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Bioelectromagnetics 25:285^295 (2004)



Metallic Electrodes and Leads in Simultaneous EEG-MRI: Specific Absorption Rate (SAR) Simulation Studies Leonardo M. Angelone,* Andreas Potthast, Florent Segonne, Sunao Iwaki, John W. Belliveau, and Giorgio Bonmassar MGH/MIT/HMS Athinoula A. Martinos Center for Functional Imaging, Charlestown, Massachusetts The purpose of this study was to investigate the changes in specific absorption rate (SAR) in humanhead tissues while using nonmagnetic metallic electroencephalography (EEG) electrodes and leads during magnetic resonance imaging (MRI). A realistic, high resolution (1 mm3) head model from individual MRI data was adopted to describe accurately thin tissues, such as bone marrow and skin. The RF power dissipated in the human head was evaluated using the FDTD algorithm. Both surface and bird cage coils were used. The following numbers of EEG electrodes/leads were considered: 16, 31, 62, and 124. Simulations were performed at 128 and 300 MHz. The difference in SAR between the electrodes/leads and no-electrodes conditions was greater with the bird cage coil than with the surface coil. The peak 1 g averaged SAR values were highest at 124 electrodes, increasing to as much as two orders of magnitude (172.3) at 300 MHz compared to the original value. At 300 MHz, there was a fourfold (3.6) increase of SAR averaged over the bone marrow, and a sevenfold (7.4) increase in the skin. At 128 MHz, there was a fivefold (5.6) increase of whole head SAR. Head models were obtained from two different subjects, with an inter-subject whole head SAR variability of 3%. Bioelectromagnetics 25:285–295, 2004.  2004 Wiley-Liss, Inc. Key words: induced currents; RF coils; numerical dosimetry; FDTD; MRI; SAR



INTRODUCTION One of the important challenges of brain imaging is to model the sources of brain activity during different tasks, such as visual, auditory, or motor tasks. Currently, there is no single noninvasive technology that can provide the high spatio-temporal resolution needed to study this brain activity. This problem has been addressed through multi-modal integration of different modalities, such as electroencephalography (EEG) and functional magnetic resonance imaging (fMRI), which offer high temporal and spatial resolution, respectively. Simultaneous recordings of hemodynamic and electrophysiological changes have become more common in clinical research [Hill et al., 1995; HuangHellinger et al., 1995; Bonmassar et al., 1999, 2001; Chiappa et al., 1999; Krakow et al., 2000; Lemieux et al., 2001]. However, these raise safety issues, since the use of electrodes/leads in an MRI environment is in many respects similar to the presence of metallic implants in an MRI environment. Previous studies have analyzed the safety issues associated with metallic implants and MRI [Gangarosa et al., 1987; Buchli et al., 1988; Kanal et al., 1990; Gigli et al., 1992; Schaefer, 1992, 1998; Chou et al., 1995, 1997; Fagan et al., 1995;  2004 Wiley-Liss, Inc.



