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Figure 6.14: Computational simulations 6.2: Local SAR at the most distal contact as a function of 

electrode insertion depth. See Figure 6.3 (B) for the configurations. (A) Complete model and (B) 

Simplified model. Note that the Y-axis scale in (A) is different than the one in (B). 222 

Figure 6.15: Computational simulations 6.2: Peak E at contact #1 (tip), contact #5 and contact #8 as 

a function of electrode insertion depth. See Figure 6.3 (B) for the configurations. (A) Complete 

model and (B) Simplified model. Note that the Y-axis scale in (A) is different than the one in 

(B). 223 

Figure 6.16: Computational simulations 6.2: Peak B1 at contact #1 (distal contact; tip), contact #5 and 

contact #8 as a function of electrode insertion depth. See Figure 6.3 (B) for the configurations. 

(A) Complete model and (B) Simplified model. Note that the Y-axis scale in (A) is different than 

the one in (B). 224 

Figure 6.17: Local SAR distribution for the Complete model for Simulations 6.2. In these simulations, 

only the electrode was moved by the same amount relative to the RF coil (i.e. fixed relative 

electrode positions). 225 

Figure 6.18: E field distribution for the Complete model for Simulations 6.2. In these simulations, 

only the electrode was moved by the same amount relative to the RF coil (i.e. fixed relative 

electrode positions). 226 

Figure 6.19: B1 field distribution for the complete model for Simulations 6.2. In these simulations, 

only the electrode was moved by the same amount relative to the RF coil (i.e. fixed relative 

electrode positions). 227 

Figure 6.20: Local SAR distribution for the simplified model for Simulations 6.2. In these simulations, 

only the electrode was moved by the same amount relative to the RF coil (i.e. fixed relative 

electrode positions). 228 

Figure 6.21: E field distribution for the simplified model for Simulations 6.2. In these simulations, 

only the electrode was moved by the same amount relative to the RF coil (i.e. fixed relative 

electrode positions). 229 

Figure 6.22: B1 field distribution for the simplified model for Simulations 6.2. In these simulations, 

only the electrode was moved by the same amount relative to the RF coil (i.e. fixed relative 

electrode positions). 230 

Figure 6.23: Experiment 6.3: Local SAR at the tip contact of the (Simplified model) as a function of 

the extension cable length. 231 

Figure 6.24: Local SAR distribution for the simplified model for Simulations 6.3. In these simulations, 

only the length of electrode lead was changed relative to the fixed RF coil. Simulation 6.2.9 is 

part of computational simulation 6.2. 232 

Figure 6.25: E field distribution for the simplified model for Simulations 6.3. In these simulations, 

only the length of electrode lead was changed relative to the fixed RF coil. Simulation 6.2.9 is 

part of computational simulation 6.2. 232 

Figure 6.26: B1 field distribution for the simplified model for Simulations 6.3. In these simulations, 

only the length of electrode lead was changed relative to the fixed RF coil. Simulation 6.2.9 is 

part of computational simulation 6.2. 233 

Figure 6.27: Empirical temperature measurement 6.1.1 (implantation scenario 1). 10-contact 

electrode and the 1-contact electrode together. The recording temperature was from: E10C10; 

10th contact of 10-contact electrode, E10C1; 1st contact (tip) of 10-contacts electrode, E1C1; 1st 

contact (tip) of the 1-contact electrode and Ref; reference. 234 
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Figure 6.28: Repeat empirical temperature measurement 6.1.2 (implantation scenario 1). The 

temperature was measured at the distal contacts of the 10-contact and the 1-contact electrodes. 

Ref; reference. 235 

Figure 6.29: Empirical temperature measurement 6.2.1 (implantation scenario 3): 1-contact electrode 

only. The temperature was measured at E1C1. Ref; reference. 235 

Figure 6.30: Repeat empirical temperature measurement 6.2.2 (implantation scenario 3): 1-contact 

electrode only. The temperature was measured at E1C1. Ref; reference. 236 

Figure 6.31: Results of the heating using EM computational simulation of a conducting wire inserted 

in a phantom in different insertion lengths and total wire lengths. Taken with permission from 

Yeung et al. (2007). 239 

Figure 7.1: Simplified model 8C1SW: 8-contact electrode with 1 shared wire (connected to the 8 

contacts). 264 

Figure 7.2: Simplified models 8C1Wx: 8-contact electrodes with 1 wire located at different contacts 

(1-8) for simulations 7.2. The blue arrows show the location of the wire in the electrode. 264 

Figure 7.3: Representation of the phantom, RF coil and 8C1SW electrode for simulation 7.1. The 

electrode insertion is 10.5 cm. 265 

Figure 7.4: Computational simulations 7.3 (7.3.1-7.3.13): Single 1C1W electrode at different 

positions in black (L1-L13) and actual locations relative to Z=0 (in red); each electrode was 

inserted individually inside the ASTM phantom. The insertion of the electrodes was 10.5 cm in 

depth and the separation between the locations was 1 cm. 267 

Figure 7.5: Simulations 7.4: two 1C1W electrodes (E1 and E2) positioned to test the parallel shifting 

(E1 is fixed in place while E2 is shifted). For 7.4.1 and 7.4.2, the electrodes partially overlap; 

for the former, an electrode with 2-contact 2 wire was modelled (by removing the overlapping 

parts). 269 

Figure 7.6: Simulations 7.5: multiple separated 1C1W electrodes inserted inside the ASTM phantom. 

The insertion of the electrodes was 10.5 cm and the separation between the electrodes was 1 cm. 

The enlarged part in simulation 7.5.8 indicates the locations of the 13 electrodes. 271 

Figure 7.7: Simulations 7.6: multiple shorted 1C1W electrodes placed inside the ASTM phantom. 

The insertion depth of the electrodes was 10.5 cm and the separation between the electrodes was 

1 cm. The blue arrows point the location where the wires were short-circuited (connected). 273 

Figure 7.8: Simulation 7.1. Estimated B1 field distributions in three views; (A) and (B) coronal 

sections; the former shows the simulation setup that contains the 8C1SW electrode, phantom 

and the coil and the latter shows the estimated B1 field distributions only; (C) Sagittal and (D) 

axial sections. 275 

Figure 7.9: Simulation 7.1. Estimated E field distributions in three views; (A) and (B) coronal 

sections; the former shows the simulation setup that contains the 8C1SW electrode, phantom 

and the coil and the latter shows the estimated B1 field distributions only; (C) Sagittal and (D) 

axial sections. 276 

Figure 7.10: Simulation 7.1. Estimated SAR distributions in three views; (A) coronal, (B) sagittal and 

(C) axial. 277 

Figure 7.11: Simulations 7.2: Estimated E field distribution for 8C1Wx (8C1W1-1C1W8). 279 

Figure 7.12: Simulations 7.2: Estimated local SAR distribution for 8C1Wx models. 280 

Figure 7.13: Simulations 7.3: Estimated E field distribution for the 1C1W model at different locations 

(L1-L13). In these simulations, the electrode was positioned parallel to Z in the superior region 

of the phantom to mimic a clinical implantation setup. 285 
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Figure 7.14: Simulations 7.3: Estimated local SAR distribution for the single 1C1W model at different 

locations (L1-L13). 287 

Figure 7.15: Estimated peak averaged SAR for the single 1C1W electrode positioned at different 

locations (L1-L13). This figure has two scales in the x-axis: one scale (top) shows the electrode 

location (L1-L13) that was planned in this study and the second (bottom) shows the actual 

location relative to Z=0 (the positive numbers are in the right-hand side of the phantom and the 

negative numbers are in the left-hand side (Figure 7.4)). 289 

Figure 7.16: Simulations 7.4: Estimated E field distribution for the shifting of two 1C1W electrodes 

(#1 and #2). In these simulations, the electrodes were positioned parallel to Z and six electrode 

shifts were tested. 291 

Figure 7.17: Simulations 7.4: Estimated local SAR distribution for the shifting of two 1C1W 

electrodes (#1 and #2). In these simulations, the electrodes were positioned parallel to Z and six 

electrode shifts were tested. 292 

Figure 7.18: Simulations 7.5: Estimated E field distribution for the multiple (#1-#13) 1C1W 

electrodes. In these simulations, the electrodes were positioned parallel to Z and separated by 1 

cm in the superior region of the phantom to mimic a clinical implantation setup scenario. The 

wires of the electrodes were open circuited. 295 

Figure 7.19: Simulations 7.5: Estimated peak E for the multiple (#1-#13) 1C1W electrodes. The 

electrodes are labelled as En, n=1-13. 296 

Figure 7.20: Simulations 7.5: Estimated local SAR distribution for the multiple (#1-#13) 1C1W 

electrodes. In these simulations, the electrodes were positioned parallel to Z and separated by 1 

cm in the superior region of the phantom to mimic a clinical implantation setup and the wires of 

the electrodes were open circuited. 297 

Figure 7.21: Simulations 7.5: Estimated peak average 0.1 g SAR for the multiple (#1-#13) 1C1W 

electrodes. The electrodes are labelled as En, n=1-13. 299 

Figure 7.22: Simulations 7.5: Estimated peak average 0.01 g SAR for the multiple (#1-#13) 1C1W 

electrodes. The electrodes are labelled as En, n=1-13. 299 

Figure 7.23: Simulations 7.5: Estimated peak average 0.001 g SAR for the multiple (#1-#13) 1C1W 

electrodes. The electrodes are labelled as En, n=1-13. 300 

Figure 7.24: Simulations 7.6: Estimated E field distribution for the multiple (#1-#13) 1C1W 

electrodes. In these simulations, the electrodes were positioned parallel to Z and separated by 1 

cm in the superior region of the phantom to mimic a clinical implantation setup scenario and the 

wires of the electrodes were short circuited. The locations of the shorted wires are pointed by 

the white arrows. 301 

Figure 7.25: Simulations 7.6: Estimated peak E for the multiple shorted (#1-#13) 1C1W electrodes. 

The electrodes are labelled as En, n=1-13. 302 

Figure 7.26: Simulations 7.6: Local SAR distribution for the multiple shorted (#1-#13) 1C1W 

electrodes. In these simulations, the electrodes were positioned parallel to Z and separated by 1 

cm in the superior region of the phantom to mimic a clinical implantation setup scenario. 303 

Figure 7.27: Simulations 7.6: Estimated peak average 0.1 g SAR for the multiple (#1-#13) 1C1W 

electrodes. The electrodes are labelled as En, n=1-13. 305 

Figure 7.28: Simulations 7.6: Estimated peak average 0.01 g SAR for the multiple (#1-#13) 1C1W 

electrodes. The electrodes are labelled as En, n=1-13. 305 

Figure 7.29: Simulations 7.6: Estimated peak average 0.001 g SAR for the multiple (#1-#13) 1C1W 

electrodes. The electrodes are labelled as En, n=1-13. 306 
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Figure A. 1: Experiment 3.2 Measurement 3.2.5. TSE, body coil and electrode configuration B(2).

 .................................................................................................................................................. 360 

Figure A. 2: Experiment 3.2 Measurement 3.2.6. TSE, body coil and electrode configuration B(2).

 .................................................................................................................................................. 361 

Figure A. 3: Experiment 3.2 Measurement 3.2.7. TSE, body coil and electrode configuration B(2).
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Figure A. 4: Experiment 3.2 Measurement 3.2.8. TSE, body coil and electrode configuration B(3).

 .................................................................................................................................................. 362 

Figure A. 5: Experiment 3.3 Measurement 3.3.2. TSE, body coil and configuration C(1). ............ 362 

Figure A. 6: Experiment 3.3 Measurement 3.3.3. TSE, body coil and configuration C(2). ............ 363 
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Figure A. 11: Experiment 3.1 IcEEG electrodes terminations positioned in three configurations. A) 

A(1): Strip, Grid and Depth 2 bundled together and separated from the other bundle (Depth 1 

and Depth 3) without lead extensions and with lead tails placed away from the central Z-axis 

(dashed line) on top of the foam insert. the phantom head was placed inside the head Tx coil. B) 

A(2): Strip, Grid and Depth 2 bundled together and separated from the other bundle (Depth 1 

and Depth 3) without lead extensions and with lead tails placed towards to the central Z-axis on 

top of the foam insert. the phantom head was placed inside the head Tx coil.  C) A(3): Strip, 

Grid and Depth 2 bundled together and separated from the other bundle (Depth 1 and Depth 3) 

without lead extensions and with lead tails placed away from the central Z-axis on top of the 

foam insert. the phantom head was placed inside the body Tx coil......................................... 368 
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Figure B. 6: Peak B1 for the multiple (#1-#13) 1C1W electrodes for Simulations 7.5. The electrodes 
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Figure C. 1: Case Goc-7 with a focal lesion caused by electrode insertion during icEEG. (A, B) 

Hematoxylin and eosin staining revealed a lesion with a necrotic core and a small cavity (*) that 

infiltrated with small inflammatory mediators. Increased numbers of cells and hemorrhagic 

blood vessels were also noted in the periphery of the lesion. (C,D). The lesion core and 

immediate vicinity were strongly immunopositive for iba1. Iba1-immunopositive cells were 

densely populated around the lesion core, and individual iba1 immunopositive cells were only 

visible further away from the lesion. (E,F) In comparison to iba1 immunolabelling, nestin 

immunoreactivity was primarily observed around the lesion core (Zone 1 as described in Goc et 

al., 2014). Nestin-immunopositive cells appeared small with multipolar processes (occasionally 

bipolar cells were observed), and nestin-immunopositive fibres were generally short and thick 

(arrowhead). Nestin immunopositive vessels could also be observed (closed arrowhead). .... 401 

Figure C. 2: Case Goc-10 with icEEG-related lesion in the superficial cortex. (A, B) The lesion core 

in case Goc-10 had the appearance of an acellular coagulative scar. The coagulation was 

surrounded by irregular blood vessels (some hemorrhagic filled with red blood cells) and 

numerous inflammatory mediators including iba1-immunopositive microglia and macrophages. 

(C,D) The lesion core and its immediate vicinity was immunonegative for GFAP. A dense matrix 

of GFAP immunopositive fibres were observed in areas distanced from zone 1 (or immediate 

vicinity) of the lesion. GFAP immunopositive cells were astrocytes-like with a small cell body 
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Table 2.1 Summaries of the experimental research of scalp or external EEG-fMRI and implanted 

EEG-fMRI. The studies that are ordered chronologically. The scanner type ranges in terms of 

field 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), diffusion weighted (DW), T1, T2, diffusion tensor imaging 

(DTI), echo planar imaging (EPI), fluid-attenuated inversion recovery (FLAIR), short-TI 

inversion recovery (STAIR), spoiled gradient recalled acquisition (SPGR), magnetization 

prepared rapid gradient echo (MPRAGE), array coil spatial sensitivity encoding (ASSET), 

robust automated shimming technique using arbitrary mapping acquisition parameters 

(RASTAMAP), true fast imaging with steady-state precession (True-FISP), single shot echo 

planar imaging (SS-EPI), localization by adiabatic selective refocusing (LASER), fast low angle 
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Abstract 

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 allowing us to relate scalp voltage waveforms to brain states and behaviour. 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 primary aim of this thesis is to devise a protocol in order to minimise the 

health risks that are associated with simultaneous scalp and intracranial EEG during fMRI (S-

icEEG-fMRI). The advances in this technique will be helpful in presenting a new imaging method 

that will allow the measurement of brain activity with unprecedented sensitivity and coverage. 

However, this cannot be achieved without assessing the safety implications of such a technique. 

Therefore, five experiments were performed to fulfil the primary aim. First, the safety of icEEG-

fMRI using body transmit RF coil was investigated to improve the results of previous attempts 

using a head transmit coil at 1.5T. The results of heating increases during a high-SAR sequence 

were in the range of 0.2-2.4 °C at the contacts with leads positioned along the central axis inside 

the MRI bore. These findings suggest the need for careful lead placement. Second, also for the 

body transmit coil we compared the heating in the vicinity of icEEG electrodes placed inside a 

realistically-shaped head phantom following the addition of scalp EEG electrodes. The peak 

temperature change was +2.7 °C at the most superior icEEG electrode contact without scalp 

electrodes, and +2.1 °C at the same contact and the peak increase in the vicinity of a scalp electrode 

contact was +0.6 °C (location FP2). These findings show that the S-icEEG-fMRI technique is 

feasible if our protocol is followed carefully. Third, the heating of a realistic 3D model of icEEG 

electrode during MRI using EM computational simulation was investigated. The resulting peak 10 
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g averaged SAR was 20% higher than without icEEG. Moreover, the superior icEEG placed 

perpendicular to B0 showed significant local SAR increase. These results were in line with 

previous studies. Fourth, the possibility of simplifying a complete 8-contact with 8 wires depth 

icEEG electrode model into an electrode with 1-contact and 1 wire using EM simulations was 

addressed. The results showed similar patterns of averaged SAR values around the electrode tip 

during phantom and electrode position along Z for the Complete and Simplified models, except 

an average maximum at Z = ~2.5 W/kg for the former. The SAR values during insertion depth for 

the Simplified model were double those for the Complete model. The effect of extension cable 

length is in agreement with previous experiments. Fifth, further simulations were implemented 

using two more simplified models: 8-contact with 1 wire shared with all contact and 8-contact 1 

wire connected to each contact at a time as well as the previously modelled simplified 1-contact 1 

wire. Two sets of simulations were performed: with a single electrode and with multiple electrodes. 

For the single electrode, three scenarios were tested: the first simplified model used only, the 

second simplified models used only and the third model positioned in different 13 locations. The 

results of these simulations showed about 11.4-20.5-fold lower SAR for the first model than the 

second and 0.29-5.82-fold lower SAR for the first model than the complete model. The results also 

showed increased SAR for the electrode close to the head coil than the ones away from it.  For the 

multiple electrodes, three scenarios were tested: two 1-contact and wire electrodes in different 

separations, multiple electrodes with their wires separated and multiple electrodes with their wires 

shorted. The results showed interaction between the two tested electrodes. The results of the 

multiple electrodes presented 2 to ~10 times higher SAR for the separated setup than the shorted. 

The comparison between the 1-contact with 1 wire model and the complete model is still unknown 

and more tests are required to show it. From the findings of this PhD research, we conclude that a 

body RF coil can be utilized for icEEG-fMRI at 1.5 T; however, the safety protocol has to be 

implemented. In addition, scalp EEG can be used in conjunction with icEEG electrodes inside the 

body RF coil at 1.5 T and the safety protocol has to be followed. Finally, it is feasible to perform 

EM computational simulations using realistic icEEG electrodes on a human model. However, 

simplifying the realistic icEEG electrode model might result in overestimations of the heating, 

although it is possible that the simplification of the model can help to simulate more complex 

implantations such as the implantation of multiple electrodes with their leads open circuited or 
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short circuited, which can provide more information about the safety of implanted patients inside 

the MRI.  



University College London                                               Hassan Hawsawi 26 

Impact statement 

This research was concerned with the safety of the application of simultaneous scalp EEG with 

intracranial EEG during functional MRI (scalp-icEEG-fMRI). There are potential risks when 

implementing scalp EEG and intracranial EEG with MRI that include induced heating that can be 

severe depending on such factors as electrode orientation, electrode lead and EEG system location, 

the applied MR sequence and the type of RF coil.  

The results of this work provide good evidence that patients with implanted intracranial EEG 

(icEEG) electrodes can undergo MRI using the body RF transmit coil at 1.5 T with an acceptable 

risk level following a strict safety protocol. In addition, this thesis shows the possibility of 

performing icEEG-fMRI with the addition of scalp EEG electrodes also with an acceptable level 

of risk, the application of which would represent a significant advance for the investigation of the 

generators of epileptic activity, the nature of their fMRI and EEG signatures, and the exploration 

of those brain signals and connectivity. In the medium to long term, such studies could lead to 

improved EEG and MRI-based characterisation of epileptic generators (and networks). The 

availability of a third signal measured concurrently in addition to scalp and icEEG, promises to 

help us better understand the relationship between scalp and icEEG – for example to address the 

question: why do some discharges observed on icEEG give rise to detectable scalp signals and 

others do not? This could be assessed by comparing the BOLD changes associated with both types 

of discharge. Furthermore, such data might lead to identification of new pathological patterns on 

scalp EEG. In the longer term, the availability of scalp-icEEG-fMRI data in patients with epilepsy 

may benefit clinical research of epilepsy by for example, allowing more targeted invasive 

investigation through the earlier identification of scalp EEG ‘red flags’ for patients who are 

unlikely to benefit from icEEG based on the analysis of scalp EEG-fMRI informed by rules derived 

from the analysis of such data. 

Furthermore, I started exploring the use of computational electromagnetic simulations for safety 

studies involving implanted electrodes, and in particular, the idea of model simplification, thereby 

opening the door for future studies such as some aimed at defining some simplification rules in 

the face of countless possible implantation and scanning scenarios thereby enlightening us about 

the safety of future MRI applications in the presence of such electrodes. 
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 Introduction 

This research project concerns the safety of the application of MRI technique in the presence of 

EEG electrodes generally and more specifically implanted icEEG electrodes. Therefore, I divided 

this introduction into sections starting from the purpose of applying EEG and icEEG for patients 

with epilepsy and combining these techniques with MRI as in EEG-fMRI and icEEG-fMRI and 

concluding with a presentation of the research plan. 

1.1 Motivation and statement of the problem 

1.1.1 The problem of localization in epilepsy 

Epilepsy is a serious neurological condition characterized by recurrent seizures with their 

neurobiological, psychological, communal and cognitive implications (Loddenkemper et al., 

2015). There are about 50 million people suffering from epilepsy worldwide (Glynn & Detre, 

2013), thirty thousand people develop epilepsy in the UK each year; in two-thirds of them their 

seizures are controlled with anti-epileptic drugs (AEDs) and for the remainder with focal seizures, 

surgery maybe a treatment option (Duncan, 2007).  

The goal of epilepsy treatment with AED or surgery is to control seizures (Duncan, 2007; Lopes 

da Silva, 2009, p. 19). The main goal of epilepsy surgery planning in patients with drug-resistant 

focal epilepsy is to localize the epileptic generator and the connecting networks for possible 

surgical intervention (Lopes da Silva, 2009; Gonzalez-Martinez et al., 2015). These goals can be 

achieved by the use of comprehensive and structured testing, which includes structural imaging 

such as magnetic resonance imaging (MRI), the most non-invasive localization tool, and computed 

tomography (CT), an ionizing radiation modality. Other techniques such as scalp 

electroencephalography (EEG), which is one of the electrophysiological monitoring modalities, 

helps in recording ictal and interictal epileptiform activity, and intracranial 

electroencephalography EEG (icEEG), an invasive EEG recording technique that has exquisite 

sensitivity to deep discharges (Lopes da Silva, 2009; Kaur et al., 2014) but over a relatively small 
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volume and therefore requires very accurate targeting and strong hypothesis of the epileptogenic 

zone (Enatsu & Mikuni, 2016). As an indication of the differences in sensitivity of the two 

techniques; scalp and icEEG, it has been shown using simultaneously recorded icEEG and scalp 

EEG that an area of approximately 10 cm2 of cortex must be involved to result in clearly visible 

discharges on scalp EEG (Tao et al., 2007; Enatsu & Mikuni, 2016). 

1.1.2 Functional MRI in Epilepsy research 

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 (Laufs, 2010) by measuring the local hemodynamic variations through the local 

field potentials (LFP) in order to predict the values of the blood oxygen level dependent (BOLD) 

signals (Ogawa et al., 1990; Kesavadas & Thomas, 2008) and can identify regions involved in the 

generation of epileptic discharges, particularly when combined with EEG (Vulliemoz et al., 2010; 

Goebel et al., 2010; Carmichael et al., 2012; Murta et al, 2015). Simultaneous scalp EEG-fMRI or 

intracranial EEG (icEEG) fMRI can provide information about the spatiotemporal mechanisms 

that helps to locate the generations of the epileptic activities in the brain (Cunningham et al., 2008; 

Vulliemoz et al., 2011). For the simultaneous icEEG-fMRI, there are newly discovered capabilities 

of the technique. First, a study was performed to map the haemodynamic changes before and 

during seizures for a patient with temporal epilepsy and being evaluated for surgery using icEEG 

fMRI (Chaudhary et al., 2016). The mapping of the haemodynamic changes enabled the 

correlation between the BOLD signals with the seizure onset zone. Second, the data acquired from 

icEEG-fMRI showed the differences between the healthy and epileptic brain functional 

connectivity (Ridley et al., 2017). Third, with use of automatic classification methods to classify 

epileptic spikes (Sharma et al., 2017), icEEG-fMRI presented more information about the brain 

networks that are related to epileptic spikes (Sharma et al., 2019). Fourth, other investigations 

showed the capability of simultaneous icEEG-fMRI in revealing the relationship between the 

neurophysiological sources of the BOLD signals and brain sharp waves (Murta et al., 2016a). Fifth, 

icEEG-fMRI was also able to reveal the relationship between the “the phase of low- and the 

amplitude of high- frequency EEG activities (phase–amplitude coupling)” and the amplitude of 

the BOLD signals (Murta et al., 2016b); however, the quality of simultaneous scalp EEG-fMRI 
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and icEEG-fMRI data could be compromised in case of sensitivity and localization of the epileptic 

generators, that can arise when such EEG and fMRI modalities are performed together (Villringer 

et al., 2009).  

There are some questions that are still unanswered in the application of scalp EEG-fMRI or icEEG-

fMRI; First, what is the relationship between the scalp EEG data, the icEEG data and the BOLD 

maps of icEEG-fMRI if they are performed on the same patient? Second, is the data obtained from 

the invasive icEEG-fMRI can help us solve the inverse problem of the non-invasive scalp EEG-

fMRI? Third, after knowing the answer to the previous question, are we able to replace the use of 

the invasive icEEG that is recording during MRI with the non-invasive scalp EEG that is also 

recording inside the MRI to identify epileptic discharges? Therefore, introducing the concurrent 

scalp and icEEG with MRI might answer these questions. 

Simultaneous scalp and icEEG recordings showed similar signal behaviours and sensitivities 

(Burnos et al., 2015; Debatisse et al., 2005; Ramantani et al., 2014; Ray et al., 2007; Schad et al., 

2007; Tao et al., 2005, 2007). In addition, (Cosandier-Rimélé et al., 2012) performed 

computational EEG simulations inside a 3D model in order to investigate the sensitivity and 

specificity of both scalp EEG and icEEG, and found that scalp EEG in some occasions does not 

detect rapid discharges compared to icEEG. In addition, (Hosseini et al., 2018) performed a 

computational simulation of electromagnetic source imaging with the use of scalp EEG and icEEG 

as a way to detect the epileptic sources on both electrodes. They found that the combined use of 

scalp EEG and icEEG helps in localization but may cause reduced sensitivity to source distance 

of the localization. The reason for that could be the presence of insulating materials (e.g., silicon) 

of the icEEG grid electrodes that can distort the scalp EEG recording (Lanfer et al., 2013). Other 

research by (Dubarry et al., 2014) studied the simultaneous recording of three modalities: scalp 

EEG, icEEG and MEG on one patient, which showed new data with better specificity and 

sensitivity in combination than when performing each modality alone. Therefore, we propose the 

technique of simultaneous scalp EEG and icEEG fMRI (S-icEEG-fMRI) as a way to improve our 

understanding of these techniques and overcome some of the above-mentioned limitations. The 

study of S-icEEG-fMRI will allow us to correlate the neuro-electrical events of the brain (during 

task-related or resting-state) that can be seen on the scalp EEG and icEEG individually (temporal 

data) and relate them with the spatial and temporal fMRI data. This may give us more insight into 

the relationship between the electrophysiological features and their hemodynamic changes. In 
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particular, the capability to acquire scalp and icEEG, and fMRI concurrently will allow us to 

correlate multiple multimodal observations of individual and spontaneous (unpredictable) brain 

events.  

Building on the work that has led to the development and implementation of simultaneous icEEG-

fMRI in terms of safety (Carmichael et al., 2008, 2010, 2012) and applied to the 20 patients 

scanned to date (Vulliemoz et al., 2011; Murta et al., 2017; Ridley et al., 2016; Chaudhary et al., 

2016; Sharma et al., 2017, 2019), I propose to add the capability to record scalp EEG to icEEG-

fMRI in a technique I named it simultaneous scalp-icEEG-fMRI (S-IcEEG-fMRI).  

Such a development would be interesting for two reasons: First, the possibility of the combined 

scalp and icEEG with fMRI scanning could provide new data that can be used to compare the data 

from the same neural activity among icEEG, scalp EEG and fMRI techniques. This is because of 

the lack of understanding of the link between the scalp and icEEG, and the fact that many of the 

results of scalp EEG-fMRI and the sources of interictal epileptiform discharges or epileptic spikes 

are not well understood in terms of what they represent neurophysiologically (Vulliemoz et al., 

2011; Thornton et al., 2011; Chaudhary et al., 2012; Van Graan et a., 2015; Coan et al., 2016). In 

addition, previous studies that involved the simultaneous recording of scalp EEG and icEEG 

without fMRI showed differences in the two EEG recordings in terms of detecting epileptic spikes; 

the majority of these spikes can be seen on icEEG and not on the scalp EEG (Tao et al., 2005). 

Second, this will be leading to a better understanding of epileptic activity generators, brain 

networks and a more effective hypothesis of the epileptic areas that can eventually provide 

important results in the pre-surgical evaluation of epilepsy patients. 

1.1.3 Patient Safety in the MR Scanner in the presence of EEG electrodes 

The implementations of scalp EEG-fMRI and icEEG-fMRI is challenged by several issues. These 

issues are related to the interactions between the EEG recording system and the MRI system, 

specifically the three types of electro-magnetic (EM) fields used in the latter: the static magnetic 

field, time-varying magnetic gradient field and radiofrequency (RF) magnetic field, each of which 

pose a potential hazard when it interacts with the human body and the icEEG electrodes, which 

constitute metallic implants. Firstly, these may be subjected to torques or forces because of the 

permanent or transient magnetic fields: currents due to head or icEEG leads motions in the 

presence of the static magnetic fields and currents in the electrode loop due to the switching 
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magnetic gradient fields (Carmichael et al., 2010). Secondly, localized heating from the RF 

magnetic field in the vicinity of the icEEG electrodes when applying concurrent fMRI beside the 

other mentioned problems (Carmichael et al., 2008); an effect that is considered the greatest safety 

hazard in combined EEG-fMRI acquisitions (Lemieux et al., 1997; Lazeyras et al., 2001). It has 

been shown that scalp EEG-fMRI and icEEG-fMRI can be performed with acceptable additional 

risks under specific conditions (e.g., by using head coils, controlling the length of the connection 

cables and applying low SAR sequences (Carmichael et al., 2010; Ciumas et al., 2013; Kahan et 

al., 2014); however, the safety issues related to combining scalp and icEEG with fMRI 

simultaneously (S-IcEEG-fMRI) have not been investigated to date. 

In terms of icEEG-fMRI data quality, there are some limitations that are related to this technique; 

in particular the limitations of fMRI sensitivity that have resulted from the use of quadrature head 

transmit (Tx) coil (Murta et al., 2017). Another limitation is the signal loss and the geometric 

distortion because of susceptibility artefact that results from large differences in the magnetic 

susceptibility between tissue boundaries and air as well as the metallic electrodes (Carmichael et 

al., 2012). Therefore, with the knowledge gained from the previous study (Carmichael et al., 2012), 

we think modifying the fMRI acquisition protocol can be achieved by introducing the body Tx 

coil. The utilization of the body Tx coil will help in the application of the recent “parallel imaging” 

techniques. In parallel imaging, the body Tx coil can be used with a head receive coil array to 

acquire data with high SNR (Roemer et al., 1990; Pruessmann et al., 1999). In addition, with 

parallel imaging techniques, less data can be acquired using data from each of the multiple coils 

to aid localisation with an associated acceleration factor which leads to reduction in the acquisition 

time (Pruessmann et al., 1999; Larkman et al., 2001; Griswold et al., 2002; Hargreaves et al., 2010; 

Koch et al., 2011; Setsompop et al., 2012). In order to complete the sampling of the k-space data, 

a parallel imaging reconstruction algorithm in the k-space such as GRAPPA or another algorithm 

like SENSE that unwraps the data in the spatial domain is used (Griswold et al., 2002). In parallel 

imaging, the multiple receiver coils with various spatial sensitivity information are used to acquire 

a reduced number of phase encoding steps. For EPI this can result in reduced susceptibility 

artefacts (Carmichael, 2010). The effect of susceptibility-related distortions is reduced by an 

increase in the size of the phase encoding gradients relative to the background fields (i.e. the 

effective bandwidth in the phase encoding direction is increased). Signal dropout can also be 

reduced by decreasing the slice thickness without altering the volume coverage or TR by the 
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application of multiband techniques that involve the excitations of multiple slices simultaneously 

(Larkman et al., 2001). 

1.2 Objectives 

The ultimate objective of this research is to devise a protocol to acquire S-IcEEG-fMRI with an 

acceptable level of risk, thereby allowing us for the first time to record spontaneous epileptic 

activity with those three modalities and potentially shining further light on the underlying 

pathological processes. This objective will be feasible once the safety issues related to S-IcEEG-

fMRI have been satisfactorily addressed. 

The specific aims of this PhD research are: 

1) Improve icEEG-fMRI data quality to enhance BOLD sensitivity especially proximal to the 

electrodes. In particular, these improvements require the investigation of different RF 

technology such as body transmit coil to the head transmitting coils currently used.  

2) Determine the conditions in which the acquisition of S-IcEEG-fMRI can be achieved with 

acceptable level of additional risk using water-based phantom temperature measurements 

inside the body transmit coil. 

3) Investigate the possibility of performing complete and simplified EM computational 

simulations to study complex icEEG models and implantation scenarios to assess temperature 

increases during MRI. 

4) Gain more understanding of the heating increases during icEEG-fMRI in humans1.  

1.3 Structure of this thesis 

The remainder of this PhD thesis consists of the following chapters: 

 
1This specific aim is part of a study described in Appendix C 
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1.3.1 Chapter 2 

Overview on the literature and basic background information about EEG, icEEG and detailed 

background about patient safety in the MR scanner in the presence of scalp EEG and icEEG 

electrodes and electromagnetic computational simulation.  

1.3.2 Chapter 3 

Experiment 1, on the safety of adding a body transmit RF coil in the technique of icEEG-fMRI at 

1.5 T.  

1.3.3 Chapter 4 

Experiment 2, on the assessment of heating in the vicinity of scalp and intracranial 

electroencephalography for scalp-icEEG-fMRI recordings using body transmit coil at 1.5 T 

magnetic resonance.  

1.3.4 Chapter 5 

Experiment 3, on the safety modelling, computational electromagnetic simulation and 

experimental validation of icEEG-fMRI in human model.  

1.3.5 Chapter 6 

Experiment 4, on studying the RF-induced heating in the vicinity of human depth intracranial EEG 

electrodes: effect of electrode and implantation simplification on computational EM simulations.  

1.3.6 Chapter 7 

Experiment 5, on studying the heating of complex depth icEEG electrodes implantation 

scenarios using computational EM simulations of simplified models. 
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1.3.7 Chapter 8 

The general and overall conclusions of this PhD thesis and future work. 

1.4 Dissemination of the work described in this thesis 

1.4.1 Publication plan  

1.4.1.1 Original articles in peer-reviewed journals 

1. Safety of Simultaneous Scalp or Intracranial EEG During MRI: A Review. 

Hawsawi, H. B., Carmichael, D. W., & Lemieux, L. (2017). Safety of 

Simultaneous Scalp or Intracranial EEG During MRI: A Review. Frontiers in 

Physics. doi:10.3389/fphy.2017.00042. (Published in 2017). See Chapter 2. 

2. Safety of intracranial electroencephalography during functional electromagnetic 

resonance imaging in humans: histopathological observations. Joan Liu, Hassan 

Hawsawi, Niraj Sharma, David Carmichael, Maria Thom, Beate Diehl and Louis 

Lemieux (submitted to the journal of Physics in Medicine & Biology). 

Corresponds to Appendix C. 

3. Temperature measurements in the vicinity of human intracranial EEG electrodes 

exposed to body-coil RF for MRI. Hawsawi, H. B., Papadaki, A., Thornton, J. S., 

Carmichael, D. W., & Lemieux, L. (2020). Frontiers in Neuroscience, 14, 429. 

(Published in 2020). See Chapter 3. 

4. Concurrent Scalp and Intracranial Electroencephalography Recording Using 

Body Transmit Coil in a Human 1.5T MRI Scanner: RF-Induced Heating 

Assessment. Hassan Hawsawi, Anastasia Papadaki, Vejay Vakharia, John 

Thornton, David Carmichael, Louis Lemieux: (submitted to the journal of Physics 

in Medicine and Biology). See Chapter 4. 

5. Safety of intracranial electroencephalography recordings in a 1.5T MRI scanner: 

electromagnetic field simulation on a human body model. Ozlem Ipek*, Hassan 

Hawsawi*, Anastasia Papadaki, Joao Jorge, David Carmichael, Rolf Gruetter and 



University College London                                               Hassan Hawsawi 36 

Louis Lemieux. (submitted to Magnetic Resonance in Medicine; MRM). See 

Chapter 5. *Hassan Hawsawi and Ozlem Ipek: equal contributions. 

6. RF-induced heating in the vicinity of human depth intracranial EEG electrodes: 

effect of electrode and implantation simplification on computational EM 

simulations. Hassan Hawsawi, Ozlem Ipek, David Carmichael, Louis Lemieux: 

(under preparation). See Chapter 6. 

7. On the possibility of predicting RF-induced heating in human depth EEG 

electrodes using simplified computational models. Hassan Hawsawi, Ozlem Ipek, 

David Carmichael, Louis Lemieux: (under preparation). See Chapter 7. 

1.4.1.2 Book chapter 

“EEG Instrumentation and Safety inside the MRI Environment”. Hassan Hawsawi, 

Philip Allen, Tracy Warbrick, Robert Stormer, Giannarita Iannotti, Frederic Grouiller, 

Serge Vulliemoz and Louis Lemieux (under preparation). To appear in “EEG-fMRI: 

Physiological Basis, Technique and Applications”. 2nd edition, Christoph Mulert and 

Louis Lemieux (Springer-Verlag Berlin Heidelberg, 2020. This is not included in this 

PhD thesis. 

1.4.2 Conference posters 

(1) Comparing intracranial electroencephalography functional magnetic resonance 

imaging heating between head radiofrequency coil and body transmit 

radiofrequency coil, British Chapter of International Society for Magnetic 

Resonance in Medicine, 2017, Liverpool, United Kingdom. The authors were: 

Hassan Hawsawi, Anastasia Papadaki, John Thornton, David Carmichael, Louis 

Lemieux. 

(2) Intracranial EEG safety at 1.5T: electromagnetic field simulation on a human body 

model, International Society for Magnetic Resonance in Medicine, 2017, Honolulu, 

HI, United States of America. The authors were: Ozlem Ipek, Hassan Hawsawi, 

Anastasia Papadaki, Joao Jorge, David Carmichael, Rolf Gruetter and Louis 

Lemieux. 
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(3) Concurrent scalp and intracranial electroencephalography recording in a human 

1.5T MRI scanner: assessment of RF-induced heating, International Society for 

Magnetic Resonance in Medicine, 2019, Montreal, Canada. The authors were: 

Hassan Hawsawi, Anastasia Papadaki, Vejay Vakharia, John Thornton, David 

Carmichael, Louis Lemieux. 

(4) RF-induced heating in the vicinity of human depth intracranial EEG electrodes: 

effect of electrode and implantation simplification on computational EM 

simulations, International Society for Magnetic Resonance in Medicine, 2019, 

Montreal, Canada. The authors were: Hassan Hawsawi, Ozlem Ipek, David 

Carmichael, Louis Lemieux. 

(5) Comparing intracranial electroencephalography functional magnetic resonance 

imaging heating between head radiofrequency coil and body transmit 

radiofrequency coil, Department of Clinical and Experimental Epilepsy Retreat, 

2019, Chalfont St. Peter, United Kingdom. The authors were: Hassan Hawsawi, 

Anastasia Papadaki, Vejay Vakharia, John Thornton, David Carmichael, Louis 

Lemieux. 

1.4.3 Oral presentations 

(a) Simultaneous Scalp and Intracranial EEG-FMRI: Safety and Data Quality, MRI 

Division Meeting, 2016, Queen Square, London, United Kingdom. The research 

group: Hassan Hawsawi, Anastasia Papadaki, John Thornton, David Carmichael, 

Louis Lemieux. 

(b) Heating Around Intracranial EEG Electrodes: Head & Body Transmit RF Coil 

Comparison, International Society for Magnetic Resonance in Medicine RF 

Safety Workshop, 2017, McLean, VA, United States of America. (Presented by 

Louis Lemieux). The research group was: Hassan Hawsawi, Anastasia Papadaki, 

John Thornton, David Carmichael, Louis Lemieux. 

(c) Simultaneous Scalp and Intracranial EEG-FMRI: Safety and Data Quality, MRI 

Division Meeting, 2017, Queen Square, London, United Kingdom. The research 

group was: Hassan Hawsawi, Anastasia Papadaki, John Thornton, David 

Carmichael, Louis Lemieux. 



University College London                                               Hassan Hawsawi 38 

(d) Safety of Simultaneous Intracranial EEG-fMRI in Humans: Histopathological 

Observations, British Chapter of International Society for Magnetic Resonance in 

Medicine, 2018, Oxford, United Kingdom. The research group was: Joan Liu, 

Hassan Hawsawi, Niraj Sharma, Maria Thom, Beate Diehl and Louis Lemieux. 

(e) Simultaneous Scalp and Intracranial EEG-FMRI: Safety and Data Quality, MRI 

Division Meeting, 2018, Queen Square, London, United Kingdom. The research 

group was: Hassan Hawsawi, Anastasia Papadaki, John Thornton, David 

Carmichael, Louis Lemieux. 

(f) IcEEG safety at 1.5T MR: EM simulation on a human model, London Young 

Epilepsy Symposium (LYES) 2018, Queen Square, London, United Kingdom. 

The research group was: Hassan Hawsawi, Ozlem Ipek, David Carmichael, Louis 

Lemieux.
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 Simultaneous EEG and fMRI: basics 

of clinical concepts, experimental safety and 

computational simulations2 

  

 
2Sections (2.4-2.7) of this chapter were adapted from Hawsawi, H., Carmichael, D. W., & Lemieux, L. 

(2017). Safety of Simultaneous Scalp or Intracranial EEG During MRI: A Review. Frontiers in Physics. 

doi:10.3389/fphy.2017.00042. 
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In this chapter, firstly, I will start with a brief overview of the essential concepts of EEG 

and fMRI. Secondly, I will present a detailed review of the safety review the theory of the 

safety of scalp EEG-fMRI and icEEG-fMRI as well as the sources of hazards when 

applying both techniques. Thirdly, I will then review some of the significant researches 

that were performed on scalp EEG, DBS and also on icEEG simultaneously during MRI. 

Finally, I will present the basics of computational electromagnetic simulations. 

2.1 Electroencephalography 

Electroencephalography (EEG) is an important technique capable of recording electrical 

brain activity in patients. Since its introduction by Berger in 1929 and replication by Adrian 

in 1934 (Millet et al., 2002), 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 

(Lopes da Silva, 2009). 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 used for the previous 

purpose; scalp EEG and icEEG. Scalp EEG is a non-invasive tool that can be placed in the 

scalp of the human brain. It is a useful device that can provide an overview of ictal and 

interictal epileptiform activities without known serious implications (Lopes da Silva, 

2009). Scalp EEG is also effective when recording slow brain activities that can be 

sometimes originated from great distances (Fisch & Spehlmann, 1999). The downsides of 

scalp EEG are: 1) the recorded EEG signals from the scalp can be distorted due to the 

presence of high-density materials such as bone (Lopes da Silva, 2009); “spatial low-pass” 

effect of the skull (the reason why the signal is spread on the scalp and hard to relate back 

to the specific source) (Lopes da Silva, 2009), 2) Interictal spikes can only be detected if 

the neuronal activities are synchronous in an area of 6 cm2 of the cortex (Cooper et al., 

1965) or about 10 cm2 (Tao et al., 2007; Enatsu et al., 2016). 3) Theoretically, it is 

impossible to localize the origin of interictal spikes from scalp EEG signals unambiguously 
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due the ill-posed nature of the EEG “inverse problem”; there is infinite number of source 

configurations that can correspond to any observed set of scalp electrical potentials (von 

Helmholtz, 2004; Lopes da Silva, 2009). However, the area where the maximum 

epileptiform discharges are located can be estimated roughly (Carreno & Lüders, 2008). 

IcEEG is an invasive tool that includes: 1) Electrocorticography (ECoG): that can be strips 

or multiple strips (grids) and 2) depth (no bolt in the cranium is required for fixation) or 

stereoelectroencephalography (SEEG) (fixed by bolt in the cranium). IcEEG plays a 

significant role in the evaluation and planning for the surgery in some patients with drug-

resistant epilepsy. In addition, icEEG is considered the gold standard for the localization 

of the epileptic zone and the surrounding activity with higher sensitivity and spatial 

resolution than scalp EEG (Vulliemoz et al., 2010; Murta et al., 2015). When appropriate 

and possible, icEEG is a better method for localizing and identifying epileptic activities 

than the scalp EEG (Tao et al., 2007). On the other hand, icEEG collects the brain activities 

in a small area around each electrode and therefore usually requires the use of multiple 

electrodes; however, the implantation of icEEG electrodes (depths, grids and strips) is an 

invasive surgical procedure with associated risks of infection, headache, intracerebral 

hemorrhage, neurological deficit, fever, nausea, and infarction (Koubeissi et al., 2009; 

Gonzalez-Martinez et al., 2015). The degree of those complications is attributed to several 

factors including the number of electrode implants, the type and material composition of 

electrodes, the age of the subject and the location of the insertion of the icEEG implants 

(Enatsu et al., 2016). The resulting spatial sampling is an important limitation of icEEG. 

However, the limitations of scalp and icEEG can be mitigated by combining them with a 

non-invasive technique such as functional magnetic resonance imaging (fMRI) 

(Carmichael et al., 2008). 

2.2 EEG recording technology 

The EEG recording chain (Figure 2.1) consists of the following parts:  

1) Electrodes and wires: The electrodes are used for sensing and capturing the small 

electrical signals that travels from the brain through the scalp using the scalp EEG 

electrodes and from the cortical areas or deep inside the brain as captured by icEEG 
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electrodes. The wires are used to transport the electrical signals from the electrodes 

to the rest of the EEG recording system for further operations. 

2) Hardware (‘front end’) filters: The purpose of these filters is to cancel out the 

undesirable currents. Two types of filters are available: (1) low pass filters can be 

used to allow low frequencies to pass through the electrical circuit (a frequency 

limit can be set in this filter), which is very effective to prevent electromagnetic 

(EM) interference and (2) high pass filters that does the reverse function of low 

pass filters and is also used to eliminate direct current offsets (Kamp & Lopes da 

Silva, 2005). 

3) Amplifiers: These are used to amplify the voltage fluctuations measured and 

collected by electrodes (Kamp & Lopes da Silva, 2005). Given the differential 

nature of EEG, the amplifier should have a high common input impedance 

compared to that of the electrodes (>100 MΩ vs ~1MΩ) which limits the signal 

variations resulting from the impedence differences between channels to <1% (Van 

Rijn et al., 1991; Ortiz, 2020) thereby limiting noise (Ebersole et al., 2014). 

4) Analog-to-digital convertor (ADC) to digitize the voltages from number of 

channels in a specific sampling rate; N channels × sampling rate. (Kamp & Lopes 

da Silva, 2005). In the clinical and research settings, the EEG is typically recorded 

with sampling rates ranging from 250 to 2000 Hz and the new EEG systems can 

record signals above 20 kHz (Hamalainen et al., 1993). 

5) EEG recording and display system. After collecting the signals from the brain and 

after the subsequent processes of filtration, amplification, and digitization, these 

signals for the purpose of “display and analysis” are collected from all the 

individual electrodes. After that, a mathematical process occurs called “derivation”; 

where the signals from one electrode are subtracted from a reference electrode (this 

is one of the electrodes that is usually placed between Cz; located at the centre of 

the head and the EEG placements of the 10-20 EEG system and Pz: located at the 

parietal area at the top centre of the head and posterior to Cz) (Figure 2.2) and then 

subtracted from the second electrode, which was also subtracted from the reference 

electrode  as a way to calculate the voltages in each electrode (Ebersole et al., 2014).  



University College London                                               Hassan Hawsawi 43 

6) For EEG systems that can be used inside the MRI environment; “MR-compatible”: 

Optical fibre cables and battery packs (see Figure 2.1). The cables transmit the 

signals to the recoding PC outside the MR scanner room. For electrical safety but 

partly due to the MR environment, battery power is used for electrical isolation and 

the fibre cable is used to bring the signals outside the scanner’s Faraday cage.    

7) For special types of EEG electrodes (such as the ones by Brain Products) there are 

current limiting resistors that can provide considerable reduction of heating 

increases during the course of the MRI sequence (Lemieux et al., 1997). For more 

information about safety studies that involved the use of “current limiting 

resistors”, please refer to section (2.6). 

 

 

Figure 2.1: Elements of EEG equipment system (Reproduced with permission from Allen, 2009).  (A) 

Scap electrode cap, (B) connector box, (C) power pack battery and (D) amplifier and digitizer (32 channels). 
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Figure 2.2: Scalp EEG 10-20 international location system. 

 

2.2.1 Scalp EEG electrodes: types and materials  

Figure 2.2 shows the international system for scalp EEG electrodes placements (Jasper, 

1958). According to the design, three main types of scalp EEG electrodes are used for both 

clinical and research: a) Single pin made from Titanium, b) Multi-pin that can be made of 

polyurethane or gold (Au), c) conventional ring electrodes that are typically made of 

Ag/AgCl (Fiedler et al., 2014). In addition, scalp EEG electrodes (according to their 

requirement of gel or not) can be two types: (1) gel electrodes such as the conventional 

Ag/AgCl electrodes and (2) dry electrodes such as Titanium single pin electrodes and 

polyurethane or Au multi-pin electrodes (Fiedler et al., 2014) as well as subdural Ives 

needles (Ives, 2005). In this research, we are just concerned with Ag/AgCl types of 

electrodes. 

The materials used for the clinical and investigative scalp EEG or icEEG electrode 

contacts are chosen for the fact that they do not cause any chemical interaction with the 

scalp (Fisch & Spehlmann, 1999). For the scalp EEG, the materials range from Ag/AgCl, 

Au, plastic to stainless steel, each with greatly varying magnetic and conduction 
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properties. AgCl electrodes are beneficial in recording very low frequency EEG signals 

(Maus and Litt, 2014).  

2.2.2 Scalp EEG electrode gel 

The other part that is used for the connection between the scalp of the patient 

and every metallic electrode of the scalp EEG is the electrolyte gel or adhesive paste. The 

gel is saline based, which contains NaCl in order to facilitate the conductivity of the EEG 

signals through the transport of ions from the brain to the EEG recording 

system with acceptable quality (Guger et al., 2012). It also can be polyethylene glycol 

(PEG)-lipid-based, which contains less water content than saline gel (Kleffner-Canucci et 

al., 2012). The addition of gel between the scalp of the patient and the electrode is done 

after the process of abrasion (reduction of the skin impedance) and also gel reduces the 

impedance significantly; the higher the impedance, the higher the EEG signal distortion or 

artefacts from the surrounding devices and head motions (Guger et al., 2012). New systems 

have been developed in order to record EEG with the high impedance from the skin with 

less distortion (Ferree et al., 2001; Kappenman, & Luck, 2010; Kleffner-Canucci et al., 

2012).   

2.2.3 IcEEG electrodes: types and materials  

IcEEG electrodes can be categorized into depth, strip and grid electrodes (see Figures 2.3, 

2.4 and 2.5, respectively). 

Depth electrodes consist of: wires, metallic contacts (tube-shaped) in the two electrode 

ends that are connected with the electrode end casing and the tail that contains the tail stem 

and the tail stem casing. Strip electrode consists of a similar depth tail, metallic contacts 

(tablet-shaped) and strip housing or casing. The strip housing is attached to the tail by 

another part called strip neck. The grid electrode is basically arrays of multiple strip 

electrodes. The number of metallic contacts in the depth and strip electrodes ranges from 

4-10 contacts, whereas the grid electrode contains multiple arrays of contacts from 4-64.  

Invasive (icEEG) electrodes are usually made of platinum-iridium (Pt-iridium) (though 

steel and platinum are also used) and the conductive wires are made of nichrome 
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(NiCr). The tail (in scalp and icEEG electrodes) is made of an insulating material such as 

silicon or Teflon. In addition, the icEEG housing is also made of insulating material. 

 

Figure 2.3: Schematic drawing of a typical 4-channel depth electrode. The electrode shape is 

cylindrical with a diameter of the order of 1 mm and the inter-electrode contact spacing is 

of the order of 5 to 10 mm, depending on the exact model. 

 

Figure 2.4: Schematic drawing of a 4-channel strip electrode, as studied in this work.  

 

Figure 2.5: Schematic drawing of a 16-channel (4×4) grid electrode, as studied in this work. 
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2.3 Basics of EEG, BOLD fMRI and concurrent EEG-fMRI   

In this section, I provide the basics of EEG and BOLD fMRI imaging, and of the 

simultaneous recording of EEG (scalp and icEEG) with fMRI. I conclude with a brief 

overview of the artefacts that can arise when performing multiple modalities concurrently. 

2.3.1 The neuronal sources of the EEG 

The human cerebral cortex contains specialized neurons known as cortical pyramidal cells 

or neurons and some of them are relatively large and aligned parallel to each other and are 

perpendicular to the surface of the brain (see the representation of a human neuron; Figure 

2.6 (A)) (Lodish et al., 2008). The neurons, with the help of specialised supporting units 

called glia cells perform three functions: receive signals, integrate the received signals 

(allow or prevent the information from passing) and transport the received signals to the 

targeted cells. The neuron (Figure 2.6 (A)) is made of the following parts: 1) the cell body 

(soma); 2) the nucleus; 3) the dendrites; and 4) the axon (Lodish et al., 2008). The soma 

contains the nucleus and mainly manufactures the neuronal proteins and membranes 

(Lodish et al., 2008). The soma also receives and processes the received information along 

with the dendrites that extend from the soma. The received signals are either excitatory 

signals that excite the neuron to generate electrical impulses (action potentials) or 

inhibitory signals that prevent the neurons from generating action potentials (Lodish et al., 

2008). An action potential is a sequence of rapid changes in the voltage, or in the electric 

potential through the axonal membrane (Lodish et al., 2008).  The Axons originate from 

the soma at an area called axon hillock and some of the axons are covered by an insulating 

material called myelin. The axons transmit the action potentials that originate from the 

axon hillock through the axonal membrane in the axon terminals. The site where two 

neurons communicate with each other by electrochemical signals that travel through the 

network (the dendrites and the somas or the axon terminals) is called synapse (Figure 2.6 

(B)). In the synapse, electrical signals are induced by action potentials that are generated 

within each neuron (Lindsay et al., 1999). During this communication, the sending neuron 

is called presynaptic neuron and the targeted neuron is the postsynaptic neuron.  
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Two forms of neuronal activations can be measured. First, fast activations that caused by 

sodium and potassium ionic movements through the cell membrane and result in action 

potentials (Lopes da Silva, 2009). Second, slow changes that occur in the potentials of the 

cellular membrane as a result of synaptic activations of the neurotransmitter processes 

(such as the excitatory and inhibitory postsynaptic potentials) and the rapid depolarisations 

of the cellular membrane as a consequence of the action potentials (Lopes da Silva, 2009). 

During neuron action potentials, the polarity of the axon’s membrane changes from a 

negative charge, which occurs during the intercellular resting state to positive charge and 

then return to negative charge in a matter of 1-2 ms (Niedermeyer & Lopes da Silva, 2005; 

Lopes da Silva, 2009). Time-varying electrical currents are produced by activated neurons 

as a result of ion movements through cell membranes (Lopes da Silva, 2009). These 

currents are produced outside of the pyramidal cells, which facilitate the propagation of the 

signal along the neurons. The currents from a single neuron are too small to be detected by 

the EEG system due to the noise that is produced inside the brain and outside the scalp with 

the axons being arranged randomly and the action potential having a very short duration, 

resulting in the electrical currents from different neurons not summing up to a sufficient 

degree (Lindsay et al., 1999). There are other sources of electrical currents that originate 

at the synapse between two neurotransmitters, which moves across the synaptic cleft and 

binds to the postsynaptic membrane. This causes ion channels to open in the membrane 

and the positively charged ions flow into the cell with the positive ions flowing into the 

cell and the extracellular medium around the neuron becomes negatively charged and 

creates a “current sink” (Lopes da Silva, 2009). In the distant part of the neuron, the ions 

eventually leave the cell and this outward flow of positive ions leaves the extracellular 

medium positively charged and referred to as a “current source” (Lopes da Silva, 2009). 

The combination of these two related processes forms an electrical dipole between different 

parts of the neuron. The dipole from the single neuron is undetectable because of the 

presence of the surrounding thick skull and other soft brain tissues that attenuates the 

electrical signal that passes through. However, because there are many pyramidal cells in 

the layers of the brain that are aligned parallel to each other and can be activated at the 

same time, the individual small dipoles form an equivalent (composite) dipole that can be 

detected outside the head (Fernandez & Loddenkemper, 2013).  
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EEG electrodes (icEEG, depth, SEEG and scalp EEG; see section 2.2) can be used to detect 

neuronal activities. Each type of EEG electrode has a different sensitivity profile. The scalp 

EEG electrode can record neuronal signals, however, suffers from a limited sensitivity due 

to its distance from the EEG sources and the attenuation effect by the skull layers of the 

head that makes it difficult to record neuronal activity from deep sources (Niedermeyer & 

Lopes da Silva, 2005) that can originate, for example, from the right or left hippocampus. 

In effect, scalp EEG recordings require synchronous cortical activities for an area of least 

6–10 cm2 of the cerebral cortex to obtain recognisable waveforms (Tao et al., 2005; 

Vulliemoz et al., 2010; Enatsu & Mikuni, 2016). The depth and icEEG electrodes have 

higher sensitivity and the greater spatial specificity compared to the scalp electrodes; this 

is because the volume required for the detection of the EEG signals of synchronous 

neuronal is small as well as the electrode location is closer to the EEG source than the scalp 

EEG and the EEG signal is no longer insulated from the electrodes by the skull (Fernandez 

& Loddenkemper, 2013; Enatsu & Mikuni, 2016). In addition, for a given neuronal source, 

each type of icEEG has its own detection sensitivity characteristic, which is dependent on 

the electrode contact surface, contact separation, the shape of the contact and the number 

of contacts in the electrode (Niedermeyer & Lopes da Silva, 2005), for instance, a grid 

electrode with 88 disc contacts has a broader coverage than cylindrical 8-contacts depth 

electrode. 
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Figure 2.6: Representation of the human neuron with its main parts. Source: 

https://learn.genetics.utah.edu/content/neuroscience/neurons/. (A) the parts of the neuron and (B) the 

synapse. 

 

2.3.2 The sources of the BOLD signal and fMRI 

Functional magnetic resonance imaging (fMRI) is one of the MRI techniques that involves 

the acquisition of the brain volume in multiple time series to detect and visualise the 

changes in the blood oxygenation levels that occur in relation to changes in regional brain 

activity such as arising from stimuli and task performance, or spontaneous fluctuations in 

neuronal activity (so-called ‘resting state’) linked to ongoing, undirected brain activity 

(random thoughts and sensations) or pathological phenomena such as epileptic discharges.  

(A) (B) 
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FMRI typically provides whole-brain coverage with a spatial resolution of 222 mm3 at 

3 T (Kim et al., 2021). This is in contrast to scalp EEG for example, which has low 

sensitivity to detect deep brain activities (Glover, 2011). In fMRI, the so-called blood 

oxygen level dependent (BOLD) effect is the most common source of contrast combined 

with the echo planar imaging (EPI) scanning technique which is usually applied for brain 

cognitive and functional investigations (Ogawa et al. 1990; Kwong et al. 1992; Deichmann 

et al. 2009; Murta et al., 2015). For the detection of BOLD signals, EPI-gradient echo with 

strong T2* weighting is applied in which the slices are imaged repetitively to detect the 

changes in the signal between the activated and rest or control condition (for example, in a 

block design). The BOLD effect Then, a statistical test is applied at each voxel of the brain 

image in order to determine the significance of the changes related to the task (Nanz, 2008; 

Friston et al., 1995).  

