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SUMMARY: 29 
We present two analytical protocols that can be used to analyze intracranial 30 
electroencephalography data using the Statistical Parametric Mapping (SPM) software: time–31 
frequency statistical parametric mapping analysis for neural activity, and dynamic causal 32 
modeling of induced responses for intra- and inter-regional connectivity.  33 
 34 
ABSTRACT 35 
Measuring neural activity and connectivity associated with cognitive functions at high spatial 36 
and temporal resolutions is an important goal in cognitive neuroscience. Intracranial 37 
electroencephalography (EEG) can directly record electrical neural activity and has the unique 38 
potential to accomplish this goal. Traditionally, averaging analysis has been applied to analyze 39 
intracranial EEG data; however, several new techniques are available for depicting neural 40 
activity and intra- and inter-regional connectivity. Here, we introduce two analytical protocols 41 
we recently applied to analyze intracranial EEG data using the Statistical Parametric Mapping 42 
(SPM) software: time–frequency SPM analysis for neural activity and dynamic causal modeling 43 
of induced responses for intra- and inter-regional connectivity. We report our analysis of 44 
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intracranial EEG data during the observation of faces as representative results. The results 45 
revealed that the inferior occipital gyrus (IOG) showed gamma-band activity at very early stages 46 
(110 ms) in response to faces, and both the IOG and amygdala showed rapid intra- and inter-47 
regional connectivity using various types of oscillations. These analytical protocols have the 48 
potential to identify the neural mechanisms underlying cognitive functions with high spatial and 49 
temporal profiles. 50 
 51 
INTRODUCTION 52 
Measuring neural activity and connectivity associated with cognitive functions at high spatial 53 
and temporal resolutions is one of the primary goals of cognitive neuroscience. However, 54 
accomplishing this goal is not easy. One popular method used to record neural activity is 55 
functional magnetic resonance imaging (MRI). Although functional MRI offers several 56 
advantages, such as a high spatial resolution at the millimeter level and non-invasive recording, 57 
a clear disadvantage of functional MRI is its low temporal resolution. In addition, functional MRI 58 
measures blood-oxygen-level-dependent signals, which only indirectly reflect electric neural 59 
activity. Popular electrophysiological methods, including electroencephalography (EEG) and 60 
magnetoencephalography (MEG), have high temporal resolutions at the millisecond level. 61 
However, they have relatively low spatial resolutions, because they record electric/magnetic 62 
signals at the scalp and must solve difficult inverse problems to depict brain activity. 63 
 64 
Intracranial EEG can directly record electrical neural activity at high temporal (millisecond) and 65 
spatial (centimeter) resolutions1. This measure can provide valuable opportunities to 66 
understand neural activity and connectivity, although it has clear limitations (e.g., measurable 67 
regions are restricted to clinical criteria). Several intracranial EEG studies have applied 68 
traditional averaging analysis to depict neural activity. Although averaging analysis can 69 
sensitively detect time-locked and low-frequency band activation, it cannot detect non-phase-70 
locked and/or high-frequency (e.g., gamma band) activation. In addition, functional neural 71 
coupling has not been analyzed in depth in the literature on intracranial EEG recordings. Several 72 
new techniques have been recently developed to depict neural activity and intra- and inter-73 
regional connectivity in functional MRI and EEG/MEG recordings, which can be applied to 74 
analyze intracranial EEG data. 75 
 76 
Here, we introduce analytical protocols that we have recently applied to analyze intracranial 77 
EEG data using the Statistical Parametric Mapping (SPM) software. First, to reveal when, and at 78 
which frequency, the brain regions could be activated, we performed time–frequency SPM 79 
analysis2. This analysis decomposes the time and frequency domains simultaneously using a 80 
continuous wavelet transform and appropriately corrects the family-wise error (FWE) rate in 81 
the time–frequency maps using the random field theory. Second, to reveal how brain regions 82 
communicate, we applied dynamic causal modeling (DCM) of induced responses4. DCM enables 83 
the investigation of effective connectivity (i.e., the causal and directional influences among 84 
brain regions5). Although DCM was originally proposed as a tool for analyzing functional MRI 85 
data5, DCM of induced responses has been extended to analyze the time-varying power spectra 86 
of electrophysiological signals4. This analysis allows the depiction of both intra- and inter-87 
regional neural connectivity. Several neurophysiological studies have suggested that local intra-88 