Shellock et al., 1995; Nelson et al., 1997; Furse and Gandhi, 1998; Youssefzadeh et al., 1998; Shellock, 1999, 2000, 2001; Edwards et al., 2000; Schaefer et al., 2000; Ho, 2001; Pruefer et al., 2001; Yeung et al., 2002] and simultaneous EEG–MRI recording [Lemieux et al., 1997; Lazeyras et al., 2001; Bonmassar et al., 2002]. These studies have shown that, in cases where heating of tissue occurred, heating is a function of dimensions, orientation, shape, and location of the implant in the patient. Furthermore, in the case of metallic wire, the location of the heating in the tissue is usually concentrated in a small volumetric area near the tip ————— — Grant sponsor: Whitaker Foundation; Grant number: RG-99-0408. *Correspondence to: Leonardo M. Angelone, MGH/MIT/HMS Athinoula A. Martinos Center for Functional Imaging, Building 149, 13th Street, Charlestown, MA 02129. E-mail: [email protected] Received for review 18 March 2003; Final revision received 10 October 2003 DOI 10.1002/bem.10198 Published online in Wiley InterScience (www.interscience.wiley.com).
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[Ho, 2001]. The risk of heating due to the presence of induced currents on the leads and in their proximity may be reduced with resistive leads technology [Chou and Guy, 1979; Hill et al., 1995; Huang-Hellinger et al., 1995; Bonmassar et al., 1999, 2001; Chiappa et al., 1999; Goldman et al., 2000; Krakow et al., 2000; Van Audekerkea et al., 2000; Lemieux et al., 2001]. However, a number of laboratories around the world still use nonmagnetic metallic leads and conventional EEG electrodes during simultaneous EEG–MRI recording [Ives et al., 1993, 1995; Jackson, 1994; Kohno et al., 1995; Sijbers et al., 1999; Kruggel et al., 2000, 2001; Portas et al., 2000; Benar et al., 2002; Christmann et al., 2002; Horovitz et al., 2002; Jager et al., 2002; Matsuda et al., 2002]. Hence, we modeled the EEG electrodes and leads as perfect electric conductors (PEC). Previous studies used 2  2  2.5 mm3 resolution for their head model [Jin et al., 1996; Jin, 1999; Collins and Smith, 2001a,b]. However, in order to study very thin tissues close to the EEG electrodes, such as bone marrow and skin, we increased the resolution of the head model to 1  1  1 mm3. Furthermore, the low dimension of the cells (1/500 to 1/1000 of the wavelength) improves the geometrical modeling of small and curved structures and reduces the issues of the staircased model, as suggested by previous studies [Holland, 1993; Railton and Schneider, 1999]. The current tendency with advanced MRI, such as fMRI, is to increase the signal-to-noise ratio (SNR) and the spatial resolution by increasing the static field B0. Higher RF (B1) frequency systems are needed at higher B0 because of the linear relation between Larmor frequency and B0 field strength [Collins and Smith, 2001b]. Simulations were performed at 128 and 300 MHz, corresponding to 3 and 7 T MRI systems, respectively, to evaluate the effects of frequency increase with the EEG electrode/lead model. One open issue was whether or not the electromagnetic resonance inside the head could generate a local SAR maximum in the parenchymal tissues rather than on the skin. MATERIALS AND METHODS Subject Information Two normal adult male volunteers participated in this study. Informed consent was obtained from each subject in accordance with Massachusetts General Hospital policies (IRB #1999-P-010946/1; MGH). Head Model Two high resolution head models were generated by applying a segmentation [Dale et al., 1999; Segonne



et al., 2001] to the anatomical MRI data of two adult male subjects. The brain was segmented using a hybrid method combining watershed algorithms and deformable surface techniques. Using a three component mixture model, whose parameters were computed during the skull stripping process, the brain was segmented into cerebrospinal fluid (CSF), gray matter, and white matter. A deformable balloon-like template was then iteratively mapped onto the scalp boundary and the remaining tissues were classified as fat tissue, bone and cartilage, and skin. Bone marrow and eyes were later segmented by a threshold based method on the T1 weighted images, under the supervision of an expert radiologist. The anatomical MRI for subject no. 1 was performed with a quadrature bird cage transmit/receive head coil on our 1.5 T scanner (General Electric, Milwaukee, WI). Three whole head acquisitions were collected with a T1 weighted three dimensional (3D)SPGR sequence (TR/TE ¼ 24/8 ms) with 124 slices, 1.3 mm thick (matrix size 256  192, FOV 256 mm). The individual acquisitions were motion corrected and averaged to increase gray/white matter contrast-tonoise ratio using MEDx software (Sensor Systems, Inc., Sterling, VA). The anatomical MRI for subject no. 2 was performed with a quadrature bird cage transmit/receive head coil on our 3 T whole body Siemens Trio (Erlangen, Germany). Three whole head acquisitions were collected with a T1 weighted MPRAGE sequence (TR/TE ¼ 2530/3.26 ms) with 128 slices, 1.3 mm thick (matrix size 256  192, FOV 256 mm). Each cell of the head model was an isotropic voxel of dimension 1  1  1 mm3. The dimensions of the head model for subject no. 1 were 167 mm from left to right, 205 mm from back to front, and 236 mm high. The dimensions of the head model for subject no. 2 were 185 mm from left to right, 208 mm from back to front, and 228 mm high. The total number of Yee cells [Yee, 1966] for the head models was 4 395 536 for subject no. 1 and 4 582 477 for subject no. 2. Yee cells, containing six field components (Ex, Ey, Ez, Hx, Hy, and Hz, all offset by half a space step), are used in the FDTD algorithm for a 3D central difference approximation of Maxwell’s curl equations, both in space and time. The total volume considered for both subjects, including the free space around the model, was 296  296  390 mm3. Absorbing boundary conditions of the ‘‘Liao’’ type were used for the FDTD calculation [Kunz and Luebbers, 1993]. Figure 1 shows the high resolution head model and an axial MRI image with the SAR levels of subject no. 1 superimposed onto it. The high resolution of the model is necessary to segment thin layers of tissues,
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Fig. 1. Highresolutionheadmodel (left; see caption of Fig. 2 for tissue color key) and axial MRI image with specific absorption rate (SAR) levels superimposed (right), for subject no.1. Resolution of at least 1 1 1 mm3 is necessary in the segmentation of thin layers of tissues, such as skin and bone marrow.



