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published study, in which fMRI-guided TMS was used concurrently with EEG to show
that the face-selective N1 and the body-selective N1 component of the ERP are
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and EEG and therefore obtain a comprehensive understanding of the neural basis of
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Short Abstract  11 

This paper describes a method for collecting and analyzing electroencephalography (EEG) data 12 

during concurrent transcranial magnetic stimulation (TMS) guided by activations revealed with 13 

functional magnetic resonance imaging (fMRI). A method for TMS artifact removal and 14 

extraction of event related potentials is described as well as considerations in paradigm design 15 

and experimental setup.  16 

   17 

Long Abstract  18 

 19 

Transcranial Magnetic Stimulation (TMS) is an effective method for establishing a causal link 20 

between a cortical area and cognitive/neurophysiological effects. Specifically, by creating a 21 

transient interference with the normal activity of a target region and measuring changes in an 22 

electrophysiological signal, we can establish a causal link between the stimulated brain area or 23 

network and the electrophysiological signal that we record. If target brain areas are functionally 24 

defined with prior fMRI scan, TMS could be used to link the fMRI activations with evoked 25 

potentials recorded. However, conducting such experiments presents significant technical 26 

challenges given the high amplitude artifacts introduced into the EEG signal by the magnetic 27 

pulse, and the difficulty to successfully target areas that were functionally defined by fMRI. 28 

Here we describe a methodology for combining these three common tools: TMS, EEG and fMRI. 29 

We explain how to guide the stimulator's coil to the desired target area using anatomical or 30 

functional MRI data, how to record EEG during concurrent TMS, how to design an ERP study 31 

suitable for EEG-TMS combination and how to extract reliable ERP from the recorded data. We 32 

will provide representative results from a previously published study, in which fMRI-guided 33 

TMS was used concurrently with EEG to show that the face-selective N1 and the body-selective 34 

N1 component of the ERP are associated with distinct neural networks in extrastriate cortex. 35 

This method allows us to combine the high spatial resolution of fMRI with the high temporal 36 

resolution of TMS and EEG and therefore obtain a comprehensive understanding of the neural 37 

basis of various cognitive processes. 38 

 39 

 40 
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Introduction  42 

 43 

Transcranial Magnetic Stimulation (TMS) generates momentary interference to the normal 44 

neural activity in target areas of the brain. By creating this transitory neural interference and 45 

measuring a behavioral or physiological change, we can draw a causal link between the target 46 

area and the measured experimental effect (for a review see 1,2). Such an experimental effect 47 

may be, for example, a performance on a cognitive task or a change in electrophysiological 48 

(EEG) activity. Indeed, in recent years researchers have started using TMS in combination with 49 

EEG to directly relate cortical areas with event-related potentials (ERP) or oscillatory activity 50 

patterns (e.g. 2-7). In this methodological paper we will describe a particular and useful 51 

framework for combining TMS and EEG: fMRI-guided TMS during an ERP experiment. First, we 52 

will detail how to apply TMS to areas predefined by fMRI, while recording EEG data. We will 53 

then describe an experimental design that allows extraction of reliable ERP. The goal of such an 54 

experiment is to causally link brain areas revealed with functional MRI to ERP components of 55 

interest. Lastly, we will give a specific example of a study relating face and body selective ERPs 56 

with face and body selective areas that are revealed with fMRI.    57 

 58 

What is the benefit of linking EEG signals with fMRI activations? EEG and fMRI are commonly 59 

used tools to measure cortical responses to visual input. For example, category-selectivity in 60 

the visual pathway was assessed for different visual object categories such as faces, body parts, 61 

and written words, both by means of ERP extracted from EEG data 8,9, and functional MRI 10-12. 62 

The signals measured by these two common research tools are, however, of fundamentally 63 

different nature. EEG carries information about neural electrical activity with great temporal 64 

precision, but very low spatial resolution and may reflect a mixture of many separate 65 

underlying sources. The fMRI provides an indirect measure of neuronal activity relying on the 66 

slow hemodynamic changes occurring during stimulus presentation or/and task execution, but 67 

presents this activity with a higher spatial resolution. Establishing a correlation between the 68 

two measures can thus be of great interest, but is limited in that it does not imply a causal link 69 

between the scalp-recorded electrophysiological response and the areas revealed with 70 

functional MRI. Even when measured simultaneously (e.g. 13-15), a directional causal relation 71 

between EEG and activity in functionally defined cortical areas cannot be determined. TMS is a 72 

tool that can assist achieving the establishment of such a causal relationship. 73 

  74 

A simultaneous EEG-TMS study is methodologically challenging, mostly due to the high voltage 75 

artifact introduced to the EEG signal by the magnetic stimulation (see Fig. 1, for a review see 16). 76 

