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SUMMARY: 30 
This article provides a straightforward protocol for acquiring good quality 31 
electroencephalography (EEG) data during simultaneous EEG and functional magnetic resonance 32 
imaging by utilizing readily available medical products. 33 
 34 
ABSTRACT: 35 
Simultaneous electroencephalography (EEG) and functional magnetic resonance imaging (fMRI), 36 
EEG-fMRI, combines the complementary properties of scalp EEG (good temporal resolution) and 37 
fMRI (good spatial resolution) to measure neuronal activity during an electrographic event, 38 
through hemodynamic responses known as blood-oxygen-level-dependent (BOLD) changes. It is 39 
a non-invasive research tool that is utilized in neuroscience research and is highly beneficial to 40 
the clinical community, especially for the management of neurological diseases, provided that 41 
proper equipment and protocols are administered during data acquisition. Although recording 42 
EEG-fMRI is apparently straightforward, the correct preparation, especially in placing and 43 
securing the electrodes, is not only important for safety but is also critical in ensuring the 44 
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reliability and analyzability of the EEG data obtained. This is also the most experience-demanding 45 
part of the preparation. To address these issues, a straightforward protocol that ensures data 46 
quality was developed. This article provides a step-by-step guide for acquiring reliable EEG data 47 
during EEG-fMRI using this protocol that utilizes readily available medical products. The 48 
presented protocol can be adapted to different applications of EEG-fMRI in research and clinical 49 
settings, and may be beneficial to both inexperienced and expert operators. 50 
 51 
INTRODUCTION: 52 
Functional magnetic resonance imaging (fMRI) provides a measure of neuronal activity through 53 
hemodynamic responses by measuring blood-oxygen-level-dependent (BOLD) changes during an 54 
electrographic event. Simultaneous electroencephalography (EEG) and fMRI (EEG-fMRI) is a non-55 
invasive research tool that combines the synergic properties of scalp EEG (good temporal 56 
resolution) and fMRI (good spatial resolution), allowing better localization of the site responsible 57 
for the generation of electrographic events detectable in EEG. It was first developed in the 1990s 58 
for the use in the epilepsy field1,2 and has subsequently been used in neuroscience research since 59 
the 2000s3,4. With the increase in knowledge regarding the safety5 and continuous development 60 
of techniques for the removal of MRI-induced artifacts on EEG3,6–10, it is currently a tool that is 61 
widely utilized in both neuroscience and clinical research11. 62 
 63 
EEG-fMRI is acquired either at rest or during a task, depending on the research question. In 64 
general, resting state acquisition allows the identification of structures involved in the generation 65 
of a particular EEG feature (e.g., waveform, rhythm, frequencies, power) and helps in 66 
understanding the variable spontaneous brain activities11. A number of neuroscience studies and 67 
most clinical studies, especially those on epilepsy12, acquire EEG-fMRI at rest11. Task-based 68 
acquisition allows the identification of cerebral areas and the brain electrical activities assigned 69 
or related to a specific task and helps establish the link between the electrical activities and 70 
cerebral areas associated with the task. Task-based acquisition is mainly utilized in neuroscience 71 
studies11 and some clinical studies13. Most task-based EEG-fMRI acquisitions use an event-related 72 
design. The type of modeling used for integrating EEG and fMRI data determines whether the 73 
efficiency or detection power should be maximized in designing the task14. Please see the studies 74 
by Menon et al.14 and Liu et al.15,16 for details on the task design. 75 
 76 
Although data acquisition during EEG-fMRI may appear straightforward, the preparation is 77 
experience-demanding. A protocol for guiding proper preparation for data acquisition is 78 
important to ensure both the safety and yield (i.e., analyzable and reliable data). Despite the 79 
existence of various techniques to remove MRI-induced EEG artifacts, inconsistent artifacts in the 80 
EEG recorded, especially those related to machinery-induced vibration of the wires and subjects’ 81 
gross movements, are still difficult to completely remove; therefore, these artifacts need to be 82 
minimized during data acquisition. 83 
 84 
This article presents a straightforward protocol that utilizes readily available MRI-compatible 85 
medical products. The protocol provides important steps that ensure data quality, particularly 86 
the quality of EEG data, which is key to the success of an EEG-fMRI study. This protocol was 87 
developed based on the 20-year experience of the EEG-fMRI research team at the Montreal 88 



