the extension  (2004), ICNRP (1998)
15T and 3T Signa), TR models were nserted: 8 - Tho ofect of cable was 0.08mAand tho charge cables, cautiously EEE C95.1-(1999)
‘ol and body coi (for the  electrode contacts with postion on tissue density 0.21C/om? allwere observing the kength and
3T T 10mm spacing, 6 heating within safey imits). The  posiion ofthe cables and

- FSEandEPl sequences  alectrode contacts with maximum heating was  applying low-SAR

10mm spacing 69°Cusingbodycol  sequences
- One subdural i and

‘one strip slectrodo wers

used: 6-contact

slectrode with 10mm

spacing and the grid

(6 contacts wih

10mm spacing, anditai)

18 (3] - 3TGEDiscowery - Subdural gidand stip - In the st phantom, the - Devics movements - Head phantom Heating <1°Cina typical  Simultaneous KEEG-MRI  ASTM (2000), 2008),
- Body andhead col dlectrodes grid was nsertedintho - Dvice temperaturo - Bodly phantom KEEGMRlsetupthat  canbepadomed it (2009), 2011a),
- SPGR, ASSET, FLAR - Depth electrodes. topright sideofthe - Voltage includes 60min of lowrikat 3T Hgh SAR  (2011b)

and Spiral GE, T2* - Thegidelectrodes 20 phantom simulatingits - Graciet inducect continuous High SAR sequences shouid be
GRIEPIan SS-FSE contacts (4.0-mm placementintheright  curents soquences FSE) andthe  evaded. Consideration is
dameter ciscs, 10mm  inferolatera rontal bbe - Image qualty heating >2°Cand up o given to the posioning
spacng, enclosedin - In the second phantom, 10°C on 3T MRI scamner  the EEG cables toward
siicon) one depth slectrode was the back of the scanner.
- Stip electrodes 8 insertediin a simiar Reduced heating s
contact (10mm spacing)  posion to the right possivle using head RF
- Depth lectrodes 4 or 6 infeiorfrontal obe, transmit coil rather than a
contacts (10-mm - Inthe third phantom, one body transmit col
spacing) g and one depth Calibrations scan for the.
electrodes wero parallel maging (ASSET)
posiloned on the lft sde shoukd be avoided
of the phantom, and - Giing 5-10min of
another gid and one st waitng time between
electrode as well.On the scans helps o reduce
leftside of the phantom, the accumulated
simiar positons tothe heating
first two phantoms iere
implemented n ordor to
simulte the biateral
frontalinserions
14 [10] - SemensSonatawhol- - 4depthelectodes - Thveeelectiodes were  Temperature - Head phantom Maximum of 06°Cand - Usinga 1.5T MRI, EPl  ASTM F2503-05,
body 1.5TMRISystem  (0.8mm diameter, 2mm  postioned coronally, two  measurements - Torso phantor (ATSM) 0:9°Cin phantom and sequence with ASTM F2213-06,

- Head col, coi for abbits,  contact lengh and electrodes separated by - White rabbits ‘animals, respectivly intracerabral dlectrodes  ASTM F2052-06c1,
‘whole body ool 1.5mm iter-contact 1m ffom each other and - Fiber optic thermometer showed simiar heating ~ ASTM 218202,

- T True-FISP, interva) the third at Som istarce (FOTEMP, USA) asthe conventional 1~ ASTM F2162:09
T2-weighted FLAR, - One sagital electrode and T2 sequences when
EPLFD placed perpendiculary to using electrode impants

the previous three in a perpendicular
- All he theo are piaced location to the z-axis of

mimicking the ciical the magnet

setup, the two coronal

adiacent electrodes (1 cm

separation) on the ket are.

simuiating the amygdala

and hppocampus

placements, the third

electrode is mimicking

the leftnsular placement

and the sagital eectrode

is just perpendioulr to

the thee dectiodes

16 [100] - STMALPhipsAchova - Scalp EEG caps Eran  N/A Tomperature Head Phantom In the head phantom, the  Safe EEG-1RI profocal in IEC 60601-1