such as skin and bone marrow. Eight different types of tissue (bone and cartilage, skin, CSF, white matter, gray matter, fat, bone marrow, and eyes) were distinguished and their physical properties selected according to the literature (see Table 1). The current version of the automatic segmentation software based on T1 weighted MRI data does not allow for discrimination of tissues other than those given, for example, blood, muscle, sclera, cornea, nerve, tongue, and cerebellum [Collins and Smith, 2001b]. Figure 2 shows the head models from two different subjects used in this study. SAR Estimation Specific absorption rate (SAR) is the variable typically used in dosimetry to quantify the tissue exposure to RF. SAR is defined as the time derivative of TABLE 1. Conductivity, Permittivity, and Density of the Tissues Used in the Head Model 128 MHz-3 T Tissue Bone and cartilage Skin CSF White matter Grey matter Fat Eyes tissue Bone marrow



Density (kg/m3) a



1850 1100a 1060a 1030a 1030a 920a 1010a 970b



CSF, cerebrospinal fluid. a From Moneda et al. [2003]. b From Masumoto et al. [1997]. c From Gabriel et al. [1996a–c]. d From Jin [1999].



s (S/m) c



0.20 0.50c 0.70d 0.35c 0.60c 0.03c 1.00c 0.19c



er



300 MHz-7 T s (S/m)



c



30 70c 103d 50c 80c 12c 70c 15c



c



0.20 0.50c 0.80d 0.50c 0.80c 0.04c 0.98c 0.20c



Fig. 2. Head models from two different subjects used in this study. Tissuesare displayedasfollows: boneand cartilageinpink; skinin dark green, cerebrospinal fluid (CSF) in light pink, white matter in green, gray matter in blue, fat in light blue, bone marrow in purple, and eyesin yellow.