 

Neurological Institute12,17 and was further modified for use at Osaka University, which benefits 89 
both inexperienced and expert operators. 90 
 91 
PROTOCOL: 92 
The research ethics committee of Osaka University Hospital and the safety committee of the 93 
Center for Information and Neural Networks (CiNET) approved the protocol (Osaka University 94 
Hospital Approval Nos. 18265 and 19259; CiNET Approval Nos. 2002210020 and 2002120020). 95 
All subjects provided written informed consent for their participation. 96 
 97 
1. Preparation of the experimental setup 98 
 99 
1.1. Connect the MRI-compatible EEG and bipolar amplifiers to the battery packs (ensure that 100 
they are fully charged) and to the recording computer. 101 
 102 
1.2. Ensure that the workspace of the recording software is correctly set up. Set the amplitude 103 
resolution to 0.5 µV to avoid amplifier saturation; set the frequency filters according to the 104 
frequency band of interest. Set the sampling rate at 5,000 Hz (maximum possible for the 105 
amplifiers used in this protocol), regardless of the frequency band of interest. 106 
 107 
NOTE: Amplitude resolution at 0.5 µV corresponds to a maximum value of 16.38 mV, which is 108 
sufficient to record the gradient artifact, considering that gradient artifact peaks can reach 109 
amplitudes over 100-fold more than those of spontaneous scalp EEG (approximately 10–100 µV) 110 
at high speeds (>1,000-fold faster than the rate of change of ongoing EEG). Theoretically, the 111 
sampling rate should be at least twice as high (Nyquist theorem) as the highest frequency in the 112 
gradient switching spectrum, in order to accurately sample the high-frequency gradient-113 
switching artifacts and detect the true onset of each volume’s gradient activity for subsequent 114 
removal12,18. However, increasing the sample rate results in large file sizes, which require 115 
significant investment for data storage and may also impede subsequent post-processing. Using 116 
the syncing device makes it unnecessary to raise the sample rate to improve synchronization 117 
between the EEG and MR clocks (see step 1.4). A sampling rate of 5,000 Hz is adequate for usual 118 
EEG/event-related potential (ERP) recordings, and higher sample rates do not improve data 119 
quality because the subsequent artifact correction process, which involves down sampling of the 120 
data to a frequency below 500 Hz and additional low-pass filtering, eliminates all high-frequency 121 
gradient correction residuals that may exist18. 122 
 123 
1.3. Refer to the manual for details regarding the proper settings of the recording software 124 
needed for EEG acquisition in the MRI, which differs from that outside the MRI. 125 
 126 
1.4. Check whether markers from the scanner, i.e., the markers for clock synchronization (sync 127 
on by default) and volume trigger (R128 by default), are periodically displayed in the online EEG 128 
recording. The sync on display indicates that the MRI scanner and EEG clocks are synchronized, 129 
and R128 indicates that the volume triggers are recorded for subsequent post-processing. The 130 
MRI scanner and EEG clocks are synchronized using the SyncBox device, which detects the 131 
scanner clock output (usually 10 MHz and above), downsamples, and outputs the clock signal 132 



 