This artifact consists of a transient short living pulse-related disturbance, often followed by a 77 

slower secondary (or residual) artifact that may last a few hundreds of milliseconds after the 78 

pulse is delivered (Fig. 2A), thus overriding most ERP components of interest. This secondary 79 

artifact may include mechanical sources such as currents induced by the magnetic pulse into 80 

the wiring and the slow decay of these currents in the skin, and physiological sources such as 81 

muscular activity over the scalp and auditory or somatosensory evoked potentials elicited by 82 

the operation of the coil 17-20. Although the mechanical sources of interference probably 83 

produce larger amplitude artifacts than the physiological ones, these different artifacts cannot 84 

be separated, and the existence of any of them in the signal can confound the results. One 85 



possible solution is the application of repetitive TMS pulses prior to EEG recording ("offline 86 

TMS"), as opposed to simultaneous EEG-TMS. The inhibitory effect of such a protocol on 87 

cortical activity persists for several minutes (and up to half an hour) after the stimulation, and 88 

EEG can be measured during this effective time window and compared with baseline, pre-TMS, 89 

EEG data. Repetitive stimulation, however, is by definition lacking the high temporal resolution 90 

that online TMS may offer, where pulses can be administered at a precise timing relative to trial 91 

onset at the millisecond resolution. The effect of repetitive stimulation may also propagate via 92 

cortical connections across a wider area than desired and therefore significantly reduce the 93 

spatial resolution as well.  94 

 95 

To take advantage of both the spatial and temporal resolution that TMS can provide, a 96 

simultaneous EEG-TMS combination can be applied. However, this requires methods for 97 

removal of artifacts generated by the magnetic stimulation on the EEG signal. Very few offline 98 

mathematical solutions for TMS artifact removal have been proposed 16,21,22, although no 99 

method is agreed upon, and no one method may be optimal for all experimental designs. A 100 

"clipping" system, consisting of a sample-and-hold circuitry, was also developed to momentarily 101 

stop EEG acquisition during TMS pulse delivery 20. This technique not only requires specialized 102 

hardware, but may not completely remove the residual TMS artifact. In this paper we will 103 

describe an adaptation of an EEG-TMS methodology developed by Thut and colleagues 19, 104 

particularly suitable for ERP studies. This technique allows reliable extraction of ERP while 105 

eliminating all the residual noise components caused by the TMS pulse (see Fig. 2). We will 106 

further provide general guidance towards a successful EEG-TMS experimental setup. 107 

 108 

Another challenge in TMS studies addressed in this methodological paper is finding the best coil 109 

position and angle for an accurate targeting of the desired cortical area. We will describe the 110 

use of a stereotactic navigation system to coregister the subject's head with the pre-acquired 111 

functional MRI images. Although the navigation system can be used to localize anatomically-112 

defined brain structures, an fMRI-guided targeting is particularly useful since for many 113 

functions and experimental effects the precise location of activation cannot be inferred from 114 

anatomical markers alone. For such functional regions of interest (ROI), the definition of an 115 

area is made for each participant individually.   116 

  117 

To illustrate all of the above, we will provide an example of a study we conducted previously, in 118 

which EEG was recorded concurrently with TMS guided by fMRI activations 7. In this study, a 119 

double dissociation was made between face-selective and body-selective ERPs: although face 120 

and body ERPs peak around the same latency and electrode sites, targeting individually defined 121 

face-selective and body-selective areas in the lateral occipital lobe enabled us to dissociate the 122 

neural networks underlying each ERP response. Finally, we will try to give more general advise 123 

for optimizing EEG recording during TMS application. 124 

 125 

  126 



Protocol 127 

 128 

The experiment is conducted in two separate sessions. During the first session a functional MRI 129 

experiment (e.g. a functional localizer) is carried out in order to define the desired TMS target 130 

areas on an individual subject basis. The fMRI results are then fed into a stereotactic navigation 131 

system for an accurate TMS targeting. The second session is held following the analysis of the 132 

fMRI data, during which EEG is recorded concurrently with TMS. The protocol described here 133 

was approved by the ethics committee of the Tel-Aviv Sourasky Medical Center. 134 

 135 

In the example given in this paper, data were analyzed with Matlab version 7.7 (R2008b).  The 136 

Statistical Parametric Mapping (SPM 5) software for Matlab and MarsBar toolbox for SPM 23 137 

were used for fMRI data processing.  138 

1) fMRI session and fMRI data analysis 139 

 140 

1.1) Run a functional MRI task using an echo planar imaging (EPI) sequence to determine the 141 

desired foci of activation to be targeted with TMS. For a better dissociation between adjacent 142 

areas, such as the OFA and EBA in the example below, high-resolution scanning is 143 

recommended. Voxels of 3mm3 or smaller, obtained with an MRI head-coil of 8 channels or 144 

more, are sufficient for delineating adjacent regions. 145 

 146 

1.2) Run a T1-weighted structural scan to obtain neuroanatomical data. Make sure that the face 147 

of the participant is entirely included in the field of view of this scan, since external markers on 148 

the image (e.g. the tip of the nose) will be later used to coregister the subject's head with its 149 

scan.  150 

 151 

1.3) After data collection, use the MarsBar toolbox for SPM to define the desired brain regions 152 

of interest based on contrasts between the experimental conditions. Use the contrasts 153 

face>objects to define the Occipital Face Area (OFA), and bodies>objects to define the 154 