er 20c 45c 100d 40c 60c 5c 60c 12c



the incremental energy absorbed by (dissipated in) an incremental mass contained in a volume of a given density [NCRP, 1981; Chou et al., 1996], and is expressed in W/kg. The relation between SAR and the electrical induced field is [Jin, 1999; Yeung et al., 2002] se 2 SAR ¼ ~ E ; 2r where se (S/m) is the electric conductivity, r (kg/m3) is the tissue density, and ~ E (V/m) is the peak electric field intensity inside the tissue.
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The electric and magnetic fields and the SAR values were computed using the commercially available software XFDTD (REMCOM Co., State College, PA), based on the FDTD algorithm [Kunz and Luebbers, 1993; Taflove and Hagness, 2000]. Both whole head and peak 1 g averaged values of SAR were computed. The averaging calculations were computed according to the methods described in Kunz and Luebbers [1993]. Cubical spaces centered on a cell are formed and the mass and average SAR of the sample cubes are found. The size of the sample cubes increases in odd numbered steps to remain centered on the desired cell. The average number of cells for 1 g average in our head model was 731.3 for subject no. 1 and 769.86 for subject no. 2. The mass and average SAR value of each cube is saved and used to interpolate the average SAR values at 1 g. The interpolation is performed with two methods, polynomial fit and rational function fit, and the method with the lowest error is chosen. The sample cube must meet certain conditions to be considered valid: it may contain some nontissue cells, but will not contain an entire side or corner of nontissue cells. If the cube is found to be invalid, the averaging will stop for the center cell and move on the next cell. Some cells might not be the center of an average. However, these cells will often be part of an average cube for an adjacent cell. Simulations were performed with two different coils (surface and bird cage coil), four different numbers of EEG electrodes/leads (16, 31, 62, and 124), and two frequencies (128 and 300 MHz). An Athlon MP2100 computer with 3.5 GB of RAM memory was used for the calculations. The computation time under Windows 2000 was approximately 36 h for 300 MHz and 100 h for 128 MHz; 20% less computation time was measured under Linux. MRI Coils SAR simulations were computed modeling two different RF coils (surface and bird cage coil) and two different frequencies (128 and 300 MHz).



The bird cage coil [Ho, 2001] was composed of 16 PEC rods (length 310 mm), closed by two PEC loops at each end (diameter 260 mm, thickness 1 mm), and placed symmetrically around the head [Jin, 1999]. A circular excitation was simulated, driving the current generators placed on the centers of the rods with 1 A peak-to-peak amplitude and a 22.58 phase-shift between any two adjacent generators. The surface coil used was a circular perfect electrical conductor (PEC), ring-shaped and oriented in the XZ plane (coronal, coordinates as in Fig. 3) with a diameter of 140 mm and thickness of 1 mm. The current source, a sinusoidal generator of 1 A peak-to-peak amplitude with internal resistance of 50 O, was placed on the lowest point of the ring. EEG Electrodes Cap In our simulations, the EEG electrodes and leads were modeled with PEC [Bonmassar et al., 2002]. Different montages of EEG electrodes, i.e., different numbers of electrodes, were used in the simulations. The positions of the 124 electrodes and leads were digitized directly on the head of the subject with a Fastrack 3D digitizer (Polhemus, Colchester, VT) and Scan 4.2 software (Compumedics, El Paso, TX) on a nonmagnetic cap (Neuromag, Finland) [Virtanen et al., 1996]. One point for each electrode and four points for each wire were digitized, then imported into MATLAB (Mathworks Co., Natick, MA) and registered to the high resolution model. Figure 3, generated with the 3DSpaceDx software (Neurosoft–Compumedics, El Paso, TX), shows a 3D view of the position of the 128 electrodes on the head. The electrodes were in direct contact with the skin. Subsampling of the digitized electrode positions model was performed to include simulations with 62, 31, and 16 electrodes/ leads. These decimations were performed by selecting one point from every two, four, and eight electrodes/ leads, respectively, of the 124 electrode/lead model, which lead to uniform spatial sampling in all cases. The EEG electrodes were modeled as small cylinders (radius: 2 mm, height: 1 mm).



TABLE 2. Normalized Peak 1 g Averaged SAR Values Computed Using Surface and Bird Cage Coil, Without and With Electrodes/Leads Peak 1 g SAR values 128 MHz-3 T



Bird cage Surface



300 MHz-7 T



No electrodes (W/kg)



124 electrode (W/kg)



Ratio electrode/ no electrode



No electrodes (W/kg)



124 electrode (W/kg)



Ratio electrode/ no electrode



0.36 2.33



22.30 36.63



61.62 15.71



0.13 2.33



21.89 36.32



172.32 15.57



All specific absorption rate (SAR) values are computed for an input power of 1 W.
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TABLE 3. Normalized SAR Values Computed With Bird Cage Coil and Input Power of 1 W Bird cage (W/kg) 128 MHz-3 T