(and the synchronization markers) to the USB2 interface. 133 
 134 
NOTE: The USB2 interface sends the EEG data from all of the amplifiers, which are phase locked 135 
to the scanner clock signal, to the recording computer18. Periodic sync on markers are triggers 136 
generated from the scanner electrical pulse to synchronize the EEG signal sampling by the MR 137 
scanner rate, a requisite for scanner artifact correction. Volume triggers are used to identify MR 138 
volume scan onset time for scanner artifact correction during offline EEG processing19. 139 
 140 
1.5. Set up the MRI scanner according to the need and availability. It is best to use a transmit 141 
and receive head radio frequency (RF)-coil to minimize the risk of RF heating. However, a whole 142 
body transmit RF-coil and a 20-channel head receive only RF-coil were used here because a 143 
transmit and receive head coil was not available for the scanner used (typically the case for most 144 
modern scanners). 145 
 146 
1.6. Load a 10 mL syringe (or several as needed) with the abrasive conductive gel for 147 
application of the EEG cap. One could preload the abrasive gel in a 50 mL large-capacity plastic 148 
syringe for fluid dispensing and fill the 10 mL syringe with the gel prior to the subject’s arrival. 149 
  150 
NOTE: Application of a 32-channel EEG cap typically consumes about 20–25 mL of gel. 151 
 152 
2. Applying the EEG cap and ECG electrode 153 
 154 
2.1. At recruitment, ask the subject to complete a checklist of potential contraindications for 155 
MRI. Confirm that the subject has no contraindications for MRI prior to arrival. 156 
 157 
NOTE: In general, any subject who qualifies for MRI can participate in an EEG-fMRI study. The 158 
exclusion criteria are: non-cooperative or non-compliant subjects; those with underlying 159 
conditions (e.g., chronic back pain), which prevent them from lying supine for a certain period of 160 
time (typically at least 1 h); or subjects who may be unable to lie still on the MRI table during the 161 
scan. Movement not only hampers the quality of both EEG and fMRI data but also imposes a 162 
potential hazard to the subjects themselves (e.g., induces current in the wires and cables that 163 
may cause stimulation). In the case of task-based acquisition, the language comprehension ability 164 
of the subject should also be considered (avoid subjects who are unable to understand the 165 
instructions). In this study, 32 healthy volunteers (mean age, 40 years; 17 women) and 25 166 
patients with epilepsy (mean age, 31 years; 13 women) were recruited. 167 
 168 
2.2. Ask the subjects to wash their hair with shampoo without conditioner or wax before 169 
arrival. 170 
 171 
2.3. Explain the purpose of the experiment and next steps to the subject. 172 
 173 
2.4. Measure the head circumference (i.e., occipital frontal circumference) by wrapping a 174 
flexible non-stretchable measuring tape around the head over the supraorbital ridges and the 175 
occiput and select an appropriately sized cap. Use a cap that is 1 cm larger than the head 176 



 

circumference, and always ask the subject whether the cap is comfortable once placed (i.e., not 177 
too tight). 178 
 179 
2.5. After placing the cap at the approximate position over the subject’s head, using the same 180 
measuring tape, measure the lengths of the inion-nasion arc, defined as the arc over the midline 181 
of the head extending from the occiput to the bridge of the nose, and the peri-auricular arc, 182 
defined as the arc extending between the ears that crosses the midpoint of inion-nasion arc, over 183 
the cap. Mark the intersection of the inion-nasion arc and the peri-auricular arc (the point where 184 
the midpoints of both arcs meet, AKA Cz), and slide the cap over the head so that the position of 185 
electrode Cz is adjusted to this intersection. Ensure that the cap is not rotated horizontally by 186 
manually checking whether electrodes Fz, Pz, Oz, Reference, and Ground are positioned over the 187 
inion-nasion arc. 188 
 189 
2.6. Expose the skin underneath each electrode by displacing the hair to the side of the 190 
electrode using the back of a cotton swab. 191 
 192 
2.7. Rub the skin beneath each electrode by quickly spinning a cotton swab containing 70% 193 
alcohol solution placed through the opening of the electrode. 194 
 195 
2.8. Apply a small amount of the abrasive conductive gel (~0.2 mL) in the opening and abrade 196 
the skin by quickly spinning a cotton swab in a similar fashion. 197 
 198 
2.9. Monitor the impedance of the electrode (displayed by the recording software) and repeat 199 
the abrasion as stated in step 2.8 until the impedance drops at least below 20 kΩ20, preferably as 200 
low as possible (below 5 kΩ)21. 201 
 202 
2.10. Fill the opening with the same gel (usually ~0.5 mL) once the impedance is satisfactory. 203 
Do not apply excessive gel in the opening to avoid bridging between electrodes. Move to the next 204 
electrode if the impedance is unsatisfactory despite repeated abrasion and come back later 205 
because sometimes the impedance continues to drop with time after applying the gel. 206 
 207 
2.11. Repeat steps 2.6–2.9 for all of the scalp EEG electrodes. 208 
 209 
2.12. Before placing the ECG electrode at the back, ask the subject to sit upright without flexing 210 
the neck. 211 
 212 
2.13. Make sure that the ECG electrode wire is straight when placing the ECG electrode at the 213 
back but keep some allowance for laying the ECG electrode wire along the curve of the neck, to 214 
avoid displacement of the electrode when the subject lays down on the MRI table. Place the ECG 215 
electrode 2–3 cm left from the median furrow, which can be identified as the vertical indentation 216 
along the midline of the back. The vertical position varies depending on the subject’s height; it is 217 
typically positioned on the lower back approximately on the line that extends between the tips 218 
of the scapula in a subject of about 160 cm. 219 
 220 