Extrastirate Body Area (EBA). To further ensure that the two cortical targets are functionally 155 

distinct, use “conjunction” (in MarsBar) to mask from each ROI any voxels responding to the 156 

other experimental condition (exclude face-voxels from the EBA, and body-voxels from the 157 

OFA).   158 

 159 

1.4) Corregister the structural T1 images with the functional scans, using SPM. 160 

 161 

1.5) Copy the files of the structural scan, as well as the relevant functional contrast files, to a 162 

portable drive in order to upload to the navigation system.  163 

 164 

2) Preparing a paradigm for the EEG-TMS experiment that will allow ERP extraction 165 

  166 

Described in the section below is a method for collecting EEG data during TMS application in a 167 

way that allows extraction of reliable and replicable ERPs 19. The advantage of this technique is 168 

that it easily handles the secondary, long lasting, TMS artifact, and is robust enough even to 169 



allow restoration of data at electrodes located right under the TMS coil, where the artifact is of 170 

the highest voltage and longest duration.  171 

 172 

2.1) Organization of the paradigm 173 

 174 

2.1.1) Run the different TMS conditions (the different target brain areas, as well as a no-TMS 175 

condition) in separate blocks.  176 

 177 

2.1.2) Within each block present the participant with all stimulus conditions (e.g. faces, objects, 178 

scenes and so forth) randomly in an event-related design.  179 

 180 

2.1.3) For better quality of ERP and TMS-noise template (below) make sure to have at least 50 181 

trials per condition. 182 

 183 

2.2) Set the timing of the TMS pulse/pulses to the desired latency after image onset. This is 184 

done via writing to a parallel port, from which a cable goes to the TMS stimulator. This function 185 

is available in most software for psychological experiments, such as Psychtoolbox (versions 2 or 186 

3) for Matlab 24 or E-Prime (see table 1). Jitter the inter stimulus interval (ISI) to reduce stimulus 187 

(and pulse) predictability (e.g. add a random value between 0 to 500 ms at each ISI).   188 

 189 

2.3) Prepare an additional blank-screen condition: 190 

 191 

2.3.1) Prepare trials during which TMS will be applied at the same intensity, but with no 192 

stimulus presentation on the screen. These blank-screen TMS trials will be served to calculate a 193 

TMS artifact template in the absence of visual stimulation.  194 

 195 

2.3.2) Set the number of repetitions of the blank trials to be identical to the number of 196 

repetitions of any one of the experimental conditions within the block.  197 

 198 

2.3.3) For an accurate representation of the shape of the TMS residual artifact, randomize the 199 

blank trials throughout the whole block rather than presenting them all at the beginning or at 200 

the end.  201 

 202 

3) Setting up the EEG and the neuronavigation system, and conducting the experiment 203 

  204 

Accurate TMS targeting of individually defined ROIs is possible with the use of a stereotactic 205 

navigation system, comprised of an infrared camera, infrared sensors mounted on the 206 

participant's head, and a specialized software.     207 

 208 

3.1) Screen participants based on TMS safety criteria. Exclude from participation subjects with a 209 

self or family history of epilepsy, subjects with other neurological conditions or with frequent 210 

migraines, and subjects on psychoactive drugs. Although not typically screened for, subjects 211 

with suspicion for autonomic disorders such as vasovagal syncopes (mostly manifested as a 212 

tendency to faint easily) may also be excluded. Instruct participants to avoid alcoholic drinks 213 



starting the prior evening, and caffeinated drinks at least two hours before the experiment.  For 214 

further instructions and discussion of safety see 25, and the Magstim safety review 215 

(http://joedevlin.psychol.ucl.ac.uk/tms/docs/magstim_safety.pdf).    216 

 217 

3.2) Prepare the neuronavigation system: 218 

 219 

3.2.1) Before the session starts, feed the structural scan files into the navigation system's 220 

software.  221 

 222 

3.2.2) Overlay the functional MRI results (the contrasts) on the structural images.  223 

 224 

3.2.3) Using the Neuronavigation software, mark the desired targets on the images, as well as 225 

the external anatomical markers that will serve for coregistration: the tip of the nose, the 226 

deepest part of the nose bridge often referred to as nasion, and the tragus of each ear.  227 