- 8 channels head colland  Products, Germany). The measurements heating was 4.1°C, Inthe 3T can be achiewedby  standard (2002)
Siemens Verio (12 sizes 52, 56, and 60 voluntees, the mean heating  folowing the standards of
‘channl head ool) - The caps of the sizes 56 changewas 1.241.1°C,  EEG provider and IEC

- GEEPLTI3D, TH-R,  and 60 contained 64 36.6°C and the maximum  protocols
Multi-ccho SE, DTl and  clectrodos, whereas tho 5o was 2.1°C vith tho
T2-TSE cap of the sizes 52 had meanof 09 +0.7°C

32 dlctrodes

16 [101] - OTSiemensAlkgra - JEEG scalp electrodes 1010 International System - Heating Salety - ASTM 2182 agar-based TSE sequence n 7T High resistence polymer - ISO/TS 10074,
headionly scamerand  Ink-Nt was usedand tho healing  Assessment at 7T Data  conductive head phantom  scanners produced thick fim can be piacedin  ASTM 2182
7T Siemens scanner - AgOl-coated pelet scalp  measuremants were. qualty assessmentat - 7 optial temperature probes  superfia heating vakues  CEEG toimprove the data

- Grculrly polaizedhoad  dectrodes Cu-Nel)  recarded in theselocations: 3T (CSENSA Innovations Corp.,  with Ink-Net, Cu-Netand  quaity of the structural
il or 3T) and birdcage - 265 chames scalp EEG  Cz, T7, T8, and the nasion usy) with no net that were 1,02, and functional MRI
transmit head coil 0:87,099°C, respectively,  folowing the tested
52-channel receive col for acquisiton time of 15 min. protocol
(or7n) and simiar to those values

- TSE and GE for 30

7 [69) - 4TMRiscanner - Scalp EEG cap 63 EEG electrodeswere - Atfacts induced on - Sphericalsifcon il phantom  The results showed 85%  The heating isnommal /A
(VedSpec, Bruker, - 63 Scalp EEG electrodes amanged basedonthe  phantom EEG and (170mm iameter) EEG noiso docrease when  when applng the tested
Biospin head scanner 10-20 system human EEG. - Temperatures probes using the short cables  procedure, There s an
and Siemens Magnetom) - Image analysis (umaSense Technologies, 0% of system sensitiy to._advantage ofess heating

- Hoad bidcage - Temperature Ush) noise and artfact canbe  using short cables at 4T
transmittr and receiver measurements ‘achieved by using compact ~ magnetic fiekls
8-channel RT coll selup (using short cable

- Prepared Rapid Gradient connected to amplfier
Echo, Single shot directy at the back of the
‘gradient echo, 2D head col)

Echo-Plnar Imaging

18 [119] - 3T(Skyra,Semens, - Electrocoricogmphy  The electrades were - Atfactsinduced inmice - Head phantom Temperature measurements Heating profie canbe VA
Germany) and 7T (ECCG) gidwith implanted over e cortex  and humanis brain - Two Mces showed increases of 3847, minimized using PTFOS
(Magnetom, Siemens,  conductive nanoparticles of themiceandhead - Temperature - Brain specimen without skul  4.05°,and 10.13°Corno  grids compared with the
‘Gemany) MR scanners  in a polymer thick fim o specimen measurements ina i, PTFOS grid and conventional ECoG grids

- T2,T1, and fid an organic substrate head phantcm standard gid, respectively
attenuated inversion PTFOS)
recovery (FLAR)in 3T - Two standard ECOG.
and fast bov-angle shot  grids one with stanless
(FLASH)in 7T steol platinum contacts

and wires and the other
with platinum contacts
andwires

- Both standard ECoG.
grics wero 64 contacts

19 [102]  1STMRisystemAwnto - Godlcupelectiodes  Threo experimentswere - Heating measurements - Phantom (watermelor) Inexperiment 1, theshort  Theinfuence of the  IEC 60601
(Siomens, Germany) - Conductive plastic used: 1-by utizing tree - Healthy volunteer wire for bolh dectrodes  antennaisimportant (2002)