 

2.14. Rub the skin underneath the ECG electrode with an alcohol swab. 221 
 222 
2.15. Attach the ECG electrode to the skin using a double-sided adhesive ring and repeat steps 223 
2.8–2.9. The adhesive ring also serves as a padding to avoid direct contact of the electrode with 224 
the skin. 225 
 226 
2.16. Fold the dry alcohol cotton swab into four, and place it on the ECG electrode. Tape it to 227 
the skin using a surgical tape (medical adhesive tape). Tape the ECG electrode wire to the skin up 228 
to the shoulder. 229 
 230 
3. Apply the carbon wire loop (if a bipolar amplifier is available) 231 
 232 
3.1. Place a set of pre-braid carbon wire (diameter 1 mm)9 consisting of six loops (diameter 10 233 
cm) over the cap in a position such that the bundle of the wires come in parallel with the bundle 234 
of the electrodes on the top of the head. 235 
 236 
3.2. Use surgical tape (1 x 2 cm) to secure the loops around the electrodes, so that the loops 237 
cover the head with each loop covering evenly almost an equal area (i.e., both the fronto-238 
temporal, both the temporo-occipital, the occipital, and the vertex). Alternatively, one could also 239 
sew the loops to the EEG-cap, if applicable. 240 
 241 
NOTE: The carbon wire loops on the head serve to capture movement, including 242 
ballistocardiogram (BCG). These signals are used for the removal of BCG artifacts from the EEG 243 
during offline EEG processing9. 244 
 245 
4. Securing the cap and carbon wire loops 246 
 247 
4.1. Make sure that the EEG electrodes are not forming loops. 248 
 249 
4.2. Wrap the subject’s head with an elastic bandage over the EEG cap and the carbon loops. 250 
The bandage serves to press the EEG electrode tightly onto the skin, to reduce MRI machinery-251 
induced vibration of the electrodes and prevent the gel from spilling onto the pillow when placing 252 
the subject inside the MR scanner (see step 5). 253 
 254 
4.3. Make sure that the bandage covers all of the electrodes and is not too tight by asking 255 
whether the subject feels uncomfortable pressure on the head while applying the bandage. 256 
 257 
5. Placing the subject in the MR scanner 258 
 259 
5.1. In the case of resting-state acquisition, instruct the subject to apply MRI-compatible 260 
earbuds in the ears. In the case of task-based acquisition, instruct the subject to apply the MRI-261 
compatible headset or earphones as per the requirement of the experiment. Make sure that the 262 
subject can hear through both sides of the headset or earphones. 263 
 264 



 