Whole head Max 1 g averaged Bone and cartilage Skin CSF White matter Grey matter Fat Eyes tissue Bone marrow



300 MHz-7 T



No electrodes



124 electrode



No electrodes



16 electrode



31 electrode



62 electrode



124 electrode



0.05 0.36 0.03 0.10 0.07 0.05 0.05 0.03 0.13 0.04



0.28 22.30 0.23 0.92 0.30 0.22 0.22 0.27 0.57 0.40



0.03 0.13 0.02 0.05 0.04 0.04 0.03 0.02 0.04 0.03



0.07 20.43 0.03 0.23 0.09 0.09 0.08 0.11 0.16 0.06



0.07 15.65 0.05 0.23 0.06 0.05 0.05 0.08 0.07 0.09



0.07 15.86 0.05 0.29 0.06 0.05 0.05 0.10 0.09 0.11



0.09 21.89 0.06 0.37 0.07 0.06 0.07 0.13 0.17 0.11



Normalized whole head, peak 1 g averaged, and values averaged over each tissue are estimated for subject no. 1.



RESULTS All of the SAR simulations indicated that the increase in the electrodes/leads versus no-electrodes condition was greater with the bird cage coil than with the surface coil (e.g., Table 2). Furthermore, the 124 electrode/lead model leads to higher peak 1 g averaged SAR values for both the bird cage coil and the surface coil (Tables 3 and 4). With the electrode/lead model, we did not observe a higher peak value of SAR in the parenchymal tissues than on the skin (Tables 3 and 4). The cortical inflated representation [Dale and Sereno, 1993; Fischl et al., 1999] was used, distinguishing the sulci and the gyri of the cortex through the use of two shades of green (light for gyri and dark for sulci). SAR values were super-



imposed onto the MRI images with Freesurfer [2003] and displayed on the whole cortex with a color based scale (Figs. 4 and 5). Effects of the EEG Montage Previous studies have shown that a conductive wire structure alters the electric field distribution near a wire [Yeung et al., 2002]. Figure 6 illustrates the electric field distribution with bird cage and surface coils in four different cases: coil only, coil plus head, coil plus electrodes/leads, and coil plus head and electrodes/ leads. The electric field produced by the bird cage coil is circularly symmetric. The electric field produced by the surface coil is axially symmetric. The electric field becomes less uniform and decreases in presence of



TABLE 4. Normalized SAR Values Computed With Surface Coil and Input Power of 1 W Surface (W/kg) 128 MHz-3 T



Whole head Max 1 g averaged Bone and cartilage Skin CSF White matter Grey matter Fat Eyes tissue Bone marrow Ratio posterior/ anterior (a.u.)



300 MHz-7 T



No electrodes



124 electrode



No electrodes



16 electrode



31 electrode



62 electrode



124 electrode



0.28 2.33 0.13 0.59 0.58 0.41 0.35 0.18 0.02 0.42 10.00



0.17 36.63 0.11 0.77 0.16 0.10 0.09 0.23 0.01 0.47 16.10



0.24 2.33 0.08 0.29 0.44 0.42 0.42 0.13 0.03 0.28 8.03



0.18 24.06 0.06 0.35 0.29 0.27 0.27 0.10 0.02 0.23 10.06



0.17 27.86 0.06 0.41 0.25 0.24 0.24 0.11 0.02 0.23 11.79



0.16 20.13 0.06 0.43 0.23 0.29 0.23 0.11 0.01 0.24 13.95



0.17 36.32 0.08 0.49 0.23 0.22 0.21 0.17 0.01 0.37 18.44



Normalized whole head, peak 1 g averaged, and values averaged over each tissue are estimated for subject no. 1. The last row of the surface coil table shows the ratio of total SAR values of posterior side of the head versus anterior side.
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Fig. 3. Three dimensional (3D) view of the electroencephalography (EEG) electrodes directly digitized on the subject’s head with reference axes superimposed (x in red, y in green, z in blue). Fig. 5. Overview of computed SAR values shown on the inflated representation of the cortex. The EEG electrode/lead model with surface coil displays the greatest increase of SAR on the posterior part of the cortex.Results are normalized to an input powerof1W.