 228 

3.3) Mount the EEG cap on the participant’s head and connect the electrodes: 229 

 230 

3.3.1) Try to keep electrode impedance not higher than 5kΩ.  231 

 232 

3.3.2) To avoid TMS-related heating of the electrodes, use as little gel as possible. To achieve 233 

good impedance with little amount of gel perform a thorough skin preparation. Optionally, ask 234 

participants to wash their hair before coming to the experiment.  235 

 236 

3.3.3) Make sure that the electrode wires do not cross each other and are oriented away from 237 

the coil's location. Avoid loops in the wires.  238 

 239 

3.3.4) Use a high sampling rate for a better representation of the noise artifact. It is 240 

recommended to use 1kHz or above, as most previous studies using this method have done 7,26-
241 

28. 242 

 243 

3.3.5) Place the reference and ground electrodes as far from the coil as possible. In this 244 

example, areas in the occipital cortex were targeted using a nose reference and an Fz ground 7. 245 

For other examples see 3,4,27,29,30. Note that data can be re-referenced offline to a new 246 

reference as needed, such as the common average.    247 

 248 

Note: For a review about optimization of TMS-EEG setup, see 31.  249 

 250 

3.4) Coregister the subject's head with the scan, as follows:  251 

 252 

3.4.1) Mount the infrared detectors on the participant's head.  253 

 254 

3.4.2) Coregister the head location with the navigation system using the predefined markers 255 

(tip of the nose, etc. See Fig. 3). It is advised to repeat the coregistration between blocks to 256 

ensure accurate coil placement at all stages.  257 

http://joedevlin.psychol.ucl.ac.uk/tms/docs/magstim_safety.pdf


 258 

3.5) Locate the target areas: 259 

 260 

3.5.1) Have the subject seated with the chin resting on a chinrest at the desired distance from 261 

the screen.  262 

 263 

3.5.2) Make sure the participants are comfortable at their chair, as they are asked to refrain 264 

from movements during the experimental blocks (important for an accurate noise-template 265 

measurement).  266 

 267 

3.5.3) Choose a TMS target from the navigation system (Fig. 3).  268 

 269 

3.5.4) Using the pointer tool (see table 1), let the navigation system guide the user to the 270 

optimal coil location and mark it with a small sticker on the electrode cap. It is important to 271 

hold the pointer perpendicular to the head. Repeat this stage prior to each block. Note that it is 272 

not recommended to use online navigation during the block (navigating the coil itself while 273 

holding it) since any coil movement should be avoided for a best measurement of the TMS 274 

artifact template. It was found that predefining and marking the TMS location is the optimal 275 

way to achieve stable stimulation.  276 

 277 

3.5.5) Guide the coil's precise center to the marker, while being held by a holder. Make sure it is 278 

tangential to the head.  279 

 280 

3.6) Set the TMS intensity to the desired value. Administer one test pulse for the participant's 281 

approval.  282 

 283 

3.7) Run the experimental block.      284 

 285 

3.8) No-TMS condition: if a specialized sham TMS coil is not available, place the TMS coil next to 286 

the subject's head and tilt it in 90°. Run the block as usual, including the blank trials. 287 

 288 

The reader may also refer to the JoVE video paper by Andon and Zatorre 32 for further 289 

demonstration of the navigation system.  290 

 291 

4) Analyzing the EEG data and computing ERP  292 

   293 

4.1) Remove the immediate pulse artifact, as follows:  294 

 295 

4.1.1) If a clipping device is not available (see above), the first step in the EEG data processing 296 

would be to cut out the immediate TMS pulse artifact itself from the data. Note that this step 297 

can be skipped if filters are not desired. But if filters are applied, the sharp-edge shape of the 298 

artifact will create distortions in the data. A narrow time-window of 10 to 15ms after pulse 299 

onset should suffice, but be sure to verify this by visual inspection of the data.  300 

 301 



4.1.2) Connect the two cut ends created after pulse removal. Two main methods for 302 

accomplishing this have been suggested in previous reports: 1. simply join together the two 303 

ends remaining after pulse removal (see 26 and Fig. 1); 2. interpolate a line between the two cut 304 

ends by generating equally spaced values between them 7. The equation used for this 305 

interpolation is as follows: for each missing data point y at sample x, compute y=y0+((y1-y0)*(x-306 

x0))/(x1-x0) where x0 and y0 are the coordinates for the last data point before the cut segment, 307 

and x1 and y1 are the coordinates for the first data point after the cut segment. Both 308 

techniques assure that filters can be applied on the data without producing ripples due to sharp 309 

voltage steps, as demonstrated in Fig. 1. Refer to the work by Reichenbach and colleagues 27 for 310 

a more complex 3rd order polynomial interpolation.  311 

 312 

4.2) Apply the subtraction method: 313 

 314 

4.2.1) For each experimental block, including a no-TMS control condition if present, calculate an 315 