During the neuronal stimulus, or different brain states or functional tasks, regions in the 

brain will have greater cerebral blood flow (CBF) because of the increase in neuronal 

activity. The CBF becomes higher than the cerebral metabolic rate of the oxygen (CMRO2) 

and that leads to the increase in the oxyhaemoglobin levels in the blood and decrease in the 

deoxy-haemoglobin (Fox and Raichle, 1986; Fox et al., 1988; Ogawa et al., 1990, 1992; 

Buzsaki et al., 2007; Logothetis, 2008; Murta et al., 2015). The deoxy-haemoglobin have 

paramagnetic properties and causes local increase in the static magnetic field (B0) whereas 

the brain tissue is diamagnetic that causes a slight reduction in the B0 field locally and 

hence the area around the blood vessels and the brain tissue experience local 

inhomogeneity in the B0 and reduced local image intensity (Deichmann et al. 2009) and 

that is the basis of BOLD effect. The inhomogeneity of the B0 in that area results in T2* 

shortening and hence a reduction in the T2*-weighted signals (Chavhan et al., 2009). 

Activation leads to a reduction in the local concentration of deoxy–haemoglobin while the 

oxygen–haemoglobin (diamagnetic) levels in the blood increases via increasing in the CBF 

and then the inhomogeneity of the B0 around blood vessels and the brain tissues reduces 

and result in increased local image intensity (Chavhan et al., 2009).   

The haemodynamic response function (HRF) (Figure 2.7) is a mathematical transfer 

function between the neuronal stimulus time course and the BOLD response that reaches 

its apex in 5-7 sec following the neuronal stimulus and then reduces to the normal level 
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after about 20 sec from the termination of the stimulus and about 15 sec after the peak 

response (Worsley & Friston, 1995; Glover, 1999). There are many HRF models used to 

represent the BOLD response, one of these models is known as the canonical HRF, which 

is a representation of responses to brief stimuli commonly observed in humans (Friston et 

al., 1998; Glover, 1999).  

 

Figure 2.7: Typical HRF curve following a neuronal stimulus (Reproduced with permission from 

Deichmann et al., 2009). It shows an initial dip, then a strong BOLD signal peak in 5-7 sec and a strong decay 

to normal level after about 20 sec from the end of the stimulus. The time courses of CMRO2, CBF and CBV 

are shown in the figure. 
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EPI is one of the fast imaging MRI techniques that enables the detection of rapid 

physiological processes by utilizing the switching gradients to obtain the entire k-space 

within a single shot in a matter of 50-100 ms and with parallel imaging, the acquisition 

window will often be shorter than 50 ms for a BOLD image. This sequence starts with an 

initial RF excitation pulse followed by a switching gradient; a series of gradient echoes is 

obtained by continuous reversals of the read gradient and each acquisition is preceded by 

phase gradients with different phase encoding (Stehling et al., 1991; Deichmann et al., 

2009; Elmaoğlu & Çelik, 2011; Schmitt et al., 2012) as well as gradient blips in the phase 

encoding direction to change the filling of the k-space lines. This technique can be 

performed with other MRI sequences such as gradient echo, spin echo, inversion recovery 

and diffusion weighted. To perform these different implementations of EPI, a 

magnetisation preparation may be required before the readout to achieve a particular 

outcome; for the gradient echo EPI, a single RF exciting pulse without magnetisation 

preparation to obtain T2*-weighted images; for spin echo EPI, a pair of (90-180) RF spin 

echo pulses are applied to obtain T2-weighted images; for inversion recovery EPI, a 180° 

inversion pulse for magnetization preparation followed by a single RF excitation pulse to 

obtain T1- weighted images; and for diffusion weighted EPI, a preparation pattern is 

applied to acquire diffusion weighted images (Wielopolski et al., 1998).  

The k-space in EPI is filled according to the type of the gradient applied; when an 

alternating gradient is applied, the k-space is filled from left to right and then right to left 

with one echo along the frequency encoding direction and if the phase encoding gradient 

is constant then the trajectory of the lines in the k-space are similar to the zigzag-shape and 

if the phase encoding gradient is intermittent at each echo, the trajectory of the lines in the 

k-space is rectilinear (Wielopolski et al., 1998).  

2.3.3 Concurrent EEG-fMRI as a way of investigating the relationship 

between the EEG and BOLD signals. 

Neuronal activity produces different effects that can be detected directly by EEG, and 

indirectly by fMRI in terms of BOLD changes. One of the main applications of EEG (scalp 

or icEEG) with fMRI is to map the generators of the various brain electrophysiological 
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epileptic activities such as epileptic spikes, ictal and interictal states and the integration of 

EEG and fMRI offers the ability to characterise evoked brain responses of these epileptic 

activities (Kilner & Friston, 2009; Murta et al., 2015). The concurrent EEG (scalp or 

icEEG) recording and fMRI BOLD imaging is performed to interrelate the temporal data 

of the EEG-specified event to the spatial data of the fMRI (Daunizeau et al., 2009). In 

addition, performing concurrent EEG-fMRI with correlation models helps to reveal 

information about epileptic spikes, sources and networks (Chaudhary et al., 2012; Fahoum 

et al., 2012; Thornton et al., 2011; Murta et al., 2015; Sharma et al., 2019).  Furthermore, 

the concurrent application of EEG-fMRI might identify the neuronal processes related to 

the BOLD signals, the relationship between the electrophysiological and BOLD changes 

and the meaning of these changes (Vulliemoz et al., 2010; Thornton et al., 2011; Chaudhary 

et al., 2013; Murta et al., 2015).  

After acquiring the simultaneous EEG and fMRI data, a process of reducing the artefacts 

that resulted from performing these modalities is performed on the EEG data (more details 

on these artefacts are found in section 2.3.4). These EEG data are then marked by an EEG 

expert to identify the epileptic activities in a time series (Daunizeau et al., 2009). The 

analysis of the data from EEG and fMRI is implemented using one of the commonly used 

models known as general linear model (GLM). GLM is a mathematical model that the data 

of the BOLD signals at each voxel of the imaged volume are added with the design matrix 

that involves the time course and parameters of the acquired BOLD data as well as the 

regressors and confounds of the experiment (Worsley & Friston, 1995). The 

electrophysiological event data from the marked EEG is then convolved with the HRF to 

obtain the GLM parameters (Logothetis, 2003; Murta et al., 2015). In order to interrelate 

between the EEG signals and the BOLD signals, statistical inferences are then specified 

using the determined GLM parameters to locate the voxels of the BOLD signal changes 

that have significant interrelation with the determined EEG regressor (Murta et al., 2015). 
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2.3.4 The possibility of performing concurrent scalp and icEEG with 

BOLD fMRI 

Our work is motivated by a number of challenges: First, we cannot understand the 

relationship between the fMRI maps associated with interictal epileptiform discharges 

recorded on the scalp with those obtained from icEEG-fMRI in the same patient 

(Vulliemoz et al., 2011; Thornton et al., 2011; Chaudhary et a., 2012; Van Graan et al., 

2015; Coan et al., 2016). Importantly, this partly reflects our lack of understanding of the 

neural substrate of discharges visible on scalp EEG recordings (while there is good 

evidence that the spatial sensitivity of scalp EEG is limited to the neocortex, recent 

multimodal studies strongly suggest that it extends deeper (Seeber et al., 2019). In addition, 

this limitation is partly due to the limited spatial sampling of invasive EEG, the sensitivity 

of which being limited to the immediate vicinity of the electrodes. Therefore, the possibility 

of acquiring fMRI concurrently with scalp and icEEG offers the possibility to combine the 

tomographic nature of fMRI as a means of gaining additional information on the 

fluctuations in activity throughout the whole brain. By acquiring data concurrently, we can 

better study unpredictable events and brain states (spontaneous brain activity), not 

amenable to well controlled, repeat experiments in each modality, such as epileptic 

discharges and ongoing brain rhythms. Second, since the primary objective of all functional 

neuroimaging is to localise (or map) brain activity, be it represented as sources or networks, 

there is a huge effort by researchers to understand the original of the measured signals 

(EEG, fMRI BOLD, MEG, etc). EEG/MEG source localisation (or source imaging) and 

Dynamic Causal Modelling are two (partially overlapping) conceptual frameworks for 

addressing this inverse problem (Murta et al., 2015). In the context of spontaneous brain 

activity, how can EEG recorded intracranially be used to help us improve inverse models, 

particularly those based on the fusion of non-invasive data such as scalp EEG and fMRI? 

For example, previous work on the fMRI mapping of interictal epileptiform discharges has 

lead to demonstrate that BOLD maps can be obtained even in the absence of interictal 

epileptiform discharges recorded on scalp EEG inside the scanner, but looking for EEG 

topographic patterns that resemble those of interictal epileptiform discharges recorded on 

clinical EEG (Grouiller et al., 2011). Although this approach has produced very interesting 
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findings and allowed to the increase the technique’s sensitivity considerably (by around 

30%, and more so for extra-temporal epilepsy) (Coan et al., 2016), it cannot be certain that 

the observed blood flow changes are epileptic in nature; however, it could represent other 

forms of brain activity in the same areas. Third, currently the analysis of concurrently 

acquired EEG-fMRI data has been mostly based on a very asymmetric approach of expert 

interpretation of the EEG as a basis of fMRI modelling using the GLM. This is despite 

much effort being put into more data-driven analysis frameworks, which produces findings 

that are difficult to interpret in epileptic terms. Given the theoretical decoupling between 

the two types of signals in relation to the activity in some brain regions (for example, due 

to the EEG’s limited sensitivity to deep activity) the scalp EEG-fMRI GLM approach 

fundamentally limits the capability to identify putative epileptic activity. Therefore, new 

analytical approaches that allow the identification of epileptic activity in the two non-

invasive signals in a more symmetrical way are needed which in turn rely less on this 

activity being clearly visible on the scalp EEG in the first place. One way of doing this is 

through the study of scalp-icEEG-fMRI data which could allow us to identify new non-

invasive discriminating signatures of certain aspects of epileptic generators, that can in turn 

be used to inform new scalp EEG-fMRI models. 

2.3.5 The artefacts that arise from performing concurrent EEG (scalp 

or icEEG) with EPI BOLD fMRI imaging 

The quality of the EEG data when performing concurrent recording of EEG (scalp or 

icEEG) with fMRI is mainly affected by: 1) gradient artefact that arises from the 

electromotive force that is induced by the time-changing magnetic gradient fields following 

Faraday’s low of induction (Debener et al., 2009). These gradient fields, which vary 

between fMRI sequences and from one EEG channel to another, affect the EEG recording 

as an additional waveform (Debener et al., 2009; Niazy et al., 2007);  2) cardiac pulse-

related artefacts or what are called pulse artifacts are caused by the interaction between the 

cardiac cycle and the B0 field of the MRI (Ives et al., 1993; Allen et al., 1998; Mullinger et 

al., 2013; Jorge et al., 2015); 3) head motions or rotations in the B0 field due to the 

vibrations from the scanner’s helium cooling pump (Mullinger et al., 2008a; Jorge et al., 
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2015; Rothlübbers et al., 2015) and the scanner’s ventilation system (Nierhaus et al., 2013; 

Jorge et al., 2015).  

For the gradient and the pulse artefacts, two types of artefact removal methods can be used. 

First, waveform removal algorithms such as average artefact subtraction (AAS) in which 

an artefact template is created by averaging the repeated artefacts and used to subtract the 

gradient and pulse artefacts from the EEG data (Allen et a., 1998, 2000; Rothlübbers et al., 

2015). In addition, another developed algorithm called optimal basis set (OPS) is used 

where a basis set is created using principal components analysis (PCA) on every EEG 

channel. The artefacts then are removed by fitting and subtracting processes using their 

occurrences (Niazy et al., 2005). Furthermore, another algorithm that is also applied for the 

pulse artefacts is known as moving general linear model (mGLM) (Vincent et al., 2007), 

which applies the GLM method to model the pulse artefacts in the EEG data as linear 

superposition. The overlapping waveforms are assigned for each cardiac beat using the 

Fourier series at first, which is then used to calculate a coefficient for the model and with 

the use of each cardiac beat, the model is updated. Second, spatial pattern removal 

algorithms such as: independent component analysis (ICA) (Negishi et al., 2004; Ritter et 

al., 2009) that retrieves independent sources from a group of the recorded EEG signals by 

a linear blending of source signals to separate the EEG data that contain the artefact into 

two components: true EEG and pulse artefact-related using selection criteria and temporal 

PCA that is that applies differential statistics to each EEG channel to extract the principal 

EEG data from a population of artefacts (Bénar et al., 2003; Niazy et al. 2005; Negishi et 

al., 2004) are used.  For the artefacts caused by the helium pump, AAS algorithm  and 

filtering are used to reduce these artefacts (Rothlübbers et al., 2015). 

On the other hand, the quality of the fMRI images when performing concurrent recording 

of EEG (scalp or icEEG) with fMRI is mainly affected by the following downsides that are 

dependent on the field strength: first, signal loss and geometric distortion due to 

susceptibility artefact as a result of magnetic susceptibility difference between the metallic 

electrodes and the head of the patient (Krakow et al., 2000; Carmichael, 2009; Carmichael 

et al., 2012); second, reduction in signal-to-noise-ratio as a consequence of RF shielding 

effect and RF interference due to the presence of electronic EEG equipment (Mullinger et 

al., 2008b; Jorge et al., 2015). The first artefact can be minimized by reducing the TE when 
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performing EPI in a way that does not cause a large reduction in the BOLD sensitivity 

which means using a TE of 50 ms can allow the centre of the k-space to be covered before 

the decay of the signal (Deichmann et al. 2002; Carmichael, 2009). In addition, it can also 

be reduced by decreasing the slice thickness in order to reduce the frequency range in the 

imaged slices as well as the degree of phase dispersion that is occurring (Carmichael, 

2009). Furthermore, another method that can help reduce the scanning time, the 

susceptibility artefacts and hence improve the BOLD signal involves the use of body 

transmit coil with a head receive array and apply parallel imaging techniques (Pruessmann 

et al., 1999; Larkman et al., 2001; Griswold et al., 2002; Setsompop et al., 2012) (this will 

be explained in Chapter 3). The second artefact can be minimized by choice of the electrode 

material. Previous studies demonstrated that EEG electrodes with silver or copper materials 

pose an acceptable implication on the quality of fMRI data (Bonmassar et al., 2001; 

Lazeyras et al., 2001). However, EEG electrodes with materials such as polymer thick film 

(PTF) or what is called “InkNet”, which was tested at 3 T (Poulsen et al., 2017; Atefi et 

al., 2019) and at 7 T (Vasios et al., 2006; Mullinger et al., 2008b; Serano et al., 2015) 

showed higher quality data than other materials.   

2.4 Safety of Simultaneous Scalp or Intracranial EEG During 

MRI: A Review 

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 (Carmichael et al., 2008). In addition, heating can also occur as a result of the induced 

currents by the switching magnetic fields (Lemieux et al., 1997). These problems can cause 

tissue burns in the locations adjacent to the metallic electrodes (Lemieux et al., 1997; 

Lazeyras et al., 2001).  
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2.4.1 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 

(Aigner et al., 1997; Hay, 2005; Dempsey & Condon, 2001; Litvak et al., 2002). Ulcers 

can be caused due to electrolysis from direct currents (DC) (Lemieux et al., 1997; 

Smallwood et al., 1983). Electro-motive forces and thermal skin damage are caused at the 

electric field of 3500 V/m (Litvak et al., 2002; Welch, 1985). 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 (Lemieux et 

al., 1997; NRPB, 1991; Schaefer, 1993; Rezai et al., 2005; ICNIRP, 2010). Human subjects 

reported mild neural stimulation when exposed to gradient field changes of 61 Ts-1 (Cohen 

et al., 1990). Other health effects of the switching gradients in the body include nerve or 

muscle stimulation (Schaefer et al., 2000; Georgi et al., 2004; Bencsik et al., 2007). 

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 (Schaefer et al., 

2000).  Prolonged RF induced heating for up to 5 °C (over the normal body temperature) 

would damage the neurons (Georgi et al., 2004; Boucousis et al., 2012) and that depends 

on the sensitivity of the tissue in the brain (Sapareto & Dewey, 1984; Yarmolenko et al., 

2011).  

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 

(Abdel-Rehim et al., 2014). 
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2.4.2 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 (Lufkin et al., 1988; Duckwiler et al., 1990) and then continued 

as EEG-fMRI was developed on 1.5 T scanners (Ives et al., 1993; Belliveau et al., 1993; 

Huang-Hellinger et al., 1995; Warach et al., 1996; Seeck et al., 1998; Krakow et al., 1999; 

Portas et al., 2000).  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 (ICNIRP, 2010). 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 (Lemieux et al., 1997).  

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, (ICNIRP, 2010; ASTMF 2182-02a, 

2007; IEC, 2010, 2015). 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 (Lemieux et al., 1997). 
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Let us consider the exposure of conductive materials 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 

(Lemieux et al., 1997; Hofman et al., 1996). For a circularly polarized B1, the electrical 

component can be expressed as follows: 

𝐸𝑅𝐹 = 𝜔𝑜 𝐵1(𝑦 𝑠𝑖𝑛(𝜔𝑜𝑡) + 𝑥 𝑐𝑜𝑠(𝜔𝑜𝑡))�̂� (2.1) 

Where ω0 is the Larmor frequency (63.76 MHz and 127.7 MHz for 1.5 T and 3 T, 

respectively) and �̂� is the unit vector along the scanner’s long (B0) 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 (Glover, 2009): 

𝐺𝑥 =
𝑑𝐵𝑧

𝑑𝑥
 , 𝐺𝑦 =

𝑑𝐵𝑧

𝑑𝑦
  𝑎𝑛𝑑 𝐺𝑧 =

𝑑𝐵𝑧

𝑑𝑧
 (2.2) 

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 (Bo) 

(Lemieux et al., 1997; Carmichael et al., 2008). 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. 
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2.4.2.1 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: 

𝑉 = −
𝑑

𝑑𝑡
∫

𝐴
 𝐵.̅̅̅̅  𝑑𝑆⃑⃑⃑⃑  (2.3) 

 

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 (2.3) can 

be generalised to show the relationship between the electric and switching magnetic fields; 

Maxwell-Faraday’s equation:  

𝑥 �⃑� = −
𝜕

𝜕𝑡
�⃑�  (2.4) 

 

Where  is the curl operator, �⃑�  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: 

(
𝑑𝐵

𝑑𝑡
)
𝑚𝑎𝑥

= 𝑆𝑚𝑎𝑥 . 𝑧 (2.5) 

 

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 

(Cohen et al., 1990).  
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2.4.2.2 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: 

 

V(𝑡)𝑅𝐹 ≈ −𝜔𝑜 𝐵1(𝑡)𝐴 (2.6) 

 

The exact relationship is a function of the circuit’s geometry and location, and B1 

distribution (Lemieux et al., 1997). 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) (Lemieux et al., 1997) according to equation (2.1) 

for the E field for circularly polarised 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 localised areas.  

2.4.2.3 Interaction between moving closed circuits (loops) and 

static magnetic field (B0) 

Moving loops interaction with the static magnetic fields (B0) follows equation (2.3) and the 

electromagnetic field and can be calculated by the following equation:  

 

|𝑉𝑚𝑜𝑣| = 𝐵𝑜

𝑑𝑆

𝑑𝑡
 (2.7) 

 

Where (dS/dt) is the average of the loop area across the static magnetic field.  
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2.4.2.4 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-centre of the Bo and inversely on the 

gradient ramp time (Nyenhuis et al., 2003, 2005; Carmichael et al., 2010; Dal Molin & 

Hecker, 2013).  

2.4.3 Summary 

In summary, the hazards related to EEG recording inside MRI fields that were listed in 

[ISO TS 10974, 2012] 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 PhD). 

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

PhD). 

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

2.5 Experimental factors that can affect the amount of 

heating in the vicinity of electrodes in the application of the 

EEG-fMRI 

In this section, I 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. I 
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then describe factors specifically related to experiments designed to assess the safety of 

MR scanning in the presence of electrodes. 

2.5.1 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, I discuss 

two common practical MR factors closely related to energy deposition: SAR and RF 

transmit coil type. 

2.5.1.1  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 (Carmichael., 2008; 

Shellock, 2007). Furthermore, it can be empirically linked to the heating of implants and 

electrodes (Rezai et al., 2002). SAR is the relation between tissue exposure to the RF field 

and the absorbed energy in a certain mass (Jin, 1999; Angelone et al., 2006). SAR in units 

of W/Kg can be related to the electric part of the RF field, as:  

 

𝑆𝐴𝑅 =
𝜎

2𝜌
|�⃑� |

2
 (2.8) 

 

Where σ is the material’s electrical conductivity in (S/m), ρ is the mass density in the unit 

(kg/m3) and �⃑�  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, I use head-averaged SAR unless indicated otherwise).  

Under certain conditions, without heat dissipation, SAR can be expressed in-terms of 

temperature changes as follows (Nyehuis et al., 2005):  
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𝑆𝐴𝑅 = 𝐶𝑝

𝑑𝑇

𝑑𝑡
 (2.9) 

 

Where Cp is the heat capacity in unit (4186 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) (IEC, 2010, 2015; Angelone 

et al., 2006). 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 minutes (IEC, 2010, 2015). For more information about thermal 

damage and thresholds, please refer to (Sapareto & Dewey, 1984; Yarmolenko et al., 

2011).  

2.5.1.2 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 (Barth et al., 2006; Poser et al., 2014; Fiedler et al., 2018; Restivo et 

al., 2017; Tse et al., 2016; Shajan et al., 2014; Gilbert et al., 2012). Kangarlu and co-

workers performed simulations and experiments to study the impact of coil length on 

localised heating at 8T, showing greater heating for longer coils (Kangarlu et al., 2005). 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 

(Carmichael et al., 2008, 2010; Boucousis et al., 2012; Ciumas et al., 2013; Bonmassar et 

al., 1999). For example, Carmichael et al (2008) 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 
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results in significantly less localised 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. (2012). 

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 (Fiedler et al., 2018; Brink et al., 2015; Guerin et al., 2015; Zhu, 2004; Wald & 

Adalsteinsson, 2009). Multi-transmit coils offer reduced power requirement to produce RF 

field and thus, a decreased SAR value (Poser et al., 2014; Fiedler et al., 2018; Restivo et 

al., 2017; Tse et al., 2016; Guerin et al., 2015; Zhu, 2004; Wald & Adalsteinsson, 2009; 

Harvey & Hoogeveen, 2009; Katscher, 2008; Sengupta et al., 2016). 

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. However, because of this complexity, the 

available official guidance on MR safety in the presence of devices is relatively vague 

about the generalisability of tests. For example, the FDA standard requires the investigator 

to report the details of the RF coil used, type of RF excitation, maximum permitted whole 

body averaged SAR, maximum permitted head averaged SAR, maximum permitted partial 

body SAR, maximum permitted time-varying gradient field exposure, maximum gradient 

slew rate per axis, maximum spatial encoding gradient amplitude per axis and scan duration 

(FDA, 2019). In addition, the ASTM requires the investigator to only report the scanner’s 

manufacturer, model number, software version and the type of RF coil used and does not 

require the tests to be implemented on multiple scanners, although this could impact the 

interpretation and usage of the report (ASTM F2182–11, 2011a). Therefore, in the current 

state of our understanding of the interactions that can occur as a result of the position of 

the body and the EEG system inside the coils, generalisation is challenging and great care 

must be taken in attempting to generalise results obtained in a specific MR scanner and RF 

coil, to others. For example, Carmichael et al (2010) specifically addressed this point and 

stated the need for a local safety evaluation of the tested implantation scenario and to follow 

a strict safety protocol to avoid additional risk to the patients. 
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2.5.1.3 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 specific absorption rate (SAR) is a 

fundamental parameter in MR safety (Carmichael et al., 2010).  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; 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. A large power is required to produce the 

RF B1 field for refocusing pulses 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 (Graf et al., 2007). GE 

sequences involve a single RF pulse followed by a gradient reversal (Elster, 1993), and 

generally have a much lower SAR than SE due to lower flip angle (FA). In either case, the 

amount of heating can be controlled by changing parameters such as the FA 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 (Larkman et al., 2001). 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) Feinberg & Setsompop, 2013). In addition, for faster 
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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 (Auerbach 

et al., 2013). 

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 (Lemieux et al., 1997; 

Carmichael et al., 2010; Ciumas et al., 2013), 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 (Carmichael et al., 2008). 

2.5.2 EEG equipment-related factors 

2.5.2.1 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 type of EEG electrodes are factors that can theoretically affect the amount of localised 

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, deep brain stimulation (DBS) electrodes, which are extremely similar to depth EEG 
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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 

(Stevens et al., 2007). These temperature increases dropped to 0.05, 0.04 and 0.06 ºC 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 (Stevens et al., 

2007). 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 (Angelone et al., 2004). 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 (Angelone et al., 2004). 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 (Hamblin et al., 2007). Importantly the shielding 

effect of electrodes can result in a reduction in the local SAR (Angelone et al., 2004; 

Hamblin et al., 2007). 

Concerning the distribution of RF-induced heating, Vasios et al studied that with the scalp 

EEG electrodes according to the 10-20 international systems (Vasios et al., 2006). 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 (Vasios et 

al., 2006).  
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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 (Boucousis et al., 2012; Carmichael et al., 2010). 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 ºC); 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 (Ciumas et al., 

2013). Therefore, the investigators recommended to position the implants in an orthogonal 

approach (perpendicular to the Z-axis of the magnet) as a safe approach for the application 

of fMRI EPI sequences at 1.5 T (Ciumas et al., 2013). The addition of multiple and different 

electrodes has been studied by Carmichael and Boucousis but the total electrode number 

itself has not been identified as a critical factor determining heating. 

2.5.2.2 Connection cables (leads) and their configuration  

The conductive termination of wires can play a significant role in the amount of localised 

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 ºC 

and about 2.6 ºC when the cables are placed close to the body towards the feet (inside the 

bore) (Carmichael et al., 2010). Heating can elevate above the permitted limits when the 

wires are shorted and placed in close proximity (effectively creating a short-circuit) 

(Carmichael et al., 2008; Boucousis et al., 2012; Ciumas et al., 2013).  

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 m to 3 m result in 

reduced heating (Yeung et al., 2007). Assecondi et al. also tested this phenomenon at 4T, 

observing a difference of 1.5 ºC temperature increase between two cable lengths (2016).   
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2.5.2.3 Static field strength (B0) 

As noted above, scanner static magnetic field strength is an important factor for localised 

heating in itself. This is because the RF frequency is linearly related to the static field 

strength. Furthermore, to a good approximation the amount of power (P) dissipated in a 

conducting cylindrical body exposed to RF field B1 is proportional to the square of the 

Larmor frequency (w) and given by (Ibrahim & Tang, 2007): 

 

 

Where r is the radius, l is the length and 𝜎 is the electrical conductivity of the conducting 

body. Therefore, we can see that the dissipated power is quadratic in relation to field 

strength. 

Following equation (2.8) and correspondingly for 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 (2008) 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 (Carmichael et al., 2010). Another 

study showed that it maybe 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 (Boucousis et 

al., 2012). 

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 (Mullinger et al., 2008a, 2008b; Neuner et al., 

2013; Jorge et al., 2014). 

P =   r4 l w2  B12 (2.10) 
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2.5.2.4 Gradient fields 

The switching magnetic gradient fields can also affect the heating in the presence of 

metallic implants made of conducting materials (Gref et al., 2007). 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-centre (Lemieux et al., 1997; Gref et 

al., 2007); however, this effect is minimal for EEG electrodes (Lemieux et al., 1997; 

Carmichael et al., 2010).  

2.5.2.5 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% to 80% of the 

heat in or out the body tissues (Acharya et al., 2014a, 2014b). 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 (Athey, 

1989). 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 (Gokul et al., 2013). 

2.5.2.6 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 4150 J/kg°C in order to simulate the human thermal properties of 
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the tissues (ASTMF 2182-02a, 2007). The phantom contents and its effect on heating in 

the application of EEG electrodes 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 (Shellock, 2001). Other research has been performed by Mullinger 

et al. (2008b) 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 of 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 grey matter (Boucousis et al., 

2012). 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 characterised 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 (Park et al., 2003).  

2.5.2.7 Location of the temperature probes 

The locations 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 

(ASTMF 2182-02a, 2007). Park and co-workers experimented with 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 (Park et al., 2003). 

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 
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the contact (2006). 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 (Mattie et al., 2006). Therefore, in general, care must be taken 

to consider the implant and probe geometry and sensitivity to ensure accurate temperature 

measurements are obtained. 

2.6 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 Table 

2.1 and Table 2.2. In the following, I 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 (1993), 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 (Zhang et al., 1993). 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., 1993). It is also noted 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 fifteen EEG 

electrodes fitted with current limiting resistors in a square box shape surrounding a 
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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 (Lemieux et al., 1997). 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 7 T) to be doubtful (Angelone et al., 2006). 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 (Bonmassar et al., 1999). 

The safety profile of scalp EEG have been further characterised using similar protocols and 

a range of different MRI protocols and clinical setups (Stevens et al., 2007; Vasios et al., 

2006; Assecondi et al., 2016; Mullinger et al., 2008a; Mirsattari et al., 2004; Kuusela et al., 

2015; Poulsen et al., 2017; Balasubramanian et al., 2017). The summaries of the safety 

studies of scalp EEG in MRI are listed in Table 2.1. 
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Table 2.1 Summaries of the experimental research of scalp or external EEG-fMRI and implanted EEG-fMRI. The studies that are ordered chronologically. The 

scanner type ranges in terms of field 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), 

diffusion weighted (DW), T1, T2, diffusion tensor imaging (DTI), echo planar imaging (EPI), fluid-attenuated inversion recovery (FLAIR), short-TI inversion recovery 

(STAIR), spoiled gradient recalled acquisition (SPGR), magnetization prepared rapid gradient echo (MPRAGE), array coil spatial sensitivity encoding (ASSET), robust 

automated shimming technique using arbitrary mapping acquisition parameters (RASTAMAP), true fast imaging with steady-state precession (True-FISP), single shot 

echo planar imaging (SS-EPI), localization by adiabatic selective refocusing (LASER), fast low angle shot (FLASH), saturation-prepared with 2 rapid gradient echoes 

(SA2RAGE) and magnetic resonance spectroscopy (MRS). The safety hazards in the table are mostly 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 concentration here. The safety standard is related to the source of safety criteria that have been followed by the study. 

No. Study MR scanner 

and 

scanning 

protocols 

Type of 

electrode(s) / 

implantations/ 

No. of contacts 

Positions and 

orientations of the 

electrodes 

Safety hazard(s) 

considered 

Methodology 

(Test object and 

temperature 

measurement 

device) 

Observations Conclusions and 

recommendations 

Safety 

standard: 

(reference 

and 

guidelines) 

1 Zhang et al 

1993 

-1.5 T  

-Linear head 

coil 

-Spin echo 

sequence 

-Depth electrodes 

-8 contacts 

The depth electrodes 

where positioned 

parallel to the 

scanner’s longitudinal 

axis 

-Temperature 

measurements 

-Resonant 

frequency. 

-RF Power loss 

 

-Phantom (1000 g). 

-Precision 

thermistor (model 

44003A, YSI inc, 

USA) 

When using the spin 

echo, the temperature 

was about 0.07 °C 

(Measured after the SE 

sequence) 

It is safe to use the 

nickel-chromium 

electrodes inside the 

MRI under specific 

tested conditions. 

Using SE sequence is 

preferred than GE due 

to the presence of 

susceptibility artefacts 

in GE  

N/A 



University College London                                               Hassan Hawsawi 78 

2 Lemieux et 

al 1997 

-1.5 T -

Quadrature 

birdcage head 

coil 

-2D spin echo 

sequence 

-Loop of wires 

and scalp EEG 

electrodes. 

-15 scalp EEG 

electrodes 

 

A loop was placed in 

positions from 0-15 in 

clockwise positions 

around the edges of 

the head coil; 0 is 

located in the inferior 

periphery of the head 

coil 

-RF voltage 

measurements 

-Temperature 

measurements 

-Suitable resistor  

-Spherical head 

phantom (GE 

medical systems, 

USA; Head SNR 

phantom) 

-EEG- Fluoroptic 

thermometer 

(Luxtron, USA). 

5.6 K ohm for the 

maximum SAR, and 13 

K ohm for minimum 

heating 

In specific standard 

conditions, EEG-

fMRI can be 

performed with extra 

caution by adding 

current-limiting 

resistors near the EEG 

electrodes 

NRPB95 

BS.5724  

IEc601 

3 Bonmassar 

et al 1999 

-3 T 

-Head coil 

Scalp EEG 

electrodes fitted 

with junction 

field effect 

transistor (JFET) 

(a non-linear 

current limiting 

transisitor) 

N/A -Temperature 

measurements. 

-Resistor 

assessment 

 

N/A The addition of JFET to 

scalp EEG gives the 

noise immunity in the 

OFF mode  

JFET resistors provide 

excellent current 

isolation 

N/A 

4 Nyenhuis 

et al 1999 

-1.5 T MRI 

system Signa 

(GE, USA). 

-Body RF 

transmit coil. 

-FSE 

Metallic implant The implant was 

placed in the 

abdominal region of 

the phantom close to 

an implanted infusion 

pump. These 

insertions are made to 

resemble the clinical 

insertion in human.  

-Temperature 

measurements 

-Phantom (plastic 

cylindrical shell to 

mimic the shape of 

the human body) 

 

-Infusion pump 

(Medtronic, USA). 

-Fibre optic 

temperature 

thermometer (model 

790, Luxtron, USA) 

Using SE with SAR 

value of 0.95 W/Kg in 

the gel phantom, the 

heating was 0.23 °C and 

0.66 °C without the 

implant and with the 

implant, respectively 

It is possible to scan 

patients implanted 

with SynchroMed 

pump in 1.5T systems 

without additional 

health hazards 

N/A 
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5 Shellock 

2001 

-1.5 T  

-T1 spin-echo 

sequence and 

gradient echo 

sequence 

-Titanium alloy 

implants. 

- BioMesh, Large 

flexible burr hole 

cover, Large rigid 

burr hole cover, 

Large burr hole 

cover, Cranial 

screw, BioClip 

The BioMesh implants 

were fixed into a 

plastic plane and 

placed in the edge of 

the phantom 

-Induced torques 

assessment. 

-Temperature 

measurements 

 

-Phantom filled 

with gel (plastic and 

cylinder-shaped 

with a diameter of 

24.13 cm) 

 

-EEG- Fluoroptic 

thermometer. 

(Luxtron) 

Titanium alloy implants 

show 0.6 °C heating 

inside the MRI 

BioMesh implants has 

no safety issue when 

used in MRI under 

safe conditions and 

can be beneficial if 

they are implemented 

for neurosurgical and 

interventional MRI 

acquisitions 

ASTM F 

2182-02a 

6 Mirsattari 

et al 2004 

-1.5 T GE 

scanner. 

-Head RF coil.  

-T1, T2, DW, 

EPI, STIR, 

FLIR, 3D-

SPGR 

-Silver Scalp 

EEG electrodes 

with a thick gold 

flash attached to 

thin cupper wires 

with Teflon 

coating. 

-23 scalp EEG 

electrodes 

The scalp EEG 

electrodes were 

positioned according 

to the 10–20 

international system of 

EEG 

-Artefact 

assessment. 

-Temperature 

measures 

-Saline-filled 

spherical plastic 

phantom (dimeter of 

17.5 cm) (GE, 

Milwaukee, 

USA). 

-Thermometer (FTI-

10, FISO 

Technologies) 

Maximum temperature 

change was -0.45 °C 

and the average head 

SAR was 1.6 W/Kg in 

the subjects 

MR compatible EEG 

system can be utilized 

for concurrent EEG 

MRI recording safely 

with fewer artefacts 

by applying structural 

and functional 

sequences of ≤ 1.6 

W/Kg SAR values 

N/A 

7 Angelone 

et al 2006 

-1.5 T GE 

MRI   

 -Quadrature 

birdcage head 

coil. 3 head 

acquisitions -

T1 weighted 

3D- SPGR  

Two different 

types of EEG 

with 32 

electrodes/leads 

were modeled 

and co-registered 

with the 

homogeneous 

head model. 

Thirty-two leads were 

bundled on the Cz 

position, wrapped 

around the head model 

close to the neck. In 

addition, the 

electrodes/leads with 

10 ohm in which all of 

the 32 resistors were 

-SAR simulation 

-B1 field effect 

-Temperature 

measurements 

  

-32 EEG electrodes 

with and without 

resistors.  

-Head mannequin 

anthropomorphic 

(CHEMA)  

-A Computer 

designed 3d 

phantom.  

6 °C in 30 min using the 

EEG paste, 1.22 °C 

using Cz 15mm and 

1.31 °C using Cz 25mm 

Caution should be 

taken when selecting 

EEG for simultaneous 

EEG-fMRI and the 

use of high- resistive 

leads and solutions is 

recommended  

NCRP Report 

No. 67 (1981),  

IEC Part 2-33 

(2002) 
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- Modelled 32 

scalp EEG 

electrode on 2D 

Mask (on 

MATLAB)  

EEG electrodes 

with 10k ohm 

resistor.  

32 standard gold 

EEG and 32 

Ag/AgCl EEG 

modeled as a passive 

port directed along the 

lead 

 

-EEG- Fluoroptic 

thermometer. 

(Luxtron) 

8 Vasios et al 

2006 

-7 T MRI 

scanner 

(Siemens, 

Germany) 

-T2 TSE 

-InkCap EEG 

Ag/AgCl 

electrodes 

-Standard EEG 

electrodes 

(QuickCap) 

 

-InkCap contains 32 

non-magnetic gold 

EEG electrodes. 

-QuickCap contains 32 

EEG electrode 

-Temperature 

measurements 

-EEG signal 

variance 

throughout EPI 

sequence 

-Ballisto-

cardiogram noise 

-Phantom 

(CHEMA) 

-Luxtron 3100 

fluoroptic 

temperature sensors 

(Luxtron Co., USA) 

At 7 T, InkCap EEG 

electrodes presented 

five times decreased 

signal variance than the 

standard QuickCap 

EEG electrodes during 

EPI sequence. In 

addition, more heating 

was observed in the 

QuickCap EEG 

electrodes compared 

with InkCap EEG 

electrodes 

InkCap electrodes are 

suitable for multi-

channel EEG and 

high-field fMRI 

experiments.  

Patient movement 

artefacts can be 

minimised by using 

the lightweight 

InkCap EEG 

electrodes 

IEC 60601-2-

33 (2002) 

  

9 Stevens et 

al 2007 

-4 T Varian 

Unity Inova 

whole-body 

-Electrodes made 

of brass, silver, 

and conductive 

The electrodes were 

aligned parallel to the 

x-y axis of the scanner 

-B0 field distortion. 

-Signal loss. 

-Heating  

-Hemispheric oil 

phantom (diameter 

of 10 cm) 

The heating rate in the 

oil phantom was found 

0.1, 0 and 0.1 °C for the 

No significant heating 

was observed in the 

three EEG electrodes 

N/A 
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MR scanner 

contains 

Siemens 

shielded 

gradients 

-Quadrature 

birdcage RF 

coil 

-3D multi-

echo gradient 

echo (GE) 

sequence 

(RASTAMAP

), T2-SE, and 

MRS pulse 

sequence 

 (LASER) 

plastic were 

tested.  

-Three different 

types of EEG 

electrodes (brass, 

silver and plastic) 

in order to determine 

the maximum field 

distortions around 

them 

-15% agarose gel 

sphere 

-Fibre optic 

temperature probe 

(FTI-10; FISO 

Technologies Inc.) 

brass, silver, and 

conductive plastic 

electrodes respectively 

and the heating rate for 

the agarose gel was 

0.05, 0.04 and 0.06 °C 

for the same electrodes 

respectively 

made of brass, silver, 

and conductive plastic 

when they were 

placed on the phantom 

without the leads and 

the EEG equipment 

10 Carmichael 

et al 2008 

-1.5 GE Signa 

and 3 T GE 

Excite MRI- 3 

T Siemens 

TIM Trio. 

-FSE sequence 

2.4 W/Kg for 

head coil and 

1.2 w/Kg for 

body coil  

-Grids 

-Depths 

-Strip 

-8 contacts 

electrode with 10-

mm spacing, 6 

contacts electrode 

with 10-mm 

spacing, Grid and 

strip electrodes 

The depth electrodes 

were placed in the 

left–right axis and 

perpendicular to the 

sagittal level, 

Electrodes’ leads were 

placed along the side 

of the phantom 

container (inside the 

gel) for 40 mm before 

-Stimulation. 

-RF-related 

heating. 

-Perspex phantom 

(head with torso) 

-Fluoroptic 

thermometer 

(Model 3100 

Luxtron) 

At 1.5T, the maximum 

temperature change was 

within the safe limits 

(<1 °C, (<2.0 °C) at 3T 

on one scanner and (<1 

°C) on the second. The 

maximum heating was 

6.7 °C using body coil 

Intracranial electrode 

localization can be 

performed safely in 

1.5 and 3 T using head 

coil. 

Modifications of the 

imaging protocol 

(scan duration and 

number of slices) are 

needed to keep the 

ASTM F 

2182-02a 
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(4-mm diameter 

PtIr disks and 2.3 

mm exposed) 

within a silicon 

sheet with 

stainless steel 

wires 

-Strip; 6-contact 

electrode with 10-

mm spacing, Grid 

(6 X 8 contacts 

with 10-mm 

spacing, and 6 

tails) 

its location outside the 

phantom. The grid and 

strip electrodes were 

positioned in a setup 

that mimics the 

placement of the 

electrodes for the EEG 

recording from the 

cortical surface 

heating changes with 

the safe limits. 

11 Mullinger 

et al 2008a 

-7 T Philips 

Achieva MR 

scanner. 

-Quadrature 

birdcage RF 

coil (Nova 

Medical, 

USA). 

-TSE and EPI 

GE 

-EasyCap scalp 

EEG,Herrsching 

Germany) 

-32 Ag/AgCl ring 

electrodes with 

plastic adapter 

and a 5-kΩ safety 

resistor  

-International 10/20 

system 

-Heating 

measurements 

-Noise sources 

-EEG-fMRI study 

on humans 

 

-20 cm diameter, 

plastic spherical 

phantom with saline 

and agar gel  

-Luxtron Fibre 

Optic thermometer 

Labkit (LumaSense, 

Denmark) 

Temperature 

measurements showed 

values less than 0.4 °C 

during 20 minutes TSE 

sequence 

EEG-fMRI can be 

performed safely 

using commercial MR 

compatible EEG 

amplifier and EEG 

cap at 7T MRI 

scanner under tested 

standards 

N/A 
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12 Carmichael 

et al 2010 

-Siemens 3 T 

Trio, 1.5 T 

Avanto and 3 

T Signa Excite 

GE 

-Birdcage T/R 

coil (for the 

1.5 T), T/R 

coil and body 

coil (for the 3 

T Trio) 

-FSE and EPI 

sequences 

 

-Strip electrode 

-Grid electrode 

-Depth electrode. 

-Three depth 

implants of 2 

models were 

inserted: 8 

electrode contacts 

with 10 mm 

spacing, 6 

electrode contacts 

with 10 mm 

spacing. 

-One subdural 

grid and one strip 

electrode were 

used: 6-contact 

electrode with 10 

mm spacing and 

the grid (6×8 

contacts with 10 

mm spacing, and 

tails) 

The same setup as in 

Carmichael et al., 

2008 

-Voltage 

measurements   -

Heat measurements 

from the RF of the 

head and body 

transmit coils.     

-The effect of cable 

position on tissue 

heating 

-Perspex phantom 

(head with torso) 

according to 

(ASTM F 2182-02a, 

2007). 

-Fluoroptic 

thermometer 

(Model 3100 

Luxtron) 

 

<1.0 °C using a head 

transmit RF coil, the 

measured gradient 

switching induced 

currents was 0.08 mA 

and the charge density 

0.2 μC/cm2 (all were 

within safety limits). 

The maximum heating 

was 6.9 °C using body 

coil 

Heating was within 

the safe limits when 

using a head RF 

transmit coil, adding 

the extension cables, 

cautiously observing 

the length and 

position of the cables 

and applying low-

SAR sequences 

ASTM F 

2182-02a, IEC 

(2002), IEC 

(2005), 

ICNIRP, 

2004, ICNRP 

(1998), IEEE 

C95.1-1999 
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13 Boucousis 

et al 2012 

-3 T GE 

Discovery 

-Body and 

head coil. 

-SPGR, 

ASSET, 

FLAIR and 

Spiral GE, 

T2* GR-EPI 

and SS-FSE 

 

-Subdural grid 

and strip 

electrodes  

-Depth electrodes 

-The grid 

electrodes 20 

contacts (4.0-mm 

diameter discs, 10 

mm spacing, 

enclosed in 

silicon) 

-Strip electrodes 

8 contact (10mm 

spacing) 

-Depth electrodes 

4 or 6 contacts 

(10-mm spacing) 

In the first phantom, 

the grid was inserted 

in the top right side of 

the phantom 

simulating its 

placement in the right 

inferolateral frontal 

lobe. 

-In a second phantom, 

one depth electrode 

was inserted in a 

similar position to the 

right inferior frontal 

lobe. 

In the third phantom, 

one grid and one depth 

electrodes were 

positioned on the left 

side of the phantom, 

and another grid and 

one strip electrode as 

well. On the left side 

of the phantom, 

similar positions to the 

first two phantoms 

were implemented in 

order to simulate the 

-Device 

Movements 

-Device 

Temperature 

-Voltage. 

-Gradient induced 

currents 

-Image Quality 

-Spherical head 

phantom (diameter 

~16 cm) 

-Body (torso) 

phantom following 

ASTM 2011a 

Heating <1 °C in a 

typical iEEG-fMRI 

setup that includes 60 

min of continuous High 

SAR sequences (FSE) 

and the heating >2 °C to 

10 °C on 3 T MRI 

scanner 

Simultaneous icEEG-

fMRI can be 

performed with low 

risk at 3 T. high SAR 

sequences should be 

evaded. Consideration 

is given to the 

positioning the EEG 

cables towards the 

back of the scanner. 

Reduced heating is 

possible using head 

RF transmit coil rather 

than a body transmit 

coil. 

Calibrations scan for 

the parallel imaging 

(ASSET) should be 

avoided. 

-Giving 5–10 min of 

waiting time between 

scans helps to reduce 

the accumulated 

heating 

ASTM 2000, 

2008, 2009, 

2011a, 2011b 
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bilateral frontal 

insertions 

14 Ciumas et 

al 2013 

-Siemens 

Sonata whole- 

body 1.5 T 

MRI System 

-Head coil, Coil 

for rabbits, 

Whole body 

coil. 

  -T1 True-

FISP, T2-

weighted 

FLAIR, EPI-

FID 

 

-Depth electrodes 

-4 depth 

electrodes (0.8 

mm diameter, 2 

mm contact 

length and 1.5 

mm inter-contact 

interval) 

-Three electrodes were 

positioned coronally, 

two electrodes 

separated by 1 cm 

from each other and 

the third at 3 cm 

distance. 

-One sagittal electrode 

placed perpendicularly 

to the previous three. 

All the three are 

placed mimicking the 

clinical setup, the two 

coronal adjacent 

electrodes (1 cm 

separation) on the left 

are simulating the 

amygdala and 

hippocampus 

placements, the third 

electrode is mimicking 

the left insular 

Temperature 

measurements 

-Head phantom with 

torso phantom 

(ATSM) 

-White rabbits 

-Fibre optic 

thermometer 

(FOTEMP) 

Maximum of 0.6 °C and 

0.9 °C in phantom and 

animals, respectively 

-Using a 1.5 T MRI, 

EPI sequence with 

intracerebral 

electrodes showed 

similar heating as the 

conventional T1 and 

T2 sequences when 

using electrode 

implants in a 

perpendicular location 

to the z-axis of the 

magnet 

ASTM 

F2503-05, 

ASTM 

F2213-06, 

ASTM 

F2052-06c1, 

ASTM 2182-

02a, ASTM 

F2182-09 
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placement and the 

sagittal electrode is 

just perpendicular to 

the three electrodes 

15 Kuusela et 

al 2015 

-3 T MRI. 

Philips 

Achieva  

-8 channels 

head coil and 

Siemens Verio 

(12 channel 

head coil) 

-GE-EPI, T1-

3D, T1-IR, 

Multi-echo 

SE, DTI and 

T2-TSE 

-Scalp EEG caps 

(Brain Products, 

Munich, 

Germany). The 

sizes 52, 56 and 

60. 

- Scalp EEG caps. 

The sizes 52, 56 

and 60. The caps 

of size 56 and 60 

contained 64 

electrodes, 

whereas the cap 

of size 52 had 32 

electrodes 

N/A Temperature 

measurements 

Head Phantom In the head phantom 4.1 

°C, In volunteer with a 

mean of 1.2+1.1 °C, 

35.6 °C and the 

maximum rise was 2.1 

0C with the mean of 0.9 

+0.7 °C  

Safe EEG-fMRI 

protocol in 3 T can be 

achieved by following 

the standards of EEG 

provider and IEC 

protocols 

 

IEC 60601-1 

standard 

(2002) 

16 Pouslen et 

al 2016 

-3 T Siemens 

Allegra head-

only scanner 

and 7 T 

Siemens 

scanner 

-dEEG scalp 

electrodes Ink-

Net  

 -AgCl-coated 

pellet scalp 

electrodes (Cu-

Net). 

10-10 International 

System and the 

heating measurements 

were in these locations 

Cz, T7, T8, and the 

nasion 

-Heating Safety 

Assessment at 7T 

-Data quality 

assessment at 3T. 

-Head phantom 

(agar-based 

conductive 

following ASTM 

2182)  

-7 optical 

temperature probes 

TSE sequence in 7 T 

scanners produced 

superficial heating 

values with Ink-Net, 

Cu-Net and with no net 

that were 1.02, 0.87, 

0.99 °C, respectively, 

High resistance 

polymer thick film 

can be placed in 

dEEG to improve the 

data quality of the 

structural and 

functional MRI 

-ISO/TS 

10974, ASTM 

2182 



University College London                                               Hassan Hawsawi 87 

-Circularly 

polarized head 

coil (for 3 T) 

and birdcage 

transmit head 

coil 32-

channel 

receive coil 

(for 7 T) 

-TSE and GE 

-265 channels 

scalp EEG 

(OSENSA 

Innovations Corp.) 

for acquisition time of 

15 minutes and similar 

to those values for 30 

minutes  

following the tested 

protocol 

17 Assecondi 

et al 2016 

-4 T MRI 

scanner 

(MedSpec, 

Bruker, 

Biospin head 

scanner and 

Siemens 

Magnetom) 

-Head 

birdcage 

transmitter and 

receiver 8-

channel RT 

coil. 

-Prepared 

Rapid 

Gradient Echo, 

-Scalp EEG cap 

-63 Scalp EEG 

electrodes 

63 EEG electrodes are 

arranged based on the 

10–20 system 

-Artefacts induced 

on phantom EEG 

and human EEG 

-Image analysis 

-Temperature 

measures 

-Spherical silicon 

oil phantom (17 cm 

diameter) 

-Temperatures 

probes 

 (LumaSense 

Technologies, Santa 

Clara, USA) 

The results showed 

85% EEG noise 

decrease when using the 

short cables. 

60% of system 

sensitivity to noise and 

artefact can be achieved 

by using compact setup 

of using short cable 

connected to amplifier 

directly at the back of 

the head coil 

The heating is normal 

when applying the 

tested procedure. 

There is an advantage 

of less heating using 

short cables at 4 T 

magnetic fields 

N/A 
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Single shot 

gradient echo, 

2D Echo-

Planar 

Imaging 

18 Ahmadi et 

al 2016 

-3 T (Skyra, 

Siemens, 

Germany) and 

7 T 

(Magnetom, 

Siemens, 

Germany) MR 

scanners. 

-T2, T1, and 

fluid 

attenuated 

inversion 

recovery 

(FLAIR) in 3T 

and fast low-

angle shot 

(FLASH) in 7 

T 

-Electrocortico-

graphy (ECoG) 

grid with 

conductive 

nanoparticles in a 

polymer thick 

film on an 

organic substrate 

(PTFOS)  

-Two standard 

ECoG grids one 

with stainless 

steel platinum 

contacts and 

wires and the 

other with 

platinum contacts 

and wires. 

-Both standard 

ECoG grids are 

64 contacts 

The electrodes were 

implanted over the 

cortex of the mice and 

head specimen 

- Artefacts induced 

in mice and 

human’s brain  

- Temperature 

measures in a head 

phantom 

-Head phantom 

(CHEMA) 

following Angelone 

et al., 2006. 

-Two Mices 

-Brain specimen 

without skull 

 

Temperature 

measurements showed 

increases of 3.84 oC, 

4.05 oC and 10.13 oC 

for no grid, PTFOS grid 

and standard grid, 

respectively 

Heating profile can be 

minimised using 

PTFOS grids 

compared with the 

conventional ECoG 

grids 

N/A 
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19 Balasubra

manian et 

al 2017 

1.5 T MRI 

system Avanto 

(Siemens, 

Germany) 

-3 T MRI 

system Trio 

(Siemens, 

Germany) 

-Body transmit 

coil 

-MPRAGE, 

EPI, DTI, 

HASTE, 

FLAIR and 

TSE 

-Gold cup 

electrodes 

-Conductive 

plastic electrode. 

Three experiments 

were used: 1-By 

utilizing three wire 

configuration (short, 

medium and long. 2-

Their length of the 

wires of the gold cup 

electrodes and the 

conductive plastic 

electrodes were 

shorted from the total 

244cm by 30.5cm each 

scan until the length 

became 30.5cm. 3-

Gold cup electrodes 

were placed on the 

head of human 

volunteer. Both 

electrodes in three 

experiments were 

positioned according 

to the international 10-

20 system 

-Heating 

measurements. 

-Phantom 

(watermelon). 

-Healthy volunteer 

-T1 fibre optic 

thermometer 

(Neoptix, Canada) 

In experiment 1, the 

short wire for both 

electrodes produced 

heating of 15 °C and the 

medium and the long 

wires produced heating 

below 4 °C.  In 

experiment 2, the 

maximum heating was 

observed on the wires 

that have the odd 

multiples (fraction of 

1/4 RF wavelength of 

1.5 T and 3 T) and the 

minimum heating on 

the wires that have the 

even multiples (fraction 

of 1/4 RF wavelength of 

1.5 T and 3 T). In 

experiment 3, the 

heating when using 

short cable was 

minimum in MPRAGE 

and 20C using TSE and 

when using the long 

cable the heating was 

little for the sequences 

The influence of the 

antenna is important 

because the loop 

formation inside the 

MRI scanner can lead 

to high temperature 

increases of the EEG 

electrodes. Therefore, 

odd multiples 

(fraction of 1/4 RF 

wavelength of 1.5 T 

and 3 T) should not be 

utilized in patient 

scans due to its 

possible implications  

IEC 60601-2-

33 (2002) 
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except a maximum 

heating around the ECG 

electrodes. 

20 Bhattachar

yya et al 

2017 

-1.5 T MRI 

scanner (Tesla 

Espree, 

Siemens, 

Germany) 

-Receive array 

RF head coil. 

-Localizer, T1-

weighted 

FLASH, GE-

EPI and T2-

weighted TSE 

-Two SEEG 

electrodes with 8 

to 12 contacts (5 

mm spacing, 2 

mm long and 1 

mm diameter)  

The electrodes were 

placed according to 

ASTM standards in 

the coronal position of 

the phantom; 

simulating surgical 

insertion locations 

-Electrode heating 

measurements 

(using different 

sequences and 

different 

configurations) 

 

-Water-based gel 

phantom (head with 

torso) following 

ASTM 

-Fluoroptic 

temperature device 

(model m330, 

Luxtron, USA) 

Localizer, FLASH and 

EPI sequences showed 

heating of less than 2 

°C. Whereas, 12 °C 

heating was observed 

when connecting the 

cable in different setups 

and can be significant 

heating if the extension 

cables were placed 

close to the scanner’s 

bore and the body RF 

transmit coil. Very 

small temperature 

increase was noticed 

when extension cables 

were placed in the iso-

centre of the magnet in 

any MR sequence used.  

Simultaneous 

intracranial EEG-

fMRI is safe to 

perform with external 

stimulation equipment 

using localizer, 

FLASH, GE-EPI 

sequences without 

performing high SAR 

sequences 

ASTM-

F2182-02a, 

ISO/TS 

10974, FDA 

(2014) 
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21 Uji et al 

2017 

-3 T MRI 

(Philips 

Achieva, The 

Netherlands) 

MRI scanner 

-Body transmit 

-32-channel 

receiver-array 

head coil 

-Gradient echo 

(GE)-EPI 

-Pseudo-

continuous 

arterial spin 

labelling 

(PCASL)-GE-

EPI 

-MR-compatible 

63-channel scalp 

EEG cap 

(EasyCap, 

Herrsching). 

-63 EEG electrodes 

are arranged based on 

the 10–20 system 

 

- Temperature 

measurements 

- Image quality 

-Head-shaped 

phantom only 

-Fibre-optic 

thermometers 

(Luxtron, USA) 

 

 

The highest heating 

increase was ~0.58 °C 

in the ECG channel 

compared to the other 

channels during the 10 

min scan using the GE-

EPI sequence. The same 

ECG channel also 

presented the highest 

heating increase of 0.98 

°C, other channel (TP8) 

showed heating of 0.88 

°C 

EEG can be 

performed safely in 

concurrent with GE-

EPI multiband fMRI 

to study neuronal and 

BOLD responses 

MHRA 

(2015) 

22 Foged et al 

2017 

-3 T MRI 

(Philips 

Achieva, The 

Netherlands) 

MRI scanner 

-3 T MRI 

(Prisma fit, 

Siemens, 

Germany) 

MRI scanner 

-In the Achieva: 

32- and 64-

channel MR Cap 

(BrainCapMR, 

Brain Products 

GmbH, 

Germany), with 

63 EEG 

electrodes 

-The EEG electrodes 

are arranged based on 

the 10–20 system 

-Temperature 

measurements in 

phantom and in-

vivo 

-Signal-to-noise 

measurements 

-EEG data quality 

-Spherical daily 

quality assurance 

phantom (made by 

the scanner’s 

manufacturer) 

-Human subject 

-Four channel fibre-

optic thermometer 

Luxtron 3100 

(LumaSense 

For the phantom 

measurements the 

temperature was 0.1 °C 

for 20 min duration 

using the Achieva and 

33 min using the 

Prisma. For the in-vivo 

measurement of the 

duration of 30 min on 

the human subject, the 

High-density EEG 

with rapid fMRI can 

be performed safely 

without affecting the 

EEG quality, 

however, subject 

safety has to be 

considered. In 

addition, it is 

recommended to 

N/A 
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-For the 

Achieva: 32 

channel RF 

head array coil  

-For the 

prisma: 64 

channel RF 

head array coil 

-EPI, Multi EPI, 

Multiband-4 

EPI, Multi-slab 

echo. volumar 

imaging, and 

Multiband-8 EPI 

-In the Prisma: 

256 EEG 

channels 

(Geodesic EEG 

System, Electrical 

Geodesics, Inc., 

USA)  

Technologies Inc., 

USA).  

temperature was 0.5 °C 

using the Prisma and 1 

°C using the Achieva. 

perform safety tests 

on new sequences 
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In a similar vein, different groups have tested the MRI interactions with deep brain 

simulation (DBS) devices. These typically consist of a pulse generator (housed in a metallic 

box), electrodes and connection wires. Overall at 0.35 T (Gleson et al., 1992) and 1.5 T 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 (Georgi et al., 2004; Rezai et al., 2002; Kainz et al., 

2002; Finelli et al., 2002; Baker et al., 2004, 2005; Bhidayasiri et al., 2005; Carmichael et 

al., 2007; Gorny et al., 2013; Kahan et al., 2015; Franceschi et al., 2016; Cabot et al., 2013). 