- 3T MRl system Trio electrode wire configurations (shor, - T1 fiber optc thermometer  produced heating of 15°C  because the kop
(Siemens, Genmary) ‘medum and long). 2-Their (Neopt, Canadk) andithe mediumandthe  formation nsico the MAI

- Body vransmit col lengih of the vires of the Jong wires procuced heating. scanner can lead o high

- MPRAGE, EP1, DT, 9old cup electrodes and below 4°C. Inexperiment 2, temperature inceases
HASTE, FLAR and TSE the conductive plastic the maximum heatingwas  around the EEG

slectrodes were shorted observed on the wires that  electrodes. Therefore, odd
from the total 244 cm by have the odd muliples  multpes (racton of 1/4
30.5¢m i each scan untl (action of 1/4 RF RF wavelength of 1.5T
the lengih became wavelength of 1.5Tand 3T) and 3T) shoud not be
30.5cm. 3-Gold cup. and the minimu heating on. utlized i patient scans
electrodes were placed on the wires that have the evendueto its possible
the head of human mutiples (faction of 1/4 RF _ implcations
volunteer. Al dlectrodes wavelength of 1.5T and 31).
tho thvee experiments were I experiment 3, the heating
positoned according o the ‘when usng short cablo was
ntemational 10-20 system minimum in MPRAGE and

2°C using TSE and when

using the long cable the

heating was low for al

s0quences but a maxmum

heating was around the

£CG eloctrodes

20 [122) - 15T MRl scanner (esla - Two SEEG electrodes - The electrodes were - Electrode heating - Gel phantom Localzer, FLASH and EFl  Simultaneous nracranial  ASTM-F2162-02a,
Espree, Semens, with 8-12 contacts placed according to measurements (using - Fluoroptc temperature device  sequences showed heating ~ EEG-fVARlis safe to ISO/TS 10974, FOA
Germany) (5mm spacing, 2mm  ASTMstandardsinthe  differont sequences and (modl ma30, Luxtron, USA)  oflss than 2°C, Whereas,  perform with extemdl (2014)

- RocoteamayRFhead  long and 1 mm diameter)  coronal postion of the  difforent colfigurations) 12°C heating was observedstmulation equipment
<ol phantom; simulating when connecting the cableusing localzer, FLASH,

- Localzer, T1-weighted surgicalinsertion indiferont setups and can  GE-EPI sequences
FLASH, GE-€Pland locations b significant heating fthe  without performing high
T2-weighted TSE extensioncableswere  SAR sequences