the head (EBcoil ¼ 86.76 V/m, EBhead ¼ 36.02 V/m, ECcoil ¼ 225.41 V/m, EChead ¼ 19.14 V/m). With the electrodes and leads, because of the RF induced currents along the leads, the electric field increases in the proximity of the electrodes/leads (EAcoil ¼ 80.58 V/m, EAelec ¼ 104.13 V/m). When the electrodes/leads are added to the head, the change in the electric field associated with the presence of electrodes/ leads extends to the distribution of the field around the head. The electrodes/leads increase the electric field on the skin (EAhead ¼ 16.38 V/m, EAhead þ elec ¼ 586.52 V/m) and on the surrounding tissues. This generates a higher increase of peak SAR values for both surface and bird cage coils, relative to that produced by the RF of the coil only. In the case of the surface coil, the electric field increases in the posterior part of the head, near the coil (EChead ¼ 19.14 V/m, EChead þ elec ¼ 24.94 V/m), and decreases in the anterior part of the head (EDhead ¼ 16.39 V/m, EDhead þ coil ¼ 11.16 V/m). Fig. 4. Top left: Cortical pial representation of original cortex. Top right: Inflated reconstruction of the cortex, with sulci in light green and gyri in dark green. Center and bottom: Local SAR computedwithasurface coilandfourdifferent EEGmontages (16,31,62, and 124 electrodes/leads). Results are normalized to an input powerof1W.
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Simulations were performed with four different EEG electrodes montages (16, 32, 64, and 128). As shown in Figure 7, there were higher values of SAR on the region close to the electrodes/leads. Bird Cage Coil The simulations were performed without and with electrodes/leads (Fig. 8). With the EEG electrode/lead model the peak 1 g averaged SAR level increases by a factor of 172 at 300 MHz and with 124 electrodes/leads (Table 2). For each tissue, the SAR value increases with the number of electrodes/leads (Table 3). In the 124 electrodes/leads case, the neck of the model adjacent to the EEG leads shows an increase of SAR relative to the no-electrodes case. Also, an increase of SAR is visible in the eyes while hot spots are present on the skin (see Table 3 and Figure 8). Surface Coil The simulations were performed without and with electrodes/leads (Fig. 9). With the EEG electrode/lead



Fig. 6. Electric field distribution with bird cage (left column) and surface (right column) coils in four different cases: coil only (first row), coil plus head (second row), coil plus electrodes/ leads (third row), and coil plus head and electrodes/ leads (fourth row). We selected four points, two for the bird cage (A, B) and two for the surface (C, D).‘‘A’’ was in the occipital cortex, ‘‘B’’ was in the eyeball, ‘‘C’’ was selected in the middle of the posterior part of the head, and‘‘D’’was in the middle of the anterior part ofthe head. Fig. 7. SARvaluesobtainedusinga surface coilanddifferent numbers ofelectrodes/leads.The SAR value on the skinincreaseswith the number of electrodes/leads. All SAR values are normalized to an input power of1W.The scale of the figure is from 0 to 40 dB, 0 dB ¼150 W/kg.
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Fig. 9. SAR values obtained with a surface coil, without (left) and with EEG electrodes. Coronal view, second row: Without electrodes, the distribution of the SAR is circularly symmetric. All SAR values are normalized to an input power of 1 W. The scale of the figure is from 0 to 40 dB,0 dB ¼150 W/kg.



Fig. 8. SAR values computed with the bird cage coil, without (left) and with electrodes/leads.Without electrodes there is a symmetrical distribution of the SAR. All SAR values are normalized to an input power of 1 W. The scale of the figure is from 0 to 40 dB, 0 dB ¼150 W/kg.