In 3 T MRI fields and higher (Georgi et al., 2004; Rezai et al., 2002; Baker et al., 2005; 

Carmichael et al., 2007; Gorny et al., 2013; Kahan et al., 2015; Shrivastava et al., 2010, 

2012; Eryaman et al., 2011, 2013; Sammartino et al., 2016), 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 2.2. 
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Table 2.2 Summaries of the experimental research of DBS external electrodes and internal implants using MRI and fMRI sequences.  The studies are ordered 

chronologically. The scanner type ranges in terms of field 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), T1, T2, diffusion tensor imaging (DTI), echo planar imaging (EPI), magnetization prepared rapid gradient echo (MPRAGE), fast relaxation fast spin 

echo (FRFSE), fast low angle shot (FLASH), fast spoiled gradient echo (FSPGR) and half-Fourier-acquired single-shot turbo spin echo (HASTE). The safety hazards in 

the table are mostly 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 concentration here. The safety standard is related to the source of safety criteria 

that have been followed by the study. 

No. Study MR scanner 

and scanning 

protocols 

Type of 

electrode(s) / 

implantations/ 

No. of contacts 

Positions and 

orientations of the 

electrodes 

Safety hazard(s) 

considered 

Methodology 

(Test object 

and 

temperature 

measurement 

device) 

Observations Conclusions and 

recommendations 

Safety 

standard: 

(reference 

and 

guidelines) 

1 Gleason et al 

1992 

-0.35 T MRI 

scanner Signa 

(General 

Electric, USA) 

-1.5 T MRI 

scanner 

Diasonics MT/S 

(Diasonics Inc.) 

Neurostimulator 

implant 

The neurostimulator 

was placed in a 

position to mimic the 

patient implantation 

routine 

-Voltage 

measurements. 

-Temperature 

measurements 

 

-A water-filled 

phantom 

-Fluoroptic sensor 

(model 750, 

Luxtron, USA) 

The voltage 

measurements 

showed amplitude 

of 6 V for 0.35 T 

scanner and 12 V 

for the 1.5 T 

scanner that can 

harm the patient 

because the 

typical treatment 

amplitudes range 

from 1 to 5 V 

-Under safety 

conditions, patients 

with specified 

neurostimulation 

implants could be 

scanned 

N/A 
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2 Kainz et al 

2002 

- 1.5 T 

Magnetom 

(Siemens, 

Germany) and a 

3.0 T MRI 

(Bruker, 

Germany) 

-Body RF coil 

DBS electrodes One DBS implant 

was used and located 

1 cm from the 

surface of the head 

part of the phantom 

-Temperature 

measurements 

-Phantom 

(contains skull, 

trunk and skull-

trunk connecting 

tube) 

-Fibre optic 

temperature 

system (model 

790, Luxtron, 

USA) 

-Temperature 

measurements 

showed maximum 

value of 2.1 °C at 

the tip of the 

electrode and it 

was less than that 

in the other parts 

of the implant  

The temperature is 

not very critical that 

might harm the 

patient. It is 

important to avoid the 

loops in order to 

minimise the 

temperature increases 

N/A 

3 Rezai et al 

2002 

1.5 T scanner 

Vision (Siemens, 

Germany) 

-Body RF TR/R 

coil 

-Head RF TR/R 

coil 

-Sequences with 

different whole 

body and local 

SAR values 

DBS electrodes Two configurations 

have been used: 1- In 

the subthalamic 

nucleus, globus 

pallidus or ventralis 

intermidus. 

2- The DBS wires 

placed as a loop 

around the IPG 

device 

-Temperature 

measurements. 

-A Plexiglas 

phantom (head 

with torso) filled 

with gel 

-Fluoroptic 

thermometer 

probes (model 

790, Luxtron, 

USA)  

 

The highest 

heating ranges 

from 2.5 °C to 

25.3 °C when 

scanning using 

body transmit 

coil, whereas the 

heating ranges 

from 2.3 °C to 7.1 

°C when using 

head transmit 

receive coil 

The type of the RF 

coil, SAR values and 

the location of the 

DBS wires affect the 

heating elevation 

ECRI 

(1988), 

ECRI (1991) 

4 Finelli et al 

2002 

-1.5 T MR 

system 

-Head RF TR/R 

coil 

DBS electrode The electrodes are 

placed to mimic the 

clinical setup 

(subcutaneous 

pectoral insertion) 

-Temperature 

measurements. 

-A Plexiglas 

phantom (head 

with torso) filled 

with gel 

-The relationship 

between SAR and 

temperature 

increase (heating 

≈ 0.9 local SAR). 

Temperature 

increases are directly 

dependent on SAR 

values. MRI can be 

performed on patients 

US-FDA 

(1998), US-

FDA (1988), 

IEC 60601-

2-33 (2002) 
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- FSE, 3D 

magnetization 

prepared rapid 

acquisition GE, 

EPI, quantitative 

magnetization 

transfer and 

magnetization 

transfer 

suppressed 

angiography 

-Fluoroptic 

thermometer 

(model 790, 

Luxtron, US) 

-Less than 1 °C 

heating was found 

using FSE, 

magnetization 

prepared rapid 

acquisition GE 

and EPI, and high 

temperature 

changes (1 to 2 

°C) were found 

using 

magnetization 

transfer 

with DBS implants 

and the heating can 

be less or equals 20C 

when applying 

sequences of less than 

2.4 W/Kg local SAR 

and 0.9 W/Kg whole 

body SAR 

5 Georgi et al 

2004 

-1.5 T MRI 

Symphony 

(Siemens, 

Germany) 

-2.35 T MRI 

Biospec small 

bore (Bruker, 

Germany). In 

Symphony, 

diffusion-

weighted SE, 

GE-EPI, 

FLASH, T2 SE 

DBS electrodes 

(four contacts) 

The DBS electrode 

was placed 5 cm 

away from the centre 

of the bore (z 

direction) 

-Voltage 

measurements 

-Temperature 

measurements 

-Forces on 

electrodes 

-Image quality 

-Acrylic sphere 

phantom (filled 

with NaCl and 

agar) 

-Fluoroptic sensor 

(model 790, 

Luxtron, USA) 

-The maximum 

resulted voltage 

during GE-EPI 

was 7 V and the 

frequency was 64 

MHz. The loops 

(wires) created 13 

V. The maximum 

heating was 15.6 

°C when using SE 

(135° electrode 

position). For the 

same setup, the 

heating was 2 °C 

-Patients implanted 

with DBS system can 

be imaged in MRI 

following safety 

precautions: 

connecting the 

electrodes should be 

avoided, leads need 

testing before any 

scan, the leads has to 

be away from the RF 

coils’ edges, low 

SAR sequences are 

applied, the patient, 

N/A 
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and T2 TSE 

were applied. 

-In Biospec, SE-

EPI was applied 

 

for EPI. In the 90°  

electrode 

configuration, the 

heating was 0.7-

0.9 °C  for both 

GE-EPI and SE 

the stimulator device 

has to be monitored 

during the scan and 

the stimulator setup 

has to be 

appropriately selected    

6 Baker et al 

2004 

-1.5 T short bore 

MR Symphony 

(Siemens, 

Germany) 

-1.5 T long bore 

MR Vision 

(Siemens, 

Germany) 

-Transmit/ 

receive RF coil. 

-FSE, T1-

weighted SE, 

FSE inversion 

recovery  

Bilateral DBS 

leads 

The DBS system was 

placed to simulate 

the real clinical setup 

and the implantable 

pulse generators 

(IPG) are placed in 

the subcutaneous, 

subclavicular area 

similar to the real 

clinical setup 

-Heating (units of 

whole-body SAR) 

 

-Phantom contains 

head and torso 

(ASTM) 

-Activa tremor 

control 

(Medtronic, US) 

- IPG system 

(Medtronic, USA) 

 

-The whole-body 

SAR in Siemens 

Symphony is 90 

times higher than 

Siemens Vision 

when using TR/R 

RF coil 

-Apparent difference 

between two MR 

systems in terms of 

RF heating change in 

whole body SAR 

unit. 

-SAR is unreliable 

indicator of the 

neurostimulation 

technique. 

-There is a need to 

find more reliable 

safety indicators 

ASTM 

(2002), US-

FDA, IEC 

60601-2-33 

(2002) 

7 Baker et al 

2005 

-1.5 T  

-3 T  

-In 1.5, TR/R RF 

body coil and in 

3T, TR/R head 

coil. 

Bilateral DBS 

device 

Followed Baker et al. 

2004 

-Temperature 

measurements  

-Gelled-Saline 

phantom (head 

and torso) 

-Fluoroptic 

thermometry 

probes (Model 

-Heating around 

DBS leads ranges 

from 1.2-7.3 °C 

for the right 

electrode and 0.8-

4.2 °C for the left 

electrode at 1.5 T 

-The placement of 

small central loops 

close to the burr hole 

seems to cause a 

decrease in the 

temperature change 

due to RF at 1.5T and 

US-FDA, 

IEC 60601-

2-33 (2002) 
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- T1-weighted 

SE 

3100, Luxtron, 

USA). 

-IPG (Medtronic, 

USA) 

 

and 2.6-10.3 °C 

for the right 

electrode and 1.8-

5.1 for the left 

electrode at 3 T in 

normal setup. 

However, a 

reduction from 

the initial 

temperature 

occurred when 

placing a small 

concentric loop 

around the burr 

hole of 50% for 

the right electrode 

and 41% for the 

left electrode at 

1.5 T and 74% for 

the right electrode 

and 53% for the 

left electrode at 3 

T  

3T for the DBS 

implanted patients 

8 Bhidayasiri 

et al 2005 

-1.5 T MR 

Sonata 

(Siemens, 

Germany). 

DBS leads Followed Finelli et 

al. 2002 and Rezai et 

al., 2002 

-MRI-related 

temperature 

measurements 

-Phantom 

(semisolid gel) 

contains head and 

torso 

-Applying FSE, 

magnetization 

transfer contrast, 

EPI and GE 

Acceptable results 

and within the 

neurophysiological 

limits when applying 

N/A 
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-Transmit body 

RF coil and 

receive head RF 

coil. 

-FSE, 

magnetization 

transfer contrast, 

EPI and GE 

-Whole body SAR 

calculations 

-Fluoroptic 

thermometry 

(Model 790, 

Luxtron, USA) 

-IPG (Medtronic, 

USA) 

presented 

calculated whole-

body SAR was 

from 0.1 to 1.6 

W/Kg and the 

head SAR was 

from 0.1 to 3.2 

W/Kg 

(temperature 

change was less 

than 1 °C) 

-Applying the 

highest SAR in 

the previous 

sequences 

presented whole 

body SAR of 1.6 

W/Kg, local 

exposed body 

SAR 3.2 W/Kg 

and local head 

SAR 2.9 W/Kg 

(temperature 

change was 2.1 

°C) 

clinically suitable 

techniques of MRI 

imaging under the 

conditions of limited 

SAR values   
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9 Carmichael 

et al 2007 

-1.5 T MR 

(Siemens, 

Germany) 

-3 T MR 

(Siemens, 

Germany) 

-Head RF 

transmit coil 

DBS leads (with 

four contacts) 

The DBS leads were 

positioned in areas 

that simulate the 

surgical placement 

locations 

(subclavicular 

regions) 

-RF-related heating 

-Induced voltages 

-IPG function 

-Perspex phantom 

(head with torso) 

-IPG system 

(Kinetra 7428, 

Medtronic, USA). 

 

-When utilizing 

EPI with 0.4 

W/Kg, the 

temperature 

increase was 0.1 

°C at 1.5T and 0.5 

°C  at 3T and 

when applying 

higher SAR 

sequences with 

SAR values of 

1.45 W/Kg at 

1.5T and 2.34 

W/Kg at 3T, the 

temperature 

elevation was 

higher than the 

safety limits (>1 

°C) 

FMR sequences are 

safe to apply without 

restricting the 

experimental setup 

and more advantage 

is given to the 

patients who have 

internal implantation 

than the external 

implantation in terms 

of safety 

MDA 

(2003), IEC 

60601-2-33-

2002, 

ICNRP 

(2003) 

10 Shrivastava 

et al 2010 

-9.4 T MRI 

scanner 

-TR/R RF coil 

(for 9.4 T 

systems) 

Extracranial 

DBS 

Two configurations 

were used: 1- The 

DBS electrode lead 

was placed parallel to 

the head coil (axial). 

2- The DBS 

electrode lead was 

positioned 

-Heating 

measurements 

 

-Animal sample 

(Porcine head 

model) 

-Fluroptic 

temperature 

probes (model 

m3000, Luxtron, 

USA)  

The axial 

orientation of the 

leads of the DBS 

electrodes 

produced 

temperature 

increase of 0-5 °C 

that is 

In the ultra-high field 

system, it is possible 

to reduce the heating 

of the DBS electrodes 

by proper 

management of these 

electrodes and their 

leads 

CDRH-FDA 

(2003) 
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perpendicular to the 

head coil (azimuthal) 

 significantly less 

than the azimuthal 

orientation that 

produced 1-27 °C 

11 Eryaman et 

al 2011 

-3 T MRI (Trio, 

Siemens, 

Germany). 

-Quadrature 

birdcage RF coil. 

-Linear birdcage 

coil 

-Body RF coil 

-GRE sequence 

Metallic implant 

 

The implants were 

inserted in the 

phantom in two wire 

configurations: 1- 

straight. 2- curved  

-Temperature 

measurements 

 

-Commercial 

cylindrical 

phantom (Dr. 

Oetker Jello, 

Turkey) 

-Fibre optic 

thermometer 

(Neoptix, Canada) 

-Two implant 

configurations 

were optimized: 

straight and 

curved. Both 

configurations 

were optimised 

using linear and 

quadrature modes. 

The maximum 

heating was 24.7 

°C  and the 

minimum was 0.8 

°C  in the linear 

mode using the 

straight implants. 

The quadrature 

coil presented 

heating of 12.1 

°C. The curved 

wires presented 

9.2 °C in the 

linear mode and 

Without affecting the 

sensitivity of the 

linear polarized 

birdcage RF coil, it is 

possible to create an 

area in the body that 

is free from electric 

fields by controlling 

the electric field 

distribution to allow 

safe use of metallic 

implants inside the 

MRI  

N/A 
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the minimum was 

0.3 °C, the 

quadrature mode 

heating was 19 °C 

12 Shrivastava 

et al 2012 

-3 T MRI system 

Trio (Siemens, 

Germany) 

-Head RF TR/R 

coil 

-TSE and GRE 

Extracranial 

DBS 

Four configurations 

of the electrode 

leads: 1-Looped at 

the top the head. 2-

Looped at the side of 

the head. 3-Looped 

at the back of the 

head. 4-Parallel to 

the head coil 

longitudinally (axial) 

-Heating 

calculations 

-Animal sample 

(Porcine head 

model) 

-Fluroptic 

temperature 

probes (model 

m3000, Luxtron, 

USA) 

 

Applying TSE 

with SAR of 3.16 

W/Kg when the 

extracranial DBS 

leads were 

positioned in the 

longitudinal 

orientation, 

produced heating 

of 1.5-3.2 °C, 

which is quite less 

than the other 

orientations that 

produced heating 

of 5.1-24.7 °C   

The application of 

temperature 

modelling and MR 

thermometry 

sequences can 

provide direct safety 

information after an 

MRI scan and 

enhance the patient 

safety 

CDRH-FDA 

(2003), 

ICNIRP 

(2004), IEC 

60601-2-33 

(2010) 

 

13 Gorny et al 

2013 

-1.5 T and 3 T 

MRI systems 

(GE healthcare, 

USA) 

-For the 1.5 T, 

quadrature coil 

-For the 3 T, 

split head coil 

DBS implant The DBS implants 

were positioned in 

the subthalamic 

nucleus in the pig 

and similar location 

in the phantom to 

mimic the human 

insertion setup 

-Heating 

measurements 

-A head and trunk 

phantom 

-Animal (pig) 

-Fluoroptic sensor 

(model 750, 

Luxtron, USA) 

The maximum 

heating observed 

in the pig during 

low SAR testing 

was 0.46 °C and 

during the high 

SAR was 2.3 °C 

at 3T scanners. 

1.5T and 3T systems 

showed heating of 

less than 0.460C 

using GRE EPI and 

inversion recovery 

FSPGR. More 

research has to be 

made in order to 

ASTM 

Standard 

F2182, 

2011a, IEC 

60601-2-33, 

1995 revised 

2002 
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-SE, 3D 

inversion 

recovery 

FSPGR, 

MPRAGE and 

EPI 

Phantom testing 

showed 2.56 °C 

and 1.83 °C for 

the high SAR 

sequence at 1.5T 

and 3T scanners, 

respectively, and 

0.17 °C and 0.27 

°C for the low 

SAR sequence at 

1.5T and 3T 

scanners, 

respectively 

study the safety of 

scanning patients 

with DBS implants 

14 Eryaman et 

al 2013 

-3 T MRI system 

Trio (Siemens, 

Germany) 

-Dual-drive 

birdcage RF coil. 

-GRE sequence 

DBS lead The DBS leads were 

positioned in two 

different 

measurements to 

extend out the 

cylindrical phantom 

(narrow placement) 

and in the third 

measurement to be 

confined within the 

phantom (wide 

placement) 

-Temperature 

measurements 

-Animal 

experiment 

-Commercial 

cylindrical 

phantom (Dr. 

Oetker Jello, 

Turkey) 

-Fibre optic probes 

(Neoptix Inc., 

Canada) 

-Utilizing dual-

drive birdcage RF 

coil to manually 

control the 

distribution of the 

electric field 

minimises the 

temperature of the 

lead and the tip to 

less than 0.3 °C 

(4.4 W/Kg SAR). 

-Utilizing 

quadrature 

excitation 

Animal and phantom 

tests showed that the 

application of dual-

drive birdcage RF 

coil leads to reduced 

heating on the top of 

DBS metallic leads 

N/A 



University College London                                               Hassan Hawsawi 104 

increases the 

temperature to 

more than 4.9 °C 

15 Kahan et al 

2015 

-1.5 T Avanto 

(Siemens, 

Germany) 

-3 T Trio 

(Siemens, 

Germany) 

-Head TR/R coil 

-Body transmit 

coil 

-Head 12 

channel receive 

coil 

-TSE sequence 

DBS electrodes Two DBS implants 

were inserted in the 

region of the nuclei 

through the drilled 

burrholes in the 

phantom 

-Heating 

calculations 

-Effect of phantom 

position in the body 

transmit coil. 

-IPG function 

during the 

acquisition 

-Phantom (poly-

methyl 

methacrylate) 

contains head and 

torso 

-Fibre optic 

thermometer 

(Neoptix, 

Canada)- 

-IPG (Medtronic 

ActivaPC, USA) 

During TSE 

sequence, head 

SAR was 0.2 

W/Kg and the 

heating ranges 

from 0.45 °C to 

0.79 °C using 

1.5T MRI scanner 

and 1.25 °C to 

1.44 °C using 3T 

MRI scanner 

3T MRI system 

induces heating that 

exceeds the 

international 

guidelines when 

using DBS system 

compared to 1.5T that 

can be safer to utilize 

even in case of poor 

patient positions 

ASTM 

(2002), 

Medtronic 

(2010), HPA 

(2008) 

16 Franceschi et 

al 2016 

-1.5 T MRI 

Avanto 

(Siemens, 

Germany). 

-1.5 T MRI Aera 

(Siemens, 

Germany). 

-TR/R head coil. 

-MPRAGE and 

T2-weighted  

DBS electrode 29 patients were 

implanted: 25 

patients implanted in 

the subthalamus and 

4 patients implanted 

in the globus pallidus 

-SAR 

measurements  

-Image quality 

-29 Patients - In the Avanto 

system, the 

average SAR 

using MPRAGE 

sequence was 

0.114±0.021 

W/Kg. In the 

Aera system using 

MPRAGE, the 

average SAR was 

0.09± 0.001 

If optimised imaging 

routine that reduces 

SAR values was 

implemented, DBS 

imaging can be 

performed without 

adverse events 

N/A 
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W/Kg. In the 

Aera system, the 

average SAR 

using 

T2-weighted 

sequence was 

1.037 ± 0.214 

W/Kg using 

Avanto system 

and 0.828± 

0.091W/Kg using 

Aera system 

17 Sammartino 

et al 2016 

3 T MRI system 

Signa (GE, 

USA) 

-Head TR/R coil 

-Transmit Body 

coil 

-Head receive 

coil 

-T2 weighted 

FRFSE 

3D fast spoiled 

gradient 

recalled. 

-GE-EPI 

DBS implants The DBS implants 

are placed in the 

head region of the 

phantom in the z-

direction to mimic 

the human surgical 

implantation 

-Temperature 

measurements 

-Phantom 

(contains head and 

torso). 

-10 patients 

-IPG (Activa, 

Medtronic inc, 

USA) 

Heating was 0.6 

°C when using 

body transmit coil 

with head receive 

coil. All the used 

sequences here 

produced heating 

of less than 1 °C 

This study is possibly 

the first to study the 

clinical safety of 

using 3T MRI 

scanner for DBS 

implanted patients. 

More safety tests are 

required to assess and 

confirm research 

findings 

Medtronic 

(2015) 
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-Point resolved 

single voxel 

spectroscopy 
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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 

(Carmichael et al., 2008). 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 1.5 T MR scanners (Carmichael 

et al., 2010) and with the use of 3T MRI systems (Carmichael et al., 2008, 2010; Boucousis 

et al., 2012; Ahmadi et al., 2016). In addition, studies by Shellock (2001), Nyenhuis et al. 

(1999) and Bhattacharyya (2017) 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 2.1.  

Other groups (Angelone et al., 2004; Jorge et al., 2015; Angelone et al., 2010a, 2010b) 

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) (2007). Another technique known as finite 

element method (FEM) was used to study the heating effect on DBS electrodes (Serano et 

al., 2015; Golestanirad et al., 2016a, 2016b, 2017, 2018, 2019a) and on and leads 

(Golestanirad et al., 2019b). The summaries of the safety studies using computer simulation 

techniques when placing EEG, implants and DBS electrodes in MRI are found in Table 

2.3. 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 (Angelone et al., 2004; Serano et al., 2015). 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. 
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Table 2.3 Summaries of MR safety studies using computer simulation for studying the use of EEG and DBS electrodes inside the MRI. The studies are ordered 

chronologically. The scanner’s field strength ranges from 1.5T to 7T and the protocols are gradient echo (GE), T1, T2, spoiled gradient recalled acquisition (SPGR) and 

magnetization prepared rapid gradient echo (MPRAGE) The safety hazards in the table are mostly 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 computer simulation techniques are finite difference time domain (FDTD), finite element 

method (FEM) and method of moments (MoM). The safety standard is related to the source of safety criteria that have been followed by the study. 

No. Study MR scanner 

and scanning 

protocols 

Type of 

electrode(s) / 

implantations/ 

No. of contacts 

Positions and 

orientations of 

the electrodes 

Safety 

hazard(s) 

considered 

Methodology 

(Test object and 

temperature 

measurement 

device) 

Observations Conclusions and 

recommendations 

Safety 

standard: 

(reference 

and 

guidelines) 

1 Angelone 

et al 2004 

-1.5 T MRI (GE, 

USA) 

-3 T MRI Trio 

(Siemens, 

Germany). 

-Quadrature 

TR/R head coil 

-Surface coil 

-T1 weighted 3d 

SPGR (in 1.5T) 

-T1 weighted 

MPRAGE (in 

3T) 

124 electrodes The positions of the 

electrode and their 

leads were designed 

and applied in 3d 

software and FDTD 

simulation platform 

SAR 

calculations 

-XFDTD 

(REMCOM Co., 

USA) 

-Fastrack 3D 

digitizer (Polhemus, 

USA) 

-Scan 4.2 software 

(Compumedics, 

USA). 

-3DSpaceDx 

program 

(Neurosoft–

Compumedics, 

USA). 

-Head 

computational 

-SAR values using the 

quadrature coil are 

significantly higher than 

that using surface coil.  

-Compared to the 

reference values at 300 

MHz, the simulation 

showed 4 times rise in 

average SAR of the bone 

marrow, 7 times of the 

skin and 5 times of the 

entire head 

The existence of EEG 

electrodes and wires 

with application of 300 

MHz can increase the 

average SAR up to 172 

times. When applying 

RF exposures to EEG 

electrodes and cables, it 

is significant to reduce 

the SAR values to 

appropriate levels 

NCRP. 

(1981), FDA 

(2003) 
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models were 

extracted from two 

human subjects 

2 Yeung et 

al 2007 

-1.5 T System 

Signa (GE, 

USA) 

-Body RF 

transmit coil 

-Fast GE 

sequence 

 

Conducting wire The implants were 

positioned in medial 

position in the head 

region inside the 

phantom 

-Heating 

measurement

s (SAR) 

-Phantom (3d 

computational 

model) 

-Method of 

moments (MoM) 

EM field solver 

FEKO (EM 

software, USA) 

-Fibre optic 

thermometer (Fisco 

Technologies, 

Canada) 

The temperature increase 

can be reduced if the wire 

length is reduced to less 

than 0.6 m and from about 

2.4 m to 3 m. Furthermore, 

temperature increase can 

be decreased in case of 

using phantom (with 

similar density as the soft 

tissues) if the wire 

placement is higher than 

0.4 m and less than 0.13 m  

With the specified 

method, SAR safety can 

be achieved by proper 

estimation of heating 

change 

US-FDA 

(1998), IEC 

60601-2-33 

(2002) 

 

3 Angelone 

et al 

2010a 

-3 T MRI 

system 

-Birdcage RF 

coil (16 rods) 

DBS implants Two DBS implants 

(with 19 leads each) 

were placed to 

simulate the right 

and left subthalamic 

nucleus of the 

human brain  

-SAR 

calculations 

-Coil 

coupling 

-Effect of 

EM on lead 

resistivity 

-3d computational 

head model 

-XFDTD software 

(Remcom Co., 

USA) 

Significant differences can 

be seen between 1 g 

averaged SAR and 10 g 

averaged SAR as result of 

EM simulations with 

respect to the electrode 

setup. With electrode 

leads, 1 g averaged SAR 

was 1080 W/Kg and 10 g 

averaged SAR was 120 

W/Kg on the electrode tip. 

On the other hand, the 

The results suggest that 

local SAR is important 

indication for safety of 

using DBS. The results 

can be used to improve 

the design and 

utilization of electrode 

lead  

IEC-60601-

2-33 (2002), 

NCRPM 

(1981) 
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results became very 

similar without electrode 

leads, 1 g averaged SAR 

was 0.5 W/Kg and 10 g 

averaged SAR was 0.6 

W/Kg on the electrode tip  

4 Angelone 

et al 

2010b 

-1.5 T (GE, 

USA) 

-Quadrature 

birdcage RF 

transmit/receive 

head coil 

-T1-weighted 

3D-SPGR,  

EEG electrode  19 and 32 EEG 

electrodes were 

placed on the head 

following the 

international 

standard 10–20  

-SAR 

calculations 

-Antenna 

performance 

(dipole and 

mobile 

phone) 

-3d computational 

head model 

-XFDTD software 

(Remcom Co., 

USA) 

-Circuit Maker 

(Altium Inc., USA) 

The results showed 20% 

differences in the whole 

head SAR and 10g 

averaged SAR values in 

EM simulations with and 

without EEG leads. The 

values of the peak 1 g 

averaged SAR and 10 g 

averaged SAR were less 

than the ICNIRP and IEEE 

safety criteria 

The results confirm the 

effect of the RF field on 

the EEG electrodes that 

can vary depending on 

the geometry of the 

EEG equipment and 

leads as well as their 

conductivity. 

NCRP 

(1981), 

ANSI 

Standard 

C95.1 

(1982), 

(ANSI)/ 

IEEE 

standard 

C95.1 

(2006) 

IEEE 

standard 

1528 (2003), 

ICNIRP 

(1998), FCC 

(2001), 

IEEE 

Standard 

P1528 

(2009) 
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5 Cabot et 

al 2013 

-1.5 T MRI 

scanner  

-Birdcage RF 

coil (16 rungs) 

DBS electrode The implants were 

placed inside the 

head of the 3d   

computational 

model. Two types of 

implant lead 

configuration were 

used: 1-Straight. 2- 

Helical.   

-SAR 

calculations 

-Temperature 

measurement

s 

-ELIT1.5 phantom 

(3d computational 

model) 

-SEMCAD X V14 

(FDTD) 

-Four 3d 

computational 

human models: 

Billie, Duke, Ella 

and Fats 

 

Four-tier approach has 

been performed. Tier 1 has 

the highest overestimation 

of heating elevation and 

the safety margin used. 

Tier 2 has lower 

overestimation and safety 

margin than tier 1, tier 3 is 

lower than tier 2 and tier 4 

is the lowest of all. The 

results of heating 

measurements showed that 

tier 1 was 1600 °C, tier 2 

was 220 °C, tier 3 was 

1130C and tier 4 was 18 °C 

for the straight leads. For 

the helix lead, the heating 

increases were 300 °C for 

tier 1, 44 °C for tier 2, 21 

°C for tier 3 and 0.8 °C for 

tier 4 

This developed method 

presented four different 

types of overestimations 

and safety margins. It is 

recommended to use 

tier 3 and 4 for similar 

measurements. Tier 3 

summarises that straight 

DBS lead configuration 

would result in 

temperature increases of 

less than 3.5 °C and 

helix DBS lead 

configuration would 

result in temperature 

increases of 0.7 °C 

when exposed to 0.1 

W/Kg MRI sequence 

IEC 60601-

2-33 (2008), 

ISO TS 

10974 

(2012), 

ASTM 

F2182-02 

(2002), 

IEEE std 

C95.3 

(2002) 

 

6 Jorge et 

al 2015 

-Siemens 

Magnetom 7 T 

-Head only-8 Ch 

head coil 

-GRE structural 

sequence, GRE 

-Scalp easyCap 

64 Ag/AgCl ring-

type electrode. 

- EasyCap, 

(Herrsching, 

Arranged according 

to the international 

10–20 system 

-EEG cable 

noise 

contributions, 

-

Electromagn

-Agar Gel Phantom 

-SEMCAD (FDTD) 

-3d scalp EEG 

model 

The temperature probe at 

the top of the phantom 

measured temperature 

increases from 19.7 to 20.0 

°C when applying GE and 

then 20.3 °C when 

The proposed setup is 

appropriate for 

simultaneous EEG-

fMRI at 7T 

Following 

published 

papers 
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B0 field map, 

and SA2RAGE 

for B+
1 mapping 

Germany). The 

cap consists of 64 

Ag/AgCl 

electrodes. 

One of these 

electrodes was 

positioned on the 

back of the head 

for the recording 

of 

electrocardiogram 

(ECG) 

etic 

simulations 

-Temperature 

measurement

s 

-MRI data 

quality 

-EEG and 

fMRI data 

-3d computational 

human models: 

Duke 

 

applying SE. The heating 

increase on the EEG 

electrodes was 18.2 to 18.7 

°C using GE and then to 

19.1 °C using SE. EEG 

amplifiers showed 

significant heating of 21.4 

to 25.8 °C in GE sequence, 

and 27.9 °C during SE 

sequence 

7 Serano et 

al 2015 

-3 T MRI 

system Skyra 

(Siemens, 

Germany) 

-RF transmit 

coil 

-DBS implants 

-Polymer thick-

film (PTF) 

implants 

The electrodes were 

placed in the head 

through burr holes to 

simulate the clinical 

setup 

-Electrical 

conductivity 

measurement

s 

-SAR 

averaged 

over 10 g of 

tissue 

calculations 

-Temperature 

measurement

s 

-Phantom 

-Fibre optic 

temperature 

thermometer 

(Neoptix Inc., 

Canada) 

-IPG (Activa, 

Medtronic, USA) 

Heating calculations in 

computer simulation 

technique of FEM showed 

three times decrease 

compared to the 

experimental 

measurements using DBS 

electrodes  

PTF electrodes were 

tested after being 

designed after computer 

simulation and showed 

heating less than the 

Medtronic implants. 

The use of physical 

vapor deposition 

created wires might 

allow safe use of MRI 

for patients with DBS 

electrodes 

ASTM- 

F2503-13 

(2015), 

Medtronic 

(2010), 

ASTM-

F2182-11 

(2011), 

ANSI-

AAMI-ISO-

14708 (2-

14), 

IEC-60601-

2-33 (2002), 
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Medtronic 

(2014) 

8 Golestani

rad et al 

2016a 

-1.5 T and 3 T 

MRI scanners 

-Head RF coil 

-All of these 

were used in 

finite element 

model (FEM) 

computer 

simulations. 

-Different SAR 

with sequences 

 

DBS electrode 

(3D computer 

design) 

DBS electrodes were 

positioned in 5 head 

models: A- Eight-

shape loop placed 

laterally. B- Semi-

circular loop placed 

laterally. C- Semi-

circular loop placed 

axially on the top. 

D- Without loop, 

short lead length 

(39cm). E- Without 

loop, long lead 

length (50cm) 

-Local SAR 

calculations 

-ANSYS Electronic 

Desktop 16.2 

(ANSYS, USA) 

 

The calculated local SAR 

values using FEM were as 

follows: 

 Model A: 18.7±4.9 W/Kg, 

model B: 2.1±0.4 W/Kg, 

model C: 46.2±16.8 W/Kg, 

model D: 207.3±68.7 

W/Kg and model E: 

317±100.5 W/Kg 

At 3 T (127 MHz), the 

SAR values can be 

reduced by proper 

placement of the 

electrode lead. For 

better surgical 

outcomes, more lead 

placement 

managements with 

extensive uncertainty 

assessment are 

recommended 

Medtronic 

(2015), 

US-FDA 

(2015), 

IEEE-

P1528.4/D1.

0. (2014), 

ISO/TS 

10974. 

(2012) 

9 Golestani

rad et al 

2016b 

-1.5 T MRI 

scanner 

-Designed linear 

RF transmitter 

birdcage that has 

mechanical 

rotation 

capability. 

-Close-fit 32 

channels receive 

array 

DBS electrode DBS electrodes were 

positioned inside the 

computational 3d 

head model inside 

the designed rotating 

birdcage coil 

-Local SAR 

calculations 

-Phantom 

-3D computer 

designed head 

model. 

-ANSYS high 

frequency structure 

simulator (ANSYS, 

USA) 

-ANSYS Designer 

- ANSYS circuit 

analyser 

Null electric field area in 

1.5 T can fit the DBS leads 

with different distributions 

and loops. Maximum SAR 

(1 g) of about 1200 W/Kg 

can be seen in the 0°-

orientation using the 

rotating birdcage coil and 

receive array and the 

minimum was 2 W/Kg in 

75°. The SAR value can be 

Designed linear RF 

transmitter birdcage 

with mechanical 

rotation capabilities and 

close fitting receive 

array 32 channel are 

new systems that might 

enhance the scanning 

for the patients 

implanted with DBS 

electrodes 

Medtronic 

(2015), 

IEEE-

P1528.4/D1.

0. (2014) 
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 reduced when inserting the 

receive array with the 

other coil 

10 Golestani

rad et al 

2017 

-1.5 T MRI 

scanner 

-Designed linear 

polarized RF 

transmitter 

birdcage that has 

mechanical 

angular rotation 

(Reconfigurable 

coil). 

-Close-fit 32 

channels receive 

array  

DBS electrode DBS electrodes were 

positioned the head 

model inside the 

designed rotating 

birdcage coil. The 

leads were 

distributed in 9 

configurations in a 

patient extracted 

head model. 10 Coil 

settings were used 

-Local SAR 

calculations 

-Image 

quality 

-Anthropomorphic 

phantom 

-3D computer 

designed head 

model. 

-ANSYS high 

frequency structure 

simulator (ANSYS, 

USA) 

-ANSYS Designer 

- ANSYS circuit 

analyser 

 

Heating in the head 

phantom during 15 

minutes of scanning with 

the reconfigurable coil was 

less than 2 °C. Maximum 

SAR of about 1414.8 

W/Kg can be seen in the 

0° orientation using the 

linear polarized rotating 

birdcage coil and the 

minimum was 4.9 W/Kg in 

600. Using the circular 

polarized rotating birdcage 

coil with the DBS implant 

produced SAR of 534.3 

W/Kg and without the 

DBS implant 0.9 W/Kg 

The use of linearly 

polarized RF transmitter 

birdcage with 

mechanical rotation 

capabilities and close-fit 

receive array 32 channel 

are useful to perform 

high resolution 

scanning for the 

patients implanted with 

DBS electrodes. 

More research is 

recommended to 

confirm their 

application 

Medtronic 

(2003), 

Medtronic 

(2015), 

IEEE-

P1528.4/D1.

0. (2014) 

 

11 Corcoles 

et al., 

2017 

-3 T MRI 

-RF high-pass 

birdcage coil 

 

-DBS implant 

 

The 3d model Duke 

was implanted with 

the DBS electrode 

placed to mimic the 

clinical way. Two 

routing groups were 

tested; right and left. 

-RF heating 

measurement

s 

-Determining 

the RF 

heating worst 

-3d computer 

designed human 

model (Duke) 

-SEMCAD-X 

(FDTD) simulation 

platform (SPEAG, 

Switzerland) 

SAR limits reached when 

using 32 channel coil, right 

DBS routing and first 

level-controlled mode. 

Estimating the RF 

heating worst case 

depends on the 

following factors: 

“excitation factor, RF 

transmitter 

configuration, imaging 

IEC 60601-

2-33 (2010), 

ISO/TS 

10974. 

(2015) draft 
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The coils tested 

were: 2,4,6,8,16,32 

channels. Two 

operating modes 

were tested: normal 

and first level 

controlled 

case for DBS 

implant 

position, implant 

feature, implant 

location within the 

body, patient anatomy, 

power limitations, etc”. 

12 Golestani

rad et al 

2018 

-1.5 T MRI 

-3 T MRI  

-Head coil 

-Body coil 

 

-Implantable 

cardioverter 

defibrillator 

(ICD) implants 

with their leads 

were implanted in 

6 patients and 

some of the leads 

were retained 

inside these 

patients after 

transplant 

surgery. These 

leads were 3d 

modelled for 

FEM simulations 

 

All the retained 

leads were located in 

the chest area. The 

SAR calculations 

were based on 

selected landmarks: 

Lateral neck (L1), 

neck (L2), mid-chest 

(L3), mid-torso (L4) 

perineum and 

umbilicus region 

(L5), lateral waist 

and arms (L6), 

lateral buttocks and 

wrists (L7), legs 

(L8), foot (L9) 

-Heating 

measurement

s (SAR) 

-3D computer 

designed lead 

trajectories and 

head models. 

-ANSYS high 

frequency structure 

simulator (ANSYS, 

USA) 

-ANSYS Designer 

-Fluroptic 

temperature probe 

(OSENSA, Canada) 

 

Using head coil showed 

Max 1g SAR of 1 W/Kg 

for 1.5T and below 4 

W/Kg for all patients. 

Using body coils, all 

patients at both 1.5 and 3T 

showed Max 1g SAR 

(lead) of lower than Max 

1g SAR (body) for L5 

region.  At 1.5 and 3T, 

Max 1g SAR (lead) 

increased in L3, L4 and 

L2. At L6 for 1.5T, the 

Max 1g SAR (lead) 

dropped by 98% and 99% 

for 3T 

The computer 

simulation of the 6 

models that represent 

the patients suggested 

that MRI can be 

performed safely using 

head coil at both 1.5 

and 3T. In addition, the 

body coil can be used 

safely when applying 

B1+of less or equal 4uT 

at 1.5T and less or equal 

2uT at 3T 

ASTM 

F218-11 

(2011), FDA 

(2017), 

ASTM 

F2182-02a 

(2004), 

IEEE 

P1528.4TM/

D1.0. (2014) 

13 Golestani

rad et al 

2019a 

1.5 T MRI 

Avanto 

-Bilateral DBS 

implants 

All 18 lead models 

were extracted, 

segmented, designed 

-SAR 

calculations  

-3D computer 

designed lead 

At the tip of the DBS 

electrode, higher 

MaxSAR1g in the 

Modifying leads 

trajectory can reduce 

ISO TS 

10974_2018

(2017), 
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(Siemens, 

Germany) 

-3 T MRI TIM 

Trio (Siemens, 

Germany). 

-Low-pass 

transmit head 

only coil 

-RF high-pass 

birdcage body 

coil 

and modelled from 

CT images of 9 

patients. These leads 

were ipsilateral and 

contralateral in the 

3d head model   

-Heating 

measurement

s  

trajectories and 

head models. 

-ANSYS high 

frequency structure 

simulator (ANSYS, 

USA) 

-ANSYS Designer 

-Fluroptic 

temperature probe 

(OSENSA, Canada) 

 

contralateral configuration 

than the ipsilateral 

configuration for both 

head and body coils and 

both 1.5T and 3T 

the heating on wires and 

DBS electrodes.   

Medtronic 

(2017), 

IEEE 

P1528.4TM/

D1.0. 

(2014), U.S. 

FDA (2015) 

14 Golestani

rad et al 

2019b 

-1.5T MRI 

Avanto 

(Siemens, 

Germany) 

-3 T MRI TIM 

Trio (Siemens, 

Germany). 

-Body coil 

 

-Lead wires of 40 

cm varnished Ga-

22 copper  

-High dielectric 

constant (HDC) 

material that 

coats these 

copper wires 

-four leads were 

made: wires 

inserted into an 1) 

empty rubber 

tube, 2) HDC 

filled rubber tube, 

3) An empty 

conducting 

All the leads were 

implanted into a 

head phantom 

through the gel 

forming galvanic 

connections with the 

gel  

-Heating 

measurement

s (SAR) 

-Anthropomorphic 

head phantom 

-3D computer 

designed head 

model. 

-ANSYS high 

frequency structure 

simulator (ANSYS, 

USA) 

-ANSYS Designer 

-Fluroptic 

temperature probe 

(OSENSA, Canada) 

 

Experimental temperature 

measurements at 1.5 T 

showed maximum heating 

values at the tip of the 

following leads: 16 °C at 

the empty rubber tubing, 

19 °C at the HDC tubing, 

15°C at the silicon tubing 

and 0.9 °C at the leads that 

contained high-dielectric 

capacitive bleeding of 

currents (CBLOC). The 

computer simulation at 

1.5T showed maximum 1 

g average SAR of 85 

W/Kg for the rubber 

Reduced heating on 

implanted leads can be 

achieved (20-fold and 

40-fold less at 1.5 T and 

3 T, respectively) if the 

leads are covered with 

HDC material when 

applying CBLOC 

Medtronic 

(2015), 

Medtronic 

(2017) 
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silicon tube, and 

4) HDC filled 

silicon tube 

tubing, 118 W/Kg for 

HDC tubing, 82 W/Kg for 

the silicon tubing and 8 

W/Kg for the CBLOC. At 

3T the experimental 

maximum heating and the 

computer simulation 

maximum 1 g average 

SAR values were lower 

than 1.5 T. 
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Animal testing in-vivo was performed by (Ciumas et al., 2013; Gorny et al., 2013; Shrivastava et 

al., 2010, 2012; Eryaman et al., 2011, 2013) 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 2.1. 

2.7 General conclusions on minimizing the additional health risks 

associated with simultaneous EEG-fMRI 

It must be emphasised 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 labelled 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 specialised centres 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 or 

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 
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sequence, etc. In the specific case of icEEG-fMRI, no ‘MR-compatible’ EEG equipment solution 

is available on the commercial market (as of July 2021) and therefore the type of guidance 

described above (for scalp EEG) does not exist. Secondly, I 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 (Carmichael et al., 

2010; Boucousis et al., 2012).   

• Excessive heating is more likely to occur when using body transmit RF coils than localised 

(e.g. head) transmit coils (Carmichael et al., 2008, 2010, 2012). 

• Noxious effects are usually reduced by placing all leads and cables along the scanner’s 

central axis (Carmichael et al., 2010; Boucousis et al., 2012).  
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2.8 Electromagnetic computational simulations 

In this part, I introduce the subject of computational electromagnetic (EM) simulation as applied 

in this PhD research. Computational EM simulations offer the possibility of performing safety 

investigations and allowing the consideration of a variety of experimental and clinical scenarios 

(electrode configuration, subject model, scanner design, field strength, sequence, etc) the testing of 

which could be time-consuming (Angelone et al., 2004; Serano et al., 2015; Hawsawi et al., 2017). 

The benefits of EM computational simulations are reliant on two considerations: computational 

memory and power and, most significantly, computational model accuracy. Therefore, 

computational simulations can be effective when the model has been subjected to extensive 

realistic and empirical validations (Hawsawi et al., 2017). 

In the following subsections, I will present the physical theory and mathematical and computational 

techniques that are related to the EM computational simulations in general and then focus on the 

technique of finite difference time domain (FDTD), which is the core of my EM research. 

2.8.1 Maxwell equations and EM simulation techniques  

Four laws have been derived based on the experimental observations of the electromagnetic 

phenomenon are: Ampere’s law, Faraday’s law, Gauss’s law of electric field and Gauss’s law of 

magnetic field. These laws were subsequently improved by the discovery of the asymmetry in the 

electric and magnetic field by James Clerk Maxwell.  

Ampère's circuital law (equation (2.11)) is used to quantify the relationship between the magnetic 

field and the electric currents flowing through the surface of a closed loop (Kunz & Luebbers, 

1993). Maxwell introduced the term displacement current (�⃑⃑� ) to Ampere’s circuit law 

(Bécherrawy, 2013) (see equations (2.12) and (2.13)) integral and differential forms). The addition 

of �⃑⃑�  led to the modification of Faraday’s law because Ampere’s law shows that the electric change 

produces magnetic field and vice versa as in Faraday’s law (Bécherrawy, 2013).  

 

∮
𝑐
�⃑� . 𝑑𝑙 = 𝜇0 ∬𝑠

 𝐽  . 𝑑𝑠 = 𝜇0 𝐼 (2.10) 
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Where 𝐽  is the displacement current density that is expressed in terms of rate change of the 

displacement current (
𝜕

𝜕𝑡
�⃑⃑� ) in A/m².  𝐽  is equal to the electrical conductivity (σ) multiplied by �⃑� , 

which represent Ohm’s law: 

𝐽 = 𝜎�⃑�  (2.11) 

 

Ampère's law with Maxwell's correction (equation (2.13) and (2.14)) embodies the fact that the 

magnetic field (�⃑⃑� ) rotates around the currents (𝐽 ) and the rate of change of the displacement current 

(
𝜕�⃑⃑� 

𝜕𝑡
).  

Faraday’s law of induction is used to show the relationship between the rate of change of the 

magnetic flux (−
𝜕

𝜕𝑡
�⃑� ) in the surface (S) and the non-conservative electric field (�⃑� ) around a closed 

contour or loop (C). The Faraday’s law of induction is expressed in both integral and differential 

forms in equation (2.15). These equations mean that the circulating electric field (�⃑� )  induces time 

changing magnetic field  �⃑�  and vice versa. 

Gauss’s law (equation (2.16)) deals with the electric current flow on a closed surface that results 

from the inner distributed electric charge (Bécherrawy, 2013). In this law, the sign of electric 

charge will determine the direction of the electric fields; the positive charge means the electric 

fields will diverge, the negative charge means the electric field will converge and if there are no 

charges (𝑞 = 0) then the electric field forms a loop. 

Gauss’s law for magnetism (equation (2.17)) is related to the fact that the number of magnetic field 

lines accessing and exiting a closed surface is equal in the absence of magnetic charges; the flux 

of B field through a closed volume is zero (Bécherrawy, 2013). 

Maxwell’s equations (the integral and the differential forms) are shown in Table 2.4.  
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Table 2.4: Maxwell's equations in vacuum and matter. This table lists the integral and differential equations of the Maxwell's four 

equations that are used in the electromagnetic simulation techniques. The initial c in the equations represents the closed loops and 

the s represents the surface. �⃑⃑� = 𝓔�⃑⃑� , �⃑⃑� = 𝝁�⃑⃑⃑�  and 𝑱 = 𝝈�⃑⃑� . 

Name of Maxwell’s 

equation 
Integral forms Differential forms Equation No. 

Ampère's law with 

Maxwell's 

correction 

∮
𝑐
�⃑⃑� . 𝑑𝑙 = ∬

𝑠
(
𝜕

𝜕𝑡
�⃑⃑� + 𝐽 ) . 𝑑𝑠  ∇ × �⃑⃑� =

𝜕

𝜕𝑡
�⃑⃑� + 𝐽  (2.12) 

∮
𝑐
�⃑� . 𝑑𝑙 = ∬

𝑠
 𝜇0 (

𝜕

𝜕𝑡
�⃑⃑� + 𝐽 ) . 𝑑𝑠  ∇ × �⃑� = 𝜇0 (ℰ0

𝜕

𝜕𝑡
�⃑⃑� + 𝐽 ) (2.13) 

Faraday's law of 

induction 
∮

𝑐
�⃑� . 𝑑𝑙 = −

𝜕

𝜕𝑡
∬

𝑠
 �⃑� . 𝑑𝑠  ∇ × �⃑� = −

𝜕

𝜕𝑡
�⃑�  (2.14) 

Gauss's law ∯
𝑠
�⃑⃑� . 𝑑𝑠 = ∭

𝑉
 𝑞 𝑑𝑣 ∇. �⃑⃑� = 𝑞 (2.15) 

Gauss's law for 

magnetism 
∯

𝑠
�⃑� . 𝑑𝑠 = 0 ∇. �⃑� = 0 (2.16) 

 

Where 𝛻 is the curl operator, �⃑�  is the electric field strength and its unit is V/m, �⃑⃑�  is magnetic field 

strength and its unit is A/m, 𝐽  is electric current density (unit V/m2),  �⃑⃑�  is the electric flux density 

in unit As/m² or C/m² and �⃑�  is the magnetic flux density in unit Vs/m² or tesla (T). In addition, q 

is the electric charge density, q* is the magnetic charge density and 𝑑𝑙  and 𝑑𝑠  are the infinitesimal 

factor of the closed loop and the vector area of the infinitesimal factor of the surface, respectively. 

ℰ is electric permittivity in unit (F/m) and 𝜇 is the magnetic permeability in unit (H/m) or (N/A2). 

Maxwell’s curl equations (2.18) and (2.19) can be transformed to provide solutions of the electrical 

field (E) and magnetic field (H) components in the frequency and time domain.  

In the frequency domain, there are several methods that can be used for solving Maxwell’s integral 

equations such as finite element method (FEM), method of moment (MoM), fast multipole methods 

(FMM). In time domain, there is one method used to solve the integral equations: finite integral 

technique (FIT) and two methods that solve the differential Maxwell’s equations: transmission line 

matrix (TLM) and finite-difference frequency-domain (FDFD).  
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2.8.2 Finite difference time domain (FDTD) numerical analysis technique 

The work presented in this thesis is based on the FDTD method due to the use of the Sim4Life3 

computational simulation software (ZMT Zurich MedTech AG, Zurich, Switzerland). In this 

section, I will provide an overview of its algorithmic principles. 

FDTD is a computational technique based on discretisation of Maxwell’s differential forms in 

space and time and applied widely in EM fields due to its speed and simplicity compared to the 

other simulation methods (Kunz & Luebbers, 1993; Gedney, 2010); this is the method used in, 

Sim4Life (ZMT Zurich MedTech AG, Zurich, Switzerland), Iumerical (Iumerical Inc., Vancouver, 

BC, Canada), XFdtd (Remcom, State College, PA, USA) and QWED (Warsaw, Poland) software 

packages. In addition, the FDTD method is particularly well suited for resolving the fine details of 

small materials and able to deal with inhomogeneous and complex materials (Gedney, 2010). 

In the 1960s, Yee (1966) proposed an iterative method that discretizes the electric and magnetic 

field components in a 3D space and time domains (Sheng and Song, 2011) in order to mimic the 

EM field interactions and resolve the EM Maxwell equations in the time domain (Kunz & 

Luebbers, 1993; Sakamoto et al., 2014). FDTD applies the 2nd order finite-difference method to 

discretise these equations in time and space by substituting the second derivatives with second-

order differences (Gedney, 2010). FDTD can be used to solve EM computation problems ranging 

from transmission of the EM waves with its specifications such as transmission lines and sources 

and wavelength as well as a waveguide, reception of the EM signals with the detail of detection, 

and emission, EM coupling, shielding, penetration and scattering processes, and EM 

inhomogeneity and switching (Kunz & Luebbers, 1993). FDTD can be used in MR to estimate E 

and H for RF coil design and implant safety work (Angelone et al., 2006). 

2.8.2.1 Solving Maxwell’s equations using the FDTD method  

In this part, I will explain in depth how FDTD solves Maxwell’s equations. The following 

Maxwell’s curl equations (2.18) and (2.19), which are derived from equations (2.12) and (2.14) are 

basically the basis and the start of this method: 

 
3 This software was chosen (by professor Lemieux) in view of its use for excellent, recently published safety work on 

scalp EEG electrodes in MR by Dr Ozlem Ipek (EPFL, Lausanne, Switzerland), an expert on EM simulations for RF 

coil design and safety, and our long-established collaborator professor Patricia Figueiredo (IST, Lisbon, Portugal).  



University College London                                 Hassan Hawsawi 124 

 

𝜕𝐻

𝜕𝑡
= −

1

𝜇
∇ × 𝐸 −

𝛿

𝜇
𝐻 (2.17) 

 

𝜕𝐸

𝜕𝑡
= −

1

휀
∇ × 𝐻 −

𝜎𝑒

휀
𝐸 (2.18) 

 

Where 𝛿  is the magnetic resistivity  𝜇  is magnetic permeability  𝜎𝑒   is the electric conductivity 

and  휀 is the electrical permittivity. FDTD can be used to solve equations (2.18) and (2.19) in the 

three-dimensional Cartesian coordinate system and this leads to the following six equations: 

𝜕𝐻𝑥

𝜕𝑡
=

1

𝜇
[
𝜕𝐸𝑦

𝜕𝑧
−

𝜕𝐸𝑧

𝜕𝑦
− 𝛿𝐻𝑥] (2.20) 

𝜕𝐻𝑦

𝜕𝑡
=

1

𝜇
[
𝜕𝐸𝑧

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑧
− 𝛿𝐻𝑦] (2.19) 

𝜕𝐻𝑧

𝜕𝑡
=

1

𝜇
[
𝜕𝐸𝑥

𝜕𝑧
−

𝜕𝐸𝑦

𝜕𝑥
− 𝛿𝐻𝑧] (2.20) 

𝜕𝐸𝑥

𝜕𝑡
=

1

휀
[
𝜕𝐻𝑧

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
− 𝜎𝑒𝐸𝑥] (2.21) 

𝜕𝐸𝑦

𝜕𝑡
=

1

휀
[
𝜕𝐻𝑥

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑥
− 𝜎𝑒𝐸𝑦] (2.22) 

𝜕𝐸𝑧

𝜕𝑡
=

1

휀
[
𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
− 𝜎𝑒𝐸𝑧] (2.23) 

 

As can be easily gathered, equations (2.20-2.22) are derived from equation (2.18) and equations 

(2.23-2.25), from equation (2.19). Solving these equations allows a discretized estimation of the 

EM fields and their interactions with 3D object within the designated space (Yee, 1966; Narayan 

et al., 2017).  

Figure 2.8 shows the Yee cell geometry. It is a 3D space or a grid divided into discrete, coupled 

and staggered cells. The Yee cell forms the FDTD space and inside that are the components of E 

and H within the Cartesian axes. Each component is allocated in a different grid; The E components 

are in the primary grid and H components are in the secondary grid (see Figure 2.8). In addition, 

each component of E (in x, y and z) is surrounded by four circulating H component (in x, y and z) 

and vice versa (Taflove & Hagness, 2005; Narayan et al., 2017) and allocated to a space point (i, j, 
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k) in the Cartesian axis (see Figure 2.8). For example, for the grid location (i+1/2,j,k), the four 

circulating components of Ex are: 𝐸𝑧𝑖+
1

2
,𝑗−

1

2
,𝑘

, 𝐸𝑦𝑖+
1

2
,𝑗,𝑘+

1

2

, 𝐸𝑧𝑖+
1

2
,𝑗+

1

2
,𝑘

 and 𝐸𝑦𝑖+
1

2
,𝑗,𝑘−

1

2

. 

In this framework, the components of E are computed at integer time steps and the components of 

H, at half time steps. Initially, the Cartesian components of E are unknown at the primary grid and 

H components are unknown at the secondary grid.  

Applying the second-order finite-difference approximation to discretise Maxwell’s curl equations 

(2.18) and (2.19) in time and space, results in the two following derivatives: (2.26) being related to 

space and (2.27), to time: 

 

𝜕𝐹(𝑖, 𝑗, 𝑘, 𝑛)

𝜕𝑥
=

𝐹𝑛 (𝑖 +
1
2 , 𝑗, 𝑘) − 𝐹𝑛 (𝑖 −

1
2 , 𝑗, 𝑘)

Δ𝑥
+ Ο[(Δ𝑥)2] (2.24) 

𝜕𝐹(𝑖, 𝑗, 𝑘, 𝑛)

𝜕𝑡
=

𝐹𝑛+1/2(𝑖, 𝑗, 𝑘) − 𝐹𝑛−1/2(𝑖, 𝑗, 𝑘)

Δ𝑡
+ Ο[(Δ𝑡)2] (2.25) 

 

where Fn is a function in space and time (representing E or H fields), Δx is an increment of space 

and n. Δt is an increment of time, (i, j, k) are indices representing a space point or a location (in x, 

y and z directions) in Yee cell, and i, j, k, n are indices of the grid, and O[(Δx)2] are the second-

order error terms. 

A method known as Leap-frog algorithm, which was proposed by (Hussein & Sebak, 1996) is used 

for the discretisation in time and space. This discretisation process occurs in iterations and involves 

updating the results of E and H using (equation (2.26) and 2.27)) until the number of selected steps 

are satisfied. The E and H components following the Leap-frog algorithm are calculated by the 

addition of half-step in space and at alternating time steps leads to more accurate results due to the 

field parts inside the cell of the grid are slightly out of phase (Narayan et al., 2017).  

Following this, substituting the expressions for the six Maxwell’s derivatives (equations (2.20)-

(2.25)) into equation (2.27), results in the following equations for E and H (Narayan et al., 2017):  
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𝐸𝑧

𝑛+
1
2 (𝑖, 𝑗, 𝑘 +

1

2
) = 𝐸𝑧

𝑛−
1
2 (𝑖, 𝑗, 𝑘 +

1

2
) +

∆𝑡

∆𝑥√휀0𝜇0

(

 
 
 
 
 

𝐻𝑦
𝑛 (𝑖 +

1

2
, 𝑗, 𝑘 +

1

2
) −

𝐻𝑦
𝑛 (𝑖 −

1

2
, 𝑗, 𝑘 +

1

2
) −

𝐻𝑥
𝑛 (𝑖, 𝑗 −

1

2
, 𝑘 +

1

2
) +

𝐻𝑥
𝑛 (𝑖, 𝑗 +

1

2
, 𝑘 +

1

2
) )

 
 
 
 
 

 (2.26) 

𝐻𝑧

𝑛+
1
2 (𝑖 +

1

2
, 𝑗 +

1

2
, 𝑘)

= 𝐸𝑧
𝑛 (𝑖 +

1

2
, 𝑗 +

1

2
, 𝑘)

−
∆𝑡

∆𝑥√휀0𝜇0

(

 
 
 
 
 
 

𝐸𝑦

𝑛+
1
2 (𝑖 + 1, 𝑗 +

1

2
, 𝑘) −

𝐸𝑦

𝑛+
1
2 (𝑖, 𝑗 +

1

2
, 𝑘) −

𝐸𝑥

𝑛+
1
2 (𝑖 +

1

2
, 𝑗 + 1, 𝑘) +

𝐸𝑥

𝑛+
1
2 (𝑖 +

1

2
, 𝑗, 𝑘) )

 
 
 
 
 
 

 

 

(2.27) 

Following the previous step, which involves using the six Maxwell’s derivatives into equation 

(2.27), Ex, Hx, Ey and Hy are obtained (Taflove & Hagness, 2005; Narayan et al., 2017). 