 
  

   
 

regional computations and long-range inter-regional communication mainly use gamma- and 89 
theta-band oscillations, respectively, and their interactions (e.g., entrainments) can be reflected 90 
by theta–gamma cross-frequency coupling3,6–8. This report focuses on the data analytical 91 
protocol; for an overview of background information9,10 and recording protocols11 of 92 
intracranial EEG, please refer to the literature.  93 
 94 
PROTOCOL: 95 
 96 
Our study was approved by the local institutional ethics committee. 97 
 98 
1. Basic Information 99 
 100 
Note: The analytical protocols can be applied to various types of data without any restrictions 101 
as to specific participants, electrodes, reference methods, or electrode locations. In our 102 
example, we tested six patients suffering from pharmacologically intractable focal epilepsy. We 103 
tested patients who had no epileptic foci in the regions of interest. 104 
 105 
1.1. Record intracranial EEG data during the cognitive experiment at the target electrodes.  106 
 107 
1.1.1. Implant depth electrodes using the stereotactic method12.  108 
 109 
1.1.2. Use subdural platinum electrodes (diameter: 2.3 mm) and depth platinum electrodes 110 
(diameter: 0.8 mm) to simultaneously measure cortical and subcortical activity, respectively.  111 
 112 
1.1.3. Place reference electrodes on the surface of the skull of the midline dorsal frontal 113 
region, with the contacts of the electrodes facing away from the skull to avoid referential 114 
activation12.  115 
 116 
1.1.4. Amplify data, filter online (band pass: 0.5–300 Hz), and sample at 1000 Hz.  117 
 118 
1.1.5. To record and statistically remove artifacts associated with eye movements, additionally 119 
record electrooculograms. Select the target electrodes based on theoretical interests. In 120 
addition, use individual MRI and computed tomography data to check the electrode locations. 121 
 122 
1.2. Sample and preprocess trial intracranial EEG data (Figure 1). 123 
 124 
Note: The analytical protocols can be applied to various types of data without any restriction to 125 
specific data-length or preprocessing methods.  126 
 127 
1.2.1. Here, sample data during 3000 ms (pre-stimulus: 1000 ms; post-stimulus: 2000 ms) for 128 
each trial.  129 
 130 
1.2.2. Because participants here showed abnormally high amplitude activity in some trials, 131 
possibly related to epilepsy, exclude these outlier trials using predefined thresholds (> 800 μV 132 



 
  

   
 