The table contains the studies that are ordered historically. The scanner type ranges in terms of el strength from 1.5T to 7T and the protocols are spin echo (SE), fast spin echo (FSE) or turbo spin echo (TSE), gradient echo (GE), diftusion
weighted (OW), T1, T2, diftusion tensor imaging (DT, echo planar imaging (EP, flud-attenuated inversion recovery (FLAIR), short-Tlinversion recovery (STAR), spoiled gradient recalled acquisition (SPGR), magnetization prepared rapid
gradient echo (MPRAGE), array coil spatial sensitiity encoding (ASSET), robust automated shimming technique using arbitrary mapping acquisition parameters (RASTAMAR), true fast imaging with steady-state precession (True-FISF),
single shot echo planar imaging (SS-EP), localzation by adiabatic selective refocusing (LASER), fast low angle shot (FLASH), saturation-propared with 2 rapid gradient echoes (SA2RAGE) and magnefic resonance spectroscopy (MRS).
The safety hazards i the table are mosty related to temperature or heating measurements and the results can be in units of degree Celsius or in specific absorption ratio (SAR) unit W/kg. The other safety hazards such as resonant
frequency, movements or others are not the main conceniration here. The safely standard i related to the source of safety criteria that heve been followed by the sluch.
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No. Study MR scanner and Type of Positions and orientations  Safety hazard(s) Methodology (Test Observations Conclusions and Safety standard:
scanning protocols electrode(s)/ of the electrodes considered object and temperature recommendations (reference and
implantations/No. measurement device) guidelines)
of contacts
1 (103 - 03T MAIscanerSigna Newostimuator The newrosimulator was - Votage measurements - Phantom The vokage measurements - Undersafety conditions, /A
(GeneralElectic, USA)  implant placedina posiion tomimic - Temperature - Fluoroptic sensor (model  showed ampltude of 6 patients with specifed
- 1.5T MRl scanner the pationt implantation routine - measurements 750, Luxtron, USA) for 0.36T scanner and 12V neurostimuation implants.
Diasorics MI/S forthe 1.6 scannerthat  Gouli bo scanned
(Diasorics Inc., USA) an ham the patient
because the typical
treatment ampitudes range
from 1105V
2 (104 - 15T Magnetom DBS electrodes One DBS implant was used - Temperature - Phantom (contains skull - Temperature Thetemperature inthis study WA
(Siomens, Germany) and and located 1 cm from the measirements andturk) measurements showed  was not very Gritcal that might
23.0T MRI Bruker, surface of the head part of the - Fiber oplictemperature  maximum value of 2.1°C.harm the patien. It is mportant
Germany) phantom system (model 790, atthe tip of the electiode 1o avoid the loops  oxder to
- Body AF col Ludron, USA) anditwasless thanthat  minimize the temperature
inthe other parts of the  increases:
implant
3 (591 15T scannerVison DBS elestrodes Two configurations have been - Temperature - Phantom (ge) The highest heating ranges  The type of the RF coi, SAR  ECRI (1988), ECRI
(Siemens, Germany) used: 1- Inthe subthalamic  measurements - Fuoropti thermometer  fom 25°C1025.3°C  vakues and the kocation of the  (1991)
- Body RF TR col nucleus, gobus palidus or probes (model 790, when scanning using body  DBS wires aflec the heating
- Head AF TRR ool ventrals intermidus Lutron, USA) transmit coil, whereas the  elevation
- Sequences vt different 2-The DBS wires placed as a heating ranges from 2.3°C
‘whole body and ocal loop around the IPG device 107.1°C when using head
SAR values transmit receive coil
4 [10] - 1.5TMAsystem 086 slectiods The electrodes are placedto - Temperature - Fluoroptic thermometer - The relationship between  Temperature increases are  US-FDA (199,
- Head RF TRR coll minic the clical setup measurements (mocel 790, Lucron, US) ~ SAR andtemperaturo  direcllydependent on SAR  US-FDA (1988), IEG
- FSE, 3D magnetization (subcutaneous pectoral - Phantom (fled withgel  increase (heating ~ 0.9 values. MR can be performed  60601-2-33 (2002)
prepared rapid inserton) saline) ocal SAR) on patients with DBS implants