5.2. Place an MRI-compatible flat memory foam pillow in the lower half of the head coil before 265 
asking the subject to lie down and place the head in the coil. 266 
 267 
5.3. After positioning the head appropriately (top of the head placed as close as possible to 268 
the top of the head coil), place the electrode and carbon wire bundles straight through the top 269 
opening of the head coil. 270 
 271 
5.4. Add memory foam pillows to the top of the head, forehead, and temporal area. The 272 
pillows should appropriately fill up all spaces left within the head coil while not compressing the 273 
subject’s head too tightly. 274 
 275 
5.4.1. Make sure that the pillows are not squeezing the head while placing the upper half of the 276 
head coil and while closing the coil. Adjust the pillows or change to smaller size pillows if too 277 
tight. In this way, the pillows serve to hold the electrode wires to reduce MRI machinery-induced 278 
vibration on the electrode wires and to restrain head movements while maintaining the comfort 279 
of the subject during the scan. 280 
 281 
5.4.2. Place a half cylinder-shape memory foam pillow at the back of the neck so that the ECG 282 
electrode wire is sandwiched well between the pillow and the neck. The portion of ECG electrode 283 
wire that passes at the back below the shoulder is indeed sandwiched between the back of 284 
subject and the MRI table and is thus immobilized by the subject’s own weight. 285 
 286 
5.5. In the case of a task-based acquisition, after placing all of the memory foam pillows, make 287 
sure that the headset or earphones are not displaced by testing again if the subject can still hear 288 
through both sides of the headset or earphones. After closing the head coil, place the mirror and 289 
instruct the subject to adjust the mirror (in the case of the task that requires visual stimuli). 290 
Instruct the subject to adjust the mirror if necessary, after moving the table in order to place the 291 
subject’s head at the isocenter of the MRI bore. 292 
 293 
5.6. Connect the amplifiers placed at the back of the MRI bore to the recording computer 294 
placed in the console room using the optic fibers provided. 295 
 296 
5.7. After connecting the EEG/ECG electrodes and the carbon wire loops to the EEG and the 297 
bipolar amplifiers at the back of the MRI bore, switch on the amplifiers. Again, check the 298 
impedance of all electrodes to make sure that they are still low (at least below 20 kΩ). Remove 299 
the patient from the MR scanner for adjustment if there is any electrode with high impedance. 300 
 301 
6. Configuration of the wires and amplifiers 302 
 303 
6.1. Arrange all of the wires between the outlet of the top opening of the head coil and the 304 
amplifiers (including the electrodes and carbon wire bundles, the connector box, and the ribbon 305 
wires) so that they are placed straight and at the center of the MRI bore. This is important to 306 
minimize MRI-induced current. 307 
 308 



 

6.2. Place one carbon wire loop around the ribbon cable going from the EEG/ECG electrodes 309 
connector box to the amplifier and connect all of the carbon wire loops (see step 5.7) to the input 310 
box of the bipolar amplifier (EXG MR). This loop serves mainly to capture the vibrations caused 311 
by the Helium pump9. 312 
 313 
6.3. To minimize MRI machinery-induced vibration, immobilize the wires by sandwiching all 314 
of them with MR-safe and non-ferromagnetic sandbags all along the way between the outlet of 315 
the top opening of the head coil and the amplifiers. Also, place sandbags on the amplifiers. These 316 
sandbags, measured 330 mm x 240 mm x 50 mm and weighing 4 kg, are supplied by the EEG 317 
manufacturer. 318 
 319 
6.4. Position the amplifiers outside the bore of the magnet, which is allowed by the length of 320 
the cables as supplied by the manufacturer. 321 
 322 
7. EEG-fMRI data acquisition 323 
 324 
7.1. Make sure that the subject is comfortable with the positioning before leaving the scanner 325 
room, to avoid unnecessary subject movement during the acquisition. Instruct the subject to 326 
press the alarm button if necessary (i.e., in case of emergency or if the subject feels an 327 
uncomfortable sensation). Communicate with the subject from the console room to confirm that 328 
the subject can hear the operator. Tell the subject that loud noises are expected during data 329 
acquisition. Instruct the subject as required for the experiment, and instruct the subject not to 330 
move during data acquisition. 331 
 332 
7.2. Start the EEG recording before starting fMRI acquisition. Typically, the following images 333 
are acquired sequentially: scout images (two-dimensional) for positioning the fMRI field of view, 334 
fMRI, and structural images for co-registering the fMRI images during postprocessing. Shim 335 
sequences were run prior to acquiring each type of image for calibration of appropriate 336 
parameters. 337 
 338 
NOTE: It is important to use MRI sequences that are proven safe with amplifiers to maintain 339 
safety, and to avoid any damage to the amplifiers18. Details regarding the sequences considered 340 
safe will not be discussed in detail. Readers are encouraged to consult the user manual or the 341 
support team. In general, gradient echo sequences are recommended and spin echo sequences 342 
or any sequence with equivalent RF emission parameters, which can cause excessive RF-induced 343 
heating, should be avoided. Heating can be indirectly quantified using metrics that measure the 344 
amount of RF exposure, such as specific energy absorption rate (SAR) and the root mean square 345 
value of B1+ averaged over 10 s (B1+rms). Recently, B1+rms, dependent on the imaging 346 
parameters but independent of the subjects’ body mass22, is becoming the new standard to 347 
specify the limit. For example, the B1+rms thresholds for acquisition at 3 T using the Brain 348 
Products EEG cap are 1 µT for the current standard cap and 1.5 µT for the new standard EEG cap 349 
with a shorter (10 cm) bundled cable23. Flip angle, number of slices, and repetition time (TR) are 350 
parameters that need to be considered to keep SAR and B1+rms low. A small flip angle (<90°) is 351 
recommended. The number of slices and TR can be adjusted as long as the resulting sequence is 352 