and > 5 SD). Other preprocessing steps, including visual inspection and independent component 133 
analysis, may be required depending on the experimental objectives and conditions. 134 
 135 
2. Time–Frequency SPM Analysis 136 
 137 
2.1. Set up SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) and use the M/EEG analytical menu13 138 
(Figure 2). 139 
 140 
2.2. Perform the time–frequency SPM analysis2 by selecting Time–frequency analysis in the 141 
SPM menu for the preprocessed intracranial EEG data of each trial using continuous wavelet 142 
decomposition with Morlet wavelets based on predefined parameters (Figure 3). 143 
 144 
Note: Wavelet transforms reveal the temporal evolution of spectral components by convolving 145 
intracranial EEG data with wavelets of multiple frequencies14.  146 
 147 
2.2.1. Here, conduct wavelet decomposition using seven-cycle Morlet wavelets for the entire 148 
epoch (-1000–2000 ms) and frequency range of 4–300 Hz.  149 
 150 
2.2.2. Determine the mother wavelet and number of cycles based on a previous study15. Note 151 
that the number of cycles in the wavelet controls the time–frequency resolutions and is 152 
recommended to be greater than 5 to ensure estimation stability13.  153 
 154 
2.2.3. Determine time and frequency ranges based on the research interest.  155 
 156 
2.3. Crop the resultant time–frequency maps automatically by selecting Crop in the SPM 157 
menu to remove edge effects. Here, crop the time–frequency maps into -200–500 ms. 158 
 159 
2.4. Perform the data transformation (optional) and baseline correction by selecting Time-160 
frequency rescale in the SPM menu for the time–frequency maps to visualize the event-related 161 
power changes better and improve the normality of the data. 162 
 163 
Note: Here, the time–frequency maps were log-transformed and baseline (-200–0 ms)-164 
corrected.  165 
 166 
2.5. Convert the time–frequency maps into two-dimensional (2D) images by selecting 167 
Convert2Images in the SPM menu.  168 
 169 
2.5.1. Smooth using a Gaussian kernel with a predefined full-width half-maximum (FWHM) 170 
value to compensate for inter-subject variability and conform to the assumptions of the 171 
random field theory used in the statistical inference2,13. 172 
 173 
Note: Here, the time–frequency maps were smoothed with a Gaussian kernel of FWHM of 96 174 
ms in the time domain and 12 Hz in the frequency domain based on a previous study2. 175 
 176 



 
  

   
 

2.6. Enter the 2D images into the general linear model by selecting Specify 1st-level in the 177 
SPM menu. 178 
 179 
2.7. Estimate the general linear model by selecting Model estimation in the SPM menu. 180 
 181 
2.8. Perform statistical inferences on the time–frequency SPM{T} data based on the random 182 
field theory2 by selecting Results in the SPM menu. Detect significantly activated time–183 
frequency clusters with predefined thresholds (possibly corrected for multiple comparisons). 184 
 185 
Note: Here, the extent threshold of p < 0.05, which was FWE-corrected for multiple 186 
comparisons, with a height threshold of p < 0.001 (uncorrected) was used. 187 
 188 
3. DCM of Induced Responses 189 
 190 
3.1. Set up SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) and use the M/EEG analytical menu13 191 
(Figure 4).  192 
 193 
3.1.1. Start DCM analysis by clicking DCM button in the SPM menu. Activate DCM for induced 194 
responses by selecting IND in the list box. Import the preprocessed intracranial EEG data by 195 
clicking new data in the DCM for M/EEG menu. 196 
 197 
3.2. Specify time window of interest, conditions of interest, contrasts for the selected 198 
conditions (this define the modulation inputs later used in network specification), frequency 199 
window of interest, and the number of the wavelet cycles in the DCM for M/EEG menu (Figure 200 
5). 201 
 202 
3.2.1. Use five-cycle Morlet wavelets (4–100 Hz in 1-Hz steps) and set the time window to 1–203 
500 ms.  204 
 205 
3.2.2. Determine the wavelet cycle in accordance with the default setting. Note that the 206 
software recommendation is the value greater than 5 to ensure estimation stability13. The 207 
time–frequency ranges were determined based on our research interest. Note that a time 208 
window with an additional ± 512 ms was automatically used during computation to remove 209 
edge effects. 210 
 211 
3.3. Based on the DCM framework4,5, define the (1) driving inputs, which represent the 212 
sensory inputs on neural states; (2) intrinsic connections, which embody the baseline 213 
connectivity among neural states and self-connections; and (3) modulatory effects on intrinsic 214 
connections via experimental manipulations for null and hypothesized models. Also define the 215 
type of modulation as linear (within-frequency) or nonlinear (between-frequency).  216 
 217 
3.3.1. Specify intrinsic (linear and nonlinear) connections, driving inputs, and modulation 218 
inputs in the DCM for M/EEG menu. Select Frequency models in the list box to save frequency–219 
frequency modulatory coupling parameter images.  220 