 

Figure 2.8: Schematic illustration of Yee's spatial cell (Adapted from Farid et al. (2011) and (Sim4Life, 2015)). 
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2.8.2.2 FDTD numerical stability 

The time and amount of memory required for accurate and stable FDTD simulations depend on the 

cell size (Sullivan, 2013; Narayan et al., 2017). For example, in an equally spaced grid, the 

reduction in the step size of the mesh by a factor of two, leads to an increase by a factor of eight 

for the required memory space and an increase by a factor of sixteen for the computation time 

(Gedney, 2010; Sim4Life, 2015).  In addition, the time step for the convergence in FDTD depends 

on the mesh steps in the x, y and z directions (Δx, Δy, Δz) and the maximum speed of the EM in the 

medium (cmax), and follows the criterion of Courant- Friedrich-Levy, which is applied for the 

staggered grids and helps to limit the selection of the time step to control the field propagation 

inside grid unit (Gedney, 2010; Ajaib, 2013; Narayan et al., 2017). This criterion, which is applied 

for 3D grid, is expressed as follows: 

 

∆𝑡 ≤
1

𝑐𝑚𝑎𝑥√
1

(∆𝑥)2 +
1

(∆𝑦)2
+

1
(∆𝑧)2

 
(2.30) 

 

where cmax is related to µ and ε as follows:  

 

𝑐𝑚𝑎𝑥 =
1

√𝜇휀
 (2.28) 

2.8.2.3 Boundary conditions  

The FDTD computational process runs within a limited spatiotemporal domain defined by 

boundary conditions (BC). The BC can be derived from the integral forms of Maxwell equations 

that are listed in Table 2.4. BC is applied in which if for example, there is two media that are 

sharing one interface (this is can be illustrated by having two cells sharing one interface as in Figure 

2.8). The normal fields that are inside those media and the tangential ones have to satisfy the BC 

in order to achieve accurate, realistic solutions. Gauss’s laws surmise that the normal E and H fields 

are constant over the boundary. On the other hand, Ampère’s and Faraday’s laws surmise that the 

tangential E and H fields are constant over the boundary (Gedney, 2010). Using the integral forms 
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of Gauss’s law and Gauss’s law for magnetism; equations (2.16) and (2.17), respectively, from 

Table 2.4, the BCs are expressed as follows:  

�̂� . (𝐷2 − 𝐷1) = 𝑞𝑠 (2.29) 

�̂� . (𝐵2 − 𝐵1) = 0 (2.30) 

 

Where �̂� is the interface unit, which is pointed towards the second medium and 𝑞𝑠 is the surface 

charge density related to the shared interface between the media.  

Similarly, for Ampère's law with Maxwell's correction; equation (2.14), the BC is expressed as: 

 

�̂� . (𝐻2 − 𝐻1) = 𝐽𝑠 (2.31) 

 

The BC for Faraday’s law of induction is: 

 

�̂�  ×  (𝐸2 − 𝐸1) = 0 (2.32) 

 

BCs can be labelled depending on their purpose and location as either: absorbing BC (ABC), 

perfectly electric conductive (PEC) BC and perfectly magnetic conductive (PMC) BC. ABC is 

implemented as a numerical device applied at the edges of the computational space and used to 

minimize the computational errors when setting the domain of the FDTD simulation (Umashankar, 

1999) by keeping and absorbing the E and H field components from reflecting to back the “problem 

space” (Sullivan, 2013). Due to the resulted reflective errors that occurred when the conventional 

ABC was applied, another ABC was proposed by Bérenger (1994) called perfectly matched layer 

(PML). PML is an artificial layer made of an absorbing material in order to deal with more 

complicated mediums such as “anisotropic, lossy, dispersive, or inhomogeneous media” (Gedney, 

2010). Later on, another more improved PML is known as Uniaxial PML (UPML), which was 

invented by Gedney (1996) to solve the errors that appeared in PML for the lossy media (this 

medium was suggested by Sacks et al. (1995)). UPML appeared to add more efficiency in terms of 

computational memory and speed (Sim4Life, 2015; Bérenger, 2007).  
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For the PEC, which applies to metallic surfaces, E is null and for the PMC, which is applied to the 

magnetic surfaces, H is null.  

For PEC, following Gauss’s law: 

 

�̂� . 𝐷2 = 𝑞𝑠  (2.33) 

 

According to Gauss’s law for magnetism: 

 

�̂� . 𝐵2 = 0 (2.34) 

 

while Faraday’s law of induction imposes:  

 

�̂�  ×  𝐸2 = 0 (2.35) 

 

And conversely for the PMC BC (not used in this work). 
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2.8.2.4 Gridding in FDTD  

Gridding of uniform and straight geometries using Yee’s scheme and FDTD is achieved by 

discretizing them straight inside uniform rectangular cells (Figure 2.9); however, when the 

geometry is non-uniform such as in curved structures, applying the same method will lead to 

shifting the geometry and hence the grid resulting in errors (Gedney, 2010). In order to solve this 

issue, one of three approaches can be used: shifting the geometry to enable the discretization in 

uniform cells, minimising the cell size to achieve a finer gridding or using the non-uniform cell 

(staircasing) assumptions to be able to discretise the geometry (Gedney, 2010). The former 

approach results in errors since the position of the geometry might be wrong, the second approach 

requires larger memory and computational power in order to converge and the latter can be utilized 

to obtain a better result with less memory and computational power (Gedney, 2010; Sim4Life, 

2015). See Figure 2.9; example of a subdural strip icEEG electrode model Figure 2.9 (A), inserted 

inside a 3D human head model Figure 2.9 (B) and both of them then underwent the gridding process 

Figure 2.9 (C and D) and then discretization using the staircasing method. The staircasing method, 

in which the curved geometries of the icEEG electrode and the head model appear like a staircase 

(Figure 2.9 (E and F)), enables a flexible transition between the boundaries of two adjacent media 

and require dividing the cells into subcells or subgridds (Taflove & Hagness, 2005; Narayan et al., 

2017). 
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Figure 2.9: A 3D head model illustration showing the voxelization (discretization) process inside the grid. (A) The 

icEEG electrode model before voxelization. (B) The icEEG electrode model before voxelization. (C) IcEEG electrode 

model before voxelization inside the grid. The white lines represent the grids or cells and the red lines represent sub-

griding. (D) The head model before voxelization inside the grid. (E) IcEEG model after the voxelization process 

(staircasing). (F) The head model after the voxelization process (staircasing). The light blue dots are parts of the voxelized 

right ear cartilage. 

(A) 

(F) (E) 

(D) (C) 

(B) 
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2.8.3 Computational EM simulation studies for the investigation of safety in 

magnetic resonance imaging in the presence of devices placed on or inside the 

body  

Computational EM simulation studies using the aforementioned differential or integral methods 

have been applied on varieties of safety problems and few of them were involved with introducing 

metallic wires or electrodes inside the MRI. In these few studies, EM simulations were utilized to 

model electrode or wire configuration and direction, subject model, scanner design, field strength 

and sequence to assess the safety of clinical or experimental scenarios in the presence of MR. See 

Table 2.3 for a survey of the MR safety literature based on EM computational studies. It is 

important to mention that EM simulations are mostly validated with empirical measurements and 

in other cases are used in order to plan empirical measurements (this part will be explained 

following this section).  

FDTD has been used by many investigators for the safety assessments of EEG or DBS at 1.5 T 

(Cabot et al., 2013), at 3 T (Angelone et al., 2004; 2010a, 2010b; Cabot et al., 2013; Corcoles et 

al., 2017) and at 7 T (Angelone et al., 2004, 2006; Jorge et al., 2015). Angelone et al. (2004) studied 

the effect of the addition of 16, 31, 62 and 124 scalp EEG electrodes compared to a case of no 

electrodes, the positions of the EEG and the type of coil (birdcage and surface) on SAR at 128 and 

300 MHz. The group used the XFdtd software for a total grid volume of 296×296×390 mm3 and 

simulation time of 100 hours for 128 MHz and 36 hours for 300 MHz. They found that the addition 

of electrodes caused an increase in 1 g average SAR of 172 times compared to the case without 

electrodes and the use of the birdcage coil shows higher SAR than the surface coil.  In addition, 

Angelone et al., (2006) and Jorge et al., (2015) performed FDTD simulations and empirical 

temperature measurements at 7 T for temperature assessments when placing scalp EEG in MRI. 

Angelone et al.  (2006) also studied the effect of EEG lead resistivity and electrical conductivity 

on SAR as well as the effect of adding RF 10 kΩ resistor between the EEG and its leads on SAR 

distribution inside one tissue head model and transverse electromagnetic (TEM) coil using EM 

simulation XFdtd software. The simulation results showed that increasing the EEG lead resistivity 

will lead to decrease in SAR and the EEG signal. These findings of the EM simulations showed 

slightly larger SAR values than the empirical ones. However, the group found no effect on SAR 

values, which is similar in both EM simulation and empirical measurement in the case of adding 
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the 10 kΩ resistor between the EEG and its lead. They also found similar EM simulation and 

empirical measurements results at the Cz site showing the highest heating compared to the other 

EEG sites. Jorge et al., (2015) performed EM simulations using SEMCAD software (now Sim4Life) 

with the scalp EEG placed on the head of realistic human model named “Duke” inside a head coil. 

The simulation models were voxelised using the non-uniform gridding method. The research group 

found an overall decrease of 7.9% in SAR in the presence of the EEG cap compared to the case of 

no EEG cap. These EM simulation results were in contrast to the 32% increase in the presence of 

EEG, which was found by Angelone et al., (2006); however, the empirical measurement results of 

Jorge et al. were in line with Angelone et al., (2006) and showed 1 ºC increases at the EEG 

electrodes. Furthermore, other studies were focused on the analysis and assessments of B1 fields 

and SAR distributions inside 3D head models (Collins et al., 1998, 2001; Ibrahim et al., 2001, 

2007; Bit-Babik et al., 2005; Kainz et al., 2005; Jin, 1999; Gandhi & Chen, 1999; Dinbylow & 

Gandhi, 1991).   

Using the MoM simulation method, Young et al (2007) performed EM calculations at 1.5 T on 

conductive leads (wires) that were inserted inside a phantom and inside a high-pass birdcage RF 

coil to assess the heating when changing the following features: lead length, lead insertion depth, 

lead insertion inside (inside soft, fatty, bone and lung tissues) and size of the phantom using FEKO 

software (EM Software & Systems USA, Hampton, VA, USA). They also performed realistic 

temperature verifications. They found that heading can be reduced by placing the wires and the 

subject as close to the MR central Z axis, shortening the length of these wires to less than 60 cm or 

between 240 cm and 300 cm and the insertion in the soft tissue less than 13 cm or more than 40 cm 

in the other tissues. For the verification part, Young et al. found solid agreement with the EM 

simulations in the maximum heating at the tip of the lead when the length of the wire was 200 cm 

for the mini phantom, 180 cm for the small phantom and 140 cm for the large phantom and in the 

reduction of heating when the size of the phantom was increased. In addition, the results of the 

verification measurements showed solid agreement with the EM simulation results when moving 

the phantom away from the central Z-axis; the heating at the tip of the wire increased.   

The FEM algorithm was applied to study the heating effects on DBS electrodes and leads (Serano 

et al., 2015; Golestanirad et al., 2016a, 2016b, 2017, 2018, 2019a) and on metallic leads 

(Golestanirad et al., 2019b).  
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In an application of FIT, Carmichael et al. performed SAR calculations on 6×8 grid icEEG 

electrodes inserted inside a human head model during MRI using CST Microwave Studio® 

(Computer Simulation Technology, Darmstadt, Germany) (Carmichael et al., 2008b). They found 

that maximum 1g average SAR value was on the icEEG grid “most anterior distal contact” and the 

maximum 10g average SAR value was 20 mm inferior to the grid icEEG electrode. 

2.8.4 The relationship between empirical experiments and computational 

simulations 

As mentioned above, EM simulations are mostly validated with empirical measurements and in 

other cases are used in order to plan empirical measurements. EM computational simulations can 

be used to overcome one of the empirical measurement issues, which is the limited spatial sampling 

when testing for performing temperature measurements inside phantoms or models (Allen, 2010). 

Performing EM simulations in a realistic model of the head and electrode can provide a higher 

level of visualisation of the volume being tested rather than selected regions as in the empirical 

testing (Collins et al., 2004; Allen, 2010). However, performing EM simulations require not only 

realistic modelling but also long time and great computation power and memory to obtain results. 

In addition, EM simulation needs to be validated for more comprehension and confidence (This is 

based on our informal personal communication with one of US FDA scientists). EM simulations 

may require some sort of simplification, for example, in terms of modelling, which most of the 

time does not match reality. For example, simulating a realistic human head model that does not 

include the perfusion function that regulates the temperature in the human brain, provides 

conservative heating estimates (Angelone et al., 2006). However, the results of these simulations 

provide conservative temperature measurements (Angelone et al., 2006). This is due to the fact that 

it is difficult to estimate the effect of perfusion on temperature measurements due to the presence 

of other bodily temperature regulating processes (Gokul et al., 2013; Hawsawi et al., 2017). 

ISO/TS 10974 recommended performing RF power deposition (P) on Active medical implants 

(contains power batteries) (2018). P is determined measuring temperature increases; T 

(background; Tbackground and the total; Ttotal) or SAR (background; SARbackground and the total; 

SARtotal):  
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𝑃 = ∫
𝑣
∆𝑆𝐴𝑅𝑡𝑜𝑡𝑎𝑙−𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝑑𝑉 = ∫

𝑣 𝜎[𝐸𝑡𝑜𝑡𝑎𝑙
2 − 𝐸𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

2 ]

𝜌
𝑑𝑉

= ∫
𝑣
[lim
𝑡→0

𝑐∆𝑇𝑡𝑜𝑡𝑎𝑙

∆𝑡
− lim

𝑡→0

𝑐∆𝑇𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

∆𝑡
] 𝑑𝑉 

 

(2.36) 

Where V is the measurement volume where the hotspot of P is located around the active implant. 

According to ISO/TS 10974 (2018), there are four ways to determine the RF power deposition 

around active implants; Tier 1-Tier 4 (from a conservative approach in Tier 1 to least conservative 

in Tier 4). Tier 1 involves performing realistic RF testing without EM computational simulations. 

Tier 2 is a method that involves EM simulations to measure RF exposure and E on active implants 

region. Tier 3 also involves EM simulations and E on active implants; however, this method is 

focused on testing and developing active implants and determining E along the active implant trail. 

Tier 4 also involves EM simulations; however, these simulations have to be broad in order to 

investigate the RF safety of active implants inside human models.    

Although the previous recommendations by ISO/TS 10974 was for active implants, I applied parts 

of Tier 2 on our measurements in this PhD (Chapters 5, 6 and 7). We think in the near future ISO/TS 

or other safety organizations will enforce the application of these Tier approaches on passive 

implants, that I used in this PhD research. Therefore, we planned EM computational simulations 

with realistic validation to evaluate the possibility of performing EM computational simulations to 

study complete and simplified icEEG models and implantation scenarios to assess temperature 

increases during MRI.  

2.8.5 The application of FDTD in this PhD research 

As mentioned previously, the computational simulations performed in this work (Chapters 5, 6 and 

7) were performed using Sim4Life.  

In Chapter 5, I describe work in which EM simulations were performed to assess the potential of 

full EM simulations to be used to estimate the tissue heating associated with the interactions of 

icEEG setup with the RF coil when performing MRI in the phantom and in the human.   

In Chapter 6, I describe an initial investigation on the use of simplified geometric icEEG electrode 

model as a possible means optimizing (accelerating) EM simulation in the context of evaluating 

the safety of MRI scanning in the presence of icEEG electrodes. 
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In Chapter 7, I describe an experiment to study the possibility of using simplified models of icEEG 

depth electrodes in complex implantation scenarios using EM simulations for the evaluation RF-

related heating in the vicinity these electrodes; 

Figure 2.10 is a schematic of the EM simulation workflow as performed in this PhD. The 

procedures are as follows: 

1) Geometric modelling: a geometric model of the body, any implants or metallic objects 

placed inside or on the body and RF coil(s) (including the EM source) is built. In this study, 

I used the Solidworks computer assisted design (CAD) package (Dassault Systèmes, XYZ, 

France; versions: 2017 and 2018) and Sim4Life (versions: 3.0.2.1371, 3.2.2.1577, 

3.4.0.2195 and 4.0.1.3098).  

2) Pre-simulation setup: in this part, the type of interaction is set. These interactions are: EM 

FDTD, magnetic, electrical or thermal.  

3) Simulation parameter settings: this involves selecting the simulation time, number of 

iterations (periods) and the simulation termination method in order to reach the 

convergence.  

4) Materials specification: these materials are either: dielectric or PEC and perfect magnetic 

PMC. As explained above the type of material will also affect the BC that will be used 

during the simulation. For each defined material, the electrical and magnetic conductivities 

and the relative permittivities are entered so that the next steps of the FDTD simulations 

are calculated correctly. 

5) BC specification: in this part, one of the types of BC (ABC, PEC, PMC and periodic) is 

selected. ABC, PEC and PMC are explained above. The periodic BC is selected if the 

geometry being simulated has periodic features (Sim4Life, 2015). The type of BC selected 

will affect the simulation data as stated above.   

6) Sensor specification: this part is essential for the recording of the data (H, E, D, J, S, B1, 

energy density, energy loss and SAR) and the location of the recording.  

7) EM field source specification: This is the part that the EM transmission coil specifications 

are entered: the number, location and value of every transmitter element or (‘Lumped 

elements’): resistor, capacitor, inductor.  
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8) Model gridding: choice and setting of grid spacing: regular or variable, and spacing value. 

This choice has a crucial impact on the cell size that is directly proportional to the required 

amount of memory and computation time.  

9) Voxelization (discretization): this is the process of converting the simulation contents from 

numerical based to voxel-by-voxel shapes (Figure 2.9). In this part, priorities can be set to 

order the voxelization process for any selected material or part of the simulation. This part 

of setting voxelization priorities helps to keep some materials from interfering with others 

and casing errors during the voxelization process. The discretization process succeeds if the 

previous steps including the gridding process were successful as well as the whole parts of 

the simulation were visible completely. 

10) Simulation running: iterative process terminated once convergence is achieved according 

to the criterion chosen in step 3. 

11) Field values calculation (‘Analysis’): H, E, B1, D, J, S, energy density, energy loss and SAR 

(Whole-body SAR, local SAR, averaged SAR and peak spatial average SAR) are 

calculated. The whole-body SAR can be calculated by the following relation: 

 

SAR =
𝐶 ∆𝑇

𝑡
 (2.40) 

 

Where t is time. For local SAR calculations, the previously mentioned equations (2.8) and 

(2.9) are applied. In computational calculations, the estimation of local SAR is sensitive 

due to the existence of head conduction, which causes the deposited energy to be cleared at 

points and may lead to wrong calculations (Sim4Life, 2015). Therefore, averaged SAR is 

applied. Average SAR is calculated depending on the region or location (r) can be over 

mass or volume, for example, over 1 g or 10 g of tissue, which is represented as a cube: 1) 

averaged SAR over the region mass; SARM can be expressed as:   

 

〈SAR〉𝑀 =
1

𝑀
∫

𝑅(𝑀)
SAR(𝑟)d𝑚 (2.37) 

  

Where the mass; M=∫
𝑅
𝜌d𝑣 , R is the integration region and SARM unit is (W/kg) and 2) 

averaged SAR over the region volume; SARV is expressed as: 
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〈SAR〉𝑉 =
1

𝑉
∫

𝑅(𝑣)
SAR(𝑟)d𝑣 (2.38) 

 

Where the volume; V=∫
𝑅
d𝑣 and the unit for SARV is (W/m3). Peak spatial average SAR 

is the maximum value of the averaged SAR over mass or volume within r (IEEE/IEC 

62704-1, 2017).    
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Figure 2.10: Overview of the FDTD simulation process in the Sim4Life platform, which is performed in this PhD. 
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 Temperature measurements in the vicinity 

of human intracranial EEG electrodes exposed to body-

coil RF for MRI4 

  

 
4
This chapter describes Experiment 1. It was adapted from Hawsawi H.B., Papadaki A., Thornton J.S., Carmichael 

D.W., Lemieux L. (2020). Temperature measurements in the vicinity of human intracranial EEG electrodes exposed 

to body-coil RF for MRI. Frontiers in Neuroscience (Published). 
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In this chapter, I report on Experiment 1, a study of the effects of RF-induced heating on the icEEG 

electrodes placed inside a water-based phantom inside a body RF transmit coil. In addition, this is 

in order to achieve my first specific aim of this PhD research, which is improving the icEEG-fMRI 

data quality and the blood oxygenation level dependent (BOLD) signal by using body transmit coil 

instead of the currently used head transmit coil.  

This work was approved by the MRI Safety Committee at the National Hospital for Neurology and 

Neurosurgery (NHNN), Queen Square, London in February 2019, thereby allowing us to use the 

body transmit coil in the future icEEG-fMRI experiments on patients. 

3.1 Introduction 

Intracranial electroencephalography during functional magnetic resonance imaging (IcEEG-fMRI) 

has been used to map epileptic activities (Boucousis et al., 2012; Carmichael et al., 2012; Vulliemoz 

et al., 2011) with much greater sensitivity enabling more detailed, quantitative studies of interictal, 

preictal and ictal epileptogenic networks (Aghakhani et al., 2015; Beers et al., 2015; Chaudhary et 

al., 2016; Cunningham et al., 2012; Ridley et al., 2017; Sharma et al., 2019; Vulliemoz et al., 2011) 

and of neuronal events more generally (Murta et al., 2016, 2017; Saignavongs et al., 2016). 

However, simultaneous icEEG-fMRI is prone to signal loss around the icEEG electrodes and more 

particularly when using EPI sequences due to magnetic susceptibility effects; using gradient echo 

EPI,  Carmichael and his research group found up to 50% signal drop at around 5 mm from the 

electrode contacts (Carmichael et al., 2012). The extent of the signal loss varies in respect to the 

orientation of the icEEG electrode inside the head transmit and receive RF coil with higher signal 

losses in the electrodes that are positioned above the cortical region (parallel to the z-axis) than the 

perpendicular ones (Carmichael et al., 2012).  

In terms of subject safety, the combination of icEEG-fMRI can be a particularly challenging 

imaging technique due to a number of health risks (in addition to the invasiveness of icEEG 

electrode placement) that are associated with the exposure of metallic implants to the three fields 

used in MRI, namely: static magnetic field (B0), the radiofrequency (RF) field (B1) and the 

switching gradient magnetic fields (Gx, Gy, Gz). In principle, the B0 field can cause an implant to 

experience a net force (displacement) or rotational (torque), the RF field can result in heating of 

the tissues around the implants and the gradient fields can induce currents resulting in neural 
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stimulation (Carmichael et al., 2010; Hawsawi et al., 2017). The exhaustive safety and data quality 

tests (Carmichael et al., 2008, 2010, 2012) that preceded our implementation of icEEG-fMRI led 

us to define a data acquisition protocol that limits us to use a head RF-transmit/receive coil (in 

addition to low SAR sequences and positioning of the electrode wires along the RF coil’s central 

(Z) axis), with important implications for BOLD sensitivity (Carmichael et al., 2012). 

In view of further developing icEEG-fMRI by modifying our protocol to allow the use of our MRI 

scanner’s body transmit RF coil (with the promise of improved fMRI data (Kahan et al., 2015)), 

we undertook new phantom tests to assess the conditions under which the body RF-transmit coil 

could be used with an acceptable level of additional risk. This chapter focuses on RF-induced 

heating in the vicinity of icEEG electrodes exposed to RF produced by our 1.5 T MRI scanner’s 

body transmit coil with different lead configurations and connections to the recording system.  

This work was motivated by the experience of acquiring and analysing icEEG fMRI since 2010, 

and in particular, the limitations of fMRI sensitivity that have resulted from the use of quadrature 

head Tx coil (Murta et al., 2017), with the objective of modifying our fMRI acquisition protocol to 

use the body Tx coil. The use of body Tx coil will be beneficial in the application of parallel 

imaging in which this coil along with a head receive coil array will help to reduce the 

inhomogeneities of the B+
1 field, reduce susceptibility artefacts and reduce the scanning times.  

The safety work described in this chapter is an opportunity to address some of the limitations of 

our current implementation of icEEG-fMRI, namely signal loss and geometric distortion adjacent 

to the electrodes due to susceptibility artefact and geometric distortion that occur as a result of 

magnetic susceptibility differences and the existence of eddy currents in the electrodes (Carmichael 

et al., 2012; Joseph and Atlas, 1996; Krakow et al., 2000; Vulliemoz et al., 2011). In addition, 

another limitation is the reduction in BOLD signal because of the low spatial resolution of the echo 

planar imaging (EPI) sequence that is used for fMRI acquisitions (Murta et al., 2017). There are a 

number of approaches that could help mitigate electrode related artefacts in EPI. For example, by 

reducing the EPI readout length while increasing the phase encoding bandwidth distortions are 

reduced. Signal dropouts in GE EPI can be mitigated by using thinner slices, meaning to reduce 

the dephasing of signal due to electrode related gradients across the slice (Carmichael et al., 2012). 

A number of approaches that utilize additional spatial encoding information via high density RF 

coil receive arrays and RF encoding are used increasingly (Griswold et al., 2002; Larkman et al., 

2001; McDowell and Carmichael, 2019; Pruessmann et al., 1999; Todd et al., 2016; Zhang et al., 



University College London                                 Hassan Hawsawi 143 

 

2019). To make use of these developments, a body transmit coil must be used for RF excitation. 

Previous studies on MRI with implants have typically concluded that this is a higher risk approach 

owing to increased local heating around electrodes (Carmichael et al., 2008b, 2010, 2012; Ciumas 

et al., 2013). Therefore, the main aim of this work is to improve the icEEG-fMRI acquisitions by 

the introduction of the body RF transmit (Tx) coil at 1.5T that can help to increase the BOLD 

sensitivity, decrease the signal losses and speed up the fMRI imaging sequence (Pruessmann et al., 

1999; Larkman et al., 2001; Griswold et al., 2002; Hargreaves et al., 2010; Koch et al., 2011; 

Setsompop et al., 2012). 

3.2 Methods 

In this study, I measured RF-induced temperature changes in the immediate vicinity of icEEG 

electrodes placed in a standard test phantom exposed to a body transmit coil, over a range of lead 

placement and termination configurations. In line with previous work on the safety of icEEG-fMRI 

(Carmichael et al., 2008, 2010) five icEEG electrodes were placed in the head part of the phantom 

to simulate a representative, realistic clinical scenario (see Figure 3.1). 

3.2.1 Phantom preparation 

Following the ASTM F-2182-02a guidelines, I used a container made of acrylic with the following 

dimensions: head length = 290 mm, head width = 195 mm, torso length = 300 mm, torso width = 

330 mm and height = 150 mm (Figure 3.1). I filled this container with 0.70 g/L of NaCl, 8 g/L of 

polyacrylic acid (PAA) and 15 L of distilled water in order to simulate human brain’s tissue 

electrical conductivity of 0.26 S/m (Park et al., 2003). 

3.2.2 EEG electrode, connecting lead and recording system configurations 

Three depth icEEG electrodes, two 8–contact (Ad-Tech model SD08R-SP10X-000; 8 platinum 

contacts, 10 mm spacing, 72 mm recording area and 380 mm total depth length) and one 10-contact 

(Ad-Tech model SD10R-SP10X-000, 10 platinum contacts, 10 mm spacing, 92 mm recording area 

and 390 mm total depth length) were positioned as follows, along lateral trajectories mimicking a 

bilateral mesial temporal lobe implantation: Depth 1 with 8 contacts was positioned in the left hand 
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side; similarly, Depth 2 with 8 contacts was inserted on the right hand side; and Depth 3 with 10 

contacts in the left hand side located 10 mm superior to Depth 1. A Grid electrode (Ad-Tech model 

FG64D-SS10X-0E2, 10 mm spacing, 64 platinum contacts, nichrome wire, and electrode total 

length of 455 mm) was placed in a location to emulate the placement of electrodes over the left 

cortical region and located 2 cm away from the phantom’s head lateral wall. One strip electrode 

(Ad-Tech model TS06R-AP10X-0W6, 6 platinum contacts, 10 mm spacing, 72 mm recording area 

and 380 mm total depth length) (Strip) was located in the superior part of the phantom head.  

Lead extension wires (length = 90 cm), which are used to connect the electrode leads to the EEG 

digitization and amplification system (DAS: electrode lead input box, battery pack and 

amplifier(s)) for the purpose of recording, were used in some of the heating tests. 

Following a routine practice for patient scanning, sand bags were placed on top of the electrode 

leads and cables along their path from the phantom to the DAS (Vulliemoz et al., 2011). In 

accordance with the icEEG-fMRI data acquisition protocol (Carmichael et al., 2012) a MRI scanner 

EEG equipment positioning foam insert manufactured by us, to be placed at the head end of the 

scanner bore (between the head coil and bore opening at the scanner far end) was used in the tests 

to ensure the reproducible and secure placement of the electrode lead tails and extensions, and EEG 

DAS in the scanner bore (Figure 3.1; Carmichael et al, 2012). The positioning foam insert consists 

of a hemi-cylinder (length: 79.7 cm) with a radius that matches the scanner bore’s internal diameter, 

and has grooves and cut outs (depth: 0.8 cm) in its (top) flat surface to enable reproducible 

placement of the leads and DAS along the scanner’s central (Z) axis. In some of the tests described 

below, the effect of not using the positioning foam insert on the RF-induced heating was assessed; 

without the foam insert in place, the leads and EEG DAS rest on the bottom of the scanner bore 

(therefore away from the Z axis).  
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Figure 3.1: Set up for Experiment 2. Schematic representation of the gel-filled phantom (Ph), scanner coils (T and R), foam 

insert (F) and EEG electrodes, leads and digitization and amplification system (DAS). The following icEEG electrode were 

placed in the gel-filled phantom: Depth 1 (D1) orientated laterally, Depth 2 (D2) (lateral), Depth 3 (D3) (lateral), Grid (G) (para-

sagittal), Strip (S) (anterior-posterior). Depending on the experimental configuration (see Figure 3.2), the electrodes were connected 

to leads (L), extension cables (Ext), and the DAS system (electrode lead input box (DAS1), battery pack (DAS2), amplifier (DAS3)). 

Depending on the experimental configuration, the DAS system was placed either on top of a foam insert (F) or at the bottom of the 

scanner bore (no foam insert). 

 

A previous work by Carmichael et al. has demonstrated the effects of electrode and lead placement, 

and of electrical termination on the amount of RF-induced heating in the vicinity of icEEG 

electrodes (Carmichael et al., 2008, 2010). Three sets of measurements were performed: 

Experiment 3.1, Experiment 3.2 and Experiment 3.3; each set corresponding to a scanning session 

and designed to provide a comprehensive assessment of heating increases using different lead 

configurations inside the head transmit receive RF coil or the body transmit RF coil and head 

receive RF coil, and assessing reproducibility by repeating some measurements. The configurations 

are labelled A(i) (i=1, 2, 3) for Experiment 3.1, B(i) (i=1, .., 5) for Experiment 3.2 and C(i) (i=1, 2, 

3) for Experiment 3.3. 
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3.2.3 Experiment 3.1 

In this initial experiment, I had two aims: to repeat some of the icEEG-fMRI heating tests for the 

head Tx coil performed by Carmichael et al. (2010) and for me to familiarize myself with the 

phantom building and MRI scanning processes, and the temperature measurement instrumentation. 

The methods and the results of this experiment are described in the Appendix A (section A.3). 

3.2.4 Experiment 3.2 

In this experiment, I set out to perform an evaluation of the effects of using the body transmit RF 

coil on the heating in the vicinity of icEEG (Depth 1, Depth 2, Depth 3, Strip and Grid) electrodes 

located inside a water-based phantom. Previous studies (Boucousis et al., 2012; Carmichael et al., 

2008, 2010; Ciumas et al., 2013) studied the effect of body transmit coil and concluded that body 

transmit coil produces significant temperature increase above the safety levels, and we sought to 

update this information for the configurations of electrodes, connecting leads and EEG DAS 

specified in the previous successfully implemented protocol (Carmichael et al 2012). We also 

sought to explore slight variations on this arrangement and to obtain temperature measurement 

reproducibility data. 

The three following electrode configurations were studied in Experiment 3.2 (see Figure 3.2): 

B(1): electrodes unterminated with lead tails placed on top of the positioning foam insert. 

(Strip, Grid and Depth 2) were bundled together and separated from the bundle (Depth 1 

and Depth 3). 

B(2): electrodes unterminated with lead tails extended along the Z axis on top of the foam 

insert, and grouped into two bundles: one (Strip, Grid and Depth 2) with 90 cm lead 

extensions and the other (Depth 1 and Depth 3) bundled together and without extension. 

B(3): electrodes grouped into two bundles: one (Strip, Grid and Depth 2) with 90 cm lead 

extensions and connected to the EEG DAS (terminated), and the other (Depth 1 and Depth 

3) without extensions and unterminated, with lead tails along the Z axis on top of the 

positioning foam insert.  

The sequence of measurements of heating with the specified icEEG leads configurations 

and the applied MRI sequence in Experiment 3.2 are shown in Table 3.1. In between 

measurements, the phantom was either taken outside the MRI bore and put back in (then 
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reposition the cables) or kept in place. The choice is dependent on the time allowed to 

perform the measurements in the scanner. 

 

Table 3.1: Experiment 3.2 configurations, manipulations and RF exposure data. The exposure duration was 6 min 9 s. 

The abbreviations in the table are TSE; turbo spin echo, EPI; echo planar imaging, Ref; reference, D1; depth 1, D2; depth 2, 

D3; depth 3, G; grid. 

Measurement 

# 

Electrode 

configuration 

Temperature 

probe 

locations: 

Electrodes 

Other 

manipulations 

relative to 

previous 

measurement 

RF exposure 

Sequence 

type 

SAR 

Head 

(W/Kg) 

SAR 

Whole-

body 

(W/Kg) 

B1 

(uT) 

3.2.1 B(1) Ref, D1, D3, 

G 

- TSE* 3.2 

(100%) 

0.8 

(34%) 

4.6 

(67%) 

3.2.2 B(1) Ref, D2, D3, 

G 

None EPI 0.1 

(3%) 

0 (1%) 0.9 

(12%) 

3.2.3 B(1) Ref, D2, D3, 

G 

None TSE* 3.2 

(100%) 

0.8 

(40%) 

4.7 

(67%) 

3.2.4 B(1) Ref, D2, D3, 

G 

None EPI 0.1 

(3%) 

0 (1%) 0.9 

(12%) 

3.2.5 B(2) Ref, D2, D3, 

G 

Table out, 

cable 

repositioning 

and table in 

TSE 2.6 

(82%) 

0.7 

(33%) 

4.1 

(58%) 

3.2.6 B(2) Ref, D2, D3, 

G 

None TSE* 3.2 

(100%) 

0.8 

(34%) 

4.6 

(65%) 

3.2.7 B(2) Ref, D2, D3, 

G 

Table out, 

cable 

repositioning 

and table in 

TSE 3.1 

(98%) 

0.8 

(39%) 

4.5 

(64%) 

3.2.8 B(3) Ref, D2, D3, 

G 

None TSE 2.6 

(82%) 

0.7 

(33%) 

4.1 

(58%) 

3.2.9 B(3) Ref, D2, D3, 

G 

None EPI* 0.1 

(3%) 

0 (1%) 0.9 

(12%) 

* Scan duration shortened to 4:37 due to lack of appreciable heating and scanner time access limitations for this specific experiment. 
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Figure 3.2: Electrode implantation configurations for Experiment 3.2 (B(1)-B(3)). These were used for Experiment 3.2 (see 

figure 3.1 for the complete representation of the MRI setup). The adhesive tape (grey) used to create the left bundle is highlighted 

by the dashed arrows. The dashed black lines represent the central Z-axis. (a) B(1): Strip, Grid and Depth 2 bundled together and 

separated from the other bundle (Depth 1 and Depth 3) without lead extensions and with lead tails placed on top of the foam insert. 

(b) B(2): Strip, Grid and Depth 2 bundled together, connected to 90 cm lead extensions and placed on top of the foam insert. Depth 

1 and Depth 3 bundled together and unterminated with lead tails on top of the foam insert. (c) B(3): Strip, Grid and Depth 2 bundled 

together, connected and terminated by connection to the EEG DAS using the 90 cm lead extensions, placed on top of the foam 

insert. Depth 1 and Depth 3 bundled together and unterminated with lead tails on top of the foam insert. 

3.2.5 Experiment 3.3 

This experiment constitutes an elaboration of Experiment 3.2, designed to explore the heating that 

results from scenarios that deviate more from our protocol (akin to fault conditions), in particular 

in relation to the placement of the leads relative to the scanner’s central axis by not using the foam 

insert; also it provided additional (inter-session) reproducibility data. 

The following 5 electrode configurations were studied in Experiment 3.3 (see Figure 3.3):  

C(1):  Grouped into two bundles: one (Depth 1 and Depth 3) with extensions and the other 

(Strip, Grid, Depth 2) without extensions; all unterminated and with lead tails extended 

along the Z axis on top of the foam insert (as for configuration B(2)). 
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C(2): Grouped into two bundles: the first bundle (Strip, Grid and Depth 2) with leads 

separated from each other. The second bundle (Depth 1 and Depth 3) connected to the lead 

extensions, unterminated, and all off Z axis on top of the foam insert.  

C(3):  All electrode leads separated from each other, unterminated and without the foam 

insert. 

C(4): Three electrode leads (Strip, Grid, Depth 2) were separated from each other and from 

the other two (Depth 1 and Depth 3) that were bundled together, connected to the lead 

extensions, and unterminated. All placed without the foam insert. 

C(5): Three electrode leads (Strip, Grid, Depth 2) separated from each other and from the 

other two (Depth 1 and Depth 3) that were bundled together and connected to the lead 

extensions and to the EEG DAS (terminated). All placed without the foam insert.  

The sequence of measurements of heating with the specified icEEG leads configurations and the 

applied MRI sequence in Experiment 3.3 are shown in Table 3.2. Between each measurement, the 

phantom was either taken outside the MRI bore and put back in (then reposition the cables) or kept 

in without a change. This is dependent on the time allowed in the scanner. 

Note that measurements 3.3.1 and 3.3.2, and 3.3.3 and 3.3.5, respectively, constitute two repeat 

measurements with different temperature probes being recorded at Depth 1 and Depth 2, 

respectively (see section on Temperature Measurements below).  

3.2.6 MRI system and RF exposure sequences 

The MRI scanner used in this investigation was a 1.5 T Avanto (Siemens, Germany). The MRI was 

equipped with body Tx coil and 12 channel head receive coil. 

Two MRI sequences were used: (1) Turbo spin echo (TSE) to maximize heating (worst case 

scenario): TR= 2850 ms, TE= 92 ms, slice thickness/slice gap= 2.5/1.25 mm, FOV= 300  300 

mm, in-plane resolution = 0.9 × 0.8 mm, BW= 125 Hz/pixel, FA= 180° and duration= 6 min 3 s. 

(2) Echo-planar imaging (EPI) as used for icEEG-fMRI scanning (Carmichael et al., 2012), with 

the following parameters: TR= 4480 ms, TE= 50 ms, slice thickness/slice gap= 2.0/1.0 mm, FOV= 

192  192 mm, in-plane resolution = 3.0 × 3.0 mm, BW= 2298 Hz/pixel, FA=  90° and duration= 

6 min 4 s. 
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Table 3.2: Experiment 3.3 configurations, manipulations and RF exposure data. The exposure duration was 6min9sec for 

TSE. The abbreviations in the table are TSE; turbo spin echo, EPI; echo planar imaging, Ref; reference, D1; depth 1, D2; depth 2, 

D3; depth 3, G; grid. 

Measurement 

# 

Electrode 

configuration 

Temperature 

probe 

locations: 

Electrodes 

Other 

manipulations 

relative to 

previous 

measurement 

RF exposure 

Sequence 

type 

SAR 

Head 

(W/Kg) 

SAR 

Whole-

body 

(W/Kg) 

B1 

(uT) 

3.3.1 C(1) Ref, D1, G, 

D3 

- TSE 3.2 (99%) 0.6 (28%) 4.5 

(64%) 

3.3.2 C(1) Ref, D1, G, 

D2 

None TSE 3.2 (99%) 0.6 (28%) 4.5 

(64%) 

3.3.3 C(2) Ref, D1, G, 

D2 

Table out, 

cable 

repositioning 

and table in 

TSE 3.2 (99%) 0.6 (28%) 4.5 

(64%) 

3.3.4 C(2) Ref, D1, G, 

D3 

None TSE 3.2 (99%) 0.6 (28%) 4.5 

(64%) 

3.3.5 C(3) Ref, D1, G, 

D3 

Table out, 

cable 

repositioning 

and table in 

TSE 3.2 (99%) 0.6 (28%) 4.5 

(64%) 

3.3.6 C(3) Ref, D1, G, 

D3 

Table out, 

cable 

repositioning 

and table in 

EPI 0.1 (3%) 0 (1%) 0.9 

(12%) 

3.3.7 C(4) Ref, D1, G, 

D3 

Table out, 

cable 

repositioning 

and table in 

TSE 3.2 (99%) 0.6 (28%) 4.5 

(64%) 

3.3.8 C(5) Ref, D1, G, 

D3 

None TSE 3.2 (99%) 0.6 (28%) 4.5 

(64%) 
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Figure 3.3: Electrode configurations C(1)-C(5). These were used for Experiment 3.3 (see figure 3.1 for the complete 

representation of the MRI setup). The adhesive tape (gray) used to create the top left bundle is highlighted by the dashed 

arrows. The dashed line in black represent the central Z-axis. (a) C(1): Strip, Grid, Depth 2, Depth 1 and Depth 3 bundled 

together, Depth 1 and Depth 3 connected to electrode extensions (unterminated) and positioned along the central z-axis 

on top of the foam insert. (b) C(2): Strip, Grid and Depth 2 separated from each other and separated from Depth 1 and 

Depth 3. Depth 1 and Depth 3 bundled together, connected to lead extensions (unterminated) and positioned a little away 

from the central z-axis on top of the foam insert. (c) C(3): Strip, Grid, Depth 2, Depth 1 and Depth 3 leads separated and 

unterminated, and without the foam insert. (d) C(4): Strip, Grid, Depth 2, Depth 1 and Depth 3 bundled together with 

Depth 1 and Depth 3 connected to the extensions (unterminated) without the foam insert. (e) C(5): Strip, Grid, Depth 2, 
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Depth 1 and Depth 3 bundled together, with Depth 1 and Depth 3 connected to the lead extensions and to the EEG DAS 

(extensions + terminated) without the foam insert (i.e. EEG DAS placed on the bottom of the scanner bore). 

 

3.2.7 Temperature measurements 

The temperature changes in the immediate vicinity of selected electrode contacts were monitored 

and recorded continuously using five fibre-optic sensors (model T1C-10-PP05 and model T1C-10-

B05, Neoptix, Canada), connected to a 4-channel signal conditioner (Neoptix ReFlex—Neoptix, 

Canada). Based on prior experience, we estimate the temperature measurement precision (standard 

deviation in the absence of heating) to be of the order of ±0.2 °C. The temperature sensors were 

placed in five locations as follows: the tips of Depth 1, Depth 2 and Depth 3; contact number 48 of 

the Grid electrode, which is located in the corner of the electrode and a reference location, at a 

depth of approximately 3 cm in the phantom gel, 10 cm away from all the electrodes corresponding 

roughly to the phantom’s neck area. 

Because I was limited to 4 temperature channels simultaneously, in some tests I repeated the 

measurement with alternative temperature probes. In particular, following Experiment 3.1, in 

which I did not measure the temperature at Depth 1 based on the results of our previous work 

(Carmichael et al., 2010), which suggested that the heating would be greatest at Depth 3. I tested 

this assumption in the first 3 measurements of Experiment 3.2 (see Table 3.3). This demonstrated 

that the heating was greater at Depth 1 than Depth 2 (see Table 3.4), and therefore decided to record 

at Depth 1 for the rest of that experiment.  
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3.3 Results 

3.3.1 Experiment 3.2 

The maximum observed temperatures for all measurements in the presence of the foam insert 

across configurations B(1)-B(3) at every location can be found in Table 3.3. Figure 3.4 shows a 

typical temperature measurement series (Measurement 3.2.1 for configuration B(1)): the maximum 

temperature increase overall was 0.7 °C at Depth 2, which was the electrode location of greatest 

heating for most measurements. In accordance with our expectations, the temperature increases 

were greater for TSE than EPI and reproducibility relative to manipulation of the phantom in and 

out of the scanner was good.  

 

Table 3.3: Experiment 3.2 results: maximum temperature increases. 

Measurement 

# 

Type of sequence and 

configuration 

Maximum temperature increases 

(°C) 

Depth 2  Depth 3  Grid Reference 

3.2.1 TSE, configuration B(1) 0.6 0.3 0.1 0.1 

3.2.2 EPI, configuration B(1) 0.3 0.2 0.2 0.3 

3.2.3 TSE, configuration B(1) 0.7 0.2 0.3 0.3 

3.2.4 EPI, configuration B(1) 0.2 0.1 0 0.2 

3.2.5 TSE, configuration B(2) 0.3 0.2 0.4 0.4 

3.2.6 TSE, configuration B(2) 0.4 0.3 0.3 0.4 

3.2.7 TSE, configuration B(2) 0.2 0.2 0.3 0.5 

3.2.8 TSE, configuration B(3) 0.7 0.1 0.2 0.2 

3.2.9 EPI, configuration B(3) 0.3 0.2 0 0 
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Figure 3.4: Experiment 3.2 Measurement 3.2.1. TSE, body coil and electrode configuration B(1). 

The plots for the other measurements of Experiment 3.2 are in the Appendix A (section A.1).  

3.3.2 Experiment 3.3 

See Figure 3.3 and Table 3.2 for the full details of the experimental set ups. The maximum observed 

temperatures for all measurements are shown in Table 3.4. Figure 3.5 illustrates temperature 

changes using configuration C(1) (measurements 3.3.1). 

The highest temperature recorded was 4.5 °C at Depth 1 when applying TSE and connecting the 

bundle (Depth 1 and Depth 3) to the 90 cm lead extensions and to the EEG DAS (terminated); 

configuration B(5). 

When I applied TSE sequence, first, I positioned the electrode leads and the 90 cm extensions in 

the central Z axis unterminated above the foam insert (configuration B(1) (measurement 3.3.1)), 

then, I observed maximum heating at Depth 1 of 2.4 °C, 1 °C at the Grid and 0.1°C and 0.2 °C at 

Depth 3 and Depth 2, respectively. Second, when the electrode leads and 90 cm extensions were 

positioned away from the central Z axis as in measurements 3.3.3 and 3.3.4 (configuration B(2)), 

the maximum heating changes dropped to 2 °C in Depth 1 and to 0.6 °C at the Grid but increased 

at Depth 2 to 1 °C and at Depth 3 to 0.2 °C. Following these two sets of repeat measurements, I 

recorded from Depth 1 instead of Depth 2, because of the higher temperatures observed. Third, in 
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measurement 3.3.5 (configuration C(3); without extensions and without the foam insert), the 

maximum heating dropped to 0.3 °C and 0.4 °C at Depth 1 and the Grid, respectively, but remained 

unchanged at Depth 3. Forth, for measurement 3.3.7 (configuration C(4); with extension and 

without the foam insert), the maximum heating at Depth 1 was 1.9 °C, 1 °C at the Grid, and 0.2 °C 

at Depth 3. Fifth, in measurement 3.3.8 (configuration C(5); with termination and without the foam 

insert), the maximum temperature increase was 4.5 °C at Depth 1, 1.1 °C at the Grid and 0.1 °C at 

Depth 3. 

When we applied EPI sequence in measurement 4.3.6, no maximum temperature values were 

recorded. 

The measurements 3.3.2 and 3.3.4 were repeated for reproducibility and to enable us to switch the 

recording temperature between Depth 2 and Depth 3 and vice versa; however, in measurement 

3.3.8, I continued recording from Depth 3 without switching back to Depth 2. 

 

Table 3.4: Experiment 3.3 results: maximum temperature increases. 

Measurement 

# 

Type of sequence and 

Configuration 

Maximum temperature increases 

(°C) 

Depth 1  Depth 2  Depth 3 Grid Reference 

3.3.1 TSE, configuration C(1) 2.4 × 0.1 1 0.1 

3.3.2 TSE, configuration C(1) 2.1 0.2 × 0.5 0.4 

3.3.3 TSE, configuration C(2) 2 1 × 0.6 0.2 

3.3.4 TSE, configuration C(2) 1.7 × 0.2 0.5 0.3 

3.3.5 TSE, configuration C(3) 0.3 × 0.2 0.4 0.3 

3.3.6 EPI, configuration C(3) 0 × 0 0 0.1 

3.3.7 TSE, configuration C(4) 1.9 × 0.2 1 0.1 

3.3.8 TSE, configuration C(5) 4.5 × 0.1 1.1 0.1 
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Figure 3.5: Experiment 3.3 Measurement 3.3.1. TSE, body coil and configuration C(1). 

 

The plots for the other measurements of Experiment 3.3 are in the Appendix A (section A.2).  
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3.4 Discussion 

This work was motivated by consideration of the quality of previously acquired icEEG fMRI data 

using the quadrature head coils (Vulliemoz et al., 2011; Chaudhary et al., 2016; Murta et al., 2016, 

2017; Ridley et al., 2017; Sharma et al., 2019) and with the possibility of improving the quality of 

these data using our scanner’s body Tx coil. 

I performed the experiments in this chapter to assess the heating induced in the immediate vicinity 

of a set of icEEG electrodes placed in a configuration that emulates a clinical scenario. These 

icEEG electrodes were placed inside a water-based gel phantom and subjected to RF excitation 

pulses inside a body Tx coil. Three experiments were performed; In Experiment 3.1, three 

configurations (A(1)-A(3)) were used and eight measurements (3.1.1-3.1.9) were performed. In 

Experiment 3.2, three configurations (B(1)-B(3)) were tested and nine measurements (3.2.1-3.2.9) 

were performed. In Experiment 3.3, five configurations (C(1)-C(5)) were tested and eight 

measurements (3.3.1-3.3.9) were performed.  

To my knowledge, there has been a single previous investigation of the safety of using body Tx 

coil for icEEG during fMRI at 1.5 T: Ciumas et al. in which temperature assessments were 

performed during EPI for depth icEEG implants positioned axially and laterally in multiple 

electrode and circuit configurations inside an ASTM water-gel phantom and rabbit cadavers. The 

group observed maximum temperature increases of 0.2 and 1.3 °C, for the phantom and rabbits, 

respectively (Ciumas et al., 2013). In addition, a few studies investigated the use of body Tx coil 

and the application of icEEG fMRI at 3 T. Carmichael et al. and Boucousis et al. performed these 

studies on water-based phantoms (Carmichael et al., 2008,2010; Boucousis et al., 2012). 

Carmichael et al found maximum heating of about 6.4 °C at the grid electrode and about 0.7 °C at 

the depth electrodes when the electrode leads and extensions were separated or in a configuration 

named “open circuit”, however, the same group found reduction in the maximum heating when 

gathering the leads and extensions together in a in another configuration named “short circuit” 

(Carmichael et al., 2008). In addition, when placing the leads and extensions along Z-axis, the 

maximum heating at the grid became 2.9 °C and 6.9 °C at the grid and depth electrodes, 

respectively (Carmichael et al., 2012). Boucousis et al. found the maximum temperature changes 

went above 2 °C when applying high-SAR sequences such as fast spin echo (FSE) and these 

maximum temperature values can be reduced if other low-SAR sequences were applied (Boucousis 



University College London                                 Hassan Hawsawi 158 

 

et al., 2012). Both Carmichael et al. and Boucousis et al. concluded that high-SAR sequences are 

avoided when performing icEEG-fMRI; however, Boucousis et al. allowed the use of body Tx coil 

for this technique. 

The maximum observed temperature increases in this chapter (Experiments 3.2 and 3.3) were 4.5 

°C for the TSE sequences (measurement 3.3.8 configuration C(5)) and 0.3 °C for EPI 

(measurements  3.2.2 configuration B(1) and measurement 3.2.9 configuration B(3)). The former 

was obtained with extensions and connection to the EEG DAS system (terminated), and without 

the foam insert. This compares with a maximum temperature increase of 0.4 °C for the ‘ideal’ 

configuration (with extensions and foam insert, with termination; measurement 3.2.8 configuration 

B(3)) corresponding to the electrode and EEG equipment placement part of the safety protocol 

(Carmichael et al., 2012) using the TSE RF exposure, and 0.3 °C for EPI across all configurations. 

Therefore, these results are in line with the appropriateness of this protocol and confirm that the 

heating is within the safety limit of +1 °C if it is observed.  

It is important to mention that in this study, the maximum temperature increases that were observed 

during the high SAR TSE sequence were extremely higher than the maximum temperature 

increases during low SAR EPI sequence, which are in line with previous researches (Boucousis et 

al., 2012; Carmichael et al., 2008, 2010).    

When using the foam insert during Experiment 3.2 and applying configurations B(1)-B(3), all 

observed temperature increases were below the safety limits (<1 °C) for the three electrodes tested 

(Depth 2, Depth 3 and Grid). In Experiment 3.2, the maximum temperature increase (+0.7 °C) was 

observed at the tip of the depth electrode (Depth 2) inserted on the right-hand side, through the 

Grid electrode. In Experiment 3.3, similar trends of temperature increases were observed at Depth 

2, Depth 3 and the Grid during the application of the configuration C(1), which is placing the 

bundle of the electrode leads with extensions in the central Z axis, which is similar to configuration 

B(2). However, when the recording of the temperature increases was switched to Depth 1, the 

observed maximum temperature increased to 2.4 °C. 

Configurations C(3)-C(5); measurements (3.3.5-3.3.8) of Experiment 3.3 were conceived to test 

configurations that deviate more from the ideal (in particular, the removal of the foam insert) and 

indeed the temperature increases observed were generally higher than for Experiment 3.2.  
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In terms of reproducibility, measurement pairs (3.3.1 and 3.3.2 of configuration C(1)) and (3.3.3 

and 3.3.4 of configuration C(2)) indicate that it is of the order of ±0.3 °C. In this light, we interpret 

any observed variation in temperature increase below this value not to be significant.  

From the results, it appeared that the electrodes located in the centre of the head phantom and the 

body Tx coil (Depth 1, Depth 2 and the Grid) showed higher temperature increases 0.2-2.4 °C than 

Depth 3 electrode <0.5 °C, which is located away from the centre when the foam insert was 

positioned. However, when the foam insert was removed, the electrodes in the centre of the coil 

showed higher increases of up to 4.5 °C at Depth 1 and 1.1 °C at the Grid. 

It is important to say that the addition of the 90 cm extension cable affect the temperature increases; 

therefore, caution has to be considered when connecting it during MRI (Hawsawi et al., 2017). 

3.4.1 Limitations of this work 

Because of time and equipment constraints, our measurements are necessarily limited in terms of 

spatial sampling, a well-recognized problem in this type of tests. In light of this, in retrospect, it 

might have been preferable to record the temperature at Depth 1 instead of Depth 2 in Experiment 

3.2. Nonetheless, I do not believe that this significantly my final conclusion because Experiment 

3.3 was conceived as a series of worst-case scenarios (in contrast to Experiment 3.2). 

3.5 Conclusion 

In summary, this chapter described a set of empirical temperature measurements resulting from 

experiments designed to assess the feasibility of utilizing the body Tx coil for the application of 

fMRI data during the recording of icEEG on the 1.5 T Siemens Avanto MRI scanner at the NHNN.  

I provided new evidence about the heating of icEEG electrodes during high SAR MR sequence 

that can be between 0.2-2.4 °C at the depth electrode located in the centre of the body coil and 

below 0.5 °C in other electrodes that are positioned away from the centre of the head phantom and 

the body coil when the foam insert is positioned.  

Careful consideration has to be taken when connecting the icEEG to the 90 cm extension cable 

since it has an important effect on the RF heating on the electrodes. These results provide new 

evidence for the feasibility of utilizing the body transmit coil in imaging patients with implanted 
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icEEG electrodes at 1.5 T Siemens Avanto at NHNN, provided that the electrode lead and EEG 

DAS placement protocol (Carmichael et al., 2012) is followed. 

This work (with the previous related icEEG-fMRI safety studies) is important in giving us some 

evidence about the worst-case scenarios that can cause significant RF heating increases. It is 

important to mention that following the protocol (Carmichael et al., 2012) and conducting a safety 

experiment of icEEG electrodes in position during the MRI sequence will help to avoid the worst-

case heating increases (Hawsawi et al., 2017).  To summarise, the following are the worst-case 

scenarios that I have learned from this research: 1) Connecting the icEEG electrode extensions can 

cause serious heating increases (for example, the maximum heating at Depth 1 in measurements 

3.3.7 and 3.3.8); 2) Connecting the icEEG electrode extension cable along with removing the foam 

insert (positioning the EEG-DAS in a position lower than the icEEG electrodes) and the body coil 

may result in increased heating (the maximum heating at Depth 1 in measurements 3.3.7 and 3.3.8). 

This research in turn, can be useful for future researches that are related to the safety of performing 

icEEG recordings inside the MRI and in our case the concurrent acquisition of scalp and icEEG 

fMRI (S-icEEG-fMRI) using body Tx coil (Chapter 4). 
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 Simultaneous Scalp and Intracranial EEG 

During 1.5T fMRI Using a Body Transmit Coil: RF-

Induced Heating Assessment5 

  

 
5
Adapted from: Hawsawi H.B., Papadaki A., Vakharia V., Thornton J.S., Carmichael D.W., Lemieux L. (2019). 

Simultaneous Scalp and Intracranial Electroencephalography During 1.5T Functional MRI: RF-Induced Heating 

Assessment Using a Body Transmit Coil (being submitted to Physics in Medicine and Biology). 
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In this chapter, I report on Experiment 2, a study of the effects of RF-induced heating on the icEEG 

electrodes placed inside a head shell and on the added scalp electrodes outside the head shell inside 

a body RF transmit coil. This is in order to achieve my second specific aim of this PhD research, 

which is determining the conditions in which the acquisition of simultaneous scalp-intracranial 

EEG-fMRI (S-IcEEG-fMRI) can be achieved with an acceptable level of additional risk to the 

patient inside the body transmit coil.  

4.1 Introduction 

The Localization of the seizure onset zone with the use of non-invasive techniques such as scalp 

electroencephalography (EEG) or scalp video EEG and magnetoencephalography (MEG) is 

crucial for guiding further epilepsy treatment. Scalp EEG has poor spatial resolution, limited 

capability to detect deep epileptogenic sources (Gavaret et al., 2009; Halgren et al., 1998; Laufs 

and Duncan, 2007) and poor localization of epileptogenic areas during ictal EEG rhythms (Ray et 

al., 2007). As a result, invasive intracranial EEG (icEEG) electrodes may be required (Carmichael 

et al., 2010; Lachaux et al., 2003), including subdural grids or strips, depth electrodes and 

stereoelectroencephalography (SEEG) electrodes. IcEEG suffers from limitations such as sparse 

sampling and requirement of a prior hypotheses to guide the implantation strategy. 

The combination of icEEG and scalp EEG in a simultaneous recording session is rarely performed 

but has provided significant data to help in better understanding the nature of the activity recorded 

on scalp EEG, as previously mentioned. According to Guangming et al. (2009), concurrent 

intracranial and scalp EEG can reveal the deep intracranial discharges more clearly than using 

either technique alone. In principle, it offers the collective advantages of the two different forms 

of EEG. However, the implementation of the simultaneous measurements represents a 

considerable challenge because of the invasive nature of icEEG, which makes the placement of 

scalp EEG electrodes difficult and raises safety issues. 

Functional magnetic resonance imaging (FMRI) can be utilized to study the changes in the brain’s 

blood oxygenation level dependent (BOLD) signals (Laufs, 2010; Kesavadas & Thomas, 2008). 

In addition, fMRI when used with scalp EEG simultaneously (scalp EEG-fMRI) can be a useful 

tool in localizing epileptic activities (Cunningham et al, 2008; Vulliemoz et al, 2010; Goebel et 

al., 2010; Murta et al, 2015). Furthermore, fMRI when used concurrently with icEEG (icEEG-



University College London                                 Hassan Hawsawi 163 

 

fMRI) enables localizing deep epileptic discharges with much greater sensitivity, which can be 

applied on investigating ictal and interictal networks (Aghakhani et al., 2015; Beers et al., 2015; 

Chaudhary et al., 2016; Cunningham et al., 2012; Ridley et al., 2017; Sharma et al., 2019; 

Vulliemoz et al., 2011). However, the sensitivity and localization abilities of scalp EEG-fMRI and 

icEEG-fMRI can be reduced if those EEG techniques were performed with fMRI (Villringer et al., 

2009). 

 

Consequently, we propose a method named simultaneous scalp EEG and icEEG fMRI (S-icEEG-

fMRI) in order to rectify some of the previous drawbacks and strengthen our understanding of 

these techniques. 