 

below the threshold of B1+rms23. 353 
 354 
REPRESENTATIVE RESULTS: 355 
Upon placing the EEG cap using this protocol, the impedance of each electrode usually drops 356 
below 20 kΩ (Figure 1). Representative EEG signals obtained from a subject (20-year-old man) 357 
who participated in a neurocognitive study, and a different subject (19-year-old woman) who 358 
participated in an epilepsy study using this protocol in the same MR scanner are shown in Figure 359 
2 and Figure 3, respectively. The subject who underwent neurocognitive testing was instructed 360 
to keep the eyes open but stay still while performing a visual task as instructed. The subject for 361 
the epilepsy study was instructed to close the eyes and sleep, as epileptic activities are typically 362 
more frequent during sleep. The EEG signals acquired from both studies were similar before 363 
processing (Figure 2); the MRI gradient artifact obscured the real EEG signals. The EEG signals 364 
from both studies were processed offline as follows: MRI artifacts were removed using the 365 
subtraction method24; and BCG, movements, and Helium pump artifacts were removed using the 366 
regression of signals recorded from the carbon wire loops7,9. The resultant EEG signals (Figure 367 
3B) from both studies were of analyzable quality without visible contamination of BCG artifacts 368 
(Figure 3A). Epileptic activities were clearly seen on the EEG during the epilepsy study (Figure 369 
3B). On the EEG acquired during the neurocognitive study, blinking, eye movement, and muscle 370 
artifacts were seen, especially in the frontal leads (Fp1 and Fp2) after artifact removal (Figure 3B) 371 
due to the nature of the study, and may be further removed using other methods depending on 372 
the need. No artifact originating from machinery vibrations was seen on post-processed EEG 373 
signals acquired during both studies (comparable to EEG signals acquired outside MRI; Figure 3C). 374 
No artifact originating from the EEG electrodes was seen on the MR images acquired 375 
simultaneously (Figure 4). 376 
 377 
FIGURE AND TABLE LEGENDS: 378 
 379 
Figure 1: Representative EEG electrodes impedance that dropped below 5 kΩ upon application 380 
of a 32-channel EEG cap on a subject who participated in a neurocognitive study. Each round 381 
colored circle represents an EEG electrode, with the electrode name written within the circle; the 382 
position of each circle represents the position of each electrode on the EEG cap. The color bar 383 
and the numbers on the right represent the range of the impedance being measured (0–5 kΩ in 384 
this case); green color indicates that the impedance value is lower than the Good level value, and 385 
red color indicates Bad level. In this example, electrodes CP1, O1, Oz, O2, and ECG are indicated 386 
in light green, which means that the impedances of these electrodes were 2 kΩ; the rest of the 387 
electrodes are indicated in dark green, which means that the impedances of these electrodes 388 
were 0 kΩ. 389 
 390 
Figure 2: EEG signal before processing. Note that the MRI gradient artifact obscured the real EEG 391 
signals. 392 
 393 
Figure 3: Representative EEG signals from subjects who participated in neurocognitive and 394 
epilepsy studies. EEG signals on the top row were from a neurocognitive study and those on the 395 
bottom row were from an epilepsy study. EEG signals were processed offline. (A) EEG signals 396 



 