‘acquisiion GE, EPI, - Lessthan 1°C heating  and the heating can be less or
quantiative was found usng FSE,  equals 2°C when appying
magnetization tanster magnetization prepared  sequences of less than
and magnetization rapid acquisition GE and 2.4 Wikg local SAR and
tansler suppressed EP1, and high 0.9Wikg whole body SAR
anglography temperature changes
(1-2°C) were found using
magnetization tanster
5 (39 - \.STMAISymphony  DBSelectiodes (four  The DBS elecirode was placed - Voltage measwrements - Acryic sphere phantom  -Themaximum resulted - Patients implanted with DBS  NA
(Siemens, Germany)  contacts) cm away from the conter of - - Temporature (floctwith NaCland agar) voktago during GE-EPIwas  system can be imaged in MRI
- 2.35T MAl Biospec small the bore (z direction) measurements - Flvoroptic sensor (model 7V and the frequency was  following salety precautions
bore Buuker, Germany). - Foroes on electrodes. 790, Luxtron, USA) 64MHz. The loops (wies)  that include: connecting the
InSymphony, - Imago qualty created 13V The maimum  olectrodes shoukd bo
difusion-weighted SE, heating was 156°Cwihen  avoided, leads need testing
GE-EPI, FLASH, T2 SE using SE (135° electrode  before any scan, the leads
and T2 TSE were appled positon). For the same have to be avay from tho RF
- InBiospec, SE-EPl was setup, the heating was 2°C ol ediges and ow SAR
appled for EPLIn the 90° sequences are applied.
electrode configuration, the  Furthermor, the pationt and
heating was 0.7-09°C for  the stmulator device have to
both GE-EPl and SE e moniored during the scan
and the stimulator setup has.
1o be approprately selected
6 (105 - 1STshotboeMR  BlateralDBSkeads  The DBS systom wasplaced - Heating (sitsof whole - Phaniom (ASTM) - The whole body SARn - Apparent diference between  ASTM (2002),
‘Symphony (Siemens, to simuate the realcincal body SAR) Active tromor control Siemens Symphonyis 90 two MR systemsintems of  USFDA, EC
Germany) setup and the implantadle: (Medironic, US) times higher than RF heating change inwhole 60601-2-33 (2002)
- 15T long bore MR Vison pulse generalors (IPG) were - IPG system (Medvonic,  Semens Vision when body SAR it
(Siemens, Germany) placed inthe suboutancous, Ush) wsing TR RF col - SAR is unrefable indicator of
- Transmit/ receive RF col subclavicular area simiar to the newostimulation
- FSE, Ti-weighted SE, the real ciical setup techniaue
FSE inversion recovery - Thereis aneedto fnd more
reiable safetyindicators
7 (07 - 15TMagnetomViskn  Blateral DBS device  Folowed [106] - Temperatire - Gella-Saline phantom - Heating aroundiDBS - The placement of small US-FDA.IEC
(Siemens, USA) measrements - Fluoropti themometry leadsrangss from 0.8°C  Gentralloops close 1o the burr60601-2-33 (2002)
- 3T Magnetom Alegra probes (Model 3100, 10103°Cinnomal hole seems to causea
(Siemens, USA) Ludon, USA) setup, hovever the decrease i the temperature
- In 1.5, TR/ RF body col - IPG (Medtronic, USA) heating recuces from change dueto RF at 1.5T and
andn 3T, TR/R hoad coil 41%10 74% when T for the DBS implanted
- Ti-weighted SE placing a smal patients
concentic loop around
theburr hole
3 (108 - 1.5TMRSonata 08S leads Followed (5] and [105] - MRl-rlated temperature - Phantom (semisolcige) - Appling FSE, Acoeptadle results and within  N/A
(Siemens, Germany) measurements - Fluoroptc thermometry  magnetizaion transler  the neurophysiokogical Imits
- Transmit body RF coil - Whole body SAR (Model 790, Luxtron, contrast, EPIand G when applying ciricaly suiable
‘and receive head RF ool calcuations. sty presented calcuiated  techniques of MRl imaging
- FSE, magnetzation - 1PG (Medtronic, USA) whole body SAR of 0.1 under the conditons of Imited
ransfer contast, EP and 101.6W/kgand the head SAR values
GE SAR of 0.11032Wikg
(lemperature change was
Jess than 1)
- Appling the highest SAR
in the previous.
sequences presented
whdle body SAR of
1.6Wikg, local exposed
body SAR 3:2Wikgand
local head SAR 2.9W/kg
(temperature change was
21°0)
O [109] - 1.5T MR Semens, DBS leads (with four  The DB leads were - RF-elated heating - Perspex phantom - When ulizing EPlwith  FMRI sequences aresafeto MDA 2003), EC