Scalp and icEEG have been tested individually to determine the associated risks of recording 

during MRI. At clinical field strengths, radio-frequency (RF)-induced heating of the tissue in the 

vicinity EEG electrodes and leads have been found to be the most important safety hazard 

(Hawsawi et al., 2017). Scalp EEG-fMRI has become widely used in neuroscience (Vulliemoz et 

al., 2010) with the use of MR conditional EEG. The safety of scalp EEG during MRI has been 

investigated at 1.5T by Lemieux et al., and concluded that the addition of “current-limiting 

resistors” to the scalp electrodes would help to minimize the heating increases (Lemieux et al., 

1997). The addition of current-limiting resistors showed no effect at 7T systems (Angelone et al., 

2006; Hawsawi et al., 2017). Other investigations by (Assecondi et al., 2016; Balasubramanian et 

al., 2017; Bonmassar et al., 1999; Jorge et al., 2015; Kuusela et al., 2015; Mirsattari et al., 2004; 

Mullinger et al., 2008; Poulsen et al., 2017; Stevens et al., 2007; Vasios et al., 2006) were 

performed at different field strengths and concluded the possibility of using scalp EEG electrodes 

inside the MRI under safety and standard conditions. Concurrent icEEG-fMRI is a more recent 

development (Vulliemoz et al., 2011), made possible following safety tests (Bhattacharyya et al., 

2017; Bhusal et al., 2018; Boucousis et al., 2012; Ciumas et al., 2013; Zhang et al., 1993). Other 

researches demonstrated that icEEG-fMRI technique could be performed with an acceptable level 

of additional risk, under specific conditions: controlling the length and position of the leads and 

limiting protocols to low-specific absorption rate (low-SAR) sequences using a head RF-transmit 

quadrature coil (which is used to date at 1.5T) (Carmichael et al., 2008b, 2010). However, 

(Boucousis et al., 2012) allowed the use of body transmit coil at 3T with the conditions of applying 

low-SAR sequences and avoiding electrode shortening.  
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In view of the potential scientific value from performing concurrent scalp and icEEG recordings 

during fMRI for the study of epileptic activity in humans, we primarily sought to determine the 

additional risks in terms of localized heating of performing combined simultaneous scalp and 

intracranial EEG recordings by performing measurements of RF-induced heating in the vicinity of 

the electrodes. 

 

Different types of scalp EEG electrodes are used clinically: conductive plastic electrodes, gold 

cups (rings) and subdermal wires. The subdermal wires are used mostly in the intensive care unit 

for recording EEG signals without the need of re-fixing or re-gelling for more than six days (Ives, 

2005; Young et al., 2006) and up to sixty consecutive days (Martz et al., 2009). In addition, during 

MRI scan, these electrodes showed few artefacts due to their size (Martz et al., 2009).  In this 

experiment, I will utilize subdermal wires for scalp recording in addition to the icEEG electrodes. 

 

The safety of subdermal needle EEG electrodes and their leads have been investigated by (Darcey 

et al., 2016) on a phantom and a human subject using TSE, FLAIR and T1 MPRAGE and showed 

lower heating compared to stainless steel electrodes. In addition, (Mirsattari et al., 2004) 

performed safety tests on water-filled spherical phantom, a healthy control and 100 epileptic 

patients using silver disk scalp electrodes. They performed T1-weighted, T2, STIR, FLAIR, 3D 

SPGR and diffusion-weighted EPI and found low heating at the electrodes.     

 

In this work, I describe heating tests aimed at assessing the impact of adding scalp (namely, Ives’ 

subdermal wire).  The purpose of conducting the measurements of heating around the implanted 

icEEG only is to reproduce the results of the previous studies (Carmichael et al., 2008a, 2010) 

using the body transmit (Tx) coil. In addition, when adding the scalp EEG electrodes with the 

already implanted icEEG electrodes, I am trying to observe the pattern of the maximum heating 

during high-specific absorption rate (high-SAR) FSE and low-SAR EPI. Based on a previously 

unpublished experiment performed by Professor Lemieux and Dr. Carmichael on disk scalp 

electrode system, I plan to use specific scalp EEG electrode locations that showed maximum 

heating as a guide. 
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4.2 Methods 

In this study, and in order to evaluate heating in the vicinity of EEG electrodes when using the 

body RF coil I performed two experiments: Experiment 4.1: temperature measurements on a 

phantom with realistic head geometry with icEEG electrodes placed inside the phantom. To 

evaluate potential additional risks by the addition of scalp EEG electrodes, I performed Experiment 

4.2: the same temperature measurements on the same phantom and icEEG electrode configuration 

with additional scalp electrodes on the head phantoms external surface.   

4.2.1 Combined QS-ASTM-II and realistically-shaped head phantom 

The phantom used in this experiment comprised of two elements: a box-shaped torso and a 

realistically shaped head (see Figure 4.1 for illustration and dimensions). The torso element 

consists of the main part of a new custom-built acrylic container called QS-ASTM-II. The shape 

and dimensions of QS-ASTM-II are partly based on the ASTM phantom for heating testing (ASTM 

F2182–11, 2011a), with its main torso part and a smaller ‘head’ part, with the addition of a second 

larger box-shaped ‘head’ part, at the opposite end and designed to contain the realistically-shaped 

head. The realistically shaped head was made using a 3D computer model derived from the CT 

scan of a human adult male that was exported as a surface render.  

The realistically-shaped head is a shell (Figure 4.2 (A) and (B)) with a large axial neck opening to 

allow placement of the icEEG electrode and filling with gel, made of a polycarbonate-like, bio-

compatible6 material with a thickness of 4 mm, and an internal volume of 5.3 litres. This material 

is used in dental applications and manufactured by (3D-Systems, London, UK). The external 

surface of the shell has 22 (2 mm-deep disk-shaped) indentations that are used to hold the scalp 

EEG electrodes in position, positioned in accordance with the International 10-20 System for scalp 

EEG electrodes (Jasper, 1958).  

The torso was filled with a water-based gel made by mixing 19 litres of distilled water, 8 g/l of 

poly-acrylic acid (PAA) (Sigma-Aldrich, Germany), 0.7 g/l NaCl (ASTM F2182–11, 2011a; 

Carmichael et al., 2010; Park et al., 2003) for the two performed experiments 4.1 and 4.2 that were 

 
6This material has the following physical properties: viscosity of 235-260 cps (in 30 °C), critical exposure of 9.0 

mJ/cm2 and liquid density of 1.10 g/cm3 (at 25 °C).  



University College London                                 Hassan Hawsawi 166 

 

separated by a week. After performing Experiment 4.1, the water-based gel was emptied from the 

phantom then filled one day before Experiment 4.2. An acrylic partition was used to separate the 

torso from the part of the QS-ASTM-II phantom containing the realistically shaped head, thereby 

preventing the torso gel from going around the latter. 

Following placement of the icEEG electrodes and temperature probes in the head phantom (see 

sections 4.2.2 and 4.2.3 for full details), it was filled with an agar semi-solid gel was made by 

mixing heated tap water, 4% Agar (Sigma-Aldrich, Germany), 0.5% NaCl and 4 ml/litre of a 

preservative agent (Mullinger et al., 2008; Yan et al., 2009), while shaking it to ensure that the 

whole space was filled without bubbles or voids between the electrodes. I used a semi-solid gel 

for the head in order to hold the implanted electrodes in position during the phantom manipulations 

and prevent leakage once the head is placed in a supine position inside the QS-ASTM-II phantom.  

 

Figure 4.1: Schematic representation of the phantom. The phantom consisted of two elements: our custom-built QS-

ASTM-II phantom and a realistically-shaped 3D head. The realistically-shaped head element was placed in the empty 

phantom’s head and is separated from the torso part by a removable acrylic plate.  
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4.2.2 Electrode description and placement and recording system  

4.2.2.1 IcEEG electrodes – Experiment 4.1 

In this study, three depth SEEG electrodes, one strip icEEG electrode and one grid icEEG electrode 

were used. The depth SEEG electrodes were of two models (Ad-Tech Medical Instrument, Oak 

Creek, WI, USA): one of type ‘SD-8PX’ (8 platinum contacts with 10 mm spacing, the total length 

is 380 mm), two ‘SD-6PX’ (6 platinum contacts with 10 mm spacing, the total length is 370 mm). 

The strip electrode was ‘T-WS-6PX’ (6 platinum–iridium contacts with 10 mm spacing, the total 

length is 445 mm). The grid electrode was of type ‘T-WS-48PX’ (6×8 platinum–iridium contacts 

with 10 mm spacing, the total length 455 mm). The contacts of the strip and grid are 4 mm diameter 

disks imbedded in the silicon housing, exposed in one side by 2.3 mm. The wires of the depths, 

strip and grid electrodes are made of nickel–chromium and isolated from each other, each wire 

connected to one contact in one side and contained inside a polyurethane tubing in the other side. 
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Figure 4.2: Experimental phantom with scalp and icEEG electrodes in place. A: Frontal view of the QS ASTM II phantom 

with the 3d head shell (h), the temperature probes (t), the icEEG and Ives electrode wires (e) and the immobilization pads (ip). 

B: Axial view of the same setup. C, D, E and F are CT images of the realistically shaped head phantom with the implanted icEEG 

electrodes and Ives subdermal wire electrodes. SWEs are fixed in the following locations FP1, T5, F7, FP2, F3 and T3 that 

follows 10-20 international scalp placement system. C: Axial view of the skull. D: Coronal view of the skull. E: Sagittal view of 

the skull. F: top 3D view of the head shell with the icEEG electrodes in yellow and the Ives subdermal wire electrode positions 

in green. 
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For Experiment 4.1, the following depth SEEG electrodes were positioned inside the empty head 

phantom similarly to our previous experiments Carmichael et al., 2008a, 2010) utilizing a 

frameless technique (Nowell et al., 2014; Vakharia et al., 2018): three depth electrodes along 

lateral trajectories: two 8-contact depths: right temporal anterior (‘R’) and left temporal posterior 

(‘LP’); one 6-contact depth: left temporal anterior (‘LA’). The trajectories were planned to mimic 

that of a bi-temporal bi-hippocampal implantation. As is conventional in SEEG, the trajectories 

were first aligned to the pre-defined plan so that drilling could be performed. A bolt was then 

screwed into the phantom along the drilled trajectory. The electrodes were then passed through the 

inner channel of the bolt into the phantom (in contrast to the conventional depth electrodes, which 

are usually placed free-hand following craniotomy and therefore do not require a skull bolt). 

Following this, the depth electrodes were held in position with threads of cotton and attached to 

the ends of the depth electrodes.  

In addition, a 6-contact subdural strip (‘S’) was placed approximately over the left parietal-frontal 

convexity and a 6×8-contact subdural grid (‘G’) was also placed on the inner concavity of the 

phantom skull to mimic a conventional fronto-parietal grid over the right frontal convexity. These 

were fixed to the phantom’s inner surface using glue. See Figure 4.2. The phantom was then filled 

as described in section 4.2.1. 

The electrode leads were gathered in two bundles at the top (superior aspect) the phantom: one 

bundle on the right comprising R and G leads and the second bundle on the left containing LA, LP 

and S leads. All the leads then were connected to icEEG 90 cm extension cables, which were 

connected to an input box.  

4.2.2.2 Subdermal scalp EEG electrodes – Experiment 4.2 

In this experiment, in addition to the icEEG electrodes placed as described in the previous section 

for Experiment 4.1, six subdermal wire electrodes (SWE; Ives EEG Solutions, Newburyport, MA, 

USA) were used, which consist of three components: 1) Subdermal wire electrodes (‘SWE’)  

(Figure 4.3 (A)) that is composed of a subdermal stainless steel needle connected to a wire made 

of pure silver and a recording tip area of 3 mm. 2) Subdermal wire electrode adaptor (‘SWE-ADT’) 

(Figure 4.3 (B)), which contains two terminals: one terminal with several pin-like color-coded 

endings that can be attached with the SWE at one end and another terminal that can be attached 
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with the third component: 3) Subdermal wire electrode harness (‘SWE-HAR’) (Figure 4.3 (C)) 

that connects the ‘SWE’ and ‘SWE-ADT’ to the EEG input box.  

The subdermal EEG electrodes were added on the exterior surface of the head phantom, with the 

icEEG electrodes for Experiment 4.1 left in place, by insertion into a small amount of modelling 

clay in the aforementioned disk-shaped indentations, at the following EEG electrode positions: F3, 

F7, FP1, FP2, T3, and T5 (see Figure 4.2). These were chosen based on pilot data (unpublished) 

indicating that they are the locations of maximum heating. The leads of the scalp electrodes were 

placed at the top of the phantom along with those of the icEEG electrodes.  

 

 

Figure 4.3: Illustration of the Ives subdermal scalp electrode. A: Subdermal wire electrodes (SWE). B: Subdermal wire 

electrode adaptor (SWE-ADT). C: subdermal wire electrode harness (SWE-HAR). A, B and C were adapted with permission 

from https://www.iveseegsolutions.com/swe. 

4.2.2.3 The EEG digitization and amplification system 

The EEG digitization and amplification system (DAS: electrode lead input box, battery pack and 

amplifier(s)) was placed on top of the foam insert (similar to the previous experiments in Chapter 

3) at the head end of the MRI bore. 

4.2.3 Temperature probes 

The temperature measurements were performed using the following fibre-optic sensors: model 

T1C-10-PP05 and model T1C-10-B05, Neoptix, Canada; sampling rate = 1 Hz, resolution = 0.1 

°C), connected to four-channel signal conditioners (SCs): SC-1 and SC-2 (Neoptix ReFlex—

C B A 
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Neoptix Inc., Canada; sampling rate = 1 Hz; resolution = 0.1 °C); model OTG-M280, connected 

to SC-3 (Model TMS-G4-10-100ST-M2; OpSens-TempSens, OpSens Solutions Inc., Québec, 

Canada; sampling rate = 50 Hz, resolution = 0.1 °C). 

4.2.3.1 Experiment 4.1  

Seven fibre-optic sensors were placed in close physical contact with the following EEG electrodes 

and connected to SC-1 and SC-2: 1) R contact #1 (R-1): the probe was placed parallel and attached 

to the tip of the electrode. 2) R contact #5 (R-5): the probe was placed parallel and attached to the 

fifth contact of the electrode and 2cm from R-1 laterally. 3) LA contact #1 (LA-1): the probe was 

placed parallel and attached to the tip of the electrode. 4) LA contact #5 (LA-5): the probe was 

placed parallel and attached to the fifth contact of the electrode. 5) LP contact #1 (LP-1): the probe 

was placed parallel and attached to the tip of the electrode 6) S contact #6 (S-6) the probe was 

placed parallel and attached to the middle of the 6th contact of the electrode; near the tip. 7) G 

contact #48 (G-48): the probe was placed parallel and attached to the middle of contact number 48 

of the electrode; posterior side of the grid.  The temperature probes were secured to the electrodes 

using cotton thread taking great care to ensure that the contact between temperature probe and 

electrode was as close as possible (Mattie et al., 2003). 

A temperature probe was placed in the body of the phantom (Ref) around the right shoulder area 

and connected to SC-3. However, the heating at Ref in Experiment 4.1 was just monitored.   

4.2.3.2 Experiment 4.2  

The temperature was recorded at twelve locations. Seven sensors were placed in contact with 

icEEG electrodes (LA-1, LA-5, LP-1, S-6, R-1, R-5 and G-48) and scalp electrode F3 and then 

connected to SC-1 and SC-2. In addition, four fibre-optic probes were attached to scalp electrodes 

(FP1, T5, F7, and FP2) and then connected to SC-3. Furthermore, one temperature probe was 

placed in the body of the phantom (Ref) and then connected to SC-1. The sensor at LA-5 stopped 

functioning after Experiment 4.1 and the sensor at Ref was connected in its place. 
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4.2.4 RF exposure protocol and temperature measurements 

Experiments 4.1 and 4.2 were performed one week apart using a Siemens 1.5T Avanto (Siemens 

AG, Erlangen, Germany: software VB17A). We used a standard Siemens transmit RF whole-body 

coil only. A high-SAR7 turbo spin echo (TSE) sequences were used with the following sequence 

parameters: TR= 2850 ms; TE= 92 ms; Bandwidth (BW)= 125 Hz/px; FOV= 30×30 cm; 35% PE 

oversampling; matrix= 512×410; 13 slices; slice thickness (ST)= 2.5 mm; slice spacing (SS)= 1.25 

mm; the number of excitations= 4, concatenations= 1 and the duration= 6 min 9 s. Across 

temperature measurements, the scanner-reported head-average SAR values were in the range (2.9-

3.1) W/kg and B1+RMS
8 in the range (4.1-4.3) µT. The high-SAR sequence was used to create a 

worst-case scenario of heating. The B1+RMS is estimated by the MR scanner using the following 

equation:  

 

B1+RMS = √
∫ (𝐵1+(𝑡))2𝑑𝑡

𝑡𝑥
0

𝑡𝑥
 (4.1) 

 

Where t is the time, tx is integration time (10 sec period per sequence duration). 

 

For experiment 4.2, an additional, low-SAR EPI sequence was used with the following scan 

parameters: TR= 4480 ms; TE= 50 ms; Bandwidth (BW)= 2.298 kHz; FOV= 19.2×19.2 cm; 0% 

PE oversampling; matrix= 64×64; 49 slices; slice thickness (ST)= 2.0 mm; slice spacing (SS)= 1 

mm; the number of excitations= 1, concatenations= 1; turbo factor= 15 and the duration= 6 min 4 

s. The scanner-reported head-average SAR values 0.1 W/kg and B1+RMS 0.9 µT.  

In experiment 4.1, two 6-minute series of temperature measurements were performed while the 

TSE sequence was run. The interval between the two series was 10 minutes to allow recovery for 

the temperature probes from the previous measurements. During this time, the phantom was left 

in place inside the MRI bore. 

 
7A high-SAR turbo spin echo was chosen to achieve the highest possible SAR that is allowed by the MR scanner. 
8The B1+RMS, which represents a statistical value of the positive rotating subfield of the B1 field, is estimated by the 

MR scanner and is dependent on the MR sequence parameters (Faulkner, 2016; IEC, 2016). 
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In experiment 4.2, two 6-minute series of temperature measurements were performed while the 

TSE sequence was run, and a third series was performed with the EPI sequence. The interval 

between the series was 10 minutes (during this time the phantom was kept in place inside the MRI 

bore).  

4.3 Results 

4.3.1 Experiment 4.1:  

Figure 4.4 shows the time course of temperature changes during the first series. The maximum 

(peak over the 6-minute exposures) temperature increases are presented in Table 4.1. The 

maximum inter-series peak temperature change variation of 0.2 °C, at G-48. The maximum 

temperature change across the two series was +2.8 °C, at S-6. 

 

 

Figure 4.4: Temperature changes during Experiment 5.1 (first series). 
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4.3.2 Experiment 4.2 

The maximum temperature increases are presented in Table 4.2. For the high-SAR TSE sequence, 

the maximum temperature changes at the icEEG electrodes were: R-1 +1.3 °C, R-5 +1.2 °C, LA-1 

+0.5 °C, LP-1 +0.1 °C, S-6 +2.1 °C and G-48 +0.3 °C.  We note that these values deviate from 

those for experiment 4.1 by a maximum of +0.6 °C at G-48. For the subdermal electrodes, the 

maximum temperature changes were: F3 +0.2 °C, F7 +0. 4 °C, FP1 +0.1 °C, FP2 +0.6 °C and T5 

+0.1 °C. 

For the EPI sequence, no temperature increases detected for all icEEG electrodes; for the scalp 

electrodes, the maximum inter-series peak temperature change variation of 0.3 °C, at T5. The 

maximum temperature change across the two series was +0.7 °C, at T5.  

 

Table 4.1: Maximum temperature increases for Experiment 4.1. The maximum increase was observed at the strip 

icEEG electrode (S-6). 

Series Sequence 
Electrode contact 

LA-1 LA-5 LP-1 S-6 R-1 R-5 G-48 

1 TSE 0.5 0.4 0.2 2.7 1.0 0.8 0.9 

2 TSE 0.6 0.4 0.2 2.8 1.0 0.9 0.7 

 

Table 4.2: Maximum temperature increases for Experiment 4.2. Similarly to experiment 4.1, the peak increases were 

observed at the strip electrode (S-6); on the whole, the peak increases were lower at the scalp (list) electrodes. 

Series Sequence 
Electrode contact 

LA-1 LP-1 S-6 R-1 R-5 G-48 F3 FP1 T5 F7 FP2 Ref 

1 TSE 0.5 0.1 2.1 1.3 1.2 0.3 0.2 0.2 0.4 0.5 0.6 0.1 

2 TSE  0.6 0.1 1.7 1.2 0.9 0.4 0.2 0.3 0.4 0.3 0.6 0.0 

3 EPI 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.7 0.3 0.5 0.0 
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4.4 Discussion 

In this study, I aimed to evaluate the RF-induced heating potential additional risks associated with 

the combination of scalp EEG, icEEG and fMRI; S-IcEEG-fMRI and determine the feasibility of 

applying such techniques using the body transmit coil. I performed this study following icEEG 

implantation locations similar to our previous work (Carmichael et al., 2008a, 2010).  

 

The results of Experiment 4.1 were showing maximum inter-series peak temperature change 

variation during the application of TSE of 0.2 °C, at G-48. The maximum temperature change 

across the two series was +2.8 °C, at S-6. It is noted that the temperature at this location was not 

recorded in the previous safety studies partly due to the limited number of temperature probes that 

the research group had access to at the time (Carmichael et al., 2008a, 2010). The temperature 

increases at the other icEEG contacts were ≤1 °C. Adding a set of 6 scalp electrodes (Experiment 

2) resulted in a difference in temperature increase of +0.6 °C or less across the icEEG electrodes 

and most of the icEEG experienced reductions in the temperature increases by the addition of the 

scalp electrodes. These reductions could be explained by the increased number of electrodes but 

more investigations are required to confirm this effect. For the low-SAR fMRI-type gradient-echo 

EPI sequence, the peak temperature increases were ≤+0.7 °C, with the maximum heating observed 

at a scalp electrode location, and the heating at all icEEG locations was within a detection threshold 

of the order of 0.5 °C. 

 

The range of peak temperature increases measured in the vicinity of the icEEG electrodes without 

scalp electrodes (Experiment 1, high-SAR exposures) in this work is similar to those observed in 

our previous investigations of heating in the vicinity of icEEG electrodes using the head transmit 

RF coil (Carmichael et al., 2010, 2008). The results of our repeated observations of the heating 

around the icEEG electrodes suggest that differences phantom and wire positioning (that occurred 

between our two experiments, despite our best efforts to minimise them) are probably as an 

important source of heating variation with the addition of the scalp electrodes. In addition, the 

recorded scalp EEG heating increases during the application of TSE (see Table (4.2)) showed very 

similar maximum heating increases to a previous experimental and computational EM simulation 
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study that was performed by (Jorge et al., 2015) despite their use of 7 T head only scanner with 8-

channel head Tx/receive coil. 

 

I observed that the heating at the tips of the depth electrodes (see Tables (4.1 and 4.2)) is always 

higher than the heating at contact 5 (R-5 and LA-5) of the same electrode. This is consistent with 

previous electromagnetic computational simulations that were either performed on the tip of wires 

(Yeung et al., 2007) or in-depth electrodes (Bhusal et al., 2018; Carmichael et al., 2008a). The 

increase of heating at the tip occurs as a result of the coupling between the electrical component 

of RF field with these metallic implants. This was demonstrated in previous deep brain stimulators 

safety studies (Carmichael et al., 2007; Finelli et al., 2002; Georgi et al., 2004; Gleason et al., 

1992; Kahan et al., 2015; Schueler et al., 1999; Tronnier et al., 1999).  

4.4.1 Heating at the icEEG electrodes and reproducibility 

Previous studies performed heating assessments when using a body Tx coil with only icEEG 

electrodes (as in Experiment 4.1) for the technique of icEEG-fMRI. Carmichael et al. performed 

these heating measurements at 3 T MRI systems and found that heating can be 6.4 °C for the grid 

electrode and 0.7 °C for the depth electrode when positioning the 120 cm cables in “open circuit” 

configuration but the heating decreases when positioning these cables in “short circuit” to 0.7 °C 

for the grid and 0.5 °C for the depth (Carmichael et al., 2008a). In addition, Carmichael and co-

workers measured 6.9 °C for the depth icEEG electrodes and 2.9 °C for the grid electrode if the 

120 cm cables were placed along the Z axis; however, it can be more than 2.9 °C and 1.3 °C for 

the mentioned electrodes, respectively, if these 120 cm cables were placed close to the bore and 

directed towards the feet (Carmichael et al., 2010). The previous two studies concluded that body 

Tx coil is not suitable for icEEG-fMRI technique and should be avoided due to the significant 

heating effects. This was also the conclusion of Boucosis et al. who also performed similar safety 

tests on a designed agar sphere phantom implanted with depth electrode as well as a subdural 

electrode grid inside the body Tx coil at 3 T. However, the group allowed the use of a body Tx 

coil when performing icEEG-fMRI using low-SAR sequences such as GE-EPI (Boucousis et al., 

2012) for the icEEG electrodes that are attached to 230 cm cable. Using a 1.5 T MRI systems with 

a body Tx coil, Ciumas et al. performed safety assessments using EPI with depth icEEG implants 

that were connected with 260 cm cable in both a water-based phantom and rabbits in two positions; 
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axial and lateral and found temperature increases in the range 0.2 and 1.3 °C, for the phantom and 

rabbits, respectively, for different electrode and circuit configurations (Ciumas et al., 2013).  

4.4.2 Limitations of this work 

Because of time and equipment constraints, our measurements are necessarily limited in terms of 

spatial sampling; however, I was able to show that the addition of scalp EEG electrodes can cause 

temperature changes to up to +2.1 °C at S-6 when applying TSE sequence and +0.7 °C at T5 when 

applying EPI. Therefore, an electromagnetic computational simulation that involves different 

icEEG implantations and scalp electrode placements can help to reveal more information about 

the heating increases and the worst-case scenario in terms of safety. 

Another limitation is that the new realistically shaped, multi-compartment (conducting intracranial 

volume and more resistive skull shell) phantom used in this study did not have a scalp element. 

Therefore, the conductivity between the scalp EEG electrodes and the phantom was not modelled 

correctly. Constructing a realistic head phantom that comprises a skin element represents a 

considerable engineering and manufacturing challenge, and very few multi-tissue head phantoms 

have been made. Previous safety studies did not report a dramatic change in the temperature 

measurements when using different types of phantoms such as a pig or one or multiple tissue 

phantoms compared with the regular ASTM phantom. The existence of a conductive skin in a 

phantom may create an induction loop, which might cause an increase in the heating and make the 

results less conservative. In addition, the existence of the temperature regulating perfusion process 

in the human head is extremely challenging to simulate and makes the heating results less 

conservative (Hawsawi et al., 2017). Future work to address these limitations includes the use of 

EM computational simulations to evaluate the impact of the inclusion (and exclusion) of the scalp 

on the EM fields and therefore better guide the design of empirical tests. Previous research 

involved a conducting head phantom covered with a semi-spherical conductive layer made of agar 

that was used for the purpose of removing gradient, pulse and motion artefacts (Chowdhury et al., 

2014). While it might have been possible to this in our phantom, the difficulty would have been in 

making holes for the scalp EEG electrodes connected outside of the conducting layer and the 

arrangement of the wires of both the scalp EEG and the icEEG electrodes. Another study by 

Angelone et al., (2004) in which a single-tissue phantom was used for temperature measurements 

in the presence of EEG electrodes, the authors suggested that a multi-tissue phantom would be 
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preferable in order to simulate the realistic model of the human head, but this was not done in the 

study. Wood et al. (2017) performed a study using a complex multiple tissue phantom in MRI with 

skull, fat and skin forming a single ‘equivalent’ compartment. Outside the realm of MR safety, we 

note the work of Iacono et al. (2019) that studied the implanted DBS electrodes along with scalp 

EEG electrodes in order to extract DBS electrical pulses that can affect EEG signals and localise 

its origin inside an isotropic head instead of anisotropic (because of limitation in GPU memory). 

The modelled head contains three compartments: skin, skull and brain. Iacono et al. indicated that 

skull conductivity and anisotropy that make the electrical potentials on the scalp of the head more 

accurate are factors for achieving accurate simulations of the EEG signal. Other researchers 

studied the use of dead pig head to simulate the human head for MR safety study (Shrivastava et 

al., 2010, 2012; Gorney et al., 2013); however, this type of animal head model also lacks the 

temperature regulating perfusion process that occurs in the human head and obviously has limited 

capacity to emulate a real human head (for example, in terms of shape, skull and scalp thickness). 

This is also can be said about the use of other phantoms such as watermelon used in a study 

by Balasubramanian et al. (2017).  

There are some limitations about the amount of scalp electrodes and their distribution that could 

interact differently with the icEEG electrodes. This is a vast potential search space to find worst-

case configurations and in order to have a clearer picture of the worst-case scenario in terms of 

significant heating, then a comprehensive computational modelling and electromagnetic 

simulations as well as empirical validations have to be performed for a huge number of 

configurations.   

Finally, we also note temperature sensor failure (experiment 4.2) was as an issue because of the 

difficulty of positioning temperature probes that are also easy to break due to its small thickness.   

4.5 Conclusion 

In conclusion, the present work provides good evidence that the use of subdermal scalp EEG 

electrodes in combination with icEEG electrodes simultaneously when scanning using fMRI did 

not result in a significantly higher risk for the subject compared to the icEEG-fMRI scenario after 

following the strict safety guidelines. These safety guidelines include: avoiding high SAR 

sequences such as TSE and placing the electrode leads along the central axis of the scanner at 1.5 
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T MRI (Carmichael et al., 2012). It also provides useful information for other investigators to 

perform the necessary risk evaluation for their own MRI scanning and EEG recording equipment, 

and to implement scalp-icEEG-fMRI at their centre.
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 Computational EM field simulations and 

empirical measurements for the assessment of RF-

induced heating in the vicinity of human 

electrocorticography and depth brain electrodes during 

MRI9  

 
9
This part is adapted from Ipek, Ö., Hawsawi H.B., Papadaki A., Jorge J., Carmichael D. W., Gruetter R., Lemieux L. 

(2020). “Computational EM field simulations and empirical measurements for the assessment of RF-induced heating 

in the vicinity of human electrocorticography and depth brain electrodes during MRI.” (submitted to MRM). 

My contribution to the work described in this chapter is as follows: the initial idea was from Professor Lemieux and 

myself; I made the initial computer model of the icEEG 1x4 strip electrode. Furthermore, I analysed the MRI data and 

performed the experimental temperature validation (with the help of the MRI unit staff) and analysed the resulting 

data. I also took part in the writing and editing of the manuscript. 
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In this chapter, I describe a set of initial computational EM simulations in order to illustrate the 

potential for full electromagnetic (EM) field simulations for the estimation of excessive tissue 

heating associated with the interactions between EM field and icEEG electrodes placed inside a 

human head. As mentioned previously, such simulations promise to enable an improved 

understanding of this problem if these simulations were validated experimentally.  

5.1 Introduction 

As mentioned in Chapter 2, the main potential health hazard associated with performing MRI in 

the presence of the metallic icEEG electrodes is excessive RF-induced heating (Carmichael et al., 

2008, 2010; Boucousis et al., 2012; Ciumas et al., 2013). The electrical coupling of the metallic 

implanted electrodes and the RF coil during an MRI measurement leads to an increased SAR and 

temperature in the surrounding tissue (Carmichael et al., 2012). While empirical measurements can 

provide temperature readings in a phantom, those are limited to a usually small number of locations 

(Boucousis et al., 2012), the computational electromagnetic field (EM) simulations enable the 

mapping of the RF-induced heating at all locations in any given model of the human body and 

implants (Ipek et al., 2017). Studies with phantoms using head- or body-transmit RF coils at 1.5T 

and 3T have shown the potential for heating near conducting implants that exceed the safety limits 

(Hawsawi et al., 2017). Temperature-probe measurements indicated that the maximum temperature 

changes are expected to be observed at the implanted electrodes (Achenbach et al., 1997; Pictet et 

al., 2002).   

To date, three studies of RF-induced heating in the vicinity of an icEEG electrode exist that 

comprises computational simulations (Carmichael et al. 2008b; Erhardt et al. 2019; Bhusal et al., 

2018), the later modelled a depth icEEG electrode as a single conducting wire. While empirical 

validation based on temperature measurements in the body phantom remains the gold standard for 

MR safety, they can be time-consuming and suffer from other limitations, such as limited sampling 

and measurement uncertainties. The potential benefits of computational EM modelling for safety 

studies include the possibility of testing a greater number of scenarios than empirical experiments 

on material test phantoms (although this depends on computation efficiency), which can lead to an 

improved mechanistic understanding of the implant-RF-body interactions and heating patterns. An 

additional advantage is the superior spatial sampling is possible via simulations compared to the 
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currently available measurement techniques (direct thermometry). Computational EM field 

simulations can also enable calculating EM field interactions with more geometrically complex 

and realistic implant configurations. The possibility of using EM simulations to explore ranges of 

configurations can speed up the identification of worst-case configurations for putative 

experimental validation (Corcoles. et al., 2017). 

Here I investigate the computed EM and SAR fields for realistic, detailed icEEG electrode models, 

and their temperature measurements for depth electrodes on the ASTM phantom.  

Following Experiments 1 and 2 of this PhD research, I embarked on computational simulations of 

the interactions between RF EM fields and implanted electrode in a human head. My first exercise 

in this area was the creation of a detailed 3D computer model of a strip intracranial EEG (icEEG) 

electrode using the SolidWorks software (Dassault Systems, France): effectively, a computer 

reproduction of an electrode used in our clinical centre; see Figure 5.1 (a); Ad-Tech model TS04R-

SP10X-000 (Ad-Tech Medical, Oak Creek, WI, USA) and Figure 5.1 (b); This was modelled based 

on the details obtained from the manufacturer (Ad-Tech Medical, USA). This electrode model was 

placed into a commercial model of an adult male called Duke (Gosselin et al., 2014) and the EM 

pre-simulation workflow was followed before running the simulation (see details in chapter 2). In 

this initial attempt, the model failed in the voxelization process. This was because of two reasons: 

first, the initial model of the strip icEEG electrode Figure 5.1 (b) contained all the fine details (from 

the contacts to the wires) to be gridded and voxelized which require a large number of non-uniform 

grids to cover all the curvatures of the model. Here, the strip icEEG electrode contains the electrode 

contact (diameter: 4 mm and 2.3 mm is exposed to tissue) was imbedded within a silicon case. The 

electrode contact was connected to the internal wires and the electrode wires (thickness: 0.08 mm 

and length: 250 mm) that run inside a polyurethane tubing to the head (cm) and the RF coil 

(diameter: 27 cm, length: 27 cm). Second, the electrode internal wires and the electrode wires 

(thickness: 0.08 mm and length: 250 mm) were not visible during the initial attempts of 

voxelization due to their small size and the voxelization process seemed to cancel parts or all the 

parts of the electrode wires. Therefore, a second, simplified model was created (Figure 5.1 (c)) 

with help from Dr. Ozlem Ipek (EPFL, Lausanne, Switzerland).  
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Figure 5.1: Computer models of a strip icEEG subdural Ad-Tech electrode (model: TS04R-SP10X-000; AdTech Medical 

Systems). (a): Drawing of the electrode model by Ad-Tech. (b): Initial, detailed model. (c): simplified model. For the simplification, 

the silicon cover was changed from curved structure to a rectangular block and the wires were replaced by zero-thickness perfect 

electric conductor (PEC) lines. The electrode contacts consist of 4 mm diameter (2.3 mm of which is exposed to tissue) platinum 

PEC discs imbedded within a silicon contact case and connected to nickel-chromium PEC wires (length: 250 mm) that run inside a 

polyurethane tubing to the connector end. 

5.2 Methods 

In this study, three experiments were performed. Firstly, physical measurements were made using 

empirical RF-induced heating tests in an MR scanner on a test phantom, using clinical depth icEEG 

Recording contact 
Silicon cover 

Silicon tube 
Wire 

(b) 

(c) 

(a) 
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electrodes. Secondly, computational EM simulations were performed, designed to replicate the 

empirical MRI experimental set-up. I then could compare the heating in equivalent configurations 

between the physical measurements and computational EM simulations. Finally, computational 

EM simulations were performed on a multi-tissue anatomically-realistic human model in the 

presence of a fully represented subdural strip icEEG electrode. This allowed both a demonstration 

of feasibility and a degree of model validation by comparison between experimental and 

computationally derived B1 field distributions.   

5.2.1 Physical measurements: RF-Induced Heating Experiments in a 

Phantom 

An ASTM (American Society for Testing and Materials) whole-body phantom (head 

(27.017.09.0 cm3) with torso (66.543.09.0 cm3)) filled with 19 l of polyacrylic acid gelled 

saline (Park et al., 2003). The gel was prepared following the prescribed recipe by mixing of 13.3 

g of NaCl and 152 g of polyacrylic acid (Sigma-Aldrich Corp, St-Louis, MO, USA) into deionized 

water. icEEG electrodes were placed in the phantom as described below, and the phantom-

electrode assembly was filled with the gel. 

The depth electrodes (SD08R-SP5X-000; Ad-Tech, Racine, WI, USA) comprise eight equally-

spaced (centre-to-centre distance: 5 mm) Platinum cylindrical contacts (diameter: 1.12 mm; length: 

2.41 mm), each conductively attached to an insulated wire (maximum length of the conducting 

wire from electrode contact to connector: 380 mm). The electrode contacts, numbered 1 to 8 from 

tip to most distal, are interspersed with cylindrical plastic sheeting and only the surface of the 

metallic cylinder is in-contact with the tissue. Two 8-contact depth icEEG electrodes were inserted 

at the head end of the ASTM phantom by drilling holes on the top (‘axial electrode implantation’) 

and side (‘lateral electrode implantation’) of the phantom head. For the axial implantation the 

electrode was placed along the S/I direction with tip positioned 4.75 cm from the top of the head. 

For the lateral implantation the electrode was placed along the R/L direction with the tip positioned 

8.65 cm from the right side of the head. As the electrodes are extremely flexible, they were attached 

to a vertical gridded plastic frame to ensure the intended orientation. For some measurements 90 

cm long extension cables were attached to the electrodes (as used to connect the electrodes to the 

icEEG amplifiers (not used in this work; ‘unterminated’ condition)). The total electrode-extension 
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cable length is 128 cm. The part of the combined electrode-extension cables outside the phantom 

were placed as follows: for the axial implantation, the electrode lead was positioned in a straight 

line and then attached to the electrode extension; for the lateral implantation, the electrode lead was 

fixed outside and parallel to the head wall inside a plastic tube. 

5.2.1.1 MR measurements 

The MR measurements were performed at 1.5 T (Siemens Avanto, Germany with software version 

syngo MR B17) using a transmit-receive CP head RF coil. A turbo-spin echo (TSE) sequence was 

acquired for six minutes with a scanner-estimated head SAR of 1.6 W/kg, B1rms of 3.2 μT and a 

time-averaged RF power of 8.3 W. The SAR values used here are those reported by the Siemens 

scanner software at the time each sequence was running. These values are calculated using a 

proprietary algorithm modelling RF absorption by the human body, averaged across the whole 

tissue-volume of interest, and are calculated assuming that there is no metal or other implants 

present within the tissue. These values therefore do not provide any direct information as to the 

local SAR in e.g., small tissue volumes close to the electrode contacts but do provide a means to 

compare the overall RF power delivery of different MRI pulse sequences quantitatively. The TSE 

sequence parameters were: TR/TE 6470/71 ms, turbo factor=15. Echo trains per slice=18, 6-minute 

of scan time.  

3D B1
+ maps (Stollberger et al., 1988) were acquired using the Double-Angle method on a healthy 

volunteer and the ASTM phantom using transmit-receive head RF coil and analyzed using Matlab 

(Mathworks, USA). A healthy volunteer scan was approved by local ethics committees and written 

informed consent was obtained from the volunteer. This one volunteer was chosen due to the non-

availability of B1 map for the used transmit-receive head RF coil. 

5.2.1.2 Temperature measurements 

Temperature data were recorded simultaneously during MRI scanning using a MRI-compatible 

fibre optic thermometer (Neoptix Model M3300, Lumasense Technologies, Santa Clara, Canada) 

at the rate of 1 sample per sec from three sensors placed at the following locations: axial electrode 

contact tip, lateral electrode contact tip, and in the neck area more than 30 cm away from any 

electrode, as a reference. A firm attachment was achieved using surgical threads. During the MR 
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scans, the temperature increase in the phantom as measured with the reference temperature sensor 

was less than 0.3 °C. Two TSE sequences were acquired for the temperature measurements: with 

and without the extension cables. 

 

5.2.1.3 SAR estimation 

The specific absorption rate (SAR) for the EM simulations was calculated using equation (2.9) 

based on the empirical temperature data as: (SAR = Cp<dT/dt>t=[0s,30]s,), where Cp is the heat 

capacity, T is temperature and t is time, averaged over the first 30 sec of the RF exposure. Cp of 

water is 4200 J/kg°C.  

5.2.2 Electromagnetic-field (EM) Simulations 

Electromagnetic-field (EM) simulations were performed using the finite-difference time-domain 

(FDTD) method on Sim4Life 4.2 (ZMT Zurich MedTech AG, Zurich, Switzerland). See Chapter 

2 (section 2.8.5) for more information about the EM computational simulation workflow. A low-

pass head birdcage coil (diameter= 27 cm, length= 27 cm, 16 legs with two rings modelled as 

perfect electric conductor (PEC) with capacitor value of 6.65 pF in two-channel quadrature-driven 

mode; Figure 5.2) with the bore shield (diameter= 60 cm, length = 80 cm, material: PEC) was 

modelled and the circularly-polarized mode was excited. The dimensions and compositions of the 

coil were obtained from the MR scanner manufacturer. A harmonic excitation at 64 MHz was 

applied, and a CUDA solver was used. The CUDA solver is a parallel computation system that 

enables simulating the problem using GPU faster than normal systems (Sim4Life, 2015). Steady-

state conditions (convergence level= 50 dB) were typically achieved within 50 simulation cycles. 

We computed maps of B1 field and local SAR, and peak values of local SAR averaged over 0.001 

g, 0.01 g, 0.1 g phantom tissue on the tip of the electrode tip and peak local SAR over 10 g tissue 

for the human model (61326-1, 2012). 
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Figure 5.2: The model of the experimental setup designed on the electromagnetic field simulation software. This is 

including (a) the magnet bore, a head transmit RF volume coil, lateral (right, green line) and axial (left, green line) icEEG 

electrodes placed in an ASTM phantom (b) without including the magnet bore.  (c) Zoomed-in view of the model of the icEEG 

with insertion dimensions in the phantom. 
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5.2.2.1 Phantom simulation 

A realistic model of the two 8-contact depth icEEG electrodes with an exact MR measurement 

setup was created and placed in the realistic ASTM phantom used during the physical 

measurements in the simulations (Figure 5.2).  As the depth electrodes were modelled as given 

dimension in the subsection of physical measurements, the contacts and wires were modelled as 

PEC and the insulators around the contacts and wires were modelled as dielectric material 

(permitivity (εr)= 4, electrical conductivity (α)= 0 S/m). The dimension of the modelled ASTM 

phantom sticks to the realistic one with the following dielectric properties (εr=80, α= 0.47 S/m). 

The simulation model was meshed in a non-uniform grid of approximately 342 MCells 

(4552772714 Cells) with voxel steps ranging from 0.070.050.07 mm3 to 202042 mm3 

(about 5 days of simulation time). 

 

5.2.3 Realistic Full-tissue Human Body Simulation 

A detailed computational model of a strip icEEG electrode (TS04R-SP10X-000; AdTech Medical 

Systems; Figure 5.1 (c) and Figure 5.3 (a) and (b)) with four contacts, longitudinally aligned and 

10 mm apart was made using the Solidworks software (Dassault Systemes, France) and imported 

into Sim4Life for EM simulations. The electrode contacts consist of 4 mm diameter (2.3 mm of 

which is exposed to tissue) platinum PEC discs embedded within a silicon contact case and 

connected to nickel-chromium PEC wires (length: 250 mm) that run inside a polyurethane tubing 

to the connector end. Figure 5.3 (c) shows some parts of the head model, the RF coil and the 

electrode leads after the voxelization process. The coil and a full-body human model called Duke 

(Gosselin et al., 2014) were oriented along B0 field (z-axis) representing a head-first supine patient 

position (Figures 5.3 (d) and (e)). The electrodes were placed in three different locations and 

orientations on the brain’s surface while ensuring good contact between the icEEG contacts and 

brain parenchyma, which were chosen to emulate realistic placement of the subdural electrodes 

(Carmichael et al., 2012) (Figure 5.3 (e)): 1) lateral side parallel to B0 (Figure 5.3 (f)); 2) superior 

side of the brain perpendicular to B0 (Figure 5.3 (g)); 3) lateral side of the brain perpendicular to 

B0 (Figure 5.3 (h)). 
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For voxelization, the conductive electrode components were assigned higher priorities than the 

Duke tissues, in order to ensure that the surface of the electrode contacts remains in contact with 

the tissue while the rest of the electrode components sealed with silicon and immersed in the tissue. 

The simulation model was meshed in a non-uniform grid of approximately 80 MCells, with voxel 

steps ranging from 0.180.420.8 mm3 to 287308178 mm3 (about 8 hours per channel). 

 

Figure 5.3: Voxelized simulation model of the simulation models. (a) Four contacts (colourful discs) and conductive wires 

modelled as perfect electric conductor (PEC). (b) Four icEEG contacts embedded in a silicon contact case (blue). The conductive 

wire connected to the icEEG contact embedded either in the silicon contact case (blue) and the electrode wires in silicon tube 

(grey). (c) Voxelized PEC wires outside the Duke brain. No silicon tube is demonstrated here. (d) Oblique and (e) axial voxelized 

simulation model of head birdcage coil with the bore shield and Duke model. (f) Voxelized Duke model with four icEEG contacts 

(colourful dots embedded in a silicon case (blue) with PEC wires in a silicon tube (grey)) placed on peripheral part of the brain 

either parallel to the main magnetic field (B0) or (g) top of the brain or (h) perpendicular to B0.  

Oblique view of the Duke and the birdcage coil Axial view of the Duke, birdcage coil and bore shield 

Lateral Strip icEEG parallel to B0 Lateral Strip icEEG perpendicular to B0 Superior Strip icEEG perpendicular to B0 

(d) (e) 

(h) (g) (f) 
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5.3 Results 

5.3.1 Comparison of Phantom MRI measurement and EM simulation: 

Temperature and SAR 

Without the extension cables, the observed temperature fluctuations were within baseline 

variability for all locations (Figure 5.4 (a)). With the extension cables connected, peak temperature 

increases of 1.3 °C and 2.8 °C were observed at the tip (most distal) of the axial and lateral 

electrodes, respectively (Figure 5.4 (b)) in six minutes of acquisition time. The fitted empirical 

temperature curves were 0.02 for the distal axial and 0.04 for the lateral electrode contacts (Figure 

5.4 (c)). The corresponding estimated SAR values are 168 W/kg for the distal axial and distal lateral 

electrode contact (Table 5.1). The point SAR and the averaged 1 g SAR (SAR1 g) are shown in 

Figure 5.5. The figure illustrates larger point SAR and SAR1 g at the lateral depth electrode that can 

be for the averaged SAR1 g as double as the axial one (~12.5 W/kg for the axial distal contact). 

5.3.2 Comparison of phantom MRI measurement and EM Simulation: 

Sampling volume 

In view of the effective sampling volume of the temperature measurement, the probes are of the 

order of 1 mm3. For the computational simulations, the point SAR corresponds to sub-millimetre 

voxel size around the icEEG electrodes. Table 5.1 summarizes the corresponding averaging masses 

with the voxel size.  

5.3.3 Comparison of human MRI measurement and EM simulation: B1 field 

Representative central sagittal, coronal and axial sections of the experimentally measured and 

computationally simulated B1
+ maps are shown for the human head (Figure 5.6) and they show 

good agreement between the experimentally measured and simulated 3D B1
+ maps. 
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5.3.4 EM simulations of human model with strip icEEG electrodes:  

The SARmax.,10g value for the strip electrode placed laterally, parallel to B0, was 20% higher than 

the value estimated without any electrode and with lateral icEEG electrode placed perpendicularly 

to B0 (Figure 5.7). Moreover, the superior icEEG strip contacts placed perpendicular to B0 resulted 

in the greatest local SAR (~60% compared to a coil only without any electrodes) (Figure 5.7). 

 

Table 5.1: Comparison of simulated and empirical SAR estimates in phantom. Measured SAR values calculated from the 

linear fit of the temperature increase observed in Figure 5.4 (b). Simulated SAR values were averaged over 0.001 g corresponding 

to 1 mm isotropic averaging resolution, 0.01 g referring to 2.2 mm isotropic weight-averaging voxel, and 0.1 g referring to 4.6 mm 

isotropic weight averaging voxel for 1 g/cm3 tissue density. 

 
Measured SAR 

(W/kg) 

Calculated 

SAR0.001 (W/kg) 

Calculated 

SAR0.01 (W/kg) 

Calculated SAR0.1 

(W/kg) 

Corresponding 

voxel volume 
Estimated 1 mm-iso 

1.01.01.0 

mm3 
2.22.22.2 mm3 4.64.64.6 mm3 

Axial tip 168 275 165 40 

Lateral tip 168 275 165 47.4 

 

 

Figure 5.4: Temperature measurements for two depth icEEG electrodes placed inside the ASTM phantom. Two 

temperature probes were placed in contact with the electrode contacts of two 8-contact depth icEEG electrodes: one orientated 

along the scanner’s longitudinal axis (‘axial’) and the other perpendicular (‘lateral’). (a) Axial electrode connected to a 90-cm long 

extension cable; (b) both electrodes connected to the 90-cm long extension cables. Measurements performed in a 1.5 T MR 

scanner with a head transmit/receive RF coil. (c) The slopes of the curves were estimated over the first 30 seconds of temperature 

increases to estimate the measured SAR in Table 5.1. 
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Figure 5.5: Computational simulation of the two 8-contact depth icEEG electrode inside the ASTM phantom. (A) Point 

SAR for the simulation of two electrodes: one placed in the axial region and the other in the lateral region inside the ASTM 

phantom. The top of the figure shows the point SAR map in the level of the axial (left) electrode and the level of the lateral (right) 

electrodes inside the phantom. The middle of the figure shows enlarged view of the para-coronal sections of the electrode contacts 

(centre and surface) at the level of the axial electrode (left) and at the level of the lateral electrode (right). (B) 1 g averaged SAR 

normalized to 1 W input power for the two electrodes: the para-coronal sections of the electrode contacts (centre and surface) at 

the level of the axial (left) and at the level of lateral (right) are shown. 

Axial 
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Figure 5.6: Empirical and simulated B1+ maps. Central slices in sagittal, coronal and transverse cuts. Upper: 

experimentally measured with a head transmit/receive RF coil at 1.5T; bottom: result of EM simulation on the Duke adult male 

phantom. 
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Figure 5.7: Computational EM simulation of SAR distribution. Simulated SAR (upper row) and local SAR averaged over 10 g 

tissue (lower row) normalized to 1 W input power shown for a lateral strip icEEG electrode oriented parallel to B0; superior strip 

icEEG electrode oriented perpendicular to B0 and lateral strip icEEG oriented perpendicular to B0. 
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5.4 Discussion 

The results of the computational electromagnetic field simulation and temperature measurements 

are in broad agreement, showing that the tip of the electrode, which is perpendicular to B0 (‘lateral’) 

heats up similarly to the tip of the electrode parallel to B0 (‘axial’). Considering the SAR maps 

(Figure 5.5) on the head of the ASTM phantom with the head RF coil, the highest SAR value is 

observed close to the RF coil at the lateral side of the phantom that can be as double as the axial 

electrode, which is located at the top of the phantom. This in agreement with our experimental 

measurement where the axial and lateral electrodes were connected to the icEEG extension cable 

(Figure 5.4 (b)). A similar pattern was observed for Bhusal et al. (2018) for wires (not electrodes) 

placed in the body RF coil at 3 T. However, in our experimental setup, the lateral electrode was 

placed deep enough not to be in a high-intensity region of the coil’s SAR profile at the edges of the 

head phantom. As the SAR averaging volume increases, the local SARmax value for the lateral 

icEEG becomes bigger than the value for the axial icEEG (Table 5.1). Similarly, depending on the 

orientation of the strip icEEG electrodes and the wires with respect to B0, the SARmax value varies: 

the orientation of the conductive wires with the lateral icEEG contacts has an influence on the 

tissue heating for the lateral icEEG.  

Probably the observed temperature increase and SAR values are related to the distances of the tips 

of the lateral and axial icEEG electrodes. In our setup, the distance of the tips was around 5 cm. As 

the distance gets reduced, the temperature as well as the maximum SAR value would increase due 

to their EM coupling to each other. The temperature increase was observed above 1 °C for both 

axial and lateral tip of the icEEG electrode, which can be as a result of their mutual EM coupling. 

Otherwise, it was below the 1 °C according to the safety guidelines (61326-1, 2012) measured for 

the axial icEEG placed in the head coil at 1.5 T (Angelone et al., 2014). Furthermore, the cable 

extension length is also important. Yeung et al. (2007) observed substantial differences in heating 

at the tip of a wire related to its resonance length (of the order of a few centimetres) (Park et al., 

2003). 

The limitations of this study include the following: sensitivity of the temperature rise to the details 

of wire placement (Rezai et al., 2002) or their position inside the scanner (Nordbeck et al., 2011), 

and dependence of the measurements on exact geometry of temperature probe orientation (Mattei 

et al., 2007). Because of these limitations, more research is needed to validate this study (icEEG 



University College London                                 Hassan Hawsawi 196 

 

strip electrode test or the depth electrode test) covering more safety scenarios and icEEG depth or 

strip locations and orientations following the clinical and surgical implantation plans. 

Similar to observations for the depth icEEG, the results of FDTD electromagnetic field simulations 

using the strip icEEG on the human head showed broad agreement with previous experimental 

observations on the phantom while allowing for measurements of SAR/heating along the entire 

implant length (Carmichael et al., 2008a). Non-uniform conformal voxeling enables the simulation 

of a fully detailed realistic in-vivo icEEG-MR setup. FDTD simulations may overcome one 

limitation of the empirical approach, which is the restricted spatial with current MR compatible 

thermometry. This requires assumptions to be made regarding the location of the greatest 

temperature rise, which may be difficult to predict with certainty for a particular arrangement of 

the electrode and leads in the scanner.  

5.5 Conclusion 

Although further study is required, initial verifications indicate that the use of FDTD simulations 

may broaden the conditions under which patients with certain brain implants can be imaged safely. 

I showed the feasibility of full-body EM-field computational models based on realistic icEEG 

electrode designs using FDTD numerical calculation scheme by comparing with the MR 

measurements on phantoms and on digital human models. These data are highly specific to only 

this design and for the tested locations and orientations. Although no generalization or 

extrapolation should be made to human exams and much further study will be needed. These 

preliminary data are encouraging for the future of EM-field simulations of EEG and icEEG during 

fMRI.
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 RF-induced heating in the vicinity of 

human depth intracranial EEG electrodes: effect of 

electrode and implantation model simplification on 

computational EM simulations10  

 
10

This chapter is partially adapted from Hawsawi HB., Ipek, Ö., Carmichael DW., Lemieux L. (2019). RF-induced 

heating in the vicinity of human depth intracranial EEG electrodes: effect of electrode and implantation simplification 

on computational EM simulations. Proc. Intl. Soc. Mag. Reson. Med. 27 (2019) (In preparation for publication as a 

full research article). 
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In this chapter, I describe Experiment #4, which consists of EM computational simulations to 

investigate the possibility of simplifying the EM simulations due to the time required to simulate 

the complete scenario for the study of SAR increases during MRI as in Chapter 5. Simplifying the 

EM simulation will be beneficial to minimise the simulation times, which was the issue in the 

previous chapter. The possibility of simplifying the EM simulations would enable us to perform 

simulations more rapidly in order to get more information about the worst-case in terms of heating 

increases when introducing icEEG electrodes in the MRI environment. The Complete model 

contains 8 contacts and 8 wires, whereas, the Simplified model contains only one contact and one 

wire. However, in order to gain confidence about the value of the Simplified model, the first step 

is to compare the estimates obtained with the Simplified model with those obtained with the 

Complete icEEG model, followed by empirical temperature measurements. 

6.1 Introduction 

While RF-induced heating in the vicinity of invasive EEG electrodes and catheters has been 

characterised experimentally in test phantoms, these have typically covered a small number of 

electrode configurations, presumably due to the long experiment preparation times (Carmichael et 

al., 2008a, 2010; Allen, 2010; Boucousis et al., 2012; Ciumas et al., 2013). Computational EM 

simulations have been proposed as a route to potentially allow a much greater number of electrode 

implantation scenarios to be studied, with the aim of identifying the worst cases in terms of risk 

associated with tissue heating, subject to empirical validation. FDTD is one of EM simulation 

methods that can be applied for these purposes using the discretization of Maxwell’s equations.  

The accuracy of FDTD EM simulations depends on the spatial discretization of the geometrical of 

the model being tested as well as the environment information that is required to resolve the issue 

(Fiedler et al., 2018). However, these simulations can be very computationally demanding, 

depending on the level of anatomical and geometric detail included in the electrode models and 

number of electrodes (Yeung et al., 2007; Carmichael et a., 2008b; Ipek et al., 2017; Fiedler et al., 

2018; Busal et al., 2018; Erhardt et al., 2019). In the previous chapter, the EM simulation using the 

3D human model implanted with one subdural electrode required a non-uniform grid of about 80 

MCells and using the ASTM phantom implanted with two depth electrodes required about 342 
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MCells.  The simulation time was about 8 hours for the former and 5 days for the latter using our 

computer.  

Some studies have employed model simplification of RF coils and geometries in order to study 

complicated scenarios (Giovannetti & Tiberi, n.d; Tiberi et al., 2013; Tropp, 2004; Spence & 

Wright, 2003) or simplifying the 3D model of a dielectric resonance into a 2D model (Tropp & 

Dahlke, 2000).   

Depth electrodes are relatively complex probes consisting of metallic contacts (tube-shaped) that 

are distributed at intervals along the implanted section of the electrode, wires (internal wires 

connecting the electrode contacts and electrode wires), and connector ends that are located in the 

other end of the electrode. The wires, in particular, are conducting elements of very small 

dimensions. Therefore, the most important part of the computational simulation is the depth 

electrode model since it requires a long time to simulate (especially the wires) owing to the small 

resolution mesh required compared to the other parts of the simulation models: head and coil. This 

results in a challenging situation because the discretisation (gridding) process is computationally 

very demanding and therefore; the simplification of the electrode model (for example, by removing 

details of the shape of the electrode contacts or the connection from the individual wire to the 

individual contacts or the arrangements of the wires, which have several entities versus, for 

example, being put together) can save a lot of computation time and may enable testing a large 

number of scenarios.  

The aim of this study was to simplify the EM simulation and minimise the required simulation time 

using an 8-contcats with 8 wires electrode “Complete” model and a 1-contact with 1 wire 

“Simplified” model in terms of SAR estimates for a very simple icEEG electrode configuration. 

Following the EM computational simulations described in Chapter 5; which involved the realistic 

modelling of the subdural strip and the depth electrodes, which took long simulation hours, we 

wanted to pursue further the idea of simplifying the EM simulation. However, there are multiple 

questions that came into mind: what level of simplification should we achieve? What level of detail 

should we take? How realistic are the results after simplification? Can we have confidence in these 

results? Specifically, we considered simplifying the depth icEEG electrode due to its importance 

in the simulation (the part that interacts with EM field); it requires fine gridding and the internal 

electrode wires might require finer gridding due to their thickness of the order of mm in relation to 

the dimensions of the phantom). Therefore, I simplified the commercially available 8-contcats with 
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8 wires electrode “Complete” to a 1-contact with 1 wire electrode “Simplified” that can be used for 

simulations and can be tested empirically. I estimated SAR in the vicinity of electrodes and the 

computation times for the Complete and Simplified models. The hypothesis that underlies this work 

is that simplified icEEG EM simulations could be useful in speeding up the safety evaluation 

process if they can provide reasonably accurate estimates of the worst-case heating patterns, or 

confidence intervals, or abasis for generalizable empirical rules.  