 
  

   
 

 221 
3.3.2. Modify the default settings of some related parameters (e.g., prior stimulus onset time 222 
and duration) if necessary. Estimate the models by selecting invert DCM in the DCM for M/EEG 223 
menu.  224 
 225 
3.4. Conduct a random-effects Bayesian model selection (BMS) analysis17 by clicking BMS in 226 
the DCM for M/EEG menu to identify the optimal network model. Use the model expected 227 
probabilities and/or exceedance probabilities as evaluation measures. 228 
 229 
3.5. Make inferences regarding the cross-frequency patterns of the modulatory connections 230 
using the winning model parameters by using the SPM menu (see Step 2).  231 
 232 
3.5.1. Smooth the modulatory coupling parameter images by selecting Convert2Images in the 233 
SPM menu.  234 
 235 
3.5.2. Perform general linear model analyses by selecting Specify 1st-level in the SPM menu.  236 
 237 
3.5.3. Calculate the 2D SPM{T} values by selecting Results in the SPM menu. 238 
 239 
Note: Here, the FWHM was set at 8 Hz based on a previous study4. Significant values were 240 
exploratorily identified using a height threshold of p < 0.05 (uncorrected).  241 
 242 
REPRESENTATIVE RESULTS 243 
Using the protocol presented herein, we analyzed intracranial EEG data in response to 244 
faces18,19. We recorded data from six patients during the passive viewing of faces, mosaics, and 245 
houses in upright and inverted orientations. The contrasts of upright faces versus upright 246 
mosaics and upright faces versus upright houses revealed the face effect (i.e., face-specific 247 
brain activity relative to other objects). The contrast of upright faces versus inverted faces 248 
revealed the face-inversion effect (i.e., face-specific visual processing possibly related to 249 
configural/holistic processing20). As the target region for the time–frequency analysis and 250 
phase–amplitude cross-frequency coupling, we selected the right inferior occipital gyrus (IOG) 251 
based on previous neuropsychological21 and neuroimaging22 findings. For DCM, we tested the 252 
model in which the IOG and amygdala constitute a functional network during face processing 253 
based on previous anatomical evidence23. 254 
 255 
Time–frequency analysis 256 
Time–frequency analyses were conducted to investigate the temporal and frequency profiles of 257 
IOG activity during the processing of faces. Time–frequency maps were converted into 2D 258 
images and entered into the general linear model with the factors of stimulus type (face, house, 259 
and mosaic) and orientation (upright and inverted). Significant responses were identified using 260 
an FWE-corrected extent threshold of p < 0.05 with a height threshold of p < 0.001 261 
(uncorrected). The contrasts testing the face effect (upright face vs. upright mosaic) 262 
consistently revealed significant rapid (110–500 ms) gamma-band activity (Figure 6a). The 263 



 
  

   
 