after MRI gradient artifact removal. The boxes in light blue indicate BCG artifacts. (B) EEG signals 397 
after artifact removal using regression of signals recorded from the carbon wire loops. (C) EEG 398 
signals recorded outside MRI using the same EEG equipment. EEG signals were shown in 399 
referential montage (reference at FCz); EEG in bipolar montage (each channel represents the 400 
voltage difference between a pair of adjacent electrodes) of the same segment is also shown for 401 
EEG acquired during an epilepsy study to ease the visualization of epileptic activities. The blue 402 
arrowheads (B and C, top row) indicate blinking (high-amplitude slow downward 403 
deflections/diphasic potentials at Fp1 and Fp2), the black arrowhead (B, top row) indicates eye 404 
movement resulting from a saccade or a spontaneous change of gaze (small, rapid deflections at 405 
Fp1 and Fp2), and the green rectangles (B, top row) indicate alpha rhythm seen on the EEG 406 
acquired during a neurocognitive study. The low-amplitude and high-frequency activities 407 
predominantly at Fp1 and Fp2 are muscle artifacts (thickening of the EEG tracing, top row). The 408 
red arrowheads (B and C, bottom row) indicate the time points at which epileptic activities were 409 
identified on EEG acquired during an epilepsy study (sharp downward or upward deflections that 410 
are sometimes followed by a slow wave). 411 
 412 
Figure 4: Representative MRI data acquired from a subject using this protocol. Note that the 413 
EEG electrodes did not cause visible artifacts on the MR images acquired simultaneously. (A) 414 
magnetization prepared rapid acquisition with gradient echo image; (B) echo planar imaging. 415 
 416 
DISCUSSION: 417 
This protocol highlighted the important points for the safe simultaneous EEG-fMRI acquisition of 418 
good quality data. 419 
 420 
Some common errors resulting in difficult-to-remove artifacts on EEG as well as troubleshooting 421 
techniques are as follows. First, choosing subjects that are compliant and cooperative and 422 
ensuring their comfort during data acquisition can prevent premature termination due to subject 423 
movements (steps 2.1 and 5.4). Second, impedance not dropping below 20 kΩ after repeated 424 
abrasion of the scalp (step 2.9) is most likely due to inadequate brushing after use. Thoroughly 425 
brushing each opening of the EEG electrodes when washing the cap prevents this problem. Third, 426 
inappropriate settings of the hardware and software can result in saturation of the EEG signals 427 
that subsequently hamper artifact removal during offline EEG processing. Lastly, to prevent the 428 
recording of saturated EEG signals, maintain the impedance of each electrode below 20 kΩ after 429 
placing the subject in the MR scanner prior to data acquisition; adequately diminish mechanical 430 
vibrations by immobilizing the EEG cap (which also means the subject’s head), cables and wires; 431 
monitor the raw EEG signal online with the recording software and make sure that the sampling 432 
rate and amplitude resolution are correctly set up. 433 
 434 
The simultaneous acquisition of EEG and fMRI raises important safety issues related to RF-435 
induced heating and switching gradient-induced currents due to the presence of electrical wires 436 
connected to the subject in the rapidly changing magnetic field5. These safety issues have been 437 
largely minimized over the years following research findings that have enhanced knowledge of 438 
this aspect and led to large improvements in the technology of MRI-compatible EEG equipment. 439 
Nevertheless, careless preparation without adequate knowledge or not taking safety precautions 440 



 