6.2 Methods  

I performed a series of computational EM simulations based on two models of a depth icEEG 

electrode: first, a full ‘maximum detail’ model, which attempted to be as a complete and detailed 

representation of a real electrode of the type used in our centre as possible; second, a simplified 

model and in this case with the least number of contacts and wires in order to assess the outcome 

with this level of electrode model simplification. I then compared the computational field estimates 

to empirical observations on a phantom.  

This study constitutes an initial foray into the various possible levels of simplification of the 

electrode model in the general framework outlined above. 

6.2.1 Electrode models and EM simulation setup 

Finite Difference Time Domain Method (FDTD) electromagnetic (EM) simulations were 

performed on a phantom (ASTM F2182–11, 2011a) using Sim4Life (version 3.2.2.1577; ZMT, 

Switzerland). Two models of a depth icEEG electrode were created: 1) Complete, maximum detail: 

8 cylindrical contacts (Figure 6.1(A)) (perfect electrical conductor; diameter: 0.8 mm, thickness: 

0.15 mm, length: 2.4 mm), equally spaced (5 mm) along the length of the electrode and each 

connected to a microwire running through the hollow electrode silicon tubing using  Sim4Life 

(version 3.2.2.1577; ZMT, Switzerland) (following the design of an electrode model in common 

clinical use for the investigation of patients with severe epilepsy (SD08R-SP05X-000, Ad-tech, 

USA). 2) Simplified: a single electrode contact connected to a wire (Figure 6.1(B)), obtained by 

the removal of the 7 most distal contacts, and their wires, of the Complete model using the same 

software. The length of the electrode, from the tip of the contacts end to connector end was of 38 
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cm; it was connected to a 90 cm-long extension cable. The electrode and extension were aligned 

along the coil’s longitudinal (Z) axis, inside the head part of the phantom. Different insertion depths 

and placements on or away from Z were simulated. It is important to mention that the electrode 

lead and the extension were simulated together as one part. 

A low-pass head birdcage coil was used for RF excitation with specifications:  diameter: 13.5 cm, 

length: 27 cm, 16 rungs, each rung (width: 1 cm) has a capacitor (6.65 pF).  The phantom was 

placed inside the coil centred on the Z-axis and a PEC bore shield (diameter= 30 cm) was placed 

outside the head coil. 

Two sets of computational EM simulations were performed. First, I wanted to compare the 

computationally estimated SAR in the vicinity of the electrode contacts for the Complete and 

Simplified models for a range of implantation configurations. To this effect, I performed three sets 

of computational simulations:  

• Computational simulations 6.1: different phantom and electrode (Complete 8-contact and 

Simplified 1-contact; each simulated separately) positions along Z (Figure 6.3(A)) and 

insertion depth of ~10.5 cm for all. These positions were: -1, 0, 1.25, 2.5, 5, 7.5, 10, and 

12.5 cm, relative to the head coil; -1 (1 cm towards the coil), 0 (the electrode located in the 

middle of the coil), 1.25 (1.25 cm getting away from the coil), and so on. The electrode was 

oriented parallel to Z- direction with the tip inside the phantom. 

• Computational simulations 6.2: different electrode (Complete 8-contact and Simplified 1-

contact; each simulated separately) insertion depths along Z (Figure 6.3(B)): -1, 0, 1, 2, 3, 

4, 5, 6 and 7 cm, relative to the head coil; -1 (1 cm towards the coil and an insertion depth 

of ~9.5 cm), 0 (the electrode located in the middle of the coil and an insertion depth of 

~10.5 cm), 1 (1.25 cm getting away from the coil and an insertion depth of ~11.5 cm), and 

so on. The electrode was oriented parallel to Z- direction with the tip inside the phantom. 

• Computational simulations 6.3: shortening of the length of the electrode lead and the 

extension cable (all modelled as one wire) (Figure 6.3(A)): The length was: 38, 128, 200 

and 400 cm on the Simplified model only; I did not perform the simulation for the Complete 

model due to the amount of required memory exceeding that of my computer. The electrode 

was positioned in the same 0 position as computational simulations 6.1 and 6.2. 

For the computational simulations 6.1-6.3, the EM simulations were performed as follows on a 

Windows PC (2.60 GHz, 32 GB RAM, two 8 GB GPU): 15 periods, -40 dB convergence level, 64 
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MHz of harmonic excitation, head coil excited in circular-polarized mode, uniaxial perfectly 

matched layers for the global absorbing boundary conditions. The total grid size was 183 MCells 

and 16 MCells for the Complete and Simplified models, respectively. 

Local SAR averaged over 0.1 g, 0.01 g and 0.001 g were calculated following IEEE/IEC62704-1 

(IEEE/IEC62704-1, 2011). 

Second, I wanted to assess the validity of EM simulations by comparing the resulting SAR 

estimates with empirical observations (described in the next section). For this specific purpose, a 

second set of EM simulations were performed. Due to the lack of a useable 8-contact depth 

electrode for the empirical temperature measurements, I was obliged to use a different depth 

electrode with 10-contacts (Figure 6.2) for the following computational simulations 6.4-6.6 (and 

for the measurements 6.1 and 6.2):   

• Computational simulations 6.4: Two implanted electrodes: Complete 10-contact model 

(Figure 6.2) and the Simplified model (25 cm electrode wire length and 200 cm extension 

cable length; all modelled as one wire) (Figure 6.1(B)). The 10-contact electrode were 

positioned in the same 0 position as the computational simulations 6.1 and 6.2 and 6.3 but 

1-contact electrode was shifted to the right side of the phantom by 1 cm from 10-contact 

electrode. 

• Computational simulations 6.5: One implanted electrode: Complete 10-contact model 

placed similar to computational simulation 6.4 but without the Simplified 1-contact 

electrode.  

• Computational simulations 6.6: One implanted electrode: Simplified 1-contact model (25 

cm electrode wire length and 200 cm extension cable length) placed similar to 

computational simulation 6.4 but without the Complete 10-contact electrode. 

The Complete 10-contact and Simplified model in these computational simulations 6.4-6.6 were 

positioned in a 3D designed holder (positioned in the middle of the head phantom), which is also 

included in the EM simulations (See Figure 6.4). For the computational simulations 6.4-6.6, the 

EM simulations, A low-pass head birdcage coil was used for RF excitation with similar 

specifications as in experiments 6.1, 6.2 and 6.3. The PC with the above-mentioned specifications 

was used. 15 periods, -40 dB convergence level, 64 MHz of harmonic excitation, head coil excited 

in circular-polarized mode, uniaxial perfectly matched layers for the global absorbing boundary 

conditions. The total grid size was 142.130 MCells for the Complete (10 contact electrode), 89.573 
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MCells for the Simplified model and 163.361 MCells for both the Complete and Simplified models 

together. 

Local SAR averaged over 10 g, 1 g, 0.1 g, 0.01 g and 0.001 g were calculated following 

IEEE/IEC62704-1 (IEEE/IEC62704-1, 2011).   

6.2.2 Empirical validation 

In this part, I performed empirical temperature measurements for comparison with simulations 6.4-

6.6, for two depth electrode implantation scenarios using two depth electrodes: 1) A 10-contact 

‘Complete’ (SD10R-SP05X-000, Ad-tech, USA) (perfect electrical conductor; diameter: 0.8 mm, 

thickness: 0.15 mm, length: 2.4 mm), equally spaced (5 mm)) connected to a 90 cm extension cable 

and 2) A 1-contact ‘Simplified’ (MD01R-SP00X-000, Ad-tech, USA) connected to a 200 cm 

extension cable. For the electrode setup and for consistency, I designed and 3D printed a holder 

made of resin (Figure 6.4) in order to hold and fix the electrodes in position accurately. 

Scenario 1: Two implanted electrodes, namely one 10-contact and one 1-contact depth electrodes 

placed similar to computational simulation 6.4 (Figure 6.4); 

Scenario 2: One 1-contact electrode placed similar to computational simulation 6.6 but without the 

10-contact electrode. 

Two sets of empirical measurements were performed: Measurements 6.1: two repeated 

measurements for Scenario 1 (measurements 6.1.1 and 6.1.2); Measurements 6.2: set of two 

repeated measurements for Scenario 2 (measurements 6.2.1 and 6.2.2). Between each repeated 

measurement, the phantom was moved out of the bore and pushed back to the landmark position. 

Between measurements 6.1 and 6.2, the phantom was removed from the scanner and the 10-contact 

electrode extracted from the phantom, leaving the 1-contact electrode in place. The time delay 

between measurements 6.1 and 6.2 was 10 minutes. 

The phantom container used for the empirical measurements was made following the ASTM F-

2182-02a guidelines (ASTM F2182–11, 2011a), from acrylic with the following dimensions: head 

length = 27 cm, head width = 16.3 cm, torso length = 66.5 cm, torso width = 43.5 cm and height = 

9.5 cm. The phantom was filled with a water-based gel. This gel contains: 26 litres of distilled 

water, 8 g/l of poly-acrylic acid (PAA) (Sigma-Aldrich, Germany), 0.7 g/l NaCl (Carmichael et al., 

2010).  
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We used a Siemens MRI 1.5T Avanto (Siemens AG, Erlangen, Germany: software VB17A) 

equipped with head RF transmit and receive coil. A high-SAR turbo spin echo (TSE) sequence was 

applied: TR 2850 ms; TE 92 ms; bandwidth 125 Hz/px; FOV 30×30 cm; slice thickness 2.5 mm; 

slice spacing (SS) 1.25 mm; 35% PE oversampling; matrix 512×410; 13 slices; NEX 4, 

concatenations 1 and scan time of 6 min 9 seconds. 

The temperature was measured in the immediate vicinity of the electrode contacts using four fibre-

optic probes (model T1C-10-PP05 and model T1C-10-B05, Neoptix, Canada), that were connected 

to a 4-channel signal conditioner (ReFlex—Neoptix, Canada). The temperature probes were placed 

in the following electrode and contact locations: contact #10 of the Complete 10-contact electrode 

(‘E10C10’), contact #1 (distal end) of the same electrode (E10C1), the tip of the Simplified 1-

contact electrode (‘E1C1’) and a reference location (Ref), at a depth of approximately 3 cm in the 

phantom gel, 10 cm away from all the electrodes and roughly in the phantom’s shoulder area. 

In addition, the calculated SAR from the empirical measurement scenarios 1 and 2 in Table 6.2 

was obtained using equation (2.9), averaged over the first 10 s of the RF exposures with a water 

heat capacity = 4200 J/kg°C. 

 

Figure 6.1: Complete and Simplified depth electrode models for the computational simulations 6.1-6.3. The Complete model 

(A) has 8 metallic contacts and 8 wires. The Simplified model (B) has one metallic contact and one wire. The dark purple part 

represents the electrode contact, the light purple part represents the silicon separator, the yellow part represents the silicon tube 

and the green lines inside the electrode represent the electrode wires. 
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Figure 6.2: Complete depth electrode model for the computational simulations 6.4-6.6. It has 10 metallic contacts and 10 

wires. This electrode was used in the empirical validations part only. The dark purple part represents the electrode contact, the 

light purple part represents a silicon separating the electrode contacts, the yellow part represents the silicon tube and the green 

lines inside the electrode represent the electrode wires. 

 

Figure 6.3: Representation of the phantom and RF coil for computational simulations 6.1-6.3. (A) Computational simulation 

6.1 setup with electrode and phantom at positions 0 cm (Upper) and 12 cm (Bottom); (B) Computational simulation 6.2 setup with 

electrode at insertion depth 0 cm (Upper) and 7 cm (Bottom) with the phantom in a fixed position. For computational simulation 

6.3, the upper setup in (A) was used. 
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Figure 6.4: Empirical validation and computational simulations 6.4-6.6 setup. The part in the upper right of the figure is a 

magnified view of the electrode holder with the two electrodes; the Complete 10-conatct depth electrode and the 1-contact depth 

electrode. 
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Table 6.1: Computational EM simulations 6.1-6.6. The simulation numbers 6.1.1-6.1.16 are parts of computational simulations 

6.1, the numbers 6.2.1-6.2.16 are parts of computational simulations 6.2, and the numbers 6.3.1-6.3.3 are parts of computational 

simulations 6.3. For computational simulations 6.4, its simulation number was 6.4.1. For computational simulations 6.5, its 

simulation number was 6.5.1. For computational simulations 6.6, its simulation number was 6.6.1. 

Simulation 

# 

No of 

electrodes 

and 

orientation 

Type of 

electrode 
Implantation location 

No of grids 

(MCells) 

Simulation 

time 

(hours) 

Electrode 

wire length 

(cm) 

6.1.1 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position 0 cm 
183.363 42 128 

6.1.2 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position -1 cm 
183.725 42 128 

6.1.3 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position 1.25 cm 
182.758 42 128 

6.1.4 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position 2.5 cm 
182.033 42 128 

6.1.5 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position 5 cm 
181.852 42 128 

6.1.6 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position 7.5 cm 
181.248 42 128 

6.1.7 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position 10 cm 
179.858 42 128 

6.1.8 1 (axial) 
8 contacts 

and 8 wires 

Electrode and phantom 

position 12.5 cm 
178.892 42 128 

6.1.9 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position 0 cm 
16.251 6 128 

6.1.10 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position -1 cm 
16.429 6 128 

6.1.11 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position 1.25 cm 
16.834 6 128 

6.1.12 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position 2.5 cm 
16.418 6 128 

6.1.13 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position 5 cm 
16.704 6 128 
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Simulation 

# 

No of 

electrodes 

and 

orientation 

Type of 

electrode 
Implantation location 

No of grids 

(MCells) 

Simulation 

time 

(hours) 

Electrode 

wire length 

(cm) 

6.1.14 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position 7.5 cm 
16.991 6 128 

6.1.15 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position 10 cm 
16.231 6 128 

6.1.16 1 (axial) 
1-contact 

and 1 wire 

Electrode and phantom 

position 12.5 cm 
16.504 6 128 

6.2.1 1 (axial) 
8 contacts 

and 8 wires 
electrode position -1 cm 183.846 42 128 

6.2.2 1 (axial) 
8 contacts 

and 8 wires 
electrode position 1 cm 182.758 42 128 

6.2.3 1 (axial) 
8 contacts 

and 8 wires 
electrode position 2 cm 182.275 42 128 

6.2.4 1 (axial) 
8 contacts 

and 8 wires 
electrode position 3 cm 182.033 42 128 

6.2.5 1 (axial) 
8 contacts 

and 8 wires 
electrode position 4 cm 182.033 42 128 

6.2.6 1 (axial) 
8 contacts 

and 8 wires 
electrode position 5 cm 181.913 42 128 

6.2.7 1 (axial) 
8 contacts 

and 8 wires 
electrode position 6 cm 181.792 42 128 

6.2.8 1 (axial) 
8 contacts 

and 8 wires 
electrode position 7 cm 181.429 42 128 

6.2.9 1 (axial) 
1-contact 

and 1 wire 
electrode position -1 cm 16.548 6 128 

6.2.10 1 (axial) 
1-contact 

and 1 wire 
electrode position 1 cm 16 6 128 

6.2.11 1 (axial) 
1-contact 

and 1 wire 
electrode position 2 cm 16.596 6 128 

6.2.12 1 (axial) 
1-contact 

and 1 wire 
electrode position 3 cm 16.359 6 128 
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Simulation 

# 

No of 

electrodes 

and 

orientation 

Type of 

electrode 
Implantation location 

No of grids 

(MCells) 

Simulation 

time 

(hours) 

Electrode 

wire length 

(cm) 

6.2.13 1 (axial) 
1-contact 

and 1 wire 
electrode position 4 cm 16.061 6 128 

6.2.14 1 (axial) 
1-contact 

and 1 wire 
electrode position 5 cm 16.764 6 128 

6.2.15 1 (axial) 
1-contact 

and 1 wire 
electrode position 6 cm 16 6 128 

6.2.16 1 (axial) 
1-contact 

and 1 wire 
electrode position 7 cm 16.110 6 128 

6.3.1 1 (axial) 
1-contact 

and 1 wire 
electrode position 0 cm 15 5 38 

6.3.2 1 (axial) 
1-contact 

and 1 wire 
electrode position 0 cm 16 6 200 

6.3.3 1 (axial) 
1-contact 

and 1 wire 
electrode position 0 cm 16.645 6 400 

6.4 2 (axial) 

10-contact 

and 10 wires 

and 1-

contact and 1 

wire 

electrode position 0 cm 163.361 40 131.5 

6.5 1 (axial) 
10-contact 

and 10 wires 
electrode position 0 cm 142.130 38 131.5 

6.6 1 (axial) 
1-contact 

and 1 wire 
electrode position 0 cm 89.573 18 128 

 

6.3 Results  

The computation times ranged between 39 h and 42 h for Complete model, and 6 h to 7.4 h for the 

Simplified model simulations respectively (see Table 6.1 for more detail). 
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6.3.1 Computational simulation 6.1 

Figure 6.5 shows the peak averaged (0.1, 0.01 and 0.001 g) SAR values around the electrode’s 

most distal (near the ‘tip’) contact as a function of the phantom + electrode position along Z for 

the Complete (Table 6.2) and Simplified models, which appeared in similar patterns with the 

exception of a local maximum at position = ~2.5 cm for the former and at position = 0 cm for the 

latter along Z axis. Furthermore, the SAR values for the Simplified model are double those for the 

Complete model. Both the tip of 8-contact electrode and 1-contact electrode are showing similar 

exponential increase trend in terms of peak local SAR average values when the electrode and the 

phantom are moving out from the head coil along the Z axis, however, the peak local SAR averages 

in 1-contact electrode are higher than 8-contact electrode by two times. As expected, the plots of 

the peak E (Figure 6.6) have very similar pattern to that of the local SAR. 

Figure 6.8 shows the distribution of the local SAR around the Complete electrode model. At the 

tip of the model it can be seen there are small localization of SAR  0.5 W/kg at the phantom and 

electrode position of -1; where the electrode model is placed inside the phantom at 1 cm away 

from the centre and at 0 cm; where the electrode model is placed inside the phantom at the centre 

of the head coil. At the same phantom and electrode positions, the first contact showed similar 

local SAR in one half and a very low local SAR in the other half.  The local SAR at electrode 

contact #1 remained the same as for locations 0 cm, -1 cm, 1.25 cm, and 2.5 cm until the position 

at 5 cm where the tip showed local SAR  0.5 W/kg and kept increasing until the measurement at 

position 12 cm. In addition, the first contact showed an increase in local SAR from the position 

7.5 cm until 12.5 cm where both halves of the contact showed similar local SAR of  0.5 W/kg. 

In addition, the SAR distribution around the head phantom started at -1 cm position covering the 

edges of the head phantom until the last measurement at 12.5 cm where it covered nearly half of 

the head phantom.  
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Table 6.2: Peak average (0.1, 0.01 and 0.001 g) SAR for the Complete model (Computational simulation 6.1). 

Contact # 0.1 g SAR 0.01 g SAR 0.001 g SAR 

1 0.074 0.190 0.320 

2 0.032 0.072 0.110 

3 0.025 0.048 0.075 

4 0.020 0.031 0.041 

5 0.018 0.023 0.022 

6 0.019 0.019 0.015 

7 0.023 0.019 0.008 

8 0.043 0.045 0.033 

 

For the E field, (Figure 6.9) showed electric currents in the wires of the Complete model <120 

V/m and about 120 V/m around the two sides of the head phantom at the -1, 0, 2.5 cm positions; 

however, the E field distribution started increasing at 5 cm position until the last measurement at 

12.5 cm. 

The B1 field presented some perturbation around the Complete model (Figure 6.10) for the 

positions -1, 0 and 1.25 cm and then increased. The B1 field also increased while the phantom and 

the electrode being pushed outside of the head coil at positions 5, 7.5, 10 and 12.5 cm.  

For the local SAR (Figure 6.11) of the Simplified model, the tip of the electrode showed local SAR 

of greater than 0.5 W/kg and got higher by moving from -1 cm position until the measurement at 

position 12.5 cm. In addition, the SAR distribution around the head phantom started at -1 cm 

position covering the edges of the head phantom until the last measurement at 12.5 cm where it 

covered nearly half of the head phantom. 

The E field distribution of the Simplified model (Figure 6.12) showed a similar pattern to the 

Complete model; however, the currents are greater than that of the Complete model. 

The B1 field distribution (Figure 6.13) around the Simplified model also showed approximately 

similar patterns to those for the Complete model.  
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Figure 6.5: Computational simulation 6.1: Estimated local SAR in the vicinity of electrode contact #1 as a function of 

the phantom + electrode position along the scanner’s Z axis. See Figure 6.3 (A) for the configurations. A: Complete 8-

contact model; B: Simplified 1-contact model. Three SAR averaging volumes were used: 0.1 g, 0.01 g, 0.001 g. Note that the Y-

axis scale in (A) is different than the one in (B). 
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Figure 6.6: Computational simulation 6.1: Peak E of electrode contact #1 (most distal: ‘tip’), contact #5 and 

contact #8 as a function of the phantom + electrode position along the scanner’s Z axis. See Figure 6.3 (A) 

for the configurations. A: Complete 8-contact model; B: Simplified 1-contact model. Note that the Y-axis scale in 

(A) is different than the one in (B). 
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Figure 6.7: Computational simulation 6.1: Peak B1 in the vicinity of electrode contact #1 as a function of the 

phantom + electrode position along the scanner’s Z axis. See Figure 6.3 (A) for the configurations. A: Complete 

8-contact model; B: Simplified 1-contact model. Note that the Y-axis scale in (A) is different than the one in (B). 
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Figure 6.8: Local SAR distribution for the Complete model for Simulations 6.1. In these simulations, the 

phantom and electrode were moved by the same amount relative to the RF coil (i.e. fixed relative electrode-

phantom positions). 
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Figure 6.9: E field distribution for the Complete model for Simulations 6.1. In these simulations, the 

phantom and electrode were moved by the same amount relative to the RF coil (i.e. fixed relative electrode-

phantom positions). 
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Figure 6.10: B1 field distribution for the Complete model for Simulations 6.1. In these simulations, the 

phantom and electrode were moved by the same amount relative to the RF coil (i.e. fixed relative electrode-

phantom positions). 
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Figure 6.11: Local SAR distribution for the Simplified model for Simulations 6.1. In these simulations, the phantom and 

electrode were moved by the same amount relative to the RF coil (i.e. fixed relative electrode-phantom positions). 
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Figure 6.12: E field distribution for the Simplified model for Simulations 6.1. In these simulations, the phantom and 

electrode were moved by the same amount relative to the RF coil (i.e. fixed relative electrode-phantom positions). 
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Figure 6.13: B1 field distribution for the Simplified model for Simulations 6.1. In these simulations, the phantom 

and electrode were moved by the same amount relative to the RF coil (i.e. fixed relative electrode-phantom positions). 
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6.3.2 Computational simulation 6.2 

In this experiment, the Complete 8-contact model only was inserted inside the phantom (Figure 

6.3(B)). As shown in Figure 6.14, similarly to the results for Experiment 6.1, the SAR values as a 

function of electrode insertion depth for the Simplified model are double those for the Complete 

model. However, the SAR patterns for the two models differed with respect to the shape of the 

curve and the position of the maximum, reflecting the greater number of contacts in the Complete 

model. The peak average SAR at the tip of 8-contact electrode increased slightly with the insertion 

of the electrode into the phantom inside the head coil and decreased when it reached 4 cm away 

from the centre of the coil (position 0 cm). The peak average SAR of 1-contact electrode increased 

slightly from position -1cm to the centre of the coil and decreased slightly and remained constant 

along the rest of the positions (along Z-axis). The peak average SAR of 1-contact electrode is two 

times larger than the tip of 8-contact electrode. The plots of the peak E field magnitude (Figure 

6.15) have similar pattern to the local SAR. 

As shown in (Figure 6.17), the local SAR at positions (-1, 0 and 1 cm) appeared similar to 

experiment 6.2; however, at 5 cm position and higher, local SAR appeared more around the lead 

of the Complete 8-contact model. The distribution of the local SAR around the edges of the head 

phantom was the same for all electrode positions.  

For the E field distribution (Figure 6.18), it is similar for all the electrode positions but the amount 

of E field on the leads were decreasing during electrode insertions. 

Figure 6.19 shows B1 field with few perturbations for all Complete icEEG electrode insertions.  

For the local SAR of the insertion of the Simplified icEEG electrode inside the phantom and head 

coil (Figure 6.20), the distribution was similar to the Complete icEEG electrode; however local 

SAR appeared around 0.5 W/kg at the Simplified electrode starting from the position at -1, 0, and 

1 cm and increased higher than 0.5 W/kg and became more localized from 5 cm until the last 

measurement at 7 cm. The distribution of the local SAR at the edges of the head phantom was 

similar to the Complete icEEG model.  

The E field distribution around the Simplified model (Figure 6.21) was also similar to the Complete 

model; however, it was different in terms of the amount of E currents on the Simplified 1-contact 

lead. 
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The B1 field distribution around the Simplified model (Figure 6.22) was also similar to the 

distribution of the Complete model.  

 

Figure 6.14: Computational simulations 6.2: Local SAR at the most distal contact as a function of electrode insertion 

depth. See Figure 6.3 (B) for the configurations. (A) Complete model and (B) Simplified model. Note that the Y-axis scale in (A) 

is different than the one in (B). 
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Figure 6.15: Computational simulations 6.2: Peak E at contact #1 (tip), contact #5 and contact #8 as a function 

of electrode insertion depth. See Figure 6.3 (B) for the configurations. (A) Complete model and (B) Simplified model. 

Note that the Y-axis scale in (A) is different than the one in (B). 
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Figure 6.16: Computational simulations 6.2: Peak B1 at contact #1 (distal contact; tip), contact #5 and contact 

#8 as a function of electrode insertion depth. See Figure 6.3 (B) for the configurations. (A) Complete model and (B) 

Simplified model. Note that the Y-axis scale in (A) is different than the one in (B). 
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Figure 6.17: Local SAR distribution for the Complete model for Simulations 6.2. In these simulations, only the 

electrode was moved by the same amount relative to the RF coil (i.e. fixed relative electrode positions). 
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Figure 6.18: E field distribution for the Complete model for Simulations 6.2. In these simulations, only the electrode 

was moved by the same amount relative to the RF coil (i.e. fixed relative electrode positions). 
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Figure 6.19: B1 field distribution for the complete model for Simulations 6.2. In these simulations, only the electrode 

was moved by the same amount relative to the RF coil (i.e. fixed relative electrode positions). 
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Figure 6.20: Local SAR distribution for the simplified model for Simulations 6.2. In these simulations, only the 

electrode was moved by the same amount relative to the RF coil (i.e. fixed relative electrode positions). 
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Figure 6.21: E field distribution for the simplified model for Simulations 6.2. In these simulations, only the electrode 

was moved by the same amount relative to the RF coil (i.e. fixed relative electrode positions). 
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Figure 6.22: B1 field distribution for the simplified model for Simulations 6.2. In these simulations, only the electrode 

was moved by the same amount relative to the RF coil (i.e. fixed relative electrode positions). 
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6.3.3 Computational simulations 6.3 

For this experiment, I tested different lead lengths of the Simplified icEEG model. As shown in 

Figure 6.23: the peak SAR is maximum for extension cable equal to 125 cm and significantly 

decreased with the increase of electrode cable length larger than 125 cm.  

The local SAR distribution (Figure 6.24) was very low at the tip of the electrode when the lead 

length was 38 cm and similarly for the length of 200 cm. In addition, the local SAR for the lead 

length of 128 cm (which was the same length in computational simulation 6.1 and 6.2) was > 0.5 

W/kg and <0.5 W/kg for the Simplified icEEG model with the lead length of 400 cm. In the figure, 

simulation 6.2.9 was obtained from computational simulation 6.2, which represent the length of 

128 cm. 

The E field distribution (Figure 6.25) was the same for all tested lead lengths but there are some 

differences in terms of the E currents on the different leads. In the figure, simulation 6.2.9 was 

obtained from computational simulation 6.2. 

Figure 6.26 shows the distribution of the B1 field. It can be seen that the electrodes with lead length 

of 38 cm, 200 cm and 400 cm showed minimal perturbation; however, the electrode with the lead 

length of 128 cm showed larger perturbation.  In the figure, simulation 6.2.9 was obtained from 

computational simulation 6.2. 

 

Figure 6.23: Experiment 6.3: Local SAR at the tip contact of the (Simplified model) as a function of the extension cable length. 
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Figure 6.24: Local SAR distribution for the simplified model for Simulations 6.3. In these simulations, only the length of 

electrode lead was changed relative to the fixed RF coil. Simulation 6.2.9 is part of computational simulation 6.2. 

 

Figure 6.25: E field distribution for the simplified model for Simulations 6.3. In these simulations, only the length of electrode 

lead was changed relative to the fixed RF coil. Simulation 6.2.9 is part of computational simulation 6.2. 
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Figure 6.26: B1 field distribution for the simplified model for Simulations 6.3. In these simulations, only the length of 

electrode lead was changed relative to the fixed RF coil. Simulation 6.2.9 is part of computational simulation 6.2. 

6.3.4 Empirical validations 

Figure 6.27 shows the empirical temperature measurements from the probe placed adjacent to 

contact #1 and contact #10 of the 10-contact electrode (Figure 6.2) and contact #1 of the 1-contact 

electrode when both electrodes were positioned together. From Figure 6.27, the highest maximum 

heating recorded was 0.71 °C at contact #1 of the 10-contact electrode and the lowest temperature 

increase was <0.1 °C from the probe placed adjacent to contact #1 of the 1-contact electrode. The 

figure also shows the maximum heating increases in contact #10 of the 10-contact electrode of 

0.21 °C; however, when the phantom was moved outside the bore then returned back and the 

measurement was repeated, the result of the same contact changed to 0.85 °C (Figure 6.28). The 

maximum increases at the other contacts remained consistent.  

The maximum temperature increase at the tip of the 1-contact electrode only (Figure 6.29), was 

0.43 °C, which was consistent when the measurements were repeated (Figure 6.30). 

Table 6.3 presents the simulated and the experimental SAR values for the three following 

scenarios: 1) with the 10-contact and 1-contact electrodes implanted in the phantom; the simulated 

peak SAR was 4.21 W/kg for the 10-contact electrode and 24.9 W/kg for the 1-conact electrode, 

Simulation 6.3.1 Simulation 6.2.9 

Simulation 6.3.2 Simulation 6.3.3 
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the averaged SAR showed a similar trend of larger value for the 1-contact electrode than the 10-

contact. The experimental SAR value for 10-contact was 105 W/kg and for 1-contact was 37.8 

W/kg, and for the repeated measurements was 105 W/kg and 33.6 W/kg for the 10-contact and 1-

contact, respectively; 2) with the 10-contact electrode inserted individually, the 10-contact 

electrode presented simulated peak SAR of 6.1 W/kg and averaged SAR values in the range of 

0.05-2.61 W/kg. The experimental SAR calculation was not done because of the movement of the 

10-contact electrode during the 1st set of measurements.  3) with the 1-contact electrode inserted, 

the simulated peak SAR was 0.16 W/kg and averaged SAR values in the range of 0.02-0.11 W/kg. 

The calculated SAR was 8.4 W/kg and 4.2 W/kg for the repeated measurement.  

 

 

Figure 6.27: Empirical temperature measurement 6.1.1 (implantation scenario 1). 10-contact electrode and the 1-

contact electrode together. The recording temperature was from: E10C10; 10th contact of 10-contact electrode, E10C1; 

1st contact (tip) of 10-contacts electrode, E1C1; 1st contact (tip) of the 1-contact electrode and Ref; reference. 
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Figure 6.28: Repeat empirical temperature measurement 6.1.2 (implantation scenario 1). The temperature was 

measured at the distal contacts of the 10-contact and the 1-contact electrodes. Ref; reference. 

 

 

Figure 6.29: Empirical temperature measurement 6.2.1 (implantation scenario 3): 1-contact electrode only. The 

temperature was measured at E1C1. Ref; reference. 
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Figure 6.30: Repeat empirical temperature measurement 6.2.2 (implantation scenario 3): 1-contact electrode only. 

The temperature was measured at E1C1. Ref; reference. 
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Table 6.3: Empirical validation of computational simulations 6.4-6.6. Empirical measurements 6.1 and 6.2. Peak 

and maximum average SAR values (10 g, 1 g, 0.1 g, 0.01 g and 0.001 g) at the distal contact (#1) for the 10-contact 

(Complete) electrode and the 1-contact (Simplified) electrodes. (N/A) indicate that the value was not calculated due to 

lack of data/not applicable. 

Measurement # 

SAR 

calculation 

method 

SAR 

(W/kg) 

Scenario 1: 

Two electrodes 
Scenario 2: 

10-contact 

electrode 

Scenario 3: 

1-contact 

electrode 
10-contact 

electrode 

1-contact 

electrode 

 

 

 

 

 

Peak 4.21 24.9 6.1 0.16 

10 g 0.1 0.15 0.05 0.02 

1 g 0.26 1.14 0.11 0.01 

0.1 g 1.39 7.7 0.6 0.03 

0.01 g 4.1 24.3 1.6 0.09 

0.001 g 5.9 35.3 2.61 0.11 

6.1.1 

Equation 

(2.9) 

105 37.8 

N/A 

N/A 
6.1.2 105 33.6 

6.2.1 
N/A N/A 

8.4 

6.2.2 4.2 

 

6.4 Discussion  

In this study, I performed two sets of experiments; EM computational simulations and empirical 

temperature measurements. The purpose of this study is to investigate the effect of simplifying the 

modelling of a depth icEEG electrode on estimated SAR in the vicinity of the electrodes and the 

simulation computation times. For this, I used an 8-contact (10-contact for the empirical work) 

electrode as the reference (‘Complete’ model) and 1-contact one as representing its ‘simplified’ 

version. 

The general observation of the results showed the patterns of E and averaged (0.1, 0.01 and 0.001 

g) SAR were consistent with a simple heuristic model of the effects of simplification in terms of 
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magnitude and spatial configuration. In computational simulation 6.1, I found that moving the 

electrode and the phantom together away from the head coil resulted in nearly identical patterns 

for both the Complete 8-contact electrode and the Simplified 1-contact electrode, with a constant 

amplification in the results of the Simplified electrode. In computational simulation 6.2, for varying 

electrode insertion depths, the patterns differed in a way that matches the difference in number of 

modelled electrode contacts. For the computational simulation 6.3 (Figure 6.23), the greatest SAR 

values were for the 128 cm electrode cable length (inserted length of ~10.5 cm) occurred as a result 

of what is known as “the antenna effect” or “resonance conditions” as a function of the length of 

insertion, electrical properties and the total length of the wire. During the exposure of the electrode 

wires to the EM field, the electrical currents will experience a 90º phase change at the wire edges 

then bounce back for a 180º phase change and also for another 90º (for a total of 360º phase change) 

forming a “standing wave” where the electric currents are added at the wire tips before returning 

to the original state (American Radio Relay League & Hall, 1991; Konings et al., 2000). The 

resonance condition occurred here on the wire of the tested icEEG electrode is achieved when the 

length of the electrode wire is in multiples of a half wavelength (the wavelength at 1.5 T is about 

486 cm in air and about 20 cm in tissue). In this work, the length of the inserted electrode wire 

was about one quarter of the wavelength long that was exposed to the EM field (Gabriel et al., 

1996; Pictet et al., 2002; Mattei et al., 2008). Our finding was in a good agreement with the 

previous findings of Yeung et al., (2007) for a simple conducting wire (reproduced in Figure 6.31); 

in summary, the authors simulated an inserted wire with different insertion and total lengths and 

found a sudden peak close to a resonant length of ~20 cm (one quarter of the wavelength) inside 

the phantom at 1.5 T with (inserted length of approximately 15-30 cm) with a second peak occurs 

at one half wavelength. These results are also consistent with other researches (Smith et al., 2000; 

Konings et al., 2000; Park et al., 2005, 2007; Bassen et al., 2006; Mattei et al., 2008). 
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Figure 6.31: Results of the heating using EM computational simulation of a conducting wire inserted in a 

phantom in different insertion lengths and total wire lengths. Taken with permission from Yeung et al. (2007). 

 

In the empirical measurement 6.1 (Complete 10-contact and the Simplified electrode), the 

maximum temperature was recorded at the tip of the Complete electrode. This can be explained as 

follows: first, the Complete electrode is longer and closer to the edge of the head transmit coil than 

the Simplified electrode. Second, the larger number of contacts in the Complete electrode 

compared to the Simplified one. The previous two reasons can lead to a stronger coupling between 

the Complete electrode and the head coil and result in a higher SAR value. Third, the extension 

cable of the Complete electrode was 90 cm versus 200 cm for the Simplified electrode. The latter 

length is close to the resonant length and lead to a lower temperature increases as in Figure 6.27, 

and in the repeated measurements (Figure 6.28) as well as in the case were the Simplified electrode 

only (Figure 6.29) and repeated (Figure 6.30).   

In the case of contact 10 of the Complete electrode in measurement 6.1, we cannot assume anything 

based on the findings since the results of the first empirical measurement are different from the 

second measurement and we assume that the probe in contact 10 has moved after the first 

measurement when the phantom was moved out and in after the first measurement and before the 

second measurement.  

From Table 6.3 (the simulated SAR versus the empirical validation), it can be seen that the 1-

contact/Simplified electrode (with 200 cm extension cable) presented higher peak SAR, average 

SAR values (10 g, 1 g, 0.1 g, 0.01 g and 0.001 g) and calculated SAR than the Complete 10-contact 
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electrode. These results are in contrast to what was found in the empirical temperature 

measurements. This difference in the results can be caused by many reasons, and more empirical 

experiments have to be performed in order to determine what caused that difference. On the other 

hand, the Complete electrode showed higher SAR values than the Simplified one when these 

electrodes were simulated individually, however, since the heating of the 10-contact electrode was 

not recorded due to the lack of time, a firm conclusion cannot be reached in this respect. 

In this study, the computation times ranged from 39 h to 42 h for Complete model, and 6 h to 7.4 

h for the Simplified (reduced approximately by a factor of 6) (see Table 6.1 for more detail). This 

is a good indication that this simplification approach is successful in terms of simulation time. As 

I mentioned in Chapter 2, the simulation time and the required memory are dependent on the cell 

size following the equation (2.9). In addition, the findings of this work show the importance of 

considering the use of the Simplified electrode model and its relationship to the Complete electrode 

which in turn might affect the heating increases. Because of the substantial difference in the 

heating results between the Simplified and the Complete models, it is difficult to conclude at this 

stage on the possibility of using the Simplified model to represent the Complete model. The ideal 

outcome would be a close agreement between the heating of the Simplified and the Complete 

models; for example, if the observed differences were in the range of 5-10% or the field and 

heating patterns for the simplified model could be normalised (scaled) to represent the Complete 

model, might allow the results of the tested scenario to be generalised to other scenarios. While 

our results for this specific form of simplification deviate significantly from this, other 

simplification scenarios are possible and therefore more research is needed.   

There are three limitations in this study. The first limitation is that I could not find an extension 

cable of 90 cm for the Simplified electrode just like the Complete electrode. This is because it is 

difficult to find Simplified electrodes and electrode extension (with a length of 90 cm) (the supplier 

stopped manufacturing these types of electrodes and extension cables for unknown reasons). The 

second limitation is that I could not perform temperature measurements from the Complete 10-

contact electrode alone. This is due to the lack of time to prepare another phantom for this 

electrode. The third limitation is the general difficulty of performing phantom experiments with 

these implants, as illustrated by the results of empirical experiments 6.1. The results of contact 10 

of the Complete 10-contact electrode showed a temperature increase of 0.21 °C in measurement 

6.1.1 (Figure 6.27) and 0.85 °C in measurement 6.1.2. A possible explanation is that the probe 
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attached to that contact has moved during taking the phantom out and putting it back in between 

these repeated measurements. It is noteworthy that to our knowledge, other researches do not 

report their reproducibility process and whether or not they remove the phantom outside of the RF 

coil in the manner that I did (Angelone et al., 2006; Boucousis et al., 2012; Ciumas et al., 2013; 

Erhardt et al., 2019). In addition, it is also important to mention that fixing the probes to the 

electrode contact can be difficult due to the small space between the contacts of the same electrode 

and the silicon parts separating each contact as well as the small size of the probes and the 

electrodes.  

6.5 Conclusion  

In conclusion, I explored a specific type of simplification using a complete commercially available 

8-contacts with 8 wires depth electrode versus a simplified single-contact with 1 wire one. The 

results showed that while the Simplified electrode model can reduce the computational EM 

simulation times by a factor of six, the peak average SAR is double that for the Complete electrode. 

Because of the large difference in the results between the Simplified and the Complete models, it 

is difficult to come to a definite conclusion and other simplification scenarios are required to 

understand the simplification of icEEG electrode models (next chapter). The experimental 

validation measurements were limited in terms of sampling and scenarios. Therefore, more 

empirical validation can be performed with more attention to the above-mentioned limitations in 

order to verify our findings and extend the results to different icEEG electrodes that may lead to 

more understanding of the effect of those electrodes on heating increases.
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 The possibility of predicting RF-induced 

heating in human depth icEEG electrodes using 

simplified computational models 
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In this chapter, I describe Experiment #5, which consists of EM computational simulations as an 

extension of the work described in the previous Chapter 6 to investigate the validity of alternative 

simplified models of icEEG depth electrodes to evaluate RF-related heating in the vicinity of the 

electrodes. To a degree, all EM computational simulations are based on a mathematical 

representation of the reality, which by necessity incorporate simplifications; therefore, all models 

are a simplification of the reality.  However, little attention seems to have been paid to this 

methodological aspect in the field of RF-induced heating of implants in MRI. Given the significant 

computational burden of the simulations, as shown in the previous chapters, the degree of 

simplification chosen seems deserving of careful consideration since it can lead to different results 

than the more realistic models. This chapter is a part of the third PhD specific aim, which is the 

possibility of studying complex implantation scenarios to assess the heating using systematically 

simplified models. Following an introduction in which I summarise the state of knowledge focusing 

on the impact of various degrees of simplification on field estimate in the literature, I describe two 

sets of simulations using alternative Simplified models. First, starting with the Complete depth 

electrode model, which represents the least simplified (i.e. most complete) model, the effect of 

removing internal electrode contact wires, electrode contacts and the configuration of wires 

connecting each contact was investigated in terms of the effect on the estimated SAR. Second, we 

considered more complex implantation scenarios, in which multiple separated and shorted 

electrodes were simulated to mimic realistic clinical setup using the simplified electrode model in 

order to assess the heating of such scenarios.  

7.1 Introduction 

In the previous chapter, I tested a simple scenario of positioning a single simplified model (1-

contact with 1 wire depth icEEG electrode) with an ASTM phantom inside the head coil versus a 

Complete single electrode model (8-contact depth electrode) and found that the simplified model 

resulted in greater estimated SAR with similar patterns compared to the complete single electrode 

model with a 7-times computational time reduction. When testing the electrode only insertion 

depths inside the phantom, different SAR patterns resulted. In addition, the simplified model 

presented a peak in SAR at close to the resonance length (~20 cm in the phantom) when varying 

the simplified electrode wire length, which was in a solid agreement with previous research that 
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involved a conducting wire (Yeung et al., 2007). The results for the comparison between the 

Complete and the Simplified models in the previous chapter did not look promising; therefore, I 

aimed to extend the testing of the simplified electrode model approach further over a greater range 

of potential variables to gain more understanding of the simplification of the electrode model.  

Previously published EM simulation work for implanted electrodes has focused on realistic clinical 

scenarios (See Table 7.1), for example, including the electrode itself and the lead wires, with 

consideration of their path. For scalp EEG, previous studies performed EM computational 

simulations using detailed model (Angelone et al., 2006; Atefi et al., 2018) and simplified ones 

(Angelone et al. 2004; Jorge et al., 2015; Atefi et al., 2018). From these studies only one study by 

Atefi et al., (2018) compared between the detailed (32 leads) and the simplified (single lead) models 

of the scalp EEG and showed R ratio (SAR of scalp EEG divided by the SAR of no scalp EEG) of 

121 for the detailed model and 81 for the simplified models. For icEEG electrodes, one study used 

a detailed realistic model of the electrode (Carmichael et al., 2008b), while another study simplified 

the icEEG model in order to decrease the simulation time (Erhardt et al., 2019); however, both 

studies did not contain a comparison between the detailed and simplified icEEG models. In 

addition, other groups performed EM computational simulations using varied degree of 

simplification of metallic implants, but none of them did a comparison with a detailed (Complete) 

model (Yeung et al., 2007; Ibrahim et al., 2007; Serano et al., 2015; Golestanirad et al., 2019a; 

Bonmassar & Serano, 2020). Furthermore, studies of DBS stimulation using EM computational 

simulations of different models of four contacts DBS electrodes have been published. Two of these 

studies perform these simulations using a realistically-detailed model of four contacts and four 

wires (straight internal electrode contact wires connected to the electrode connector wires) (Serano 

et al., 2015; Guerin et al., 2018) or helical internal wires that are also connected to the electrode 

conductor wires (Guerin et al., 2018). Another study simplified the realistic model of DBS with 

four contacts and one helical internal wire connected to the electrode connector wire (Guerin et al., 

2018) or one straight internal wire connected to the electrode connector wire (Golestanirad et al., 

2016a, 2017, 2019b, 2020; Guerin et al., 2018). Another two studies that further simplified the 

DBS model: 1-contact with a helical internal wire, 1-contact with a straight internal wire (Cabot et 

al., 2013) and only an insulated lead to represent a further simplified DBS (Angelone et al., 2010b). 

From the previous DBS studies, only two studies that compared between simplified models (Cabot 

et al., 2013; Guerin et al., 2018). Cabot et al. found a peak spatial SAR averaged over a mass of 10 
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mg of 200 mW/kg/(V/m)2 for the one-contact and one helical wire DBS and 630 mW/kg/(V/m)2 

for the 1-contact and 1 straight wire DBS. Guerin et al. found a maximum SAR of 18600 W/kg for 

a 4-contacts and 4 straight wires DBS and 18800 W/kg for a 4-contact and 1 wire DBS. These 

studies indicate that simplification of the electrode model can lead to differences in SAR 

estimations.  

As shown in Table 7.1, only one previous EM computational investigation on RF-induced heating 

in relation to scalp EEG electrodes has been published (but did not comprise empirical phantom-

based experimental validation), which was focused on assessing the tissue heating near a simplified 

model of scalp electrodes for a range of numbers of contacts (16, 31, 62, and 124) with their wires, 

for RF, at 128 and 300 MHz (Angelone et al., 2004). The findings showed that in a case of no 

electrode, a peak 1 g averaged SAR was 2.33 W/Kg and 36.63 W/Kg for a case of 124 contacts at 

128 MHz. For 300 MHz, the peak 1 g averaged SAR increased in proportion to the number of scalp 

electrode contacts, however; the case of 62 contacts showed lower peak 1 g averaged SAR than the 

case of 31 contacts (Angelone et al., 2004). Another EM computational simulation research, which 

involved experimental measurements by Bhusal et al. (2018) where a single copper wire was 

simulated and used in phantom experiments for comparison to a stainless steel 8-contact depth 

electrode (that has 8-contacts and 8 internal wires connected to 8 connector wires) that was studied 

in experiment only. In this study, the experimental and simulation results of the single-wire were 

in a solid agreement; the maximum temperature increase was +7 ºC) for the wire positioned parallel 

to the Z-axis.  The comparison between the simulation and experimental results of the single-wire 

and the 8-contact electrode which was only used in the experiment showed a difference of +3.5 ºC 

for the single-wire than the electrode (the temperature was 28 ºC for the wire parallel to Z-axis and 

24.5 ºC for the electrode). The observed experimental discrepancy was explained by the authors as 

reflecting the different materials and characteristics in the single-wire and the depth electrode. 

Other computational studies by Carmichael et al. (2008b) and Erhardt et al. (2019) that involved 

one icEEG 68 contact grid electrode and one contact strip electrode, respectively. Carmichael et 

al. (2008) studied the effect of the position of the grid electrode on SAR and found increased 

electric field around the distal contacts of up to 1883 V/m and averaged 1 g SAR of up to 0.61 

W/Kg for the contacts positioned close to the sinus areas. Erhardt et al. (2019) aimed to investigate 

the effect of the strip electrode contact diameter (0.3, 1, 2.7 and 4 mm) on the heating using 

simulation and experiment and found that the heating increased proportional to diameter of the 
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contact (for the most distal contact, the heating was 0.79 ºC for 0.3 mm contact and 53.08 ºC for 

the 2.7 mm except for the 4 mm contact (41.16 ºC)) but the local SAR decreased proportional to 

the diameter (2.218 W/Kg at 0.3 mm to 0.024 W/Kg at 4 mm).  

The main aim of the work presented in this chapter is to present the results of a more systematic 

evaluation of the simplification of computational EM models of icEEG electrode model in terms 

of the patterns of averaged SAR in the vicinity of the electrodes.  We wanted to address the 

following questions: Does the icEEG electrode internal wire configuration matter? Does 

simplifying it have a significant (in the general sense of being greater than measurement error, or 

model estimation uncertainty) impact on the estimated SAR? In physical terms, the logic being that 

at RF frequencies, given the wavelengths involved, the internal sub-millimetric wire structure 

might have little bearing on the results. This is because all wires can be considered as being 

effectively connected via capacitive coupling while making the model significantly more complex 

and therefore computationally demanding. This will provide evidence that can be useful to assess 

the possibility of testing complex implantation scenarios using simplified models of icEEG 

electrode in the application of EM computational simulations. Furthermore, we wanted to 

investigate the following questions: what is the effect of modelling multiple simplified implanted 

electrodes on SAR estimate? What is the effect of separating contacts of the same electrode with 

their wires from each other?  

To our knowledge, this is the first systematic investigation of computational model simplification 

in computational EM simulations to estimate the amount of heating across a range of multiple 

electrodes configurations and implantation scenarios at 64 MHz. Concerning the question of what 

would represent success, i.e., determining whether simplifications are useful, this is a challenging 

question partly because the novelty of the approach (relative lack of precedent); however, as stated 

in the discussion of Chapter 6 the ideal result is that any given simplification does not significantly 

alter the field estimate (E field and local SAR). We do not expect an electrode model simplification 

to result in identical results and therefore, the simplified model is expected to be less accurate than 

the complete, detailed version. This loss of accuracy is counterbalanced by the gain in computation 

time and therefore, a trade-off will have to be decided upon. 
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Table 7.1: Summaries of the EM computational investigations (some with empirical validation, indicated in the table column) of RF-induced heating in the vicinity 

of scalp EEG, icEEG and DBS electrode, with emphasis on the implications for model simplification. 

No. 

Authors, 

publication 

year 

Type of 

electrode 

or implant 

EM 

simulation 

frequency 

Type of RF 

Coil 

Phantom or head 

model 

Electrode or 

lead 

Electrode/implant 

modelling and 

degree of 

simplification 

Comparison 

with empirical 

measurements? 

Results/Conclusion 

1 
Angelone et 

al., 2004 
Scalp EEG 

128 MHz and 

300 MHz 

Birdcage and 

surface coils 

High resolution 

realistically-shaped 

head multi tissue 

models derived 

from the MRI scans 

of two human 

subjects  

16, 32 62 

and 124 

contacts with 

their leads 

Scalp EEG 

electrode with leads 

positions obtained 

from a digitizer 

from two patients; 

electrode and leads 

= PEC; geometric 

representations of 

the electrodes and 

leads not described   

No 

Peak averaged 1 g 

SAR increases 

approximately in 

proportion to the 

number of electrode 

contacts  

2 
Angelone et 

al., 2006 
Scalp EEG 

 300 MHz (7 

T) 
TEM coil 

 Homogeneous 

realistically-shaped 

one tissue head 

derived from MRI 

of a human 

volunteer 

EEG 

electrodes 

with 32 

contacts and 

leads 

Two scalp 

electrodes modelled 

as cylinders and 32 

wires were bundled 

on the Cz position 

with positions 

obtained from a 

digitizer from one 

human volunteer: 

Yes 

 Both EM 

simulations and 

temperature 

measurements 

showed SAR 

reductions when 

increasing overall 

lead resistivity. The 

use of 10 K 
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1) 32 contacts with 

leads and 2) 32 

contacts with 10 

K resistor 

between the 

contacts and the 

leads 

resistor, caused 

small change in the 

simulated SAR near 

the contacts, and in 

the experimental 

part, the change was 

near the EEG paste 

near the resistor and 

no change inside 

the head model 

3 
Jorge et al., 

2015 
Scalp EEG 

 300 MHz (7 

T) 
Head coil 

A human multi 

tissue model called 

“Duke” 

63 ring 

contacts with 

their leads 

63 loops were 

representing the 

EEG contacts and 

connected with 

leads and 5 K 

resistors between 

the contacts and the 

leads. The leads 

branches were 

modelled following 

realistic cap 

branching; 8 

branches connected 

to two connectors 

and positioned 2 cm 

Yes 

Both EM 

simulations and 

empirical 

measurements 

showed the 

reduction of SAR 

when introducing 

the EEG electrodes 

in the head  
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from the scalp of 

the head. 

4 
Atefi et al., 

2018 
Scalp EEG 

128 MHz (3 

T) 

MRI RF 

transmit and 

receive coil 

Anatomical head 

and torso model 

258 EEG 

contacts 

connected to 

32 lead 

Contacts and leads 

were connected as 

strips to mimic 

multiple leads 

attached to a 

conductive ink. 

Two cases were 

tested at first: No 

EEG and EEG cap 

(InkNet). Second, 

three models were 

tested: 1) full cap 

model, 2) 1 lead 

(located in the side 

of the head where 

peak SAR was the 

highest) with 

contacts after 

eliminating the 

other leads of the  

full model and 3) 1 

lead (located in the 

top of the head and 

close to 2) with 

Yes 

Simulations and 

empirical 

measurements 

showed higher peak 

temperature in the 

case of no EEG 

than the case of 

InkNet. The 

simulations showed 

higher R ratio (SAR 

of EEG divided by 

the SAR of no 

EEG) for the full 

model compared to 

the models 2 and 3 
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contacts after 

eliminating the 

other leads of the 

full model 

5 
Carmichael 

et al., 2008b 
icEEG 62.5 MHz  

Birdcage head 

transmit RF-

coil 

Anatomical head 

and torso model 

IcEEG 

electrode 

grid  

Realistic grid 

electrode model. 

68 array of 

Platinum Iridium 

(Pt-Ir) disk contacts 

through a silicon 

sheet and tails. The 

wires were stainless 

steel contained 

inside 

a polyurethane 

tubing 

No 

E field is strongly 

coupled with the 

icEEG electrode 

and the SAR was 

the maximum 

surrounding the 

electrode. The 

position and value 

of the maximum 

SAR depends on 

the averaging mass  

6 
Bhusal et 

al., 2018 
icEEG 

127.6 MHz (3 

T) 

Quadrature 

birdcage head 

coil 

ASTM whole body 

phantom 

Insulated 

copper wire 

(performed 

in both 

simulation 

and 

experiment) 

and 8 contact 

SEEG 

Insulated wire; 0.7-

mm diameter and 

0.45 mm thickness 

of polyvinyl 

chloride insulator 

Yes 

Heating of the 

simulated and the 

experimented 1 

wire were similar 

for the wire is 

positioned at the top 

of the head 

phantom, and are 

different when the 
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electrode 

(performed 

in 

experiment) 

wire is positioned at 

the lateral side of 

the head and when 

inserting the wire at 

the top of the head 

in different depths  

7 
Erhardt et 

al., 2019 
icEEG 

64 MHz (1.5 

T) 

Birdcage body 

coil 

ASTM whole body 

phantom 

One contact 

strip 

electrode 

(simulation) 

versus four 

contacts strip 

electrode 

(experiment) 

One contact strip 

electrode (the 

contact was 2.7 mm 

in diameter and was 

modelled as PEC) 

and a cable, which 

was replaced with 

harmonic voltage 

edge source at the 

meandering 

interconnection line 

(to simplify the 

simulation) 

Yes 

The simulations 

showed heating 

increases with 

increasing the 

diameter of the 

electrode contact, 

however, the 

deposited energy 

and local SAR can 

be larger for smaller 

contacts than the 

larger ones 

8 
Yeung et al., 

2007 

Conducting 

wire 

63.9 MHz 

(1.5 T) 

High-pass 

birdcage coil 

Cylindrical 

phantom 

Conducting 

wire 

Straight wire (0.5 

mm in diameter) 
Yes 

Strong agreement 

between the 

simulation and the 

experiment data in 

terms of the 

location and value 
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of the maximum 

heating  

9 
Ibrahim et 

al., 2007 

Anenurysm 

clip 

128 MHz (3 

T) and 300 

MHz (7 T) 

Transverse 

electromagnetic 

(TEM) coil 

Human head 

model; high-

resolution 

anatomically 

detailed that 

contain 18 tissues 

Anenurysm 

clip 

(YASARGIL 

FE786 

aneurysm 

clip; 

Aesculp, 

Center 

Valley, 

USA) made 

of cobalt 

alloy  

The clip (15.3 

mm blade length 

and 9.8 mm 

maximum opening) 

was modelled in 

two ways: 1) with 

Cartesian grid and 

2) Slanted FDTD 

algorithm in order 

to account for the 

curves of the clip  

No 

The findings of this 

simulation study 

indicate that the 

placement of 

Anenurysm clip 

inside a human 

head model may not 

affect the already 

existed issues when 

performing MRI at 

3 T and 7 T. 

However, more 

simulations are 

needed to assess the 

effect of simulation 

resolution on the 

accuracy of the 

simulation results 

10 
Serano et 

al., 2015 

Conducting 

wire 

128 MHz (3 

T) 

Clinical body 

transmit coil 

ASTM whole body 

phantom (RTS 

leads and Pt-Ir 

leads) 

Resistive 

tapered 

stripline 

(RTS); 

designed for 

Two models of 40 

cm long (the 

thickness was not 

described) were 

designed: 1) a flat 

Yes 

Highest simulated 

10 g averaged SAR, 

simulated 

temperature and 

experimented 
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MR-

conditional 

implants 

design: made from 

conductive ink 

internally followed 

by a polymer 

substrate; 2) a wire 

design made of Pt-

Ir 

temperature 

increases can be 

seen at the tip of the 

Pt-Ir lead compared 

to the case of no 

implant and the 

case of RTS lead.  

11 
Golestanirad 

et al., 2019a 

Conducting 

wire 

64 MHZ (1.5 

T), 123 MHz 

(3 T) for both 

computational 

simulations 

and 

temperature 

measurements 

and 279 MHz 

(7 T) 

For 1.5 and 3 

T, high-pass 

body transmit 

coil. For 7 T, 

hybrid head 

coil 

3D modelled head 

phantom derived 

from MRI of a 

human volunteer 

Implanted 

leads 

through 

high-

dielectric 

capacitive. 

Bleeding of 

currents 

(CBLOC) 

Four wire models 

were designed (40 

cm length, 

thickness of the 

wires not 

described) similar 

to the experimental 

models: 1) 

CBLOC; 2) wire 

inside rubber tube 

(3 mm inside 

diameter and 4 mm 

outside diameter) 

filled with air; 3) 

wire inside rubber 

tube filled with 

high dielectric 

constant (HDC); 

and 4) wire inside 

Yes 

The experimental 

results showed 20-

fold and 40-fold 

reduction in the 

heating for the 

CBLOC at 1.5 and 

3 T, respectively. 

The simulations at 

1.5, 3 and 7 T 

showed similar 

patterns in the 1 g 

averaged SAR. The 

highest temperature 

measurement and 

simulated 1 g SAR 

were when using 

the 3rd model than 

the other models 
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silicon tube (2.7 

mm inside diameter 

and 4 mm outside 

diameter) filled 

with air 

12 

Bonmassar 

& Serano, 

2020 

Conducting 

wire 

64 MHz (1.5 

T) 

High-pass 

birdcage head 

transmit coil 

3D saline-gel filled 

anthropomorphic 

head phantom 

Micro coiled 

implant and 

wire implant  

Two models (30 cm 

long): 1) micro 

coiled implant (0.4 

mm in diameter) 

that is made of an 

inducting thin film 

that is 21 turns 

attached to “two-

wire” extension; 2) 

a simple wire (0.45 

mm in diameter) 

Yes 

Similar patterns 

between the heating 

of the 1st and the 2nd 

model can be seen 

in the experimental 

and simulation 

heating changes, 

with the 2nd model 

being the greater. 