contrasts testing the face-inversion effect (upright face vs. inverted face) revealed significant 264 
gamma band activity at a later period (195–500 ms). 265 
 266 
DCM of induced responses 267 
DCM of induced responses was applied to test the functional network models of the IOG and 268 
amygdala. For both the face and face-inversion effects, the exceedance probabilities of the 269 
random-effects Bayesian model selection indicated that the model with intra-regional 270 
modulatory connectivity in both regions and bidirectional inter-regional modulatory 271 
connectivity was the most likely among all possible models (Figure 6b). 272 
 273 
Next, we inspected the spectral profiles of the modulatory couplings in the best model. 274 
Significant effects were assessed for the entire spectral range with a height threshold of p < 275 
0.05 (uncorrected). Significant same- and cross-frequency modulatory couplings were observed 276 
for both intra- and inter-regional connectivity of both the face and face-inversion effects (Figure 277 
6c). For example, as the intra-regional modulation of the face effect, the amygdala showed 278 
negative gamma–gamma same- and beta–gamma cross-frequency couplings. Meanwhile, the 279 
intra-IOG modulation showed a positive cross-frequency coupling in the theta/alpha/beta–280 
gamma band. In addition, as the inter-regional coupling of the face effect, the IOG–>amygdala 281 
modulation revealed a profile in which the theta/alpha band in the IOG facilitated the gamma 282 
band in the amygdala. For amygdala–>IOG modulation, the gamma band in the amygdala 283 
inhibited the theta/alpha band and the same-frequency gamma band in the IOG. For the face-284 
inversion effect, similar amygdala–>IOG modulation, in which the gamma band in the amygdala 285 
inhibited the gamma band in the IOG, was observed. However, for IOG–>amygdala modulation, 286 
the theta/alpha–gamma association observed in the face effect was not evident. 287 
 288 
FIGURE AND TABLE LEGENDS 289 
Figure 1. Illustration of the generation of the trial intracranial electroencephalography data. 290 
 291 
Figure 2. Graphic user interfaces of the Statistical Parametric Mapping (SPM) software for 292 
time–frequency analyses. (1) SPM menu. (2) Time–frequency analysis. (3) Cropping. (4) 293 
Baseline correction. (5) Conversion. (6) Statistical model. (7) Model estimation. (8) Statistical 294 
inference. 295 
 296 
Figure 3. Flowchart of the time–frequency analysis using the Statistical Parametric Mapping 297 
(SPM) software. (a) Prepare the preprocessed intracranial electroencephalography (EEG) data 298 
of each trial. (b) Conduct time–frequency (TF) decomposition for the EEG data using continuous 299 
wavelet transform. (c) Crop, log-transform, and baseline correct for the TF maps. (d) Convert 300 
the TF maps into two-dimensional (2D) images. (e) Enter the 2D images into the general linear 301 
model. (f) Perform statistical inferences on the TF SPM{T} data. 302 
 303 
Figure 4. Graphic user interfaces of the Statistical Parametric Mapping (SPM) software for 304 
dynamic causal modeling (DCM) analyses. (1) SPM menu. (2) DCM menu. (3) Bayesian model 305 
selection. (4) Smoothing. (5) Statistical model. (6) Model estimation. (7) Statistical inference. 306 
 307 



 
  

   
 

Figure 5. Flowchart of the dynamic causal modeling of induced responses. (a) Calculate the 308 
time–frequency spectra for each trial of the targeted multiple electrodes (the inferior occipital 309 
gyrus (IOG) and amygdala in our example) using continuous wavelet decomposition. Average 310 
the spectral magnitudes of time-frequency responses to yield the induced response. Then, 311 
define the driving input, intrinsic connections, and modulation of intrinsic connections by 312 
experimental manipulations. Construct models to test hypotheses and estimate the models. (b) 313 
Conduct a random-effects Bayesian model selection analysis to identify the optimal model. (c) 314 
Convert the frequency–frequency modulatory coupling parameters into two-dimensional (2D) 315 
images (with smoothing). Then, perform random-effects general linear model analyses and 316 
calculate the 2D SPM{T} values. 317 
 318 
Figure 6. Representative results. (a) Time–frequency maps of right inferior occipital gyrus (IOG) 319 
activity for the upright face (FU; left) and upright mosaic (MU; middle) conditions. The SPM{T} 320 
data for FU versus MU are also shown (right). (b) Functional network models in the IOG and 321 
amygdala. Eight possible combinations of modulatory input by FU versus MU onto connections 322 
between the IOG and amygdala and self-connection onto each region were investigated. (c) 323 
Frequency–frequency modulatory coupling parameters and SPM{T} values for FU versus MU of 324 
IOG–>amygdala and amygdala–>IOG modulation are shown. The red–yellow and blue–cyan 325 
blobs indicate significant positive/excitatory and negative/inhibitory connectivity, respectively. 326 
 327 
DISCUSSION: 328 
The analytical protocols for intracranial EEG data using the SPM software introduced herein 329 
have several advantages compared with functional MRI. First, the protocols can depict neural 330 
activation at a high temporal resolution. Therefore, the results indicate whether the cognitive 331 
correlates of neural activation are implemented at early or late stages of processing. In our 332 
example, the face effect was identified during the very early stages (i.e., 110 ms) of visual 333 
processing. In addition, the comparison of the temporal profiles of neural activity related to 334 
different psychological functions provide interesting implications. In particular, our example 335 
revealed different activation times for the face and face-inversion effects, beginning at 115 ms 336 
and 165 ms, respectively, in the IOG. Such rich temporal information can deepen our 337 
understanding of neurocognitive mechanisms. 338 
 339 
Furthermore, the protocols can depict intra- and inter-regional neural connectivity. Data from 340 
other neuroscientific measures, such as hemodynamic signals and scalp-recorded 341 
electromagnetic signals, contain a large amount of noise and require estimation based on 342 
several assumptions to extract the original electric signals, which can distort the resultant 343 
neural connectivity. Hence, the analysis of directly recorded electric signals is valuable. As an 344 
illustration, although our results revealed functional coupling between the IOG and amygdala 345 
during face processing, such coupling was not detected in a previous analysis of functional MRI 346 
data24. Understanding neural mechanisms requires the identification of causal relationships 347 
among neural circuits, which requires temporal information of neural activation. 348 
 349 
However, it is important to note that the optimal protocol used to record and analyze 350 
intracranial EEG remains debated. For example, methodological studies have suggested that 351 