averaged ERP to the blank screen trials by time-locking them to trial start (as if an image had 316 

been presented).  317 

 318 

4.2.2) Subtract this averaged template from each trial of all other stimulus conditions. If several 319 

blocks were run for the same stimulation site, do this separately for each block, as the template 320 

will be slightly different between the blocks.  321 

 322 

4.3) All other pre-processing and processing steps are carried out as in any other ERP 323 

experiment.  324 

 325 

  326 



Representative Results 327 

 328 

A concurrent EEG-TMS investigation was used to reveal whether the ERP responses to faces and 329 

bodies recorded over the occipito-temporal scalp are dissociated. When visual stimuli are 330 

presented, a prominent N1 component is recorded at posterior-lateral electrode sites. In 331 

particular, the N1 component is typically larger for faces and bodies than to other stimulus 332 

categories 8,33. By assessing the effect of stimulation on face and body-selective brain areas 333 

defined with fMRI on their respective face and body N1 component, we attempted to reveal 334 

whether the face and body N1 responses reflect (at least partially) non-overlapping sources, or 335 

rather the same network activity with quantitatively different activation levels. 336 

 337 

We applied a double-pulse stimulation at 60 ms and 100 ms after image onset (see for example 338 
34,35), to the face-selective and body-selective areas in the lateral occipital cortex - the Occipital-339 

Face Area (OFA) and the Extrastriate Body Area (EBA) (Fig. 4A, see section 1.3 above for 340 

definition of the relevant fMRI contrasts). The two areas were stimulated in separate blocks, 341 

while subjects viewed images of faces and headless bodies. Results show that stimulation to the 342 

OFA enhance the N1 amplitude to faces but not to bodies, whereas stimulation to the EBA 343 

enhance the N1 to bodies but not to faces. Fig. 2B depicts the face N1 before and after TMS 344 

residual artifact subtraction, and Fig. 4B shows the specific effect of TMS on the N1 component 345 

as a function of stimulated area. 346 

 347 

These findings show how fMRI-guided TMS during concurrent EEG recording can be applied to 348 

assess whether two (or more) neural networks are dissociated, as well as to establish a causal 349 

link between a functionally defined brain area and an electrophysiological signal.     350 

  351 

 352 

Figure Captions 353 

 354 

Figure 1. Data processing.  Raw and processed data of a representative subject, at the lateral-355 

occipital electrode PO8. A. Raw EEG data including two trials, each containing two TMS pulses 356 

separated by 40 ms (red arrows); B. Zoom into the data after pulse removal. The two pulses at 357 

each trial are removed from the data by cutting a window around the double-pulse (2 ms 358 

before first pulse to 16 ms after second pulse). The cut edges are then connected by 359 

interpolation (red arrows) as explained in 4.1.2; C.  The interpolated segment allows filtering 360 

without creating edge artifacts. In this figure, a 40 Hz low-pass filtered ERP (red) is plotted 361 

against its non-filtered version (grey); D. As an alternative to interpolation, the free ends that 362 

are remained after pulse removal can be joined together (see for example 26, and point 4.1.2 in 363 

the text). Here, both methods are compared and show highly similar waveforms (blue and red 364 

traces mostly overlap), after low-pass filtering at 40 Hz. Red trace: linear interpolation method; 365 

blue trace: no interpolation (connected edges are taken apart for plotting purpose only, to keep 366 

consistency of time axis).   367 

 368 

Figure 2. TMS artifacts and the subtraction technique. A. Left - ERP time-locked to the 369 

presentation of an image of a face, with a double-pulse TMS at 60 ms and 100 ms after image 370 



onset. Each line represents an electrode. Note that for some electrodes the immediate TMS 371 

artifact is followed by a longer residual artifact. Right – Approximate coil location is symbolized 372 

by the two red circles, and a few electrodes are labeled for orientation; B. Artifact-subtraction 373 

procedure. The immediate pulse artifact is removed (concealed), a template of the residual 374 

noise is measured based on “TMS only” trials and subtracted from full trials. Adapted with 375 

permission from 7. 376 

 377 

Figure 3. Stereotactic Navigation System. Top: Setting landmarks for corregistration. In order 378 

to corregister the structural scan of the head with the actual head position during the 379 

experiment, anatomical landmarks are marked on the image as shown by arrows. Then, the 380 

locations in space of the same landmarks on the subject’s head are provided to the system with 381 

the aid of a specialized tracker that is detected by the camera. Bottom: Functional brain areas 382 

can be precisely targeted. Activations are overlaid on the anatomical image, and desired areas 383 

are marked and saved. During the session the experimenter can load a pre-defined area to 384 

target with TMS.  385 

 386 

Figure 4. Representative results. Double-pulse TMS was applied either to the right OFA or to 387 

the right EBA, at 60 ms and 100 ms after the onset of a face or a headless-body image. A 388 

dissociation between the face-N1 and the body-N1 responses was made. A. The two target 389 

areas in a representative subject; B. Left - double dissociation between the face and the body 390 

networks. TMS to the OFA enhanced the N1 response to faces, but not to bodies, relatively to 391 