Germany) contacts) positioned in areas that - Induced votages. - IPG system (Kietra 0.aWkg, the apply without restricting the  60601-2-33-2002,
- 3TMR (Siemens, simulate the surgical - IPG function 7428, Medonic, USA)  temperalureincrease  experimental setup andmore  IONRP (2003)
Germany) placement locations was 0.1°Cat 1.5Tand  advantageis giventothe
- Head RF transmit coi {subcavicular regions) 0.5°Cat ST andwhen  patients who have internal
appying higher AR implantaton than the extemal
‘secuences of 1.45W/kg  implantation in temns of safety
at1.5T and 2,34 Wikg at
3T, the temperature.
dlevation vias higher than
the safety imis (~1°C)
10 (114 - 9.4T MRl scanner Extracrandl DBS  Two configurations were used: - Heating measurements - Phartom The asial orentation ofthe I the ulra-high field system, it CORH-FDA (200)
- TRIR AF coll for 94T 1- The DBS dlectrodo load - Fluroptictemperature  leads of the DBS s possible toreduce the
systems) was placed parale o the. probes (model 3000, electrodes produced heating of the DBS elctrodes
head coil axiall. 2- The DBS Lutron, USA) temperature increase of by proper management of
electrods lead was positioned - Avimal sample (Porcine  0-5°C that s signfcantly  these electrodes and ther eads
perpendicuiar o the head coll head mode) less than the azmuthal
(azimuthal) orientation that produced
1-27°C
11 [115] - ST MRI(Tio, Siemens,  Metalic mplant Tho implants were insefted in - Temperature - Commercial phantom (Or. - Two implant Without affecting the sensity  N/A
Germany) the phantom in two wie measurements Cetier Jelo, Turkey) confgurations were o the lnear polrized birdcage
- Quadrature birdcage RF confiurations: 1- traight. - Fiber oplicthemometer  optimized: sraightand R ool tis possible o create.
] 2-cunved (Neoptix, Canada) curved. Both an area n the bady that s oo
- Linear bidcage coll configurations were from eleciric fieds by controling
- Body FF coll optimized using lnear  the electricfiekd istribution to
- GRE sequence and quadkature modes.  alow safe use of metalic
The maximum heating  implants inside the MAI
was 24.7°C and the
manimum was 0.8°C in
the inear mode using the.
straghtimplants. The
quadrature coil presented
healing of 12.1°C. The
curved wires presented
9.2°Ginthe near mode.
and the minimum vas
03°C, the quadrature
mode heating was 19°C
12 (116 - STMRIsystem Tro Exvacrandl DBS  Fourconfiguations of the - Heating calculations - Prantom Applying TSE with SAR of  The appiiation oftemperature  CORH-FDA (2003),
(Siemens, Gerany) electrod leads were - Fluoptictemperature 3,16 Wkg when the modeing and MR thermometry  ICNIRP (2004), IEC
- Head RF TR coil implemented: 1-Looped at the probes (model m3000,  extracranial DBSleads  sequences can provide direct  60601-2-33 (2010)
- TSE and GRE top the head. 2-Looped atthe Lutron, USA) were postioned inthe  safety information after an MRI
side of the head 3-Looped at - Avimal sample (Porcine  longitucinal orentation,  scan and enhance the patient
the back of the head. head mode) produced heating of safety
4-Paralel to the head coil 1.5-3.2°C whichis cite
longitudinaly (i) less than the other
orientations that produced
heating of 5.1-24.7°C
18 [110] - 1.5Tand ST MRisystems DBSimplant The DBS implants were - Heating measurements - Phantom Themaximumheang  1.6Tand GT systems showed  ASTM Standard
(GE healthcare, USA) positonedin the subthalarmic: - Animal (ig) observed inthe pig during _ healing of less than 0.46°C  F2182 (2011a), IEC
- Forthe 1.5T, quadrature nucleus in the pig and simiar - Fluoroptic sensor (model low SAR testing was using GRE EPland inversion  60601-2-33, (1995)
<ol location i the phantom to 750, Luxtron, USA) 0.46°C and during the highrecovery FSPGR, More revised (2002)
- Forthe 3T, spit head col miic the human insertion SARWas2.3°CatdT research has 1o be madein
- SE, 3D inversion recovery setup scanners. Phantom testing  ordor to study the safety of
FSPGR, MPRAGE and showed 256°C and scanring patients ith DBS
€l 183°Cforthe high SAR  implants.
sequence at 1.5T and 3T
‘scanners, espectively, anct