The temperature 

measurements 

showed a difference 

of 1.5 ºC between 

the 1st and the 2nd 

model. The 

computational 

simulation showed 

a difference of 16.7 

ºC 
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13 
Angelone et 

al., 2010b 
DBS 

128 MHz (3 

T) 

Birdcage-type 

head RF coil 

Anatomical multi 

tissue head model 

derived from MRI 

of a human 

volunteer 

Two bilateral 

implants 

modelled as 

insulated 

leads to 

represent 

DBS leads 

(implanted in 

the head in 

the right and 

left side) 

The DBS model 

contains of 19 wires 

surrounded by 

cylindrical insulator 

of 4 mm in 

diameter. The DBS 

located in the right 

has the length of 

380 mm and the 

one on the left has 

the length of 373 

mm. For the DBS 

model, 8 electrical 

resistivities were 

modelled (all with 

electrical 

permittivity of 15): 

PEC,10-4, 10-3, 

0.002, 0.01, 0.02, 

0.1, and 1 Ωm  

No 

The resistivity of 

the leads affects the 

averaged SAR 

values; the higher 

the resistivity, the 

lower the (1 g and 

10 g averaged) 

SAR. However, 

high resistivity 

causes higher power 

deposition and 

requires higher 

voltage in order to 

generate normal 

currents that are 

used for stimulation  

14 
Cabot et al., 

2013 
DBS 

64 MHz (1.5 

T) 
 Birdcage coil 

Three anatomical 

3D models: Duke, 

Ella, and Billie 

from the Virtual 

Family (Christ et 

al., 2009) 

DBS lead 

models 

Two models of 

leads both inside an 

insulator (external 

thickness of 1.6 

mm): a helical lead 

(pitch of 0.33 mm, 

Yes 

Higher peak spatial 

averaged 10 g SAR 

at the tip of the 

straight lead than 

the helical for both 
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0.13 mm wire 

diameter, and 1 mm 

of diameter for the 

total helical wire) 

representing DBS 

and a straight lead 

(1 mm of diameter) 

representing a 

simplified version 

the phantom and the 

human head model 

15 
Serano et 

al., 2015 
DBS 

128 MHz (3 

T) 

Clinical body 

transmit coil 

Anatomical 3D 

multi tissue human 

body model 

DBS 

electrode 

Realistic DBS 

“Medtronic 3389” 

design (4 contacts 

and 4 wires)  

Yes 

Largest 10 g 

averaged SAR is 

seen when using the 

realistic DBS model 

compared to the 

case of no implant 

and the case of RTS 

lead 

16 
Golestanirad 

et al., 2016a 
DBS 

64 MHz (1.5 

T) and 127 

MHz (3 T) 

Low-pass 

birdcage head 

coil 

3D detailed multi 

tissue head and 

neck model known 

as multimodal 

imaging–based 

detailed anatomical 

(MIDA) obtained 

DBS 

electrode 

with one lead 

connecting 

all contacts 

Realistic DBS 

model (model 3389 

(Medtronic Inc., 

Minneapolis, USA) 

with 4 cylindrical 

contacts (1.7 outer 

diameter, 0.15 mm 

thickness, 0.5 mm 

No 

The looped DBS 

models (1, 2 and 3) 

caused reduction in 

local SAR 

compared to the 

straight models (4 

and 5) that was 
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from MRI of a 

human volunteer 

spacing and 1.5 mm 

height) and a 

simple straight lead. 

Five lead (~50 cm) 

trajectories were 

obtained from CT 

of a patient: 1) 

looped and shaped 

like number 8 on 

the side of the head 

model; 2) 

concentric loop 

placed similar to 1; 

3) concentric loop 

placed on the top of 

the head model; 4) 

straight and short; 

and 5) straight with 

normal length 

larger at 127 MHz 

than 64 MHz 

17 
Golestanirad 

et al., 2017 
DBS 

64 MHz (1.5 

T) 

Low-pass 

linearly 

polarized 

rotating 

birdcage. Two 

models were 

tested: 1) 

Anatomical 3D 

multi tissue human 

head model 

obtained from MRI 

of a human 

volunteer  

Similar to 16 

Realistic DBS 

model (model 3389 

(Medtronic Inc., 

Minneapolis, USA) 

with a simple 

straight internal 

lead with contact 

No 

When implanting 

DBS electrode, the 

linearly polarized 

rotating coil can 

reduce the local 

SAR greatly, that 

also depends on the 
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without receive 

array; 2) 32-

channel close-

fit receive array 

specifications 

similar to 16 and 

covered by an 

insulator (1.27 mm 

external diameter) 

path and geometry 

of the DBS lead. 

The use of close-fit 

receive array did 

not cause a 

reduction in the 

local SAR 

18 
Golestanirad 

et al., 2019b 
DBS 

64 MHz (1.5 

T) and 127 

MHz (3 T) 

Head transmit 

coil and high-

pass birdcage 

body coil 

MIDA head and 

neck model that is 

obtained from MRI 

of a human 

volunteer (used 

with the head coil) 

and another 

homogeneous head 

and torso model 

(used with the body 

coil) 

Two bilateral 

DBS 

electrodes. 

The DBS 

model is 

Similar to 16 

Realistic DBS 

model (similar to 

16) with a simple 

internal electrode 

straight lead and 

curved electrode 

lead with 

trajectories 

obtained from CT 

of 9 patients 

Yes 

At the tip of the two 

DBS electrodes, 

there is a large 

difference in terms 

of the simulated 

SAR and the 

measured heating. 

The higher values 

were at the tip for 

the DBS located at 

the contralateral to 

the IPG of 7-fold of 

the simulated SAR 

and 10-fold of the 

measured 

temperature 

increases 
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19 
Guerin et 

al., 2018 
DBS 

64 MHz (1.5 

T) and 123 

MHz (3 T) 

High-pass RF 

birdcage body 

coil  

 Homogeneous 

head and body 

human model 

obtained from CT 

of a patient 

DBS 

electrodes in 

five different 

models, two 

from each 

model were 

inserted 

bilaterally  

Systematic 

comparison of five 

DBS (Medtronic 

lead 3387; four 

contacts 1.5 mm 

length, 1.5 mm 

spacing) models 

with varying degree 

of simplifications: 

1) Full length 

model, helicoidal 

internal conducting 

wires (CW) 40 cm 

long, extension lead 

(EL) 40 cm long 

and IPG; 2) full 

length, straight 

internal (CW), EL 

and IPG; 3) full 

length, straight 

internal CW, EL 

and IPG; 4) 

Reduced length 

(length not 

described) model 

and EL looped (no 

EL and IPG); 5) 

No 

Model 1 showed 

1.7-fold lower peak 

SAR than 2 at 1.5 T 

and 1.5-fold higher 

than 2 at 3 T. The 

models 3, 4 and 5 

that were inserted in 

the right side 

showed larger peak 

SAR compared to 

the 1 and 2. 
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Reduced length, 

modified EL (not 

looped) and IPG 

 

20 

Golestanirad 

et al., 2020 
DBS 

50.35 MHz 

(1.2T) using a 

radial flat 

vertical 

birdcage coil 

and 64 MHz 

(1.5T) using a 

generic 

horizontal 

birdcage 

Two models of 

coils were 

tested: 1) radial 

flat vertical 

birdcage coil; 

and 2) generic 

high-pass 

horizontal 

birdcage 

3D homogeneous 

head and body 

models obtained 

from CT of two 

patients and for the 

third patient, a 

standard head and 

upper chest 

homogeneous 

phantom was used 

Similar to 16 

Bilateral full DBS 

model with a 

simple straight 

internal wire 

(similar to 16) and 

curved electrode 

wire with 

trajectories 

obtained from CT 

of 3 patients, the 

wires are covered 

with urethane 

insulation (1.27 mm 

in diameter). Three 

cases were tested: 

1) only bilateral 

two DBS electrodes 

with leads attached 

to each other; 2) 

bilateral DBS 

electrodes with IPG 

separated from each 

other; 3) bilateral 

No 

From 10 to 30-fold 

1 g averaged SAR 

can be reduced at 

the tip of the DBS 

electrode during 

isolating DBS 

electrodes. The 

reduction in 1 g 

averaged SAR also 

can be about 19-

fold for the vertical 

coil compared to 

the horizontal coil 

during implanting 

the full DBS with 

IPG 
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DBS electrodes 

with IPG connected 

to each other 
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7.2 Methods  

In this study, we choose to position the icEEG electrodes in the superior region of the head phantom 

along the X-direction rather than in the lateral regions of the head phantom for two reasons:  First, 

this is the worst-case region for temperature increases in the previous chapters (3 and 6). Second, 

in terms of EM computation time, implanting these electrodes in the lateral, anterior, posterior, 

right and left regions of the head phantom requires bending the electrodes’ wires that in turn will 

increase the EM simulation times and the computational power requirements (memory, GPU,… 

etc). 

Two sets of simulations were performed in which: First, I started by testing the simplification of a 

single electrode; Second, I tested the simplification of multiple electrodes. 

The first set involved studying the effect of the number of internal wires on the estimated SAR by 

simplification of an 8-contact electrode by replacing the individual contact wires firstly, with one 

wire connected to all contacts together and secondly, with one wire connected to each of the 

individual contacts at a time. In order to further explore this single-wire Simplified model, I then 

studied the effect of its position relative to the central axis on the estimated SAR. 

In the second set, we considered models comprising multiple electrodes: first, I studied the effects 

of separation for two single-wire Simplified electrodes on the estimated SAR. Then, the effect of 

adding further Simplified electrodes on SAR was investigated. This part is designed to test a 

configuration called “open circuit” that have some resemblance with clinical implantations 

following Carmichael et al. (2008a). Finally, I examined another configuration by short-circuiting11 

the leads (connector-ends, outside the head) of multiple Simplified electrodes on the estimated 

SAR. This is interesting because in our icEEG-fMRI experiments on humans we are often unable 

to record from all implanted electrodes due to the limited number of amplification channels and 

therefore, we are interested in better understanding the effects of electrode wire terminations (open 

vs closed circuit).  

 

 
11Short-circuiting of the leads means connecting them together. 
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7.2.1 EM simulation setup 

All the FDTD simulations described below were performed using Sim4Life platform (version: 

3.0.2.1371; ZMT, Switzerland) on the same PC as in Chapter 6. The same models for the phantom 

and head RF transmit coil with the same dimensions and specifications as in Chapter 6 were used. 

The icEEG electrode models used in this chapter are not the same as the previous chapter except 

for the Complete model (8-contact with 8 wires) and the 1-contact with 1 wire model (more 

information about the electrodes will be in the next section). The Local SAR averaged over 0.1 g, 

0.01 g and 0.001 g were calculated following the IEEE/IEC62704-1 guideline (IEEE/IEC62704-1, 

2011). 

For each simulation, the B1 and E fields and the local SAR maps are presented, along with the peak 

E, the peak B1 and the peak averaged SAR over 0.1 g, 0.01 g and 0.001 g. 

7.2.2 Electrode models 

In the following, the term ‘wire’ (Figure 7.1) refers to the internal electrode contact wire (connected 

to each electrode contact) and the electrode connector wire (the external wire that can be connected 

to the EEG extension cable and to the input box). 

For this study, I modelled the following depth icEEG electrodes: 

1- Complete model: As realistic as computationally feasible (given our computation 

resources) representation of an 8-contact depth electrode (AdTech, model: SD08R-

SP5X-000) (the contact diameter= 0.8 mm, thickness= 0.15 mm and length= 2.4 mm 

and the separation= 5 mm) with 1 wire per contact (total of 8 wires) and the total length 

from the distal end to the conductor end is 380 mm represented as precisely and 

accurately as possible (see figure 6.1 (A); Chapter 6); 

2- Simplified models: 

• ‘8C1SW’: A 8-contact electrode with a single, ‘shared’ wire that connects 

all 8 contacts together (Figure 7.1). 

• ‘8C1W1’, ‘8C1W2’,…’8C1W8’: 8-contact electrodes, each with a single 

wire connected to a single contact (#1, 2, 3, 4, 5, 6, 7 and 8, respectively) 

(Figure 7.2). 

• ‘1C1W’: 1-contact electrode with 1 wire (Figure 6.1 (B); Chapter 6). 
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Figure 7.1: Simplified model 8C1SW: 8-contact electrode with 1 shared wire (connected to the 8 contacts). 

 

 

Figure 7.2: Simplified models 8C1Wx: 8-contact electrodes with 1 wire located at different contacts (1-8) for 

simulations 7.2. The blue arrows show the location of the wire in the electrode. 

#1 #2 #3 #4 #5 #6 #7 #8 

Distal end Wire 

2.4 mm 
0.15 mm 

8C1W1: Wire at contact #1 8C1W2: Wire at contact #2 

8C1W4: Wire at contact #4 

8C1W7: Wire at contact #7 8C1W8: Wire at contact #8 

8C1W5: Wire at contact #5 8C1W6: Wire at contact #6 

8C1W3: Wire at contact #3 
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The electrode model elements were assigned the following conductive properties: 

• Contacts and wires: electrical conductivity was set as a perfect electric conductor (PEC). 

• Separators: no electrical conductivity and relative permittivity = 2. 

• Tail stem: similar properties as the separators.  

 

Figure 7.3: Representation of the phantom, RF coil and 8C1SW electrode for simulation 7.1. The electrode insertion 

is 10.5 cm.  

10.5 cm 

27 cm 

1 cm 
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7.2.3 Computational simulations 

As mentioned previously, I performed the following two sets of computational simulations with 

depth electrode models placed in a model of the head part of the ASTM phantom:  

• Set 1: Simulations of the following simplified icEEG electrode models, individually:   

o Simulation 7.1 (Figure 7.3): simulation of the 8C1SW electrode; 

o Simulations 7.2: Eight simulations, one for each of the 8C1Wx (x=1, 2, 3, ….8) 

electrodes. 

A comparison of the results was made for the following:  

▪ 8C1SW compared with the Complete model and 8C1Wx. The purpose of this 

part is to observe the effect of having 1 wire connected to all contacts at the 

same time versus the Complete model (8 contacts with 8 wires; each contact 

with one wire) and 1 wire connected to different contacts; having 1 wire at all 

contacts together versus 1 wire connected at contact #1 vs 1 wire connected at 

contact #8;  

▪ The Complete model compared with 8C1Wx; in this part, I am comparing the 

results of the SAR values of each contact of the Complete model versus the 

contacts of the 8-contact electrode with 1 wire connected to each contact at a 

time. 

o Simulations 7.3 (Figure 7.4): 13 simulations of a single 1C1W electrode, for 13 

locations (L1-L13) in the X-direction (each location was separated from the 

adjacent location by 1 cm). The results of these simulations will be compared with 

Simulations 7.5 (see below). 
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Figure 7.4: Computational simulations 7.3 (7.3.1-7.3.13): Single 1C1W electrode at different positions in black 

(L1-L13) and actual locations relative to Z=0 (in red); each electrode was inserted individually inside the ASTM 

phantom. The insertion of the electrodes was 10.5 cm in depth and the separation between the locations was 1 cm.  

 

• Set 2: Simulations of multiple icEEG electrodes:  

o Simulations 7.4 (Figure 7.5): simulations of two one-contact 1C1W electrodes 

(labelled ‘E1’ and ‘E2’ for the purpose of this set of simulations and the following) 

placed parallel to each other in the superior region of the head part of the phantom. 

E1 and E2 differ by the position of their contact: E1’s corresponds to contact #1 (the 

most distal) in the Complete model while E2’s corresponds to contact #2 (5 mm 

mesially from E1’s). 

▪ 7.4.1: E1 and E2. no separation along the X-axis. In this specific simulation, 

the electrodes E1 and E2 were modelled as one electrode with 2 contacts 

(contacts #1 and #2) with 2 wires each connecting one contact; 

▪ 7.4.2: E2 shifted relative to E1 by 0.5 mm in the X-direction;  
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▪ 7.4.3: E2 shifted relative to E1 by 1 mm in the X-direction;  

▪ 7.4.4: E2 shifted relative to E1 by 5 mm in the X-direction; 

▪ 7.4.5: E2 shifted relative to E1 by 20 mm in the X-direction;  

▪ 7.4.6: E2 shifted relative to E1 by 50 mm in the X-direction.  
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Figure 7.5: Simulations 7.4: two 1C1W electrodes (E1 and E2) positioned to test the parallel shifting (E1 is fixed in place 

while E2 is shifted). For 7.4.1 and 7.4.2, the electrodes partially overlap; for the former, an electrode with 2-contact 2 wire was 

modelled (by removing the overlapping parts).  

Simulation 7.4.1: No shift Simulation 7.4.2: 0.5 mm X-axis shift 

Simulation 7.4.5: 20 mm X-axis shift Simulation 7.4.6: 50 mm X-axis shift 

Simulation 7.4.3: 1 mm X-axis shift Simulation 7.4.4: 5 mm X-axis shift 

E1 E2 E1 E2 

E1 
E2 

E1 

E2 

E1 

E2 

E1 

E2 
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o Simulations 7.5 (Figure 7.6): simulations of an increasing number of 1C1W 

electrodes (1-13 electrodes) with their leads open circuited (separated) placed 

parallel to Z-direction in the superior regions of the head part of the phantom 

(similarly to simulations 7.4). In the first simulation, one electrode (E1) placed on 

the phantom’s central axis; for the subsequent simulations, one or two additional 

electrodes was placed as illustrated in Figure 7.6.  

A comparison of the estimated SAR was made between the multiple separated 

1C1W electrodes and the individual 1C1W electrode for similar electrode locations 

(simulation 7.3).  
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Figure 7.6: Simulations 7.5: multiple separated 1C1W electrodes inserted inside the ASTM phantom. The insertion 

of the electrodes was 10.5 cm and the separation between the electrodes was 1 cm. The enlarged part in simulation 7.5.8 

indicates the locations of the 13 electrodes. 

Simulation 7.5.1: 1 electrode Simulation 7.5.2: 2 electrodes 

Simulation 7.5.3: 3 electrodes Simulation 7.5.4: 5 electrodes 

Simulation 7.5.7: 11 electrodes Simulation 7.5.8: 13 electrodes 

Simulation 7.5.5: 7 electrodes Simulation 7.5.6: 9 electrodes 

10.5 cm 

1
 c

m
 

E12 

E13 
E11 
E9 
E7 
E5 
E3 
E1 
E2 
E4 
E6 
E8 

E10 
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o Simulations 7.6 (Figure 7.7): simulations of multiple 1C1W electrodes (1-13 

electrodes) with their leads short-circuited and placed parallel to Z-direction in the 

superior regions of the phantom. These electrodes were positioned in the X-

direction and separated from each other by 1 cm. This is similar to the previous set 

of simulations, however; in this set I am testing for the effect of open circuited wires 

versus short circuited wires for the implanted multiple electrodes, an effect that was 

studied by Carmichael et al. (2008a). In this set of simulations, I started by 

implanting two electrodes (E1 and E2) in the superior region of the head phantom 

that are separated by 1 cm. Similar to the previous set, I continued adding the rest 

of the electrodes (E3-E13) in the same manner except that for the first simulation of 

this set, I placed two electrodes (E1 and E2) together for the purpose of studying the 

shorted electrode wires compared with the separated electrode wires (from the 

results of the previous set).  
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Figure 7.7: Simulations 7.6: multiple shorted 1C1W electrodes placed inside the ASTM phantom. The insertion 

depth of the electrodes was 10.5 cm and the separation between the electrodes was 1 cm. The blue arrows point the 

location where the wires were short-circuited (connected). 

Simulation 7.6.1: 2 electrodes Simulation 7.6.2: 3 electrodes 

Simulation 7.6.3: 5 electrodes 

Simulation 7.6.6: 11 electrodes 

Simulation 7.6.7: 13 electrodes 

Simulation 7.6.4: 7 electrodes 

Simulation 7.6.5: 9 electrodes 
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7.3 Results  

In relation to the computation times, the simulation of the single simplified electrode 8C1SW and 

8C1Wx (x=1, 2, 3, ….8) took about 40 h; whereas the most complex simulations presented in this 

chapter (7.5.8 and 7.6.7, each with 13 electrodes) took about three days, which is similar to the 

time taken for the complete model of a single electrode (Chapter 6).  

Based on the visual observation of the B1 maps, the right mode for all simulations was excited 

correctly, as shown in Figure 7.8. The peak values of B1 obtained are: 2.9 µT at contact #1, 2.8 µT 

at contact #5 and 2.7 µT at contact #8. The B1 maps and the peak B1 for the simulations 7.2-7.6 are 

shown in the appendix (Appendix B).  

7.3.1 Simulation 7.1: simulation of a single 8C1SW electrode 

See figure 7.9 for the distribution of the E field around the contacts and the wire of 8C1SW. For 

the E field, the most distal contact (# 1) shows higher values than the other contacts; the peak E 

was 24.2 V/m at contact #1, 15.2 V/m at contact #5 and 16.4 V/m at contact #8. 

The SAR distribution is shown in Figure 7.10 and Table 7.2 shows the values in the vicinity of 

each contact. The local SAR for the 8C1SW is distributed almost uniformly around the contacts 

(Figure 7.10). From Table 7.2, it can be seen that the highest peak averaged 0.1 g SAR was 0.036 

W/Kg at contact #8 and the lowest was 0.021 W/Kg at contacts #1 and #5. Overall, the values of 

the peak averaged 0.01 and 0.001 g SAR were a little greater than the peak averaged 0.1 g SAR.  

Comparison of the averaged SAR values between 8C1SW and the Complete model (Table 6.2) 

reveals qualitatively similar patterns in terms of the maximum values in the extremities and the 

minimum around the middle. However, there is substantial variability in the size and sign of the 

relative differences (Table 7.2). The averaged SAR for the 8C1SW was 0.29 to 5.82-fold lower 

than the Complete model. 
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Figure 7.8: Simulation 7.1. Estimated B1 field distributions in three views; (A) and (B) coronal sections; the former shows 

the simulation setup that contains the 8C1SW electrode, phantom and the coil and the latter shows the estimated B1 field 

distributions only; (C) Sagittal and (D) axial sections. 

(D) Simulation 7.1: Axial 

(C) Simulation 7.1: Sagittal 

(B) Simulation 7.1: Coronal 

(A) Simulation 7.1: Coronal 
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Figure 7.9: Simulation 7.1. Estimated E field distributions in three views; (A) and (B) coronal sections; the former shows 

the simulation setup that contains the 8C1SW electrode, phantom and the coil and the latter shows the estimated B1 field 

distributions only; (C) Sagittal and (D) axial sections. 

(D) Simulation 7.1: Axial 

(C) Simulation 7.1: Sagittal 

(B) Simulation 7.1: Coronal 

(A) Simulation 7.1: Coronal 
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Figure 7.10: Simulation 7.1. Estimated SAR distributions in three views; (A) coronal, (B) sagittal and (C) axial. 

(C) Simulation 7.1: Axial 

(B) Simulation 7.1: Sagittal 

(A) Simulation 7.1: Coronal 
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Table 7.2: Simulation 7.1: Estimated peak average SAR for the 8C1SW model. The percentage difference was calculated as 

(SAR8C1SW-SARComplete/ SARComplete)x100 where the SARComplete is taken from Table 6.2. 

Contact 

# 
0.1 g SAR 

% difference 

with 

Complete 

model 

0.01 g SAR 

% difference 

with 

Complete 

model 

0.001 g SAR 

% 

difference 

with 

Complete 

model 

1 0.021 -72% 0.037 -81% 0.055 -83% 

2 0.018 -44% 0.028 -61% 0.037 -66% 

3 0.018 -28% 0.026 -46% 0.03 -60% 

4 0.019 -5% 0.026 -16% 0.026 -37% 

5 0.021 17% 0.027 17% 0.025 14% 

6 0.024 26% 0.029 53% 0.025 67% 

7 0.029 26% 0.033 74% 0.028 250% 

8 0.036 -16% 0.042 -7% 0.036 9% 

*The phantom position 0 means that the electrode tip is in the centre of the phantom and the centre of the head coil. 

7.3.2 Simulations 7.2: simulations of single 8C1Wx (x= 1, 2, 3, …8) electrodes 

For each 8C1Wx model, the E field was maximum at the connected contact (Figure 7.11) and was 

very low at the more distal ones (except for 8C1W1, for which the connected contact is #1) and the 

values for the more proximal contacts increased with distance from the connected one. Across 

simulations, the peak E value goes down with distance from contact #1 (Table 7.3). The SAR 

distribution (Figure 7.12 and Table 7.4) was similar. 

 



University College London                                 Hassan Hawsawi 279 

 

 

Figure 7.11: Simulations 7.2: Estimated E field distribution for 8C1Wx (8C1W1-1C1W8).  

 

Simulation 7.2.1: 8C1W1 Simulation 7.2.2: 8C1W2 

Simulation 7.2.3: 8C1W3 Simulation 7.2.4: 8C1W4 

Simulation 7.2.7: 8C1W7 Simulation 7.2.8: 8C1W8 

Simulation 7.2.5: 8C1W5 Simulation 7.2.6: 8C1W6 
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Figure 7.12: Simulations 7.2: Estimated local SAR distribution for 8C1Wx models.   

Simulation 7.2.1: 8C1W1  Simulation 7.2.2: 8C1W2 

Simulation 7.2.3: 8C1W3 Simulation 7.2.4: 8C1W4 

Simulation 7.2.7: 8C1W7 Simulation 7.2.8: 8C1W8 

Simulation 7.2.5: 8C1W5 Simulation 7.2.6: 8C1W6 
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Table 7.3: Simulation 7.2: Estimated peak E values for 8C1Wx models.  

Simulation E (V/m) 

# Electrode model Connected contact # Contact 1 Connected contact 

7.2.1 8C1W1 1 108.00 108.00 

7.2.2 8C1W2 2 3.70 103.00 

7.2.3 8C1W3 3 3.80 93.20 

7.2.4 8C1W4 4 2.80 65.00 

7.2.5 8C1W5 5 2.80 30.30 

7.2.6 8C1W6 6 5.40 51.20 

7.2.7 8C1W7 7 5.30 50.30 

7.2.8 8C1W8 8 5.40 47.90 

 

For simulation 7.2.1 (8C1W1; with 1-wire connected to contact #1 and the other contacts 

unconnected, in contrast to simulation 7.1 in which all the contact were connected to the wire) 

comparison with the results of the Complete (Table 6.2), we observe (Figure 7.12; simulation 7.2.1) 

that the SAR pattern is qualitatively similar in terms of the maximum SAR being at contact #1 and 

decreasing at the mesial contacts with a gradual increase up to contact #8.  

Across the simulations (table 7.4 and figure 7.12), we observe that the maximum SAR is 

consistently at the connected contact. The simulations 7.2.2-7.2.8 were approximations with fewer 

contacts confirming the connected contact (located at different Z-positions) had the highest SAR. 

It can be seen that the averaged SAR for the 8C1Wx is 3.02 to ~52.5-fold higher than the Complete 

model (the percentage difference for the averaged 0.1 g SAR is in the range of 202% to 700%). 
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Table 7.4: Simulation 7.2: Estimated peak average SAR for the 8C1Wx models. The percentage difference was calculated as (SAR8C1Wx-SARComplete/ SARComplete)x100 where 

the SARComplete is taken from Table 6.2. 

Simulation 0.1 g SAR 0.01 g SAR 0.001 g SAR 

# 
Electrode 

model 

Connected 

contact # 
Contact 1 

Connected 

contact 

% 

difference 

with 

Complete 

model 

Contact 1 
Connected 

contact 

% difference 

with 

Complete 

model 

Contact 1 
Connected 

contact 

% difference 

with 

Complete 

model 

7.2.1 8C1W1 1 0.24 0.24 224% 0.72 0.72 279% 1.13 1.13 253% 

7.2.2 8C1W2 2 0.006 0.21 556% 0.007 0.63 775% 0.008 0.97 782% 

7.2.3 8C1W3 3 0.004 0.18 620% 0.005 0.53 1004% 0.007 0.81 980% 

7.2.4 8C1W4 4 0.004 0.16 700% 0.005 0.46 1384% 0.007 0.71 1632% 

7.2.5 8C1W5 5 0.004 0.14 678% 0.005 0.39 1596% 0.007 0.58 2536% 

7.2.6 8C1W6 6 0.004 0.13 584% 0.005 0.34 1689% 0.007 0.49 3167% 

7.2.7 8C1W7 7 0.004 0.12 422% 0.005 0.27 1321% 0.007 0.42 5150% 

7.2.8 8C1W8 8 0.004 0.13 202% 0.005 0.30 567% 0.007 0.43 1203% 
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7.3.3 Simulations 7.3: simulations of single 1C1W electrode positioned in 

multiple locations (L1-L13) in the superior regions 

The E field maps (Figure 7.13) and the peak E values (Table 7.5) present concentrations of E 

around the distal contact of the 1C1W electrode and increases in the locations away from the 

centre of the phantom and the head coil towards the edges of the phantom; closer to the head 

coil. There is a slight asymmetry with E values lower above the Z-axis than below. 

For simulation 7.3.1 (which is directly comparable to 7.1 and 7.2.1 in terms of position in the 

coil), the observed SAR at the contact was 0.25 W/kg for averaged 0.1 g (Figure 7.14). 

As a function of the position relative to central Z-axis, the local SAR distributions (Figure 7.14) 

and the peak average (0.1, 0.01 and 0.001 g) SAR (Figure 7.15) show similar patterns as the E 

fields maps and the peak E values. The highest peak averaged SAR can be seen in the electrodes 

that are positioned closer the coil compared to the other locations away from the coil (with 

similar asymmetry); the highest peak 0.1 g averaged SAR was 276 W/kg at the distal contact 

of the 1C1W electrode located at L12 and the lowest peak 0.1 g averaged SAR was 0.25 W/kg 

at the distal contact of the 1C1W electrode located at L1 (centre of the head part of the 

phantom). The peak 0.01 and 0.001 g averaged SAR presented higher values than the peak 0.1 

g averaged SAR but similar increase patterns, as expected. 
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Simulation 7.3.1: L1 Simulation 7.3.2: L2 

Simulation 7.3.3: L3 Simulation 7.3.4: L4 

Simulation 7.3.7: L7 Simulation 7.3.8: L8 

Simulation 7.3.5: L5 Simulation 7.3.6: L6 
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Figure 7.13: Simulations 7.3: Estimated E field distribution for the 1C1W model at different locations (L1-L13). 

In these simulations, the electrode was positioned parallel to Z in the superior region of the phantom to mimic a clinical 

implantation setup.  

 

Simulation 7.3.9: L9 Simulation 7.3.10: L10 

Simulation 7.3.11: L11 Simulation 7.3.12: L12 

Simulation 7.3.13: L13 
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Simulation 7.3.1: L1 Simulation 7.3.2: L2 

Simulation 7.3.3: L3 Simulation 7.3.4: L4 

Simulation 7.3.7: L7 Simulation 7.3.8: L8 

Simulation 7.3.5: L5 Simulation 7.3.6: L6 
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Figure 7.14: Simulations 7.3: Estimated local SAR distribution for the single 1C1W model at different locations 

(L1-L13).  

 

Simulation 7.3.9: L9 Simulation 7.3.10: L10 

Simulation 7.3.11: L11 Simulation 7.3.12: L12 

Simulation 7.3.13: L13 
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Table 7.5: Simulations 7.3: Estimated values of peak E for the single 1C1W electrode positioned in different locations (L1-L13). The values were estimated 

at the immediate vicinity of the electrode contact. 

E field (V/m) 

Location L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 

E field 

(V/m) 
109.00 769.00 737.00 1407.00 1317.00 2047.00 2033.00 2750.00 2666.00 3334.00 3260.00 3711.00 3640.00 
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Figure 7.15: Estimated peak averaged SAR for the single 1C1W electrode positioned at different locations (L1-L13). This 

figure has two scales in the x-axis: one scale (top) shows the electrode location (L1-L13) that was planned in this study and the 

second (bottom) shows the actual location relative to Z=0 (the positive numbers are in the right-hand side of the phantom and 

the negative numbers are in the left-hand side (Figure 7.4)). 

 

7.3.4 Simulations 7.4: simulations of two parallel 1C1W electrodes at different 

lateral separations (0, 0.5, 1, 5, 20, and 50 mm) 

As seen in Figure (7.16), the cases of no shifts and 0.5 mm shift, the patterns of E field distribution 

observed around the contacts are qualitatively similar; however, for the 0.5 and 1 mm shifts, there 

were slight increases at E1 and E2. For the 5, 20 and 50 mm shifts, the E currents at the E2 contacts 

and wires increased with separation from E1, i.e., as E2 is closer to the head coil. For the E field at 
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E1, the pattern as a function of separation is more complex with a dip at separations 0.5 and 1 mm 

(Table 7.6). 

For the SAR (Figure 7.17 and Table 7.7), the patterns are similar to those for the E field. The 

highest peak averaged 0.1 g SAR was 327 W/kg for the E2 and 61 W/kg for the E1 in the 50 mm 

shift and the lowest peak averaged 0.1 g SAR was 0.08 W/kg for E2 and 0.13 for E1. The same 

can be said about the averaged 0.01 and 0.001 g but in higher values.  
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Figure 7.16: Simulations 7.4: Estimated E field distribution for the shifting of two 1C1W electrodes (#1 and #2). 

In these simulations, the electrodes were positioned parallel to Z and six electrode shifts were tested. 

 

Simulation 7.4.1: No shift Simulation 7.4.2: 0.5 mm shift 

Simulation 7.4.5: 20 mm shift Simulation 7.4.6: 50 mm shift 

Simulation 7.4.3: 1 mm shift Simulation 7.4.4: 5 mm shift 
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Figure 7.17: Simulations 7.4: Estimated local SAR distribution for the shifting of two 1C1W electrodes (#1 and 

#2). In these simulations, the electrodes were positioned parallel to Z and six electrode shifts were tested. 

  

Simulation 7.4.1: No shift Simulation 7.4.2: 0.5 mm shift 

Simulation 7.4.5: 20 mm shift Simulation 7.4.6: 50 mm shift 

Simulation 7.4.3: 1 mm shift Simulation 7.4.4: 5 mm shift 
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Table 7.6: Simulation 7.4: Estimated values of peak E for the parallel shifted electrodes (E) (E1 and E2).  

   E field (V/m) 

Simulation 

number  

Electrode 

parallel shift 

(mm) 

E1 E2 

7.4.1 0 79.3 55.1 

7.4.2 0.5 70.7 82.1 

7.4.3 1 58.4 136.2 

7.4.4 5 185 477 

7.4.5 20 752 1812 

7.4.6 50 1805 4188 

 

Table 7.7: Simulation 7.4: Estimated peak averaged SAR for the parallel and shifted electrodes (E) (E1 and E2).  

 0.1 g SAR 0.01 g SAR 0.001 g SAR 

Simulation 

number 

Electrode 

shift Rt (mm) 
E1 E2 E1 E2 E1 E2 

7.4.1 0 0.13 0.08 0.37 0.18 0.61 0.29 

7.4.2 0.5 0.11 0.14 0.30 0.44 0.48 0.90 

7.4.3 1 0.072 0.28 0.20 1.09 0.30 1.82 

7.4.4 5 0.74 4.30 2.00 13.80 3.30 22.40 

7.4.5 20 11.20 61.50 36.10 196.10 58.00 317.00 

7.4.6 50 61.00 327.00 194.00 1050.00 315.00 1702.00 

7.3.5 Simulations 7.5: simulations of multiple open circuited 1C1W electrodes 

(#1-#13) 

For each electrode, the E magnitude was highest at the contact, and the greater the number of 

electrodes, the greater the E field intensity. The E intensity was greatest for electrodes near the coil. 

Figures 7.18 and Figure 7.19 show increased E on the wire of E1 by the addition of electrode E2, 

then the E currents reduces on the wire of electrode E1 by the addition of E3-E13; however, the E 

currents on the wires of the other electrodes are increasing by the addition of electrodes. In addition, 

it is also noted that the greater the number of electrodes, the greater the E coupling between 

electrodes. Overall, we also note that there is no clear asymmetry around the Z-axis, although there 

is a clearer asymmetry for the simulations with large numbers of electrodes.   
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The pattern for SAR is similar to E as expected; in particular, the peak SAR is always at the 

electrodes most distant from the Z-axis and the local SAR increases with the total number of 

electrodes (see Figure 7.20 and Table 7.8). As shown in Table (7.8), starting from the case of E1 

only, the maximum averaged 0.1 g SAR at the distal contact of E1 was 0.25 W/Kg. The peak 0.1 g 

averaged SAR of the same electrode increased to 3.1 W/Kg by the addition of E2. After adding a 

third electrode E3, the peak averaged SAR 0.1 g decreased for E1; the peak averaged 0.1 g SAR 

reduced to 0.17 W/Kg. The same trend continues in the addition of the other electrodes but with a 

slight increase at the distal contact of E1. The peak averaged SAR (0.1, 0.01 and 0.001 g) values 

are represented as plots in the Figures (7.21, 7.22 and 7.23), respectively. 
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Figure 7.18: Simulations 7.5: Estimated E field distribution for the multiple (#1-#13) 1C1W electrodes. In these 

simulations, the electrodes were positioned parallel to Z and separated by 1 cm in the superior region of the phantom to 

mimic a clinical implantation setup scenario. The wires of the electrodes were open circuited. 

Simulation 7.5.1: 1 electrode Simulation 7.5.2: 2 electrodes 

Simulation 7.5.3: 3 electrodes Simulation 7.5.4: 5 electrodes 

Simulation 7.5.7: 11 electrodes Simulation 7.5.8: 13 electrodes 

Simulation 7.5.5: 7 electrodes Simulation 7.5.6: 9 electrodes 
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Figure 7.19: Simulations 7.5: Estimated peak E for the multiple (#1-#13) 1C1W electrodes. The electrodes are 

labelled as En, n=1-13. 
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Figure 7.20: Simulations 7.5: Estimated local SAR distribution for the multiple (#1-#13) 1C1W electrodes. In these 

simulations, the electrodes were positioned parallel to Z and separated by 1 cm in the superior region of the phantom to 

mimic a clinical implantation setup and the wires of the electrodes were open circuited. 

Simulation 7.5.1: 1 electrode Simulation 7.5.2: 2 electrodes 

Simulation 7.5.3: 3 electrodes Simulation 7.5.4: 5 electrodes 

Simulation 7.5.7: 11 electrodes Simulation 7.5.8: 13 electrodes 

Simulation 7.5.5: 7 electrodes Simulation 7.5.6: 9 electrodes 
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Table 7.8: Simulations 7.5: Estimated peak averaged SAR for the multiple 1C1W electrodes (En), n= 1-13 with their wires open circuited. 

0
.1

 g
 S

A
R

 

Simulation 

number 

No of 

electrodes 
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 

7.5.1 1 0.25 
            

7.5.2 2 3.10 16.6 
           

7.5.3 3 0.17 32.8 30.90 
          

7.5.4 5 0.30 26.00 25.00 113.00 112.00 
        

7.5.5 7 0.41 22.00 22.00 90.00 90.00 215.00 216.00 
      

7.5.6 9 0.47 18.00 18.00 71.00 71.00 159.00 160.00 296.00 302.00 
    

7.5.7 11 0.50 13.00 13.00 53.00 53.00 118.00 119.00 208.00 211.00 338.00 346.00 
  

7.5.8 13 0.50 10.40 9.90 39.00 39.00 87.00 87.00 150.00 153.00 230.00 235.00 341.00 351.00 

0
.0

1
 g

 S
A

R
 

Simulation 

number 

No of 

electrodes 
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 

7.5.1 1 0.71 
            

7.5.2 2 9.40 53.40 
           

7.5.3 3 0.23 105.40 99.80 
          

7.5.4 5 0.36 79.00 77.00 362.00 325.00 
        

7.5.5 7 0.51 65.00 64.00 277.00 243.00 628.00 655.00 
      

7.5.6 9 0.59 50.00 49.00 213.00 187.00 487.00 504.00 936.00 946.00 
    

7.5.7 11 0.61 37.00 36.00 158.00 138.00 365.00 369.00 655.00 668.00 1067.00 1086.00 
  

7.5.8 13 0.60 26.7 25.00 114.00 98.00 264.00 265.00 467.00 476.00 727.00 748.00 1077.00 1104.00 

0
.0

0
1

 g
 S

A
R

 

Simulation 

number 

No of 

electrodes 
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 

7.5.1 1 1.12 
            

7.5.2 2 14.90 87.40 
           

7.5.3 3 0.32 172.00 163.00 
          

7.5.4 5 0.49 126.00 122.00 586.00 582.00 
        

7.5.5 7 0.69 102.00 100.00 448.00 454.00 1139.00 1161.00 
      

7.5.6 9 0.81 78.00 77.00 343.00 349.00 805.00 810.00 1508.00 1534.00 
    

7.5.7 11 0.85 57.00 55.00 253.00 256.00 587.00 591.00 1061.00 1076.00 1717.00 1759.00 
  

7.5.8 13 0.84 40.80 38.30 182.00 182.00 423.00 423.00 754.00 763.00 1180.00 1204.00 1733.00 1788.00 



University College London                                 Hassan Hawsawi 299 

 

 

Figure 7.21: Simulations 7.5: Estimated peak average 0.1 g SAR for the multiple (#1-#13) 1C1W electrodes. The 

electrodes are labelled as En, n=1-13. 

 

 

Figure 7.22: Simulations 7.5: Estimated peak average 0.01 g SAR for the multiple (#1-#13) 1C1W electrodes. The 

electrodes are labelled as En, n=1-13. 
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Figure 7.23: Simulations 7.5: Estimated peak average 0.001 g SAR for the multiple (#1-#13) 1C1W electrodes. The 

electrodes are labelled as En, n=1-13. 

 

7.3.6 Simulations 7.6: simulations of multiple short-circuited 1C1W electrodes 

(#1-#13)  

From Figure (7.24), the E field distribution shows approximately similar E currents flowing trend 

in most of the multiple shorted 1C1W electrodes. In addition, the E currents at the leads forms a 

circuit and shows strong E coupling between the leads in the case of two electrodes (simulation 

7.6.1); in the location of shorting the wires (as indicated in the Figure 7.24). However, this E 

coupling between the leads reduces when adding electrodes; more than two electrodes.  

The local SAR distribution in Figure (7.26) and the peak averaged SAR (Table 7.9 and Figures 

7.27, 7.28 and 7.29) show a reduction in the values by the addition of electrodes E3-E13 to the 

already added E1 and E2. The peak 0.1 g averaged SAR for E1 was 1.45 W/kg and E2 was 2.4 

W/kg. After adding 13 electrodes, the peak 0.1 g averaged SAR reduced to 0.009 and 0.2 W/kg for 

E1 and E2, respectively.  
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Figure 7.24: Simulations 7.6: Estimated E field distribution for the multiple (#1-#13) 1C1W electrodes. In these 

simulations, the electrodes were positioned parallel to Z and separated by 1 cm in the superior region of the phantom to mimic 

a clinical implantation setup scenario and the wires of the electrodes were short circuited. The locations of the shorted wires 

are pointed by the white arrows. 

 

Simulation 7.6.1: 2 electrodes Simulation 7.6.2: 3 electrodes 

Simulation 7.6.3: 5 electrodes 

Simulation 7.6.6: 11 electrodes 

Simulation 7.6.7: 13 electrodes 

Simulation 7.6.4: 7 electrodes 

Simulation 7.6.5: 9 electrodes 
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Figure 7.25: Simulations 7.6: Estimated peak E for the multiple shorted (#1-#13) 1C1W electrodes. The electrodes 

are labelled as En, n=1-13. 
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Figure 7.26: Simulations 7.6: Local SAR distribution for the multiple shorted (#1-#13) 1C1W electrodes. In these 

simulations, the electrodes were positioned parallel to Z and separated by 1 cm in the superior region of the phantom to mimic 

a clinical implantation setup scenario.  

Simulation 7.6.1: 2 electrodes Simulation 7.6.2: 3 electrodes 

Simulation 7.6.3: 5 electrodes 

Simulation 7.6.6: 11 electrodes 

Simulation 7.6.7: 13 electrodes 

Simulation 7.6.4: 7 electrodes 

Simulation 7.6.5: 9 electrodes 
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Table 7.9: Simulations 7.6: Estimated peak averaged SAR for the multiple 1C1W electrodes (En), n= 1-13 with their wires shorted. 

0
.1

 g
 S

A
R

 

Simulation 

number 

No of 

electrodes 
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 

7.6.1 2 1.45 2.40 
           

7.6.2 3 0.28 0.067 0.48 
          

7.6.3 5 0.03 0.23 0.38 1.04 1.40 
        

7.6.4 7 0.017 0.23 0.31 0.98 1.18 2.37 2.90 
      

7.6.5 9 0.012 0.22 0.28 0.94 1.07 2.2 2.50 4.50 5.00 
    

7.6.6 11 0.010 0.21 0.26 0.89 1.00 2.10 2.30 4.00 4.40 7.10 7.80 
  

7.6.7 13 0.009 0.20 0.24 0.85 0.93 2.00 2.15 3.70 4.00 6.40 6.80 10.30 11.30 

0
.0

1
 g

 S
A

R
 

Simulation 

number 

No of 

electrodes 
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 

7.6.1 2 4.26 6.70 
           

7.6.2 3 0.88 0.20 1.56 
          

7.6.3 5 0.095 0.76 1.21 3.28 4.50 
        

7.6.4 7 0.051 0.75 0.99 3.20 3.70 7.70 9.10 
      

7.6.5 9 0.035 0.73 0.90 3.06 3.40 7.30 8.10 14.30 16.00 
    

7.6.6 11 0.027 0.70 0.84 2.90 3.20 6.90 7.40 13.00 14.00 23.00 25.00 
  

7.6.7 13 0.022 0.67 0.78 2.70 3.00 6.50 6.90 12.00 13.00 20.00 22.00 33.00 36.00 

 Simulation 

number 

No of 

electrodes 
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 

0
.0

0
1

 g
 S

A
R

 

7.6.1 2 6.50 10.00 
           

7.6.2 3 1.31 0.30 2.47 
          

7.6.3 5 0.31 1.23 1.99 5.10 7.20 
        

7.6.4 7 0.07 1.23 1.59 5.30 6.40 12.70 15.50 
      

7.6.5 9 0.045 1.19 1.42 4.90 5.70 12.10 13.60 22.60 25.00 
    

7.6.6 11 0.033 1.13 1.32 4.70 5.20 11.00 12.00 21.00 23.00 36.00 40.00 
  

7.6.7 13 0.025 1.00 1.22 4.40 4.80 10.00 11.00 19.00 21.00 34.00 36.00 54.00 59.00 
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Figure 7.27: Simulations 7.6: Estimated peak average 0.1 g SAR for the multiple (#1-#13) 1C1W electrodes. The 

electrodes are labelled as En, n=1-13. 

 

 

Figure 7.28: Simulations 7.6: Estimated peak average 0.01 g SAR for the multiple (#1-#13) 1C1W electrodes. The 

electrodes are labelled as En, n=1-13. 
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Figure 7.29: Simulations 7.6: Estimated peak average 0.001 g SAR for the multiple (#1-#13) 1C1W electrodes. 

The electrodes are labelled as En, n=1-13.  
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7.4 Discussion  

The main aim of this study was to present the outcomes of a more systematic assessment of the 

simplification of computational EM models of icEEG electrode models in order to study the 

possibility of testing complex implantation scenarios using simplified models of icEEG electrode 

using EM computational simulations at 64 MHz. In particular, in this chapter, by simplification, 

we mean the replacement of 8 internal wires of a depth electrode by a single wire (with various 

connection configurations). This is an extension of Chapter 6 that involved studying the difference 

in SAR between simulating a “Complete” model and “Simplified” (1C1W) model in two simplistic 

implantation scenarios. These scenarios namely orientated along the scanner’s Z-axis because 

while we expect minimum heating at the centre as this should increase as the electrode is moved 

closer to the RF coil (always parallel to the E field for a circularly polarized coil). The latter 

representing the worst-case scenario for a single electrode. It is important to emphasise the 

artificial nature of the electrode configurations considered in the interest of simplicity of 

experimental control for these initial explorations. Specifically, the two extra simplified models 

modelled in this chapter were: first, replacement of the 8 wires with a single one connected with 

all 8 contacts (‘8C1SW’) and in the second the replacement wire was connected to one of the 

contacts at a time; 8C1Wx (x=1, 2, 3….8). These comparisons allowed us to confirm that even for 

these simplified models that comprise 8 contacts and 1 wire that the maximum local SAR is always 

at the most distal contact. In addition, in order to assess the interactions between the simplified 

models, we examined the SAR patterns for configurations comprising multiple electrodes with 

their wires either open circuited or short circuited. The results of the latter simulations were to 

check whether the interaction between electrodes behaved according to expectations such as 

greater heating for electrodes placed near the RF coil and maintained the rule that the most distal 

connected contact undergoes the greatest heating. 

All the results of Simulations 7.1 and 7.2 that contained simplified 8-contact electrode showed 

higher averaged SAR for the most distal contact (#1) than the other contacts, which is in agreement 

with previous researches that involved guidewires (Konings et al., 2000), conducting wires (Yeung 

et al., 2007), DBS electrodes (Rezai et al., 2002; Bhusal et al., 2018) and icEEG electrodes 

(Carmichael et al., 2008b; Ipek et al., 2017).  
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Simulation 7.1 involved a single 8C1SW model to observe the effect of the number of wires on 

SAR and simulations 7.2 comprised a single 8C1Wx (x=1, 2, 3…….8) models to study the effect 

of one wire connection to various contacts on SAR.  For these simulations, the peak SAR was 

approximately 11.4-20.5-fold lower for the 8C1SW electrode compared to the 8C1Wx electrodes. 

This can be attributed to the electrode wire configuration that, in this case, the single wire that is 

shared by all the contacts together in which the E field, local SAR and the peak averaged SAR 

were distributed semi-equally between all the 8 contacts. This is quite different from the later 

model where the E field, local SAR and the peak averaged SAR were at maximum at the contact 

that is connected to the wire. In addition, for the later model, the distal contact that is connected to 

the wire exhibited higher peak average SAR and peak E than the other connected contacts; these 

values reduced gradually from the distal contact to the last contact (contact #8). The comparison 

of the averaged SAR between 8C1SW, 8C1Wx (x= 1, 2, 3……8) and the Complete model shows 

qualitatively similar patterns in terms of the maximum SAR in the edges of the electrode and the 

minimum around the other electrodes. However, there is substantial variability in the size and sign 

of the relative percentage differences. This suggests that the form of simplification we examined 

in this chapter will not provide a straightforward means of estimating realistic heating patterns, 

assuming that the Complete model is more accurate, i.e., a good predictor of empirical 

measurement. In addition, since there are significant diffrerences between the simplified models 

(8C1SW and the 8C1Wx) and the Complete model, therefore, the Complete model is needed to 

asses the safety of depth electrodes further in simulation and in experiment. Assuming the results 

were comparable, then, the simulation approach with the Complete model becomes required for 

safety assessment even it requires long time and large computer power requirement.  

The peak averaged SAR of the 8C1SW was lower by a factor of 0.29 to 5.82 compared with the 

Complete model. This can be because of the one wire that connects one contact at a time that 

enables the flow of large E currents to the contact that is connected to the wire compared to the 

Complete model where the E currents flow in all the 8 wires to the respective contact. The results 

of this part are in disagreement with a previous computational simulation study using DBS in 

which the results of the single internal electrode contact wire that connected all four contacts 

instead of four independent internal electrode contact wires showed a 1.9-fold increase in 

calculated peak SAR at 1.5 T and no change in the peak SAR at 3 T (Guerin et al., 2018). This 

disagreement may result from the following differences in the configuration: first, the difference 
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between the DBS and the depth icEEG electrode models (the DBS contact was 1.27 mm-

diameter, 1.5 mm-long and 1.5 mm separation, the wire was 40 cm and the extension cable was 

40 cm, whereas, in this work, the depth icEEG electrode was 2.4 mm-long, the diameter was 0.8 

mm, the thickness was 0.15 mm, the separation was 5 mm, the wire was 38 cm and the extension 

cable was 90 cm); Second, the difference in the number of the electrode contacts; four contacts in 

Guerin et al. (2018) and eight contacts in this work; Third, the different RF coils used, which was 

a birdcage body RF coil in Guerin et al. (2018) and a birdcage head RF coil in this chapter; Finally, 

the difference in the way SAR is calculated: in Guerin et al. (2018) it was estimated without 

averaging over a mass or a volume, whereas in this work, the peak SAR was averaged over 0.1, 

0.01 and 0.001 g of the phantom mass.  

The results of simulations 7.3, in which we examined the effect of positioning a single 1C1W 

electrode in different superior locations (L1-L13) on SAR, showed increased peak E and peak 

averaged SAR around the electrodes that are located close to the head coil and reduced towards 

the centre of the coil and phantom. The findings of these simulations are in line with what was 

found in the previous simulations, and with the previous findings by Mattei et al. (2008).  

In simulations 7.4, two 1C1W electrodes (E1, which was placed at the centre and E2, which was 

placed at different separations) were examined to study the effect of contact and wire shifts on 

SAR. The result of these simulations are consistent with the results of the previous simulations 

7.1-7.3 in terms of showing high SAR at the distal contact of the electrode and in simulation 7.4, 

the contact #1 of the E1, which was the distal contact followed by contact #2 (of E2) to form an 

electrode with 2-contacts in the case of no shift. In addition, the separation of E2 from E1 shows 

that there is an interaction between the distance of E2 to the coil and the heating at E1. Specifically, 

the closer E2 is to the coil, the greater the E field intensity and SAR of E1 are. Therefore, it is 

important to have a great considration when implanting depth electrodes in patients and placing 

them close to RF coils in a such way to creat this risky effect. 

In simulations 7.5, we studied the effect of inserting multiple (1-13) 1C1W electrodes on SAR 

while the electrode wires were open circuited from each other in a fashion that mimics a complex 

multiple clinical electrode implantations scenario. The results showed the peak E values and the 

peak averaged SAR are highest at the electrodes located adjacent to the coil and the lowest at the 

electrodes closer to the middle of the coil as expected, and in a broad agreement with a previous 

safety study (Mattei et al., 2008). The electrodes near the coil are subject to the antenna dielectric 
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dissipative effect and resulting transient (RF) charge accumulation at the tip, which itself gives 

rise to increased field intensity in the electrode's vicinity, including towards the centre of the coil. 

This effect is amplified as more electrodes are added (Richmond & Newman, 1976; Atlamazoglou 

& Uzunoglu, 1998; Park et al., 2005). Previous EM computational simulations conducted for scalp 

EEG electrodes (Angelone et al., 2004) showed peak averaged SAR of 2.33 W/Kg in the absence 

of electrodes and 36.63 W/Kg for the 124 electrodes. The investigators also tested the following 

cases: no electrodes, 16 electrodes, 31 electrodes, 62 electrodes and 124 electrodes at 300 MHz 

and found the peak averaged SAR at the electrodes increased when increasing the number of scalp 

electrodes (with a slight deviation for 62 electrodes). These findings show that increasing the 

number of contacts may lead to an increase in the peak SAR. Furthermore, our results showed a 

difference in E field intensity and SAR around the Z axis between two parallel and symmetrical 

electrodes (for example, E2 vs E3 or E4 vs E5). This is similar to the results of previous DBS 

safety studies (Baker et al., 2004; Bhidayasiri et al., 2005; Carmichael et al., 2007) and the reason 

as suggested by these researches was because of the difference in the positions of these electrodes 

around the Z-axis. 

In addition, the comparison of Simulations 7.3 and 7.5; between the configurations with multiple 

electrodes with those of the single electrode placed at the same locations showed about 0.9-1.3 

times higher peak averaged SAR for the multiple electrodes than the single electrode. These 

findings further demonstrate that multiple implanted electrodes can result in higher SAR than an 

individual electrode.    

In simulations 7.6, we studied the effect of placing multiple (1-13) 1C1W electrodes on SAR while 

shorting the electrode wires in order to compare the results with the open circuit setup (Simulations 

7.5). The results showed a similar trend to the open circuit setup in the patterns of the increase and 

decrease of the peak E and the peak averaged SAR; however, due to these electrodes’ wires being 

shorted, the values of the peak E and the peak averaged SAR were 2 to ~10-fold lower than the 

open circuited setup. Clearly, short-circuiting of the wires leads to the cancelation of charge 

accumulation at the connector ends of the wires; this corresponds to a change in their oscillatory 

properties. As suggested by Carmichael et al. (2008a) this could result from the smaller “effective 

cross-sectional area” of the short-circuited wires that are coupled to the electrical field of the coil 

compared to the open-circuited ones which also resulted in the smaller peak averaged SAR for the 

short-circuited setup than the open-circuited one (Carmichael et al., 2008a). Our previous 
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experimental work at 1.5 T showed maximum temperature of <0.1 °C for the open circuit while 

the short circuit showed a maximum temperature of 2.5 °C (Carmichael et al., 2008a), which is in 

contradiction to our finding. This can be as a result of the difference between the electrode used in 

the previous experiment and the simplified electrode used in our study, hwoever, more validation 

is required. In addition, at 3 T, the open circuit presented a maximum temperature of 0.2 °C and 

the short circuit showed a maximum temperature of 1.6 °C (Carmichael et al., 2008a). On the other 

hand, when the same electrodes were positioned inside a body transmit coil, the maximum 

temperature changed to 0.7 °C for the open circuit and 0.5 °C for the short circuit, which is 

consistent with the patterns we observed.  

Concerning the limitations of this work, it is important to mention that the two simplified models 

8C1SW and 8C1Wx (x=1, 2, 3…..8) while the electrode configurations considered here are very 

remote from any conceivable realistic clinical scenario, this approach was chosen for simplicity 

and as variants of a likely worst-case scenario (i.e. alignment with E field near the RF coil). 

Although the simplified 1C1W electrode used in the simulations 7.3-7.6 behaved close to what 

was expected based on theoretical considerations, we do not know how the estimated fields relate 

to those for the Complete model for the tested scenarios. Therefore, the results need to be validated 

either by further simulations using Complete model electrodes or by empirical temperature 

measurements. Consequently, we estimate that simulating the tested scenarios in this work using 

the Complete model would take approximately 21 months (which is 7-times the time it took to 

calculate the simulations 7.3-7.6, which was roughly about three months and the 7-time 

acceleration factor obtained in Chapter 6). Nonetheless, we expect based on our results, the 

mapping between the SAR patterns for the Simplified and the Complete models to be complex. 

7.5 Conclusion  

In this work, a more systematic assessment of the simplification of computational EM of icEEG 

electrode models was performed in order to study the possibility of performing complex 

implantations using a Simplified single-wire model at 64 MHz. Comparisons between the 

Simplified electrode of 8-contacts and 1 wire shared with all contacts and the simplified electrode 

of 8-contacts and 1 wire connected to one contact at a time electrode with the Complete 8-contacts 

and 8 wires electrode allowed us to confirm that the maximum local SAR is always at the most 
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distal contact. The assessment of complex multiple simplified single-wire electrodes showed 

interactions between electrodes in an expected behaviour that showed greater heating for 

electrodes placed near the RF coil. However, the relationship between the simplified single-wire 

electrode and the Complete model remains unknown and further validation using the Complete 

electrode is needed to identify it. 

For future studies, we recommend further computational EM simulation studies that focus on 

realistic and complex icEEG electrode implantations based on implantation configurations taken 

from actual clinical cases with the use of anatomical models. 
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 General conclusions and future work 
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In this final chapter, I will summarise our findings, then conclude with the limitations of this PhD 

research and the future work in the fields of icEEG-fMRI and S-icEEG-fMRI, and the EM 

computational simulations.  

In this PhD research, the overall objective was to devise a protocol to perform S-icEEG-fMRI with 

an acceptable level of additional risk in order to be able to apply it to humans in the future. The 

specific aims of this PhD research were: First, investigate the safety of icEEG-fMRI in the use of 

body transmit coil on water phantom. Second, determine the conditions in which the technique of 

S-icEEG-fMRI using the body transmit coil can be achieved with an acceptable level of risk using 

a water phantom. Third, determine the possibility of performing simplified EM computational 

simulations for the study of heating increases using MRI. Fourth, understand the heating increases 

that can occur during icEEG-fMRI. 

8.1 Overview of the findings 

Heating increases can occur in the application of icEEG-fMRI on the tissues around icEEG 

metallic electrodes. However, these heating increases can be kept to a minimum when following 

a strict safety protocol (Carmichael et al., 2012). The safety protocol involves applying only low-

SAR sequences such as fMRI EPI sequence, positioning icEEG leads at the top of the head in a 

straight line along the MRI’s central Z-axis and using head transmit RF coil. 