TMS to the EBA. The opposite pattern is shown for headless-body stimuli. Right – N1 peak 392 

amplitude for faces and bodies, following OFA stimulation, EBA stimulation, and without TMS 393 

stimulation. Error bars denote the SEM. This figures was adapted with permission from 7.    394 

 395 

Discussion 396 

 397 

Having the unique ability to momentarily disrupt normal neuronal activity in selected cortical 398 

areas, in precise time points and with a relatively good spatial accuracy, TMS allows to causally 399 

link a stimulated brain area with a behavioral or a neurophysiological measure. In this paper we 400 

described a method for measuring EEG during concurrent TMS application, targeting 401 

functionally defined cortical areasa, and applying an analysis that enables a reliable measuring 402 

of ERP responses. We gave an example from the literature in which TMS was used in 403 

combination with EEG and fMRI to ask whether given fMRI-defined brain areas (i.e. OFA and 404 

EBA) are causally associated with ERP responses to their preferred stimuli (i.e. faces and 405 

bodies).  406 

  407 

The subtraction technique described, which was validated 19 and applied in several studies 408 
7,26,27, has several noteworthy advantages: it allows elimination of the residual long-lasting TMS 409 

artifact covering the time-window of most significant ERP components; it equally eliminates the 410 

artifact components from muscular, mechanical (electrical interference to the electrodes) and 411 

non-desired cortical (e.g. auditory) origins; and it is robust and reliable even in electrodes lying 412 

                                                 
a
 The same technique can also be applied for anatomically-defined areas 



directly under or in proximity to the coil. Note that line noise can also be pronounced in these 413 

electrodes, in addition to the enhanced amplitude TMS pulse artifact, since the coil might be 414 

touching or lying in close proximity to the electrode or the wires. The technique demonstrated 415 

here enables the extraction of ERPs at these electrode sites as well. This is of primary 416 

importance since very often the evoked responses of interest originate in or near the 417 

stimulated cortical area. Furthermore, recovering signals from the entire scalp is necessary in 418 

cases where source reconstruction algorithms are desired.  419 

 420 

The combination of research tools such as TMS, EEG and fMRI, each putting forward different 421 

aspects of neural activity and attacking similar questions from different angles, is a promising 422 

move forward in the research of human cognition and brain function. It can be expected that 423 

TMS will be increasingly used in combination with EEG to causally associate cognitive or 424 

behavioral functions to electrical activity, and to further explore currently developing fields 425 

such as synchronization, brain oscillations and connectivity, in high temporal and spatial 426 

resolution. 427 
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BP-02615

TMS Super Rapid2 stimulator Magstim

50mm double coil Magstim

Coil holder Any mechanical arm or

tripod that can hold the

coil, be adjusted to the

right angle and location,

and keep the coil steady
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BrainCap - 32 flat electrodes on

a flexible cap 

Brain Products

GmbH

BP-0300MR Flat electrodes should be

used to assure a shorter

distance beween coil and

scalp. If larger (e.g. pin

type) electrodes are used,

remove the ones under

the coil
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GmbH

BP-01300
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Icn.
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Department of 
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Neuroscience, 

London, UK 
MarsBar region of interest

toolbox for SPM

Psychtoolbox for MATLAB This toolbox and the E-

prime software (below)

are examples for stimulus

presentation software

capable of delivering

commands to the TMS

stimulator and to the EEG

recorder with reliable

timing
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Software Tools,
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Reviewers' comments: 
 
Reviewer #1:  
Manuscript Summary:  
This is a comprehensive paper explaining with certain details all the procedures which should be 
considered in an fMRI-EEG-TMS study. This kind of methodological papers are necessary in order to 
standardise the procedures of data acquisition and analyses across different laboratories.  
 
Major Concerns: 
N/A 
 
Minor Concerns: 
p. 4. 90. It is written: "However, this requires methods for removal of artifacts generated by the 
magnetic stimulation on the EEG signal. Very few offline mathematical solutions for TMS artifact 
removal have been proposed 16-17". There is at least another paper that should be added here: "Off-
line removal of TMS-induced artifacts on human electroencephalography by Kalman filter. Morbidi F, 
Garulli A, Prattichizzo D, Rizzo C, Manganotti P, Rossi S. J Neurosci Methods. 2007 May 15;162(1-
2):293-302. 
 