0.17°C and 0.27°C for the
low SAR sequence at 1.5T
and 5T scamners,
respectively
1@ [117) - 3TMRIspstemTio DBS leadt The DBS leads were - Temperature - Commercil phantom (Or. - Utizing dual-iive Animaland phantom tests A
(Siemens, Germany) positoned in two diferent measurements Oeter Jelo, Turkey) birdage RF coi to showed that the appication of
- Duakdivo birdcage RF measurements to cxtend out - Animal experiment - Fiber optic probes manualy controlthe  duak-drve birdcage RF col
<ol the cyticrical phantom (NeopiicInc., Canada)  istrbution of the electric._leads to recuced heating on the
- GRE sequence (narrow placement) andiin the fiekd minimizes the top of DBS metalic leadis
thicd measurement to be. temperaturs of the lead
confned vithin the phantom andthe tipto ess than
(e placemen) 0.3°C (4.4 Wik SAR)
- Utiizng quadrature
exciation increases the
temperature to more than
49°C
16 [111] - 1.5T Avanto (Semens,  DBS electiodes Two DBS implants were - Heating cakulations - Phantom (poly-methy-  During TSE sequence, 3T MR systom induces heating  ASTM (2002),
Germany) inserted inthe region o the - Effectof phartom posiion  methacryate) head SARwas 0.2Wkg  that exceeds the intemational  Medtronic (2010),
- 3T Trio (Semens, nuclei through the ciiled inthe body transmitcol - Fiber optic thermometer  and the heatingranges  guidelines whenusing DBS  HPA (2008)
Germany) burhokes inthephantom - IPG function durngthe  (Neopx, Canada) oM 0.45°C100.79°C  system comparedito 1.5T that
- Head TRR coll acquiston - IPG (Medtronic ActivaPC, using 1.5T MRIscanner  can be safer to iz even in
- Body transmit coll usA) and 125°C101.44°C  case of poor patient positins
- Head 12 channel recsive. using ST MRl scanner
<ol
- TSE sequence
16 [112] - 1.5T MR Avanto DBS electrode 29 patients were implanted: 25 - SAR measurements - 29 Patients - Inthe Avanto system, the  Ifoptimized imaging routine  N/A
(Siemens, Germany) patients implanted in the - Image qualty average SAR using with reduced SAR values was
- 15T MR Avea (Siomens, subthalamus and 4 patients MPRAGE sequencewas  implemented, DBS imaging can
Germany) implanted in the globus. 0.114:£0.021. Inthe  be performed without adverse
- TRR head col palidus. Ao system using events
- MPRAGE and MPRAGE, the average
T2-weighted ‘SAR was 0,09 0,001,
In the Aera syster, the
average SAR using
T2-weighted sequence
was 1.037 0214 using
Avanto system and 0.828
0,091 using Aera
system
17 [116]  3TMRIsystom Signa (GE, DBS implants The DBS implants were placed - Temperature - Phantom Heating was 0.6°C when T study is possibly the firstto. Medironic 201)
ush) in the head region of the measirements - 10 patients using body transmit ol study the clrcal safety of using
- Head TRAR ool phantem in the z-directon to - IPG (Actva, Medtronic  with head receive coll. Al 3T MRI scanner for DBS

- Transmit Bodly col

- Head receive col

- T2 weighted FRFSE
3D fast spoled gracient
recalled, GE-EP, Point
resolved single vorel
spectroscopy

mimic the human surgical
implantation

nc., USA)

the used sequences here.
produced heating ofless.
than 1°C

implanted patients. More safety
tests are required to assess and
confim research findings

The table contains the studies that are ordered historically. The scanner type ranges in tems of fied strength from 0.35T to 9.4T and the protocals are spin echo (SE), fast spin echo (FSE) o turbo spin echo (TSE), gradient echo (GE)
T, T2, diftusion tensor imaging (DT, echo planar imaging (EPY), magnetization prepared rapid gracient echo (MPRAGE), fast relaxation fast spin echo (FRFSE), fast low angle shot (FLASH) fast spoiled gradiient echo (FSPGR) and
half-Fourier-acquired single-shot turbo spin echo (HASTE). The safety hazards i the table are mostly relate o temperature or heating measurements and the results can be in units of degree Celsius or in specific absorption ratio (SAR)
unit Wiko. The other safety hazards such as rescnant freauency, movements or others are not the main concentration here. The sefety standard is related 10 the source of safety criteria that have been folowed by the studh