Fig. 10. SAR values computed for both head models with surface coil and no electrodes. The inter-subject variability of the whole head average SAR values is approximately 3%. All SAR values are normalized to an input power of 1 W. The scale of the figure is from 0 to 40 dB,0 dB ¼150 W/kg.
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model the peak 1 g averaged SAR level increases by a factor of 15.71 at 128 MHz and with 124 electrodes/ leads (Table 2). In particular, the SAR value on the skin increases with the number of electrodes/leads (Table 4). However, in the case of eyes, white and gray matter and whole head SAR, the SAR is greater without electrodes than with electrodes (Table 4). This counterintuitive result is due to the increased asymmetry of the electric field introduced by the EEG electrodes/leads (Figs. 4 and 6). This asymmetry produces a monotonic increase of the ratio between posterior and anterior part of thehead with the number of EEG electrodes/ leads (Table 4). SAR was evaluated separately by dividing the volume with a coronal cut (XZ plane, Fig. 3) into two equal sections (each 128 mm long). The ratio between these two values is shown in Table 4 (last row). Head Models Our simulations were performed with two head models from two different subjects. As shown in Table 5 and Figure 10, the inter-subject variability of the whole head average SAR values was approximately 3%. DISCUSSION AND CONCLUSIONS A growing number of laboratories are employing EEG recordings during fMRI. However, the pulsed RF fields, which are used to elicit MRI signals from tissue, may pose a safety hazard. Here we present results from different simulations, based on the FDTD algorithm. Simulations were performed on high resolution head models generated from MRI data, using different RF coils, numbers of electrodes/leads, and frequencies. Similar studies have used head models with a lower resolution: 2  2  2.5 mm3 [Jin, 1999; Collins TABLE 5. Normalized SAR Values Computed for Both Head Models With Input Power of 1 W



and Smith, 2001a]. However, this resolution does not allow us to accurately model very thin tissues, such as bone marrow and skin. These tissues are important due to the proximity of bone marrow and skin to the EEG electrodes. Our high resolution model does not take into account the presence of conductive paste, which is typically placed between electrodes and scalp as an interface. Nevertheless, this model represents the worst case scenario. Our results confirmed an increase of up to seven times the original value in averaged SAR on the skin, as well as an increase in the tissues adjacent to the electrodes. The study shows that the presence of nonmagnetic metallic EEG electrodes/leads can increase the peak 1 g averaged SAR on the subject by as much as 172 times (surface at 300 MHz). Local SAR increases could be partly enhanced due to staircasing effects of dielectric materials [Cangellaris and Wright, 1991; Holland, 1993]. The staircased small structures can perturb the SAR values [Cangellaris and Wright, 1991; Jurgens et al., 1992; Holland, 1993]. Our different models consist of 500 cells (128 MHz) or 1000 cells (300 MHz) per wavelength with a staircase error less than 1 dB [Holland, 1993; Railton and Schneider, 1999]. Furthermore, our findings are consistent with the existing literature [Chou et al., 1996; Ho, 2001]. The FDA guidelines [FDA, 2003] for use in MRI environments recommend SAR levels lower than 3 W/kg averaged over the head for 10 min and 8 W/kg in any gram of tissue in the head for 5 min. In order to comply with this recommendation, the maximum input power should be reduced proportionally to the results in Tables 3–5. For example, when using a surface coil at 300 MHz, the maximum input power for the source considered (sinusoidal) should be reduced by a factor of 16 when using 124 EEG electrodes/leads. This analysis is also applicable to EEG recording during RF exposures to study RF fields (mobile phone use) [Huber et al., 2003]. ACKNOWLEDGMENTS



Surface no electrodes 300 MHz



Whole head Bone and cartilage Skin CSF White matter Gray matter Fat Eyes tissue Bone marrow
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Subject no. 1 (W/kg)



Subject no. 2 (W/kg)



0.236 0.076 0.295 0.440 0.418 0.415 0.125 0.027 0.278



0.229 0.050 0.257 0.433 0.406 0.427 0.098 0.016 0.236



The inter-subject variability of the whole head SAR is approximately 3%.
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