>> We added the above citation (Morbidi et al., 2007). Several other citations were added in the 
revised form of the manuscript most are listed throughout this reply (see also changes in red fonts in 
the main text). 
 
p.6. 205 "3.2.3) Use a high sampling rate for better representation of the noise artefact". Here you 
should write an example of high sampling rate (i.e. 1000, 5000 Hz). 
 
>> We now specify a minimal recommended sampling rate (1kHz) on section 3.3.4. Please note that in 
addition, and following the comments of all three reviewers, we have made a general attempt to flesh 
out the manuscript with more details, instructions, examples, and values where possible (see protocol).   
 
 
p.9. 311 and in the main body of text is written: "C. The interpolated segment allows filtering without 
creating edge artifacts. In this figure, a 40Hz low-pass filtered ERP (red) is plotted against its non-
filtered version (grey); D. Alternatively to interpolation, the free ends remained after pulse removal can 
be joined together (see for example 25 , and point 4.1.2 in the text).". The method used to avoid the 
TMS artefact in the reference 25 by Fuggetta, G., Pavone, E. F., Walsh, V., Kiss, M. & Eimer, M is very 
intuitive. However in the current version of the paper is not clear how to create the interpolated 
segment. It is very important especially for a methodological paper to offer the possibility to replicate 
the same methods employed by the authors. It is important to add a paragraph in the text where you 
explain in practical terms how to perform the "interpolation" of missing EEG data between 2ms before 
first TMS pulse to 16ms after second TMS pulse. 
 
>> Following this comment and other comments below, we now explain in precise and straightforward 
terms the options for accomplishing this step (section 4.1.2).   
 
We thank the reviewer for the comments.  
 

*Rebuttal Comments
Click here to download Rebuttal Comments: R1_comments_FINAL.docx 
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Additional Comments to Authors: 
N/A 
 
 
Reviewer #2:  
Manuscript Summary:  
The paper "Extracting visual evoked potentials from EEG data recorded during fMRI-guided 
Transcranial Magnetic Stimulation" shares a technical achievement in combining 3 neuroscience tools 
with the research community. It allows other researchers to use TMS while recording EEG without risk 
of data loss or distortion of the EEG data by the TMS pulse or by filtering. It offers a straight forward 
method (making a response template based on blank screen trials), easy to operate and compute, 
which solves the artifact issue as well as a variety of side issues such as the noise effect of the TMS 
on the ERP. I therefore find the paper to be useful to other researchers and well worth publishing.  
Major Concerns: 
N/A 
 
Minor Concerns: 
1. The first reference to figure 1 in the text appears in line 214, after the reference to Fig. 2 (p.72). 
Please change figure numbers accordingly. Also note the missing period in line 214, ("Fig 1"). 
 
>> Thank you for the remarks, we corrected both issues. 
 
 
2. Line 48 and line 67: the reference indices are sequential and can be written as (e.g. 2-7) instead of 
(e.g 2,3,4-7). 
 
>> The problem is now fixed (lines 49 and 69). 
 
 
3. Line 65: I suggest describing the possible causal links in more detail. As it is written now a reader 
not in the field might understand that there might be a causal relation between the two measurements, 
implying that the fMRI signal evoked the ERP signal or vice versa. It should be therefore stated that 
the TMS is used to test causality in the sense that the same brain region which causes the fMRI signal 
to change also causes the ERP modulation. For example, the sentence "a directional relation between 
EEG and fMRI cannot be determined" can be restated similarly to line 350 discussing the affirmation of 
the causal relation ("fMRI defined brain areas..."). 
 
>> We thank the reviewer for bringing this up, causality is a term that should indeed be treated with 
caution. We revised the part in the introduction where the elements in the causal relation were not 
stated clearly. It is now stated that TMS helps to establish a causal link between functionally defined 
cortical areas and scalp-recorded ERPs (rather than between the 2 signals) (lines 67 – 71).  
 
 
4. Line 163: PsychToolbox is referred to in the text and references but not in Table 1, without 
specifying that it is a Matlab toolbox. Matlab is included in Table 1 without reference in the text. 
 
>> We now cite Matlab and Psychtoolbox (and also SPM and MarsBar) in the text and in the material 
table.  
 
 
5. Line 205: please specify the lowest sampling rate you would consider or refer to a TMS-EEG work 
where this issue is discussed. 
 
>> A recommended sampling rate (1kHz or above) is now given in 3.3.4. Please note that many other 
technical details were added in order to facilitate comprehension and replication, see changes in the 
corrected manuscript marked in red fonts.  
 



 
6. Line 259: The term linear-interpolation should be made clearer. If the two end points were 
connected by a straight line then this can be put in these terms without using "linear interpolation" 
which might imply fitting a straight line to a curve. Alternatively, if this term was used to describe the 
substitution of missing data by a straight line in another work this work can be referred to. 
 