 
  

   
 

reference electrodes can pick up bodily physiological artifacts (e.g., eye movements and muscle 352 
activity) and environmental noise, and the suitable position of reference electrodes for 353 
intracranial EEG remains to be determined25,26. Several preprocessing methods (e.g., filtering 354 
and non-linear transformations) to remove artifacts (e.g., epileptic activity) have been 355 
proposed, although they are under debate27. A study also reported that time–frequency 356 
analyses using wavelet decomposition could blur the peaks in the original data28, and 357 
alternative analytical methods, such as the Hilbert–Huang transform, may offer better temporal 358 
resolutions29. The extraction of the high-frequency range may also be improved using such 359 
methods30. It has been noted that cross-frequency coupling could be biased by sharp non-linear 360 
transients and controlling for such confounding effects is needed31–33. Several different 361 
analytical methods have been proposed for the analysis of intra- and inter-regional coupling, 362 
such as the phase-locking value16, weighted phase lag index34, and Grander causality35, and it 363 
remains unclear which analyses and parameters (e.g., frequency) are the most relevant to 364 
cognitive processing3. In some cases, intracranial EEG data may not satisfy parametric 365 
assumptions and non-parametric analyses may be optimal36. Recently, other analytical 366 
protocols have been proposed37; compared with other protocols, those based on the SPM 367 
software may have the unique potential to provide a unified framework for the analysis of 368 
various types of neuroscientific data38. Researchers should pay close attention to advancements 369 
in analytical protocols for intracranial EEG data.  370 
 371 
In summary, we introduced analytical protocols that we recently applied to analyze intracranial 372 
EEG data, which include time–frequency SPM analysis, cross-frequency coupling, and DCM of 373 
induced responses. We believe these analytical protocols can identify neural correlates of 374 
cognitive functions with high spatial and temporal profiles.  375 
 376 
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Dear  P ro fesso r  Nguyen ,  

 

Thank you  fo r  ask ing  us  t o  rev ise  ou r  previous l y submi t t ed  

manuscr ip t  ( JoVE58187R3 ) .  We have  made  ca re fu l  r ev i s ions  to  t he  

manuscr ip t  based  on  the  p rov ided  sugges t ions .  Majo r  changes  to  t he  

manuscr ip t  a re  shown in  red  t ex t .  A p ro fes s ional  Engl i sh - l anguage 

edi t ing  se rv i ce  made l anguage - re l a t ed  changes ,  which  a re  no t  

h igh l igh ted  un les s  the  con ten t  was  a l t e red .  We hope  that  the  rev ised  

manuscr ip t  wi l l  be  su i t ab l e  fo r  pub l i ca t ion  in  Journa l  o f  Visua l i zed  

Exper iment s .  