The current application of icEEG-fMRI on patients following the current safety protocol has a 

limitation of presenting low-quality BOLD signals and susceptibility artefacts around icEEG 

electrodes. Therefore, the use of a body transmit coil with a receiver array coil that can help to 

improve the BOLD signal and reduce the artifact with the use of parallel imaging was assessed 

instead of the head transmit/receive coil used in our work up to now. In chapter 3 (Experiment 1), 

I used a water-based phantom to assess the heating increases associated with exposure to the body 

RF coil. I showed that significant temperature increases of up to 4.5 °C could occur during high-

SAR TSE sequence and temperature below the acceptable safety level (1 °C) of 0.3 °C during the 

application of a low SAR EPI sequence. The TSE results (representing a worst-case scenario) were 

obtained with electrode lead extensions and connection to the EEG system “terminated” and 

without the foam insert. Therefore, I have learned from Experiment 1 that worst-case scenarios in 
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terms of heating increases can occur in the following configurations: 1) Electrode cable extensions 

not positioned properly namely along the central Z-axis. 2) Not using the foam insert.  

Scalp-icEEG-fMRI (S-icEEG-fMRI) has never been performed to date. Therefore, in order to 

evaluate the feasibility of doing so, it is important to perform safety measurements. In chapter 4, I 

compared two scenarios using a gel phantom (Experiment 2): with icEEG only inside the head 

phantom and with the scalp EEG placed outside the head phantom and the already placed icEEG. 

It was found that the maximum temperature change using a high SAR sequence was +2.8 °C in 

the former case and +2.1 °C for the icEEG electrodes and +0.6 °C across the scalp EEG electrodes 

in the latter case. In addition, the maximum temperature for the latter case using a low-SAR EPI 

sequence was +0.7 °C. These results showed that the additional scalp EEG electrodes to the icEEG 

electrodes did not result in significant additional localised RF-induced heating compared to the 

situation with icEEG electrodes only. 

Given the increasing interest in EM simulations the field of MR safety, I performed sets of EM 

FDTD computational simulations  for the estimation of excessive  heating related to the interactions 

between EM field and icEEG electrodes.  

In chapter 5 (experiment 3), we evaluated the heating of a complete icEEG subdural strip and 

depth electrodes in multiple implantation scenarios. For the complete models, I performed three 

experiments. First, realistic temperature measurements in the MRI scanner on water phantom, 

using the depth electrodes. Second, computational EM simulations and empirical phantom 

measurement were performed to match each other using the depth electrode. Finally, 

computational EM simulations were done on realistic 3D human model implanted with a subdural 

strip electrode. We found that it is feasible computationally to perform EM computational 

simulations on 3D human models with realistic icEEG electrode models; however, this can take 

long time and therefore require simplification of the simulations. We also found agreement 

between the simulation estimates and the empirical measurement results in relation to the amount 

of heating being at the distal contact of the electrode. 

In chapter 6 (experiment 4), I studied the possibility of performing simplified icEEG electrode EM 

simulations using commercially available 8-contact with 8 wires depth electrode (Complete) and 

1-contact with 1 wire electrode (Simplified) as well as a 10-contact with 10 wires electrode (for 

simulation and experimental validation). I performed two sets of measurements: EM 

computational simulations and empirical temperature measurements. In the first set, EM 
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simulations were performed on the Complete and Simplified electrodes as well as on 10-contact 

electrode and 1-contact (with longer extension than the previous). From the results, similarities 

can be found between the Complete and the Simplified 1-contact electrode in terms of SAR patterns 

during phantom and electrode movements at different positions along the Z-axis, but on the other 

side, a constant amplification can be seen in the results of the Simplified electrode. In addition, the 

findings showed different SAR patterns and peak values for electrode only movement in the Z-

axis. For the empirical measurements, heating increases were recorded for two sets: 10-contact 

and Simplified electrode that were positioned together in one set and then the Simplified only was 

positioned in the second set. In the first set, the results of the simulated 10-contact electrode and 

the Simplified one presented higher SAR values at the Simplified electrode when it was simulated 

with the 10-contact electrode and vice versa when both electrodes were simulated individually. 

This was in contrast with the SAR values estimated from the empirical measurements for the 

scenario in which the 10-contact and Simplified electrodes were scanned together. In the second 

set, the results showed higher heating at the distal contact of 10-contact electrode than that of the 

Simplified electrode. The heating at the Simplified electrode was consistent in both sets. From these 

findings, we conclude that more simulations need to be performed to obtain a better understanding 

of impact of electrode model simplification. 

In chapter 7 (experiment 5), we wanted to explore an alternative form of simplification to that 

investigated in chapter 6. Specifically, the removal of wires of the Complete model which was 

done in two models (not available commercially): 1 wire sharing all the eight contacts of the 

Complete model and 1 wire connected to 1 contact at a time of the Complete model contacts. These 

electrodes in this study were positioned in the superior regions of the ASTM phantom and parallel 

to the central Z-axis. Two sets of simulations were performed: with a single simplified electrode 

and with multiple simplified 1-contact 1 wire electrode. For the first set, 8-contact electrode with 

1 shared wire was tested only at first and compared with the Complete model, then 8-contact 

electrodes, each with a single wire connected to a single contact (#1, 2, 3.....8) which was also 

compared with the Complete electrode and then the 1-contact 1 wire electrode positioned in 

multiple locations. The results showed 11.4-20.5 times lower SAR for the 8-contact electrode with 

1 shared wire compared to the 8-contact electrodes, each with a single wire connected to a single 

contact (#1, 2, 3.....8). In addition, the findings also showed lower values of 0.29 to 5.82-fold for 

the former electrode compared with the Complete model. The results of the 1-contact 1 wire 
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electrode positioned in different locations showed increased peak E and peak averaged SAR at the 

electrodes that are positioned adjacent to the head coil compared to the centre of the coil. For the 

second set, two 1-contact 1 wire electrodes were simulated at first to test for parallel separation, 

then multiple 1-contact 1 wire electrodes with wires separated were simulated and finally, multiple 

1-contact 1 wire electrodes wires shorted were simulated. For this set, the separation of the two 1-

contact and 1 wire electrodes showed increased E and SAR for the electrode moving away from 

the centre of the phantom towards the edges of the coil and revealed the interaction between the 

two electrodes. The multiple separated 1-contact 1 wire electrodes showed 2 to ~10-times higher 

peak averaged SAR than the shorted setup. The comparison between the results of the simplified 

1-contact and 1 wire electrode and the Complete electrode is unknown and further simulations or 

empirical measurement with the use of the Complete electrode can reveal that. 

From the findings of the chapters 3-7, while acknowledging that generalisation is difficult, there 

seem to be basic rules that we found and are consistent with previous studies: the heating is always 

concentrated around the electrode contacts, and the greatest heating is at the most distal contact. 

Validating those rules as ‘absolute’ would require a large amount of work across a quasi-infinite 

range of configurations. 

8.2  Sources of errors 

The potential sources of empirical measurement errors arise at each step of the experimental 

process starting from the experimental set up, to the temperature measurements themselves. These 

sources of error can be categorised into: 1) systematic errors that can be instrumental errors that 

result from the fibre-optic temperature thermometer or the MRI scanner, for example, and 

environmental errors that can be as a result of the change in the room temperature or any 

interference from any device inside the MRI room, for example; 2) random errors that occur due 

to unknown or unrecorded processes (most prominently instrumental thermal fluctuations); 3) 

gross errors that result from human mishandling the recording of the data. In the specific context 

of this work, these sources of errors can occur in any or during the following steps of the 

experimental process: First, the building of the phantom with its accurate dimensions following 

ASTM phantom guidelines; Second, the placement of the electrodes inside the phantom and the 

placement of the temperature fibre-optic probes. The location of these probes with respect to the 



University College London                                 Hassan Hawsawi 318 

 

tip of the electrode can affect the heating and SAR for 11 and 70%, respectively according to 

Mattei et al. (2006); Third, the fabrication of the water-based gel which involves the weighting of 

the ingredients (distilled water, NaCl and polyacrylic acid) using laboratory scales and their mixing 

and pouring inside the phantom; Fourth, the presence of air bubbles inside the gel which is difficult 

to eliminate completely; Fifth, the change in the properties of the water-based gel that can be due 

to fluctuations in temperature (from the fabrication laboratory to the MRI scanning room); Sixth, 

the positioning of the phantom inside the MRI. By performing the steps 1-6 and with the condition 

of using the same phantom as well as the same electrodes, the true measurement error can be 

defined; Seventh, errors can arise from the scanner in which the selected MRI sequence may not 

result in the same RF signal and SAR value when repeating the MRI sequence due to fluctuations 

in RF electronics performance; Eighth, temperature probe accuracy (±0.2 ºC for the probes used 

in this work); Ninth, perhaps most importantly, possible changes in the experimental set up 

(position and orientation of the phantom, layout of the electrode leads), due to manipulations in 

the course of repeated measurements. Indeed, measurement error could be defined as the 

variability of the values obtained by repeating the steps: 7, 8 and 9. Apart from temperature probe 

measurement uncertainty, these sources of error are additive in a complex manner, and therefore 

it is difficult to estimate their impact on the temperature estimation error. 

There are some measures I have taken to mitigate the potential sources of error: Firstly, for the 

placement and location of the electrodes and the attached temperature probes, I used a ruler to 

accurately position the electrodes above a base (made of acrylic and fixed in the phantom using 

adhesive glue) and connected the probes to the electrode contact using sewing threads. Secondly, 

in the process of making the water-based gel, I slowly and steadily mixed the ingredients of the 

gel in order to minimise the bubbles in the process. Thirdly, to keep the temperature of the gel 

constant inside the MRI room before any temperature measurement, I placed the water-based gel 

phantom in the MRI scanning room for 24 hours to allow the gel to have a constant temperature. 

The ASTM guidelines indicated that the desirable gel temperature can be between 20-25 ºC 

without room temperature restriction. Fourthly, to minimise the errors associated with positioning 

the phantom in the scanner’s table, I placed the phantom head at the centre of the RF coil using 

the scanner’s positioning lasers and confirmed with a ruler. Fifthly, to be consistent in performing 

MRI sequences, we try to fix the scanning duration which can be controlled by the sequence 

parameters.  



University College London                                 Hassan Hawsawi 319 

 

Apart from the temperature probes’ specified manufacturer precision, estimating the uncertainty 

of the temperature measurements based on the above-listed sources of errors is complex, requiring 

a conversion model for each. Therefore, the most practical way to address this is to perform 

repeated measurements which can be implemented by repeating one of the empirical measurement 

steps mentioned above (for example, experiment 3.2.7 as a repetition of experiment 3.2.5 which 

involved taking the phantom outside of the bore then inserting it back inside and repeating the MR 

sequence). Another way to repeat measurements is by simply repeating the MRI sequence (for 

example, experiment 3.2.3 was performed to repeat experiment 3.2.1 and experiment 3.2.6 was 

also done to repeat experiment 3.2.5). The part of repeating measurements will be discussed further 

in detail below. In addition, it is important to indicate that in order to account for the uncertainties 

of the of the temperature measurements, a conservative safety margin has to be considered 

(Carmichael et al., 2008). In engineering, the choice of safety margin (or factor) is an empirical 

consideration, and different conventions apply in different fields (Burr and Cheatham, 1995, 

“Factor of safety,” 2018). 

For the EM simulations, the error can occur due to incorrectly planning the computational 

experiment or in modelling the components of the simulation model. In addition, since EM 

simulations are based on computer calculations which are done mainly research purposes, there is 

no guarantee of accuracy and errors can arise from many sources. In the end, EM simulations need 

to be validated against empirical measurements. 

8.3 Limitations of this work 

Taking into account the factors that affect the heating changes at the EEG electrodes and implants 

inside the MRI that were discussed in detail in Chapter 2 and add to the uncertainties of this work, 

there are several limitations of the work performed in this thesis.  

While reproducibility is a crucial element in science, we note that there is no great emphasis on 

this in the field of MR safety. For example, the international standard (ASTM) does not specify 

the need to repeat temperature measurements but states that “Uncertainty related to the 

measurements should be reported” without defining the method of assessment and reporting such 

uncertainty (ASTM F2182–11, 2011a). Some previous safety study reports either indicated the 

way they repeated their measurements or repeated their measurements after a period of time such 
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as (Kahan et al., 2015; Carmichael et al. 2008, 2010, 2012) or did not report the method used for 

reproducing their measurements (Angelone et al., 2006; Boucousis et al., 2012; Ciumas et al., 

2013; Erhardt et al., 2019). Other reports made no mention of error estimations (Rezai et al., 2002; 

Carmichael et al., 2007; Yeung et al., 2007). In this work, I made a genuine effort to estimate 

reproducibility and therefore, I repeated the measurements by moving the phantom outside the 

MRI bore then back inside or, when scanner time availability was more limited, by just repeating 

the MR sequence without repositioning the phantom. 

Regarding the duration of the RF exposure for the empirical temperature measurements, namely 

six minutes, we chose this time for the following reasons: firstly, the severe scanner access 

limitation mentioned above; secondly, the international safety guidelines of IEC state that 6 

minutes of MRI structural imaging (such as TSE) is sufficient for the human body to achieve 

thermal stability after getting exposed to the MRI RF fields (Carmichael et al., 2010; IEC et al., 

2002); In addition, the ASTM safety guidelines mentions 15 minutes as a reasonable exposure 

time but allows for this to be shortened for efficiency purposes (ASTM F2182–11, 2011a); thirdly, 

the observations by other investigators did not show considerable change in the heating after 6 

minutes of scanning; for example, several studies performed temperature measurements in the 

presence of EEG electrodes for more than 6 minutes: Two were done for a scalp EEG on a phantom 

and a head transmit coil using EPI sequence for consecutive 16 minutes (Jorge et al., 2015) and 

for  30 minutes (Foged et al., 2017). Whereas another study was performed with similar EEG and 

coil but using TSE sequence for 20 minutes (Mullinger et al., 2008a). Another safety study was 

performed using icEEG electrodes inside a phantom and a body transmit coil using multiple EPI 

runs for a total scanning time of > 70 minutes (Boucousis et al., 2012). These studies showed 

temperature changes below the safety guidelines (<1 °C).  

It would be interesting to perform EM computational simulations using body transmit coil which 

was introduced and tested in Chapter 3 and 4 and to compare between the computational and 

experimental results, I was not able to perform that because of the following reasons: first, this 

type of research requires considerable time to plan, design and run the simulations (we spent about 

a year to plan and model the computational simulations for the head transmit coil and about three 

years to perform 90 computational simulations in this PhD research). Second, computational 

simulations can be in itself another PhD research and there is an infinite number of scenarios and 

setups to be tested. Third, simulating a body transmit coil will require much more memory and PC 
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power due to its size in relation to the small dimensions of the electrode contacts and wires and 

we anticipate extremely long, impractical simulation times (of the order of months). Fourth, I could 

not obtain the information about the precise dimensions and the design of the body coil. 

EM simulations of the combination of scalp and icEEG inside MRI would be interesting for 

comparison with experimental findings described in Chapter 4. In addition to the computational 

challenge of performing such simulations in view of the large range of scales involved, as pointed 

out previously, this is still not required by the safety guidelines and experimental temperature 

measurements being the primary source of evidence is expected.    

8.4 Future work 

For the future development of icEEG-fMRI, the use of the body transmit RF coil will open up the 

door to new improved data that are obtained with the techniques of parallel imaging in which the 

body transmit coil along with a head receive coil array will help to minimise the scanning time 

and susceptibility artefacts (Pruessmann et al., 1999; Larkman et al., 2001; Griswold et al., 2002; 

Setsompop et al., 2012). 

For the technique of S-icEEG-fMRI on humans, after assessing the image and EEG data quality 

of the technique, S-icEEG-fMRI will open the way for improved BOLD mapping of the brain 

activities for epileptic patients in the presence of icEEG electrodes and allow simultaneous 

recording of scalp EEG which will enhance our understanding of the epileptic events that are 

detected by both icEEG and scalp EEG. 

For EM computational simulations, there is a need to perform safety studies using EM simulations 

to assess the heating on human head models or phantom models when implanted with electrodes 

in different angles, lateral implantations and electrode and wire bending. In addition, the use of 

other simulation techniques such as FEM solver was reported to be faster than the FDTD which 

can be essential for fast simulation of the small details of the electrodes (Iacono et al., 2013; Cabot 

et al., 2013; Guerin et al., 2018; Bonmassar & Serano, 2020). Furthermore, there is a need to 

compare the results of the EM computational simulations with the thermal simulation that can 

provide additional information about tissue damage (Bhusal et al., 2018).  
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In terms of simplifying EM simulations, there is a need to understand the effect of complex 

implantation scenarios that can involve from 1-20 electrodes and involve different icEEG 

electrodes (depth, strips and grids) at the same time.  
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Appendix A: Temperature measurements in the 

vicinity of human intracranial EEG electrodes exposed 

to body-coil RF for MRI (1st experiment): 

supplementary methods, results, and discussion  
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In this appendix, the complementary parts of the 1st experiment: Temperature measurements in the 

vicinity of human intracranial EEG electrodes exposed to body-coil RF for MRI (Chapter 3) will 

be included. This will be as follows: first, the results of experiment 3.2 for the measurements 3.2.5-

3.2.8. Second, the results of experiment 3.3 for the measurements 3.3.2-3.3.5, 3.3.7 and 3.3.8. 

Third, the methods, results, discussion and conclusion of experiment 3.1.  

A.1 Figures of Experiment 3.2 

 

Figure A. 1: Experiment 3.2 Measurement 3.2.5. TSE, body coil and electrode configuration B(2). 
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Figure A. 2: Experiment 3.2 Measurement 3.2.6. TSE, body coil and electrode configuration B(2). 

 

Figure A. 3: Experiment 3.2 Measurement 3.2.7. TSE, body coil and electrode configuration B(2). 
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Figure A. 4: Experiment 3.2 Measurement 3.2.8. TSE, body coil and electrode configuration B(3). 

A.2 Figures of Experiment 3.3 

 

Figure A. 5: Experiment 3.3 Measurement 3.3.2. TSE, body coil and configuration C(1). 
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Figure A. 6: Experiment 3.3 Measurement 3.3.3. TSE, body coil and configuration C(2). 

 

Figure A. 7: Experiment 3.3 Measurement 3.3.4. TSE, body coil and configuration C(2). 
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Figure A. 8: Experiment 3.3 Measurement 3.3.5. TSE, body coil and configuration C(3). 

 

Figure A. 9: Experiment 3.3 Measurement 3.3.7. TSE, body coil and configuration C(4). 
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Figure A. 10: Experiment 3.3 Measurement 3.3.8. TSE, body coil and configuration C(5). 

A.3 Experiment 3.1 

A.3.1 Methodology 

In this initial experiment, we had two aims: to repeat some of the icEEG-fMRI heating tests for 

the head Tx coil performed by Carmichael et al (2010) and for me to familiarize myself with the 

phantom building and MRI scanning processes, and the temperature measurement 

instrumentation. The methods and the results of this experiment are described in the Appendix. 

In this part we focused on three icEEG lead configurations (see Figure A.11): 

A(1): Grouped into two bundles: both without extensions; all unterminated and with lead 

tails placed away from the central z-axis on top of the foam insert. The phantom head was 

placed inside the head Tx coil. 

A(2): Grouped into two bundles: both without extensions; all unterminated and with lead 

tails placed close to the central z-axis on top of the foam insert. The phantom head was 

placed inside the head Tx coil. 
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A(3): Grouped into two bundles: both without extensions; all unterminated and with lead 

tails placed away from the central z-axis on top of the foam insert. The phantom head was 

placed inside the body Tx coil. 

The measurements of heating with the specified icEEG leads configurations and the applied MRI 

sequence in Experiment 3.1 are shown in the following table: 
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Table A. 1 Experiment 3.1 configurations, manipulations and RF exposure data. The exposure duration was 6 min 

9 s for TSE and 6min4sec for EPI. The abbreviations in the table are TSE; turbo spin echo, EPI; echo planar imaging, 

Ref; reference, D1; depth 1, D2; depth 2, D3; depth 3, G; grid. 

Measurement 

# 

Electrode 

configuration 

Temperature 

probe 

locations: 

Electrodes 

Other 

manipulations 

relative to 

previous 

measurement 

RF exposure 

Sequence 

type 

SAR 

Head 

(W/Kg) 

SAR 

Whole-

body 

(W/Kg) 

B1 

(uT) 

RF 

Coil 

3.1.1 A(1) Ref, D1, D3, 

G 

- TSE 3.1 

(96%) 

0.8 

(34%) 

4.4 

(62%) 

Head 

3.1.2 A(1) Ref, D2, D3, 

G 

None TSE 3.1 

(96%) 

0 (1%) 4.4 

(62%) 

Head 

3.1.3 A(1) Ref, D2, D3, 

G 

None EPI 0.1 (4%) 0.8 

(40%) 

0.9 

(12%) 

Head 

3.1.4 A(2) Ref, D2, D3, 

G 

Table out, 

changing the 

position of 

cables and table 

in 

TSE 3.1 

(96%) 

0 (1%) 4.4 

(62%) 

Head 

3.1.5 A(1) Ref, D2, D3, 

G 

Table out, 

changing the 

position of 

cables and table 

in 

TSE 3.1 

(96%) 

0.7 

(33%) 

4.4 

(62%) 

Head 

3.1.6 A(3) Ref, D2, D3, 

G 

Table out, 

changing the 

position of 

cables and table 

in 

TSE* 2.6 

(82%) 

0.8 

(34%) 

4.1(58%) Body 

3.1.7 A(3) Ref, D2, D3, 

G 

None  EPI 0.1 (3%) 0.8 

(39%) 

0.9 

(12%) 

Body 

3.1.8 A(3) Ref, D2, D3, 

G 

None TSE 2.6 

(82%) 

0.7 

(33%) 

4.1 

(58%) 

Body 

* Scan duration shortened to 5:07 due to different heating than the previous measurement. 
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Figure A. 11: Experiment 3.1 IcEEG electrodes terminations positioned in three configurations. A) A(1): Strip, 

Grid and Depth 2 bundled together and separated from the other bundle (Depth 1 and Depth 3) without lead extensions 

and with lead tails placed away from the central Z-axis (dashed line) on top of the foam insert. the phantom head was 

placed inside the head Tx coil. B) A(2): Strip, Grid and Depth 2 bundled together and separated from the other bundle 

(Depth 1 and Depth 3) without lead extensions and with lead tails placed towards to the central Z-axis on top of the foam 

insert. the phantom head was placed inside the head Tx coil.  C) A(3): Strip, Grid and Depth 2 bundled together and 

separated from the other bundle (Depth 1 and Depth 3) without lead extensions and with lead tails placed away from the 

central Z-axis on top of the foam insert. the phantom head was placed inside the body Tx coil. 
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A.3.2 Results  

The results of Experiment 3.1 are summarized (maximum observed temperatures for each 

measurement) in Table A.2: 

 

Table A. 2: Experiment 3.1 results: maximum temperature increases. Head and body transmit RF coils. 

Measurement # Type of sequence and 

Configuration 

Maximum temperature increases 

(°C) 

Depth 1  Depth 2  Depth 3 Grid Reference 

3.1.1 TSE, configuration 

A(1), head Tx coil 

0.5 × 0.5 1.0 0.1 

3.1.2 TSE, configuration 

A(1), head Tx coil 

× 0.2 0.5 1.0 0.1 

3.1.3 EPI, configuration 

A(1), head Tx coil 

× 0 0 0.4 0 

3.1.4 TSE, configuration 

A(2), head Tx coil 

× 0.1 2.1 1.1 0.1 

3.1.5 TSE, configuration 

A(1), head Tx coil 

× 0.2 0.2 0.5 0.2 

3.1.6 TSE, configuration 

A(3), body Tx coil 

× 0.1 4.1 0.8 0.1 

3.1.7 EPI, configuration 

A(3), body Tx coil 

× 0.1 0.7 0.5 0.1 

3.1.8 TSE, configuration 

A(3), body Tx coil 

× 0.2 0.8 0.7 0.2 

  

A.3.3 Temperature measurements using head Tx RF coil  

Figure A.12 shows the results of the RF-induced heating increases using high SAR sequence such 

as TSE inside head transmit/receive RF coil. It can be seen from the figure that the highest 

temperature was observed in the Grid electrodes of 1 °C and the lowest was in Depth 2 of about 

0.1 °C (thermometry system accuracy).  

Figure A.13 shows temperature changes using configuration A(1) and using EPI. This is clearly 

showing how low the heating elevation is when using EPI sequence (0.2 °C) around the Grid 
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electrode (contact #48). Using TSE, upon changing the electrode leads positions closer to the 

central z-axis as seen in Figure A.11 (configuration A(2)), the heating of Depth 3 increased above 

the temperature limits (2.1 °C). The heating on the Grid electrode remained the same as in 

configuration (A(1)). On the other hand, Depth 1 heating dropped from 0.5 °C (see Figure A.12) 

configuration A(1) to 0.1 °C (see Figure A.14) configuration A(2).  
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Figure A. 12: Experiment 3.1 Measurement 3.1.1. Configuration A(1), TSE, head Tx coil. 

 

Figure A. 13: Experiment 3.1 Measurement 3.1.2. Configuration A(1), EPI, head Tx coil. 
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Figure A. 14: Experiment 3.1 Measurement 3.1.3. Configuration A(2), TSE, head Tx coil. 

 

Figure A. 15: Experiment 3.1 Measurement 3.1.4. Configuration A(2), TSE, head Tx coil. 
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Figure A. 16: Experiment 3.1 Measurement 3.1.5. Configuration A(1), TSE, head Tx coil. 

 

A.3.4 Temperature measurements using body Tx RF coil  

The purpose of performing heating measurements using body transmit RF coil is to provide an 

evidence that this type of coils that requires more power than head transmit coils and produces 

higher RF field (higher tissue deposition or SAR value) can still be used. Figure A.15 shows the 

heating changes using body transmit RF coil during TSE at 1.5T. The latter figure illustrates that 

maximum heating value of 0.8 °C was in Depth 3 electrode which was located in the superior 

region of the phantom compared with the Grid electrode 0.7 °C (middle left hand side) and 

minimum heating of 0.2 °C in Depth 2 (middle left hand side). These temperature results were the 

same as that when using head transmit and receive coil. The results in Figure A.15 of configuration 

A(3) also indicate that maximum heating can be less than 1 °C compared to the head transmit and 

receive coil.  
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Figure A. 17: Experiment 3.1 Measurement 3.1.6. Configuration A(3), TSE, body Tx coil. 

 

Figure A. 18: Experiment 3.1 Measurement 3.1.7. Configuration A(3), TSE, body Tx coil. 
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Figure A. 19: Experiment 3.1 Measurement 3.1.8. Configuration A(3), TSE, body Tx coil. 

 

A.3.5 Discussion and conclusion  

A.3.5.1 Temperature measurements using head Tx RF coil 

IcEEG-fMRI temperature measurements are carried out with designed phantoms to ensure the 

safety of patients that are implanted with icEEG electrodes inside head transmit and receive RF 

coil during MRI scan. 

In this part of measuring heating changes using head transmit and receive RF coil, it can be said 

that the application of this technique affects the heating of the five icEEG electrodes (three depths, 

one Strip and one Grid). In this measurement, the heating of the Strip electrode was not measured 

due the limited number of temperature probes. Our results in this part showed that EPI sequence 

produces very low temperature increases due to the lower power deposition (SAR). This is in 

agreement with (Carmichael et al., 2007; Boucousis et al., 2012). Using higher SAR sequence such 

as TSE, helps to assess the safety of EEG or icEEG electrodes inside the MRI. Our results showed 

temperature increases within the maximum allowed levels (≤1 °C) using head transmit and receive 

coil. These results are in close agreement with other safety studies (Carmichael et al., 2008, 2010). 
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Our results also showed that heating can elevate above the limits (>2 °C) if improper tail position 

was used which was demonstrated in configuration A(2) (Figure A.11) where the electrode 

terminations where bundled together in two places and positioned towards the middle (central z-

axis). Bundling these terminations is a worst-case scenario according to Carmichael et al. (2008).  

When comparing the temperature measurements of the depth electrodes of Experiment 3.1 with 

Carmichael et al. (2008), the maximum heating of Experiment 3.1 was lower than Carmichael et 

al.  The mean maximum heating for our study for the Depth 1 electrode was 0.5 °C (the range 0.1-

0.5 °C) and Carmichael’s mean maximum heating was 1.9 °C (the range 0.9-3 °C). In addition, 

the mean Grid maximum heating changes in our study was lower than Carmichael’s (2008) and 

the range of the heating changes in our study was <1.1 °C and 1.2-1.7 °C in Carmichael’s (See 

Table A.3). These results showed close agreement between Experiment 3.1 and Carmichael et al. 

(2008). The results of Carmichael et al. (2010) for the short circuit, as seen in Table A.3, showed 

very close agreement with our study in the heating around the depth electrodes as well as the Grid 

electrodes.  

 

Table A. 3: Comparing maximum temperature changes for repeated measurements between Experiment 3.1 and 

Carmichael et al., 2008 and 2010 experiments. The electrodes terminations are shorted and stacked together. 

 This study (Experiment 3.1) Carmichael et al., 2008 Carmichael et al., 2010 

  
 

Temp in 

Depth 1 and 

(Depth 2) 

(°C) 

Temp in 

Depth 3 

(°C) 

Temp in 

Grid 

(°C) 

Temp in 

Depth 

(°C) 

Temp in 

Grid (°C) 

Temp in 

Depth 

(°C) 

Along Z 

(past the 

body 

along the 

head coil) 

Temp in 

Grid (°C) 

Along Z 

(past the 

body along 

the head 

coil) 

Means 0.5 (0.2) 0.4 0.8 <1.9 1.5 0.4 (0.4) 0.5 (0.8) 

Ranges 0.1-0.5 (0.2) 0-0.5 <1.1 0.9-3.0 1.2-1.7 - - 

 

There is one disagreement between our results and Carmichael et al. (2008). It is when using the 

“short circuit” configuration as in configuration A(1), our results did not show heating above the 

safety limits in all the three depth electrodes we used. The reason might be that the two formed 
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bundles of the electrode terminations were positioned as straight as possible to avoid making a 

conducting loop that can induce electrical currents in the presence of gradient and RF fields 

(Carmichael et al., 2008; Lemieux et al., 1997).  

From our results (Experiment 3.1; head Tx coil), it can be seen that the heating increased above 

the limits (>2 °C) when we positioned the two termination bundles towards the central z-axis in a 

shape close to a loop (configuration A(2)) as seen in Figure A.11. However, using this 

configuration might have affected the temperature around Depth 3 (which is located in the superior 

region of the phantom). Following that, we conclude that this region which is the superior region 

in the phantom can be one of the worst-case scenario areas in heating and that occurs if the 

electrode terminations were looped or bundled together. 

A.3.5.2 Temperature measurements using body Tx RF coil  

We have performed icEEG-fMRI experiments in order to assess and demonstrate the effect of 

placing icEEG inside a water-based gel phantom and subjecting them to TSE sequence inside body 

transmit RF coil and head receive only RF coil. From the previous results of Experiment 3.1; body 

Tx coil, comparable results of RF-induced heating around the icEEG electrodes can be seen when 

using body Tx coil and when using head transmit/receive coil.
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Appendix B: The possibility of predicting RF-induced 

heating in human depth icEEG electrodes using 

simplified computational models (5th experiment)  
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In this appendix, the complementary parts of the 5th experiment: the possibility of predicting RF-

induced heating in human depth icEEG electrodes using simplified computational models (Chapter 

7) are included. In particular, the B1 maps and figures for the tested simplified simulations 7.2-7.6 

are included. 
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Figure B. 1: B1 field distribution for the 8C1Wx (x= 1, 2, 3, ….8) for Simulations 7.2. In these simulations, the wire 

was moved from contact to another along the 8 contacts. 

  

Simulation 7.2.2.1: 

8C1W1 
Simulation 7.2.2.1: 8C1W2 

Simulation 7.2.2.1: 

8C1W3 
Simulation 7.2.2.1: 8C1W4 

Simulation 7.2.2.1: 8C1W7 Simulation 7.2.2.1: 8C1W8 

Simulation 7.2.2.1: 

8C1W5 
Simulation 7.2.2.1: 8C1W6 
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Table B. 1: Peak B1 values for 8C1Wx for Simulations 7.2. 

   B1 (T) 

Simulation number  Connected contact Contact 1 Connected contact 

7.2.1 1 2.90E-06 2.90E-06 

7.2.2 2 3.30E-06 3.20E-06 

7.2.3 3 3.30E-06 3.20E-06 

7.2.4 4 2.50E-06 2.50E-06 

7.2.5 5 3.30E-06 3.30E-06 

7.2.6 6 2.40E-06 2.30E-06 

7.2.7 7 2.40E-06 2.30E-06 

7.2.8 8 2.40E-06 2.20E-06 
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Simulation 7.3.1: L1 Simulation 7.3.2: L2 

Simulation 7.3.3: L3 Simulation 7.3.4: L4 

Simulation 7.3.7: L7 Simulation 7.3.8: L8 

Simulation 7.3.5: L5 Simulation 7.3.6: L6 
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Figure B. 2: B1 distribution for the 1C1W electrode positioned in different locations (L1-L13) for Simulations 7.3. 

In these simulations, the electrode was positioned parallel to Z in the superior region of the phantom to mimic a clinical 

implantation setup scenario. 

 

Simulation 7.3.9: L9 Simulation 7.3.10: L10 

Simulation 7.3.11: L11 Simulation 7.3.12: L12 

Simulation 7.3.13: L13 
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Table B. 2: Values of peak B1 for the 1-contact with 1 wire depth electrode positioned in different locations (L1-L13) for Simulations 7.3. 

B1 field (T) 

No of 

electrodes 
Direction Separation L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 

1 Axial 1 cm 2.90E-06 2.90E-06 2.90E-06 3.20E-06 2.50E-06 3.10E-06 2.50E-06 3.20E-06 2.70E-06 3.10E-06 2.40E-06 3.00E-06 2.30E-06 
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Figure B. 3: B1 field distribution for the shifting of two 1C1W electrodes (#1 and #2) for Simulations 7.4. In these 

simulations, the electrodes were positioned parallel to Z and six electrode shifts were tested. 

Simulation 7.4.1: No shift Simulation 7.4.2: 0.5 mm shift 

Simulation 7.4.5: 20 mm shift Simulation 7.4.6: 50 mm shift 

Simulation 7.4.3: 1 mm shift Simulation 7.4.4: 5 mm shift 
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Figure B. 4: Peak B1 for the parallel and shifted two 1C1W electrodes (E) (E1 and E2) for Simulations 7.4. These 

electrodes were positioned parallel to Z and six electrode shifts were tested. 
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Figure B. 5: B1 field distribution for the multiple (#1-#13) 1C1W electrodes for Simulations 7.5. In these simulations, 

the electrodes were positioned parallel to Z and separated by 1 cm in the superior region of the phantom to mimic a 

clinical implantation setup scenario. And the electrodes wires are separated. 

 

Simulation 7.5.1: 1 electrode Simulation 7.5.2: 2 electrodes 

Simulation 7.5.3: 3 electrodes Simulation 7.5.4: 5 electrodes 

Simulation 7.5.7: 11 electrodes Simulation 7.5.8: 13 electrodes 

Simulation 7.5.5: 7 electrodes Simulation 7.5.6: 9 electrodes 
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Figure B. 6: Peak B1 for the multiple (#1-#13) 1C1W electrodes for Simulations 7.5. The electrodes are labelled as 

En, n=1-13. 
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Figure B. 7: B1 field distribution for the multiple (#1-#13) 1C1W electrodes for Simulations 7.6. In these simulations, 

the electrodes were positioned parallel to Z and separated by 1 cm in the superior region of the phantom to mimic a 

clinical implantation setup scenario. And the electrodes wires are shorted. 

Simulation 7.6.1: 2 electrodes Simulation 7.6.2: 3 electrodes 

Simulation 7.6.3: 5 electrodes 

Simulation 7.6.6: 11 electrodes 

Simulation 7.6.7: 13 electrodes 

Simulation 7.6.4: 7 electrodes 

Simulation 7.6.5: 9 electrodes 
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Figure B. 8: Peak B1 for the multiple (#1-#13) 1C1W electrodes for Simulations 7.6. The electrodes are labelled 

as En, n=1-13. 
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Appendix C: Safety of icEEG-fMRI in humans: 

Histopathological observations12 (6th experiment)  

  

 
12Histopathology investigations performed by Dr Joan Liu, UCL Institute of Neurology. My contribution consists in 

gathering the information provided by Dr Liu and on the icEEG-fMRI data acquisition, and drafting this report based 

on it. 
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In this appendix, I report on Experiment 6, a study of the effects of icEEG-fMRI on the human 

brain using histopathological analysis techniques. This is done in order to achieve my 4th specific 

aim of this PhD research which is to gain more understanding of the heating increases during 

icEEG-fMRI in humans.  

A.4 Introduction 

Previous studies performed experiments in test phantoms at 1.5 T and 3 T MRI scanners and to 

assess the likely increases in temperature in the vicinity of implanted depth electrodes (Carmichael 

et al., 2008, 2010; Boucousis et al., 2012; Ciumas et al., 2013). It was found that when using a fast 

spin echo sequence, such as used for structural MR imaging, the temperature increase was in the 

range +0.3-1 °C when the head RF transmit coil was used in a 1.5 T MRI scanner for a range of 

circuit configurations and temperature increases of up to 6.9 °C in the 3 T scanner using the body 

RF transmit coil (Carmichael et al., 2010). These heating results highlight the need for careful 

safety testing and detailed, restrictive scanning implementation protocols (Carmichael et al., 2010; 

2012). It was concluded that temperature elevation can be kept within the safe limits (below 1 °C) 

by using MRI head transmit coil, applying less SAR sequences, and positioning the EEG cables 

along the central z-axis with the open circuit configuration rather than the short circuit (Carmichael 

et al., 2010). Another related research was performed by Boucousis et al. in 2012 to study heating 

in intracranial electrodes using a body RF transmit coil and applying fMRI sequence which showed 

temperature elevation below the limits (<1 °C) and structural scanning sequences that resulted in 

temperature increases in excess of 2.0 °C in the vicinity of depth electrodes and in excess of 10 °C 

in the vicinity of grid electrodes (Boucousis et al., 2012). Ciumas and colleagues performed 

temperature measurements in a 1.5 T MRI scanner using fMRI echo planar sequence, in a test 

phantom and rabbits implanted with depth electrodes in different positions and found temperature 

increases in the range 0.2 and 1.3 °C, for the phantom and rabbits, respectively, for different 

electrode and circuit configurations (Ciumas et al., 2013). 

In this chapter, we report the results of histopathological analysis of tissue in the vicinity of the 

icEEG depth electrode implantation in three patients who underwent icEEG-fMRI (Cases Goc-7 

and Goc-10 have previously been reported in Goc et al., 2014 and Case New-1 is a new case in 
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this study. These cases are compared with two patients (Goc-5 and New-2) that did not undergo 

simultaneous icEEG-fMRI technique. 

A.5 Materials and Methods 

Nineteen patients with severe epilepsy underwent simultaneous intra-cranial EEG-fMRI scans for 

research (Vulliemoz et al, 2011) at the end of their clinical invasive EEG investigations at the 

National Hospital for Neurology and Neurosurgery, Queen Square, London, UK. Amongst these 

all patients in whom histopathology along the implanted electrodes’ paths was available were 

selected for this study (Goc et al 2014). Three patients met the criterion. In addition, two patients 

who did not undergo simultaneous intra-cranial EEG-fMRI scanning were selected based on the 

interval between icEEG investigation and surgical resection (lobectomy) being similar and played 

the role of controls for the purpose of the present analysis. See Table C.1. 

 

A.5.1 Clinical invasive EEG investigations 

The five patients underwent the following implantations to determine the location of seizure onset: 

• Patient Goc-5 underwent the following implantation of four electrodes: 

One 32 contact subdural grid (Ad-Tech electrode type FG32A-SP10X) was placed over 

the lateral temporal lobe, mostly infrasylvian in such a way that contact number 1 was 

oriented in the anterior/superior position whilst the last contact number 32 was oriented in 

the posterior/inferior position. The grid position was labelled G1-32; 

One subdural strip 6 contacts (Ad-Tech electrode type MS06R-IP10X-0JH) was placed as 

a unilateral implantation on the left at the basal temporal (by contact G29) and labelled 

AT1-6; 

Two depth electrodes 6-contact (Ad-Tech electrode type SD06R-SP05X) were inserted, 

one into left amygdala and labelled as LA1-6 and the other into left hippocampus and 

labelled LH1-6.  

• Patient Goc-7 underwent the following implantation of six electrodes: 
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Two subdural grids: one 8x8-contact grid (Ad-Tech electrode type FG64C-SP10X-0C6) 

placed in the left frontal lobe; contacts labelled ‘G1-01’ to ‘G1-64’; and a 2x8 contact grid 

(Ad-Tech electrode type FG16A-SP10X) implanted in sub frontally; with contacts labelled 

‘G2-01’ to ‘G2-16’; 

Two subdural strips (both 6-contact Ad-Tech type MS06R-IP10X-0JH) were placed over 

the frontal pole with contacts labelled as ‘S1-01’ to S1-06’ and ‘S2-01’ to ‘S2-06’, 

respectively; 

Two depth electrodes: a 6-contact (Ad-Tech type SD06R-SP05X) inserted in the left 

frontal lobe and labelled as ‘DA-01’ to DA-06’ and a 4-contact (Ad-Tech type SD04R-

SP05X) inserted posterior to DA in the left frontal lobe and with contacts labelled ‘DP-01’ 

to DP-04’. 

• Patient Goc-10 had four implanted electrodes: 

One subdural grid (8x8 contact Ad-Tech type FG64C-SP10X-0C6) placed in the lateral 

frontal region, covering the superior and middle parts of the inferior frontal gyrus, pre-

central gyrus, central sulcus and part of the post-central sulcus; contacts labelled ‘G1-01’ 

to ‘G1-64’; 

One subdural grid (2x8 contact Ad-Tech type FG16A-SP10X) positioned in the left 

parieto-temporal and post-central regions; with contacts labelled ‘G2-01’ to ‘G2-16’; 

Two depth electrodes (both 4-contact Ad-Tech type SD04R-SP05X) inserted in the 

superior frontal sulcus; labelled ‘DA-01’ to ‘DA-04’ and ‘DP-01’ to ‘DP-4’, respectively. 

• Patient NEW-1 had four implanted electrodes: 

One subdural grid with (4x8 contact Ad-Tech type FG32A-SP10X), partially covering the 

lateral temporal lobe and part of the frontal lobe, labelled (GA). The most anterior inferior 

contact was GA-01, the most anterior superior contact was GA-25. The most posterior 

inferior contact was GA-08 and the most posterior superior contact was GA-32.  

One subdural grid (4x8 contact Ad-Tech type FG32A-SP05X) covering the basal temporal 

lobe. The most lateral anterior contact was GB32, and the most mesial posterior was GB-

01. 
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Two 6-contact depth electrodes (both 6-contact Ad-Tech type SD04R-SP05X) targeting 

the amygdala and hippocampus (3 deepest contacts 5mm contact spacing and 3 most lateral 

contacts with 10mm contact spacing). 

• Patient NEW-2 had seven implanted electrodes: 

Two subdural grids were implanted, one 32 contacts (Ad-Tech type FG32A-SP100X) 

placed over the lateral temporal lobe and labelled GA01-32, 1cm spacing. The second grid 

was 24 contacts (Ad-Tech type FG24A-SP05X) positioned over the basal Temporal and 

labelled GB01-24, 5mm spacing; 

Two subdural strips were placed. One strip 6-contact Superior Sylvian strip (Ad-Tech type 

MS06R-IP10X-0JH) was positioned where contact number 6 is adjacent to GA06 and 

labelled SS, 10mm spacing. The second strip 6-contacts Sub Frontal strip (Ad-Tech type 

MS06R-IP10X-0JH) was positioned where contact number 6 is closest to GA06 and 

labelled SF, 10mm spacing;  

Three depth electrodes were inserted: The first 6-contacts depth electrode (Ad-Tech type 

SD06R-SP10X) was inserted into the Amygdala, between GA20/12 and labelled AM 1-6, 

10mm spacing. The second 6-contacts depth electrode (Ad-Tech type SD06R-SP10X) was 

inserted into the anterior Hippocampus, between GA21/22/29/30 and labelled AH1-6, 

10mm spacing. The third 6-contacts depth electrode (Ad-Tech type SD06R-SP10X) was 

inserted into the posterior Hippocampus, between GA31/32 and labelled PH1-6, 10mm 

spacing. The fourth 10-contacts depth electrode (Ad-Tech type SD06R-SP05X) was 

inserted into the Herschel’s gyrus between GA14/15/22/23 and labelled HG1-6, 5mm 

spacing. 
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Table C. 1: Clinical detail of icEEG-fMRI cases. 

Patient 

ID 

Sex Age at 

surgery 

(Years) 

Invasive EEG 

monitoring 

duration 

(Days) 

Simultaneous 

icEEG and 

fMRI 

Interval 

between icEEG 

and lobectomy 

(Days) 

Pathology Resected 

region 

Goc-5 F 23 8 No 10 No remarkable pathology 

observed 

Temporal 

Goc-7 F  34 8 Yes 10 Frontal Cortical Dysplasia 

type IIB 

Frontal 

Goc-10 M 29 12 Yes 13 Frontal Cortical Dysplasia 

type IIB 

Frontal 

New-1 M 45 6 Yes 461 Low grade glioneuronal 

tumour (WHO grade I) 

Temporal 

New-2 M 55 7 No 385 No remarkable pathology 

observed 

Temporal 

A.5.2 Simultaneous icEEG-fMRI research scans (patients Goc-7, Goc-10 and 

NEW-1) 

At the end of the invasive EEG monitoring period, the patients were disconnected from the clinical 

recording system and taken to the neuroradiology department to undergo a simultaneous icEEG-

fMRI data acquisition as part of a research project on the generators of epileptic activity approved 

by the joint UCL/UCLH ethical review committee. The patients gave written, informed consent to 

participate in the research. 

The patients were scanned using a 1.5T Avanto scanner (Siemens, Erlangen, Germany) with the 

head transmit and receive radiofrequency (RF) coil in accordance with our protocol (Carmichael 

et al., 2010). 

For patients Goc-10 and NEW-1, all implanted electrodes were recorded from during fMRI 

acquisitions. However, for patient Goc-7, due to the limited number of recording channels of the 

MR-compatible amplifiers, the intra-scanner recordings were limited to the following electrodes 

which were connected to the MR-compatible amplifiers (BrainAmp MR Plus, Brain Products, 

Munich, Germany) using short cables (90 cm long) specifically for the icEEG-fMRI scanning 

session, in accordance with our protocol (Carmichael et al., 2010; 2012): the two left frontal 
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subdural grids ((‘G1-01 to G1-64’) and (‘G2-01 to G2-16’)) and two depth electrodes ((‘DA01-

DA06’) and (‘DP01-DP06’).  

All patients underwent the following MRI scanning protocol: 

1) Localiser, 2) FLASH T1-volume (TR 3 s, TE 40 ms, flip angle 90° and Specific Absorption 

Rate (SAR): 0.1 W/Kg), 3) two 10-minutes gradient echo EPI fMRI scans (TR 3 s, TE 78 ms, 38 

slices, 200 volumes 3×3×3 mm, and SAR: 0.1 W/Kg) for Goc-7, three 10-minute gradient echo 

EPI fMRI scans (TR 3 s, TE 78 ms, 38 slices, 200 volumes 3×3×3 mm, and SAR: 0.2 W/Kg) for 

Goc-10, two 10-minute gradient echo EPI fMRI scans (TR 3 s, TE 40 ms, 38 slices, 200 volumes 

3×3×3 mm, and SAR: 0.2 W/Kg), and two 10-minute gradient echo field mapping three 10-minute 

gradient echo EPI fMRI scans (TR 0.8 s, TE 4.92 ms, 38 slices, 200 volumes 3×3×3 mm, and 

SAR: 0.1 W/Kg) for NEW-1.  

A.5.3 Histopathology samples  

Surgically resected tissue from Goc-5, Goc-7, Goc-10, New-1 and New-2 was retrieved from the 

Epilepsy Society Brain and Tissue Bank at UCL Department of Neuropathology, UK, and written 

consents were obtained from all patients prior to the use of tissue for research. Patients underwent 

frontal or temporal lobectomy at National Hospital for Neurology and Neurosurgery as treatment 

for their refractory epilepsy. Clinical details including the time interval between icEEG recording 

and surgical resection are summarized in Table C.1. Immediately after surgery, urgical tissue was 

fixed in 10% neutral-buffered formalin, and was macroscopically dissected into 5mm-thick blocks. 

Tissue blocks were then processed through graded alcohol and xylene before embedding in 

paraffin wax. Paraffin-embedded blocks were sectioned at 7 or 14 m on a microtome (Leica, 

UK).  For neuropathological assessment, sections from each case were routinely stained using 

Hematoxylin and Eosin (H&E), Luxol Fast Blue (LFB), and immunolabelled using neuronal 

(NeuN, SMI31/ SMI32), astroglia (GFAP), microglia (iba1), myelin (SMI94R), endothelial 

(CD34) and immature markers (Nestin) following established protocols as previously described 

(Goc et al., 2014; Table C.2). All sections were visualised and images were acquired using a 

brightfield microscope connected to a camera Zeiss Axio Imager 2, Germany). 
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Table C. 2: Protocol for immunohistochemical study. Antigen retrieval buffers (buffers used in auto-immunostainer is in 

italics): ENZ1, Bond enzyme concentrate and diluent (Leica, Milton Keynes, UK); ER1, Bond citrate-based buffer (Leica, Milton 

Keynes, UK); H-3300 Vector’s citrate-based buffer pH6.0 (Vector Lab, Peterborough, UK). Suppliers: EMD Millipore, Watford, 

UK; Sternberger, Maryland, US; DAKO, Cambridgeshire, UK; Abcam, Cambridge, UK. RT room temperature; ov overnight. 

A.6  Results 

A.6.1 Pathology relating to epilepsy 

H&E and LFB stained sections showed abnormal cortical lamination and myeloarchitecture in the 

frontal cortex of Cases Goc-7 and Goc-10. Dysmorphic neurons immunopositive for SMI31 and 

SMI32, and balloon cells immunopositive for CD34, Nestin, and GFAP were also observed, 

mainly at the grey/ white matter border. The presence of dysmorphic neurons and balloon cells are 

characteristics of focal cortical dysplasia type IIB (ILAE classification system) (Blümcke et al., 

2011). The temporal cortex of Case New-1 appeared normal, except for the Superior temporal 

gyrus, which was strongly immunopositive for GFAP and showed ballooning of SMI32 

immunopositive neurons and vacuolation of the parenchyma. Infiltration of inflammatory cells, 

including microglia was also noted. No marked neuronal loss was observed in the hippocampus of 

Antibody (source) Epitope/labeling pattern in normal 

cortex 

Pre-treatment, Antibody dilution (mins, 

temperature) 

NeuN (EMD) Neuronal nuclear antigen/neuronal 

nuclei and cytoplasm 

ER1, 1:2000 (20, RT) 

SMI32/31 (Sternberger) Neurofilament (non-

photosphorylated and 

phosphorylated 200kDa proteins) 

1:500 (20, RT) 

GFAP (DAKO) GFAP/astrocytes ENZ1, 1:2500 (20, RT) 

SIM94 (Sternberger) Myelin basic protein ENZ1, 1:2000 (20, RT) 

CD34 (DKAO) Stem cell marker/endothelial cells, 

glioma 

1:50 (20, RT) 

Nestin (Abcam) Intermediate filament; 

developmentally 

regulated/expressed in stem cells 

and radial glial 

H-3300, 1:1000 (ov, 40C) 
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Case New-1. Tissue from the lesion sample showed mild increase in intercellularity, with many 

angular cells and ballooned dysmorphic neurons. Patchy immunoreactivity with BRAF V600 was 

observed. The lesion was negative for IDH1 and the numbers of Ki67 immunopositive dividing 

cells were very low. Case New-1 was likely to show pathology consistent with a low grade 

glioneuronal tumour (WHO grade 1).  

A.6.2 Pathology relating to intracranial electrode insertion 

In summary, the pathology of intracranial electrode lesions observed in cases Goc-7, Goc-10 and 

New-1 were not remarkably different from other epilepsy cases studied in Goc et al (2014) with 

similar age of lesions; specifically, cases Goc-5 and New-2 who had not undergone simultaneous 

fMRI-icEEG, but separate icEEG and fMRI evaluations prior to their temporal lobectomy. 

Surgical tissue from all patients showed microscopic focal lesions characteristic of injury caused 

by intracranial subdural or depth electrodes during icEEG as described in previous studies (Goc et 

al., 2014, Liu et al., 2012, Stephan et al., 2001). 

Focusing on the three cases who underwent icEEG-fMRI, the lesion in case Goc-7 was located in 

the grey and white matter demarcation, while the lesion in case Goc-10 was located superficially 

in the cortex. The lesion in case New-1 was located in the white matter of the hippocampus. For 

cases Goc-7, and Goc-10, the lesions were estimated to be between ten to 13 days old (or post 

icEEG). Lesions in both cases Goc-7 (Figure C.1) and Goc-10 (Figure C.2) had a necrotic core, 

which were infiltrated with inflammatory mediators including macrophages, microglia and 

lymphocytes, as characteristics of an acute inflammatory response. Increased cellularity was also 

observed in the regions immediately around the lesion core (‘Zone 1’ in Goc et al., 2014), and 

extending well into other ‘normal-appearing’ regions of the tissue. The lesion core in case Goc-10 

had the appearance of acellular coagulative necrosis, and the deposition of fibrous materials that 

appeared to be strongly eosinophilic on H&E stained sections (Figure C.2(A)).  

Many iba1-immunopositive microglia and activated macrophages were observed in the lesion core 

and immediate periphery of case Goc-7 (Figure C.1(C)). Most iba-1 immunopositive cells in this 

region were enlarged and intensely labelled and tended to be in focal clusters or aggregates (Figure 

C.1(D)). Nestin immunoreactivity was observed around the necrotic core (Figure C.1(E)). Thick, 

short ‘strapped-like’ nestin immunopositive fibres and cells were observed in the penumbra of the 
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lesion as previous described in Goc et al., 2014 (Figure C.1(F)). Endothelial cells in blood vessels 

around the lesion were also intensely expressing nestin and CD34. Compared to iba1 and nestin 

immunoreactivities, the expression of GFAP astrocytic processes and soma was mainly observed 

further away from the lesion core: the necrotic core and its immediate vicinity was 

immunonegative for GFAP (Figure C.2(C)). GFAP immunopositive cells were heterogenous in 

size but were generally multipolar. Intensely-labelled GFAP processes and cells were observed 

perivascularly, along the length of blood vessels (Figure C.2(D)). The lesion observed in case 

New-1 had the appearance of a chronic fibrous scar composed of eosinophilic collagen fibres.  

The lesion was estimated to be over year and three months. Inflammatory mediators were still 

numerous and visible.  
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Figure C. 1: Case Goc-7 with a focal lesion caused by electrode insertion during icEEG. (A, B) Hematoxylin and 

eosin staining revealed a lesion with a necrotic core and a small cavity (*) that infiltrated with small inflammatory 

mediators. Increased numbers of cells and hemorrhagic blood vessels were also noted in the periphery of the lesion. 

(C,D). The lesion core and immediate vicinity were strongly immunopositive for iba1. Iba1-immunopositive cells were 

densely populated around the lesion core, and individual iba1 immunopositive cells were only visible further away from 

the lesion. (E,F) In comparison to iba1 immunolabelling, nestin immunoreactivity was primarily observed around the 

lesion core (Zone 1 as described in Goc et al., 2014). Nestin-immunopositive cells appeared small with multipolar 

processes (occasionally bipolar cells were observed), and nestin-immunopositive fibres were generally short and thick 

(arrowhead). Nestin immunopositive vessels could also be observed (closed arrowhead). 
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Figure C. 2: Case Goc-10 with icEEG-related lesion in the superficial cortex. (A, B) The lesion core in case Goc-10 

had the appearance of an acellular coagulative scar. The coagulation was surrounded by irregular blood vessels (some 

hemorrhagic filled with red blood cells) and numerous inflammatory mediators including iba1-immunopositive microglia 

and macrophages. (C,D) The lesion core and its immediate vicinity was immunonegative for GFAP. A dense matrix of 

GFAP immunopositive fibres were observed in areas distanced from zone 1 (or immediate vicinity) of the lesion. GFAP 

immunopositive cells were astrocytes-like with a small cell body and multipolar processes. 

A.7 Discussion and Conclusions 

We investigated the possibility of additional cellular damage caused specifically by exposure of 

the brain to the radio-frequency electromagnetic waves used in MRI scanning in the presence of 

indwelling metallic implants, namely intracranial EEG electrodes (icEEG) used for the pre-

surgical evaluation of patients with severe epilepsy. In this retrospective study we examined tissue 

from surgical samples in a group of patients who took part in a research project focused on 

mapping the changes in blood flow associated with epileptic discharges recorded invasively as 
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measured using functional MRI (Chaudhary et al., 2012, 2016; Grade et al., 2014). In summary, 

in this study we found that the pathology observed in three patients who had undergone 

simultaneous icEEG-fMRI was not remarkably different from other epilepsy cases who had not 

undergone icEEG-fMRI.  

The fMRI scans took place at the end of each patient’s clinical icEEG investigation, following a 

strict protocol devised following careful consideration and investigation of the relevant health 

hazards on test objects (Carmichael et al, 2012). In addition, this research project is the subject of 

a prospective safety monitoring programme, as part of which we request that the surgeons, when 

proceeding to respective surgery in cases with subdural strips and grids, to carefully examine the 

visual aspect of the surface of the cortex for any sign of additional damage around the electrodes 

and leads, such as discolouration. Furthermore, the patients’ general neurological condition is 

monitored for any sign of adverse effects potentially associated with the research scan. Up to now, 

with 20 patients having undergone icEEG-fMRI, no such adverse effect has been observed. As a 

further step in this monitoring process, and following our previous work on the effects of icEEG 

electrode implantation (Goc et al., 2014), we wanted to examine the possibility of any effect 

specific to fMRI scanning in presence of indwelling icEEG electrodes at the cellular level. Three 

patients satisfied the selection criteria. 

As part of the clinical icEEG implantation and recording protocol, the patients also underwent 

CT/MRI to verify the position of the electrodes. 

There are some limitations in this study. First, this study contains a small number of patients due 

to the fact that these types of studies are rare and it is very difficult to obtain samples of the brain 

tissue post-icEEG implantations from patients. Second, those are all the cases that satisfy the 

selection criteria: “in whom histopathology along the implanted electrodes’ paths was available”. 

The other patients either did not proceed to surgery or they had surgery but histopathology was 

not available for the brain regions in which depth electrodes were implanted (some patients had 

grids only for example; actually this is worth mentioning in the Discussion: in this study we are 

only looking at the possible effects of heating around depth electrodes, and not under grid 

electrodes). Third, this pathological assessment is an ex vivo assessment of resected materials, 

there are other studies that have reported pathological changes associated with icEEG (e.g. (Fong 

et al., 2012). It is unknown whether there is further damage to the brain of patients (in vivo). 
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However, according to our experience of imaging 20 patients implanted with icEEG using fMRI, 

no other complications were reported, as mentioned in the discussion: “Up to now, with 20 patients 

having undergone icEEG-fMRI, no such adverse effect has been observed”. 

This study has provided us with some evidence about the safety of icEEG fMRI on patients if the 

safety protocol that involves using low-SAR sequences such as EPI, placing the icEEG leads along 

the MRI central Z-axis and using head transmit coil was followed (Carmichael et al., 2012). We 

discussed that in detail in chapter 2; section 2.6 (Hawsawi et al., 2017). 

On the other hand, using head transmit coil did not improve the BOLD signals when EPI was 

applied (Murta et al., 2016b), it showed susceptibility artifacts around the icEEG. We think that 

changing the head coil with the body transmit coil will help to improve the quality of the BOLD 

signal because it will enable the application parallel transmit techniques for that purpose (see 

Chapters 3 and 4 for more detail). 
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