>> A clear and more precise explanation of the interpolation now replaces the previous one (4.1.2). 
Please see also reply to reviewer #1 in the same topic. Indeed, our interpolation consists of connecting 
the two ends with a line, which eliminates filtered-related ripples created when sharp edges exist in the 
data (see for example Fig. 1).    
 
Additional Comments to Authors: 
N/A 
 
 
Reviewer #3:  
Manuscript Summary:  
The authors outline the principles and methodology regarding their recent fmri-guided TMS-ERP 
paper. The method is important and the account is clear and this could be a valuable resource, but as 
it stands it requires more detail about how the data was collected and why it looks the way it does.  
 
Major Concerns: 
In general the descriptions tend towards the qualitative rather than the quantitative. For example, using 
a 'high' sampling rate is recommended, and that the reference electrode should be placed 'far' from the 
coil, and that 'High-resolution' fMRI scanning is recommended. Replication here needs more detail - 
what Hz, how many mm, what resolution. 
 
>> We thank the reviewer for this comment. We revised several sections concerning data analysis and 
experimental procedure, including the ones mentioned by the reviewer hereby, to include more details 
and concrete information (see also comments and replies to reviewers 1 and 2). Where applicable, we 
now provide precise values. In some of these places we also give references to other works. These 
modifications can be found in the text in red fonts.  
 
 
Safety information would also be important. 
 
>>  Some major safety points were added, such as pre-TMS screening and a couple of points related 
to EEG preparation. We also refer the reader to two documents about safety, for further reading (Rossi 
et al. (2009), and the Magstim safety review 

(http://joedevlin.psychol.ucl.ac.uk/tms/docs/magstim_safety.pdf). We think, however, that in 

the scope and goals of this work we cannot provide a complete review of TMS safety.   
 
 
The data looks unusual: the raw EEG shown in Fig 2 especially in Fig 2 b and fig 2c contains unusual 
high-amplitude high-frequency noise. Is this due to the TMS? A cleaner section of data should be 
presented if available.  
 
>> We had initially chosen particularly noisy channel data (now changed, please see below) to 
demonstrate that the reviewed technique is suitable even for electrode sites that are located right 
under the coil (which are often also the electrodes of interest), what may cause an increase of line 
noise amplitude in some cases. This is a main advantage of the technique, and we now added a note 
in the text regarding this (lines 367-373). We did, however, prepare a new figure as per the reviewer’s 
request (now Fig. 1, after renumbering) with data of another subject at the same electrode site, which 
is less noisy.  
 
Which of the several sources of the secondary artifact listed on pg 3 lns 76-78 are responsible for the 
TMS artifact shown e.g. at p8 in fig 3a which seems unusually large and long. What is the basis in the 
literature for such TMS artifacts? 
 

http://joedevlin.psychol.ucl.ac.uk/tms/docs/magstim_safety.pdf


>> Pulse-related artifacts and/or baseline shifts lasting for prolonged durations that can get up to a few 
hundreds of milliseconds, are discussed, for example, by Virtanen et al. (1999), Thut et al. (2005), 
Julkunen et al. (2008), and briefly in the consensus paper by Siebner and colleagues (Siebner et al., 
2009). Such artifacts were also mentioned or inferred from the results in other works (such as Bender 
et al., 2005, Litvak et al., 2007, Iwahashi et al., 2009). Although we cannot conclude that these artifacts 
represent all the exact same sources of interference, their major cause is claimed to be currents 
induced by the pulse and their decay process (see for example Julkunen et al., 2008, Siebner et al., 
2009), and may also depend on amplifier structure. But physiological components can also constitute 
parts of the overall recorded interference depending on the stimulation site (e.g. Thut et al., 2005). 
Even if smaller than the mechanical artifact, any other potential not directly related to the experimental 
manipulation, may confound the results. Please also note that the artifacts from physiological origins 
are also not equally distributed across electrode locations. For example, in the figures presented in the 
current work, auditory and somatosensory potentials are probably negligible if at all existent, but other 
electrodes may include them in a more pronounced manner. We now revised the introduction of the 
artifact to briefly explain these possible contributors, and added relevant references (lines 78-83).  
 
We would like to add that one of the reasons many studies did not report such residual artifacts may 
be that they are very large only in electrodes placed in the direct vicinity of the coil (Virtanen et al., 
1999), and these electrodes are often removed or excluded from processing (e.g. Komssi et al., 2004, 
Kahkonen et al., 2005). They may also differ across amplifiers. We now make clearer in our 
manuscript that a major advantage of the techniques discussed here is the ability to eliminate artifacts 
even in electrodes located directly below the coil (lines 367-373). This is of crucial importance since 
often the desired ERPs are produced in or near the cortical tissue being stimulated. Having full head 
coverage is also recommended if source estimation algorithms are applied.    
 
 
 
 
Minor Concerns: 
N/A 
 
Additional Comments to Authors: 
N/A 
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