places the subjects in danger. For instance, loops that form anywhere within the circuit induce 441 
current and possible heat injury. Acquisition with the electrodes at high impedance not only 442 
hampers the EEG data quality but also poses a potential hazard to the subject (thermal injury due 443 
to high current density). The same hazard applies to broken electrodes. Cables placed in close 444 
proximity to the MR bore wall, in other words, far from the center, also pose a potential heating 445 
hazard to the subject (heating due to antenna effect)25. This protocol emphasizes the following 446 
safety aspects: no loops form within the circuit between the subject and the amplifier, all 447 
electrodes have low impedance during the MRI scan, and all cables are placed in the center of 448 
the bore. Beginner operators are advised to undergo training and follow the manufacturer’s 449 
guidelines found in the user manual and demonstration videos20 to avoid any safety concerns. 450 
 451 
The major causes of artifacts found on EEG-fMRI are switching gradient of the MRI, BCG, or the 452 
subject’s gross or subtle movements (face movements, clenching, swallowing etc.). In some MRI 453 
setups, artifacts caused by the helium pump and ventilators also significantly compromise the 454 
EEG signals. MR gradient artifacts are rather consistent in the waveforms and can be sufficiently 455 
corrected using a template-based subtraction technique if they are fully recorded without 456 
distortion using amplifiers with a sufficient dynamic range24. BCG artifacts are usually corrected 457 
using either the subtraction technique26, independent component analysis6, optimal basis set8, 458 
or a combination10. Recently, artifact removal using simple regression based on signals acquired 459 
simultaneously with carbon wire loops has been developed7,9. The protocol presented here 460 
illustrates the technical aspect, with the aim of providing an introductory guide for those who 461 
are interested in using this method. This method removes BCG, subtle subject movements, and 462 
helium pump artifacts and the resulting EEG signals are reportedly superior to those corrected 463 
using other methods7,9. However, larger motion artifacts, especially those containing swaying 464 
movements, are not removable even using this method7. Despite the improvement of these 465 
artifact-removal methodologies over the years, inconsistent artifacts, including those caused by 466 
MRI machinery-induced vibration are still difficult to remove. Moreover, the more extensive the 467 
artifact removal procedure, the higher the risk of losing some real EEG signals. Therefore, good 468 
preparation that can minimize the inconsistent artifacts remains most important in EEG-fMRI 469 
acquisition. In this protocol, these artifacts are minimized by using: (1) an elastic bandage to wrap 470 
the head and memory foam pillows to immobilize the head in the head coil, to reduce possible 471 
vibration of the wires while maintaining the subject’s comfort; (2) cotton and medical adhesive 472 
tape to reduce vibration of the ECG electrode wire that may not be fully immobilized by the 473 
subject’s own weight (partially floating between the subject and the table especially in a thin 474 
subject); and (3) sandbags to immobilize the cables placed in the MRI bore. These are important 475 
techniques to minimize difficult-to-removed MRI machinery-induced vibration artifacts, which 476 
have not been described in the previously published EEG-fMRI protocol20. In that protocol, 477 
subjects were placed in the scanner without additional wrapping over the EEG cap and padding 478 
around the head, and cables were only taped at a few points without immobilization using 479 
sandbags. Based on 20 years of experience at the Montreal Neurological Institute, we realized 480 
that those measures may contribute to the susceptibility of the electrode wires and cables to MRI 481 
machinery-induced vibration, although they are rarely emphasized in most EEG-fMRI studies6. 482 
Minimizing the MRI machinery-induced vibration subsequently leads to better quality and 483 
readability of the EEG, which is particularly useful for identifying subtle changes or events in the 484 



 

EEG6, such as small epileptic discharges in epilepsy studies and single-trial ERPs in neurocognitive 485 
studies. 486 
 487 
The detection of ERPs in EEG signals is a prerequisite for cognitive neuroscience studies. In 488 
contrast to the classic grand average response across trials, ERP single-trial detection, which 489 
provides insights into brain dynamics in response to a particular stimulus, is becoming a new 490 
target in modern cognitive neuroscience studies and non-invasive brain-computer interface 491 
research27. Application of the present protocol may contribute to increasing efficiency in these 492 
research fields. 493 
 494 
The protocol is best suited for the MRI-compatible EEG system used in this study. Nevertheless, 495 
we believe that the important points may also be applicable to other MRI-compatible EEG 496 
systems. 497 
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(A) EEG signals after MRI 
gradient artifacts removal

(B) EEG signals after BCG, 
movements, and He pump 
artifacts removal using 
regression of signal recorded 
from the carbon wire loops

(C) EEG signals acquired outside 
MRI (band-passed filtered at 
0.3-50Hz)
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Comments/Description

BrainAmp EXG MR Brain Products, GmBH, Germany MRI-compatible bipolar amplifier

BrainAmp MR Plus Brain Products, GmBH, Germany MRI-compatible EEG amplifier

BrainCap MR Brain Products, GmBH, Germany MRI-compatible EEG cap

ESPA elastic bandage Toyobo co., Ltd. elastic bandage for for wrapping the subject's head
One Shot Plus P EL-II 

alcohol swab Shiro Jyuji, Inc. Alcohol swab for preparing the skin

Power Pack Brain Products, GmBH, Germany

MRI-compatible battery pack for electric supply of the 

amplifiers

SyncBox Brain Products, GmBH, Germany

Phase synchronization between the EEG equipment and the 

MRI scanner

USB 2 Adapter (BUA) Brain Products, GmBH, Germany

USB Adaptor to connect the amplifiers to the recording 

computer
V19 abrasive 

conductive gel Brain Products, GmBH, Germany Abrasive gel for the application of the EEG-cap
Yu-ki Ban GS Medical 

adhesive tape Nitoms, Inc.

medical adhesive tape to secure the ECG electrode and carbon 

wire loops
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