 

Edi tor ia l  comments  

Po in t  1  

Please  take  th i s  oppor tun i t y  to  thorough ly  proo f read  the  manuscr ip t  

to  ensure  that  t here  are  no  spe l l i ng  or  grammar  i s sues .  The JoVE 

edi tor  w i l l  no t  copy -ed i t  your  manuscr ip t  and  any errors  in  t he  

submi t t ed  revi s ion  may  be  present  i n  t he  publ i shed  vers ion .  

Response  

As  sugges t ed ,  we  have had  the  manuscr ip t  p ro fess ional l y p roof read .  

For  a  ce r t i f i ca t e ,  p l ease  see:  

h t tp : / /www.tex tcheck .com/cer t i f i ca t e /2bZ0RR  

 

Poin t  2  

Please  prov ide  the  GUI ins t ruct ions  in  t he  wr i t t en  manuscr ip t  a s  we l l .  

The  scr ip t  f o r  t he  v ideo  i s  d i rect l y  der i ved  f rom the  wr i t t en  protoco l .  

Response  

As  sugges t ed ,  we have  added  the  GU I ins t ruct ions  in  the  main  t ex t  o f  

the  rev ised  manuscr ip t .  

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Response180814.doc

http://www.editorialmanager.com/jove/download.aspx?id=883292&guid=f24593de-ee2c-4d5f-9df7-43d137d1558f&scheme=1
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Po in t  3  

Please  add more  deta i l s  t o  your  protoco l  s t eps .  Please  ensure  you  

answer  the  “how” ques t i on ,  i . e . ,  how i s  t he  s t ep  per formed? 

Al t erna t i ve l y,  add  re f erences  t o  pub l i shed  mater ia l  spec i f y ing  how to  

per form the  protoco l  act ion .  

Response  

As  sugges t ed ,  we  have  added  a  more  det a i l ed  desc r ip t ion  ( t ex t s  and  

f igu res )  o f  t he  p ro toco l .  

 

Poin t  4  

1.1 :  How were  the  EEG data  recorded?  

1 .1 .1 :  Please  inc lude  how the  e l ec t rodes  were  imp lanted  here  ins t ead  

o f  re f erenc ing  the  deta i l s  ou t .  

Response  

We a re  unab le  to  p rov ide  v ideo  dat a  fo r  r eco rd ing  in t rac rania l  EEG,  

because  they con ta in  c l i n i ca l  and  personal  i n fo rma t ion .  There fo re ,  

we focused  on  the  dat a  anal yt i ca l  p ro tocol  in  t h i s  a r t i c l e .  Because  

record ing  and  re fe rencing  methods  d i ffe r  ac ross  i ns t i t u t ions  and  our  

anal yt i ca l  p ro tocol s  can  be  appl i ed  to  var ious  t ypes  o f  dat a ,  we  

in t roduced  our  r eco rd ing  and  re fe renc ing  method  as  an  example .  We 

would  p re fe r  not  t o  mod i f y the  Bas i c  In fo rmat ion  sect ion .  

 

Poin t  6  

How many pa t i en t s  are  there?  What  are  the  inclus ion /exc lus ion  

cr i t e r ia?  

Response  

As  sugges t ed ,  we  have added  these  de t a i l s  (p .  5 ) .  



 

Poin t  6  

For  s t eps  2 -4 ,  p l eas e  spec i f y  the  c l i ck  by  c l i ck  in s t ruct ions  to  

per form the  protoco l  w i th  the  GUI.  

Response  

As  sugges t ed ,  we  have  desc r ibed  the  c l ick -b y-c l i ck  ins t ruc t ions in  the  

rev ised  manuscr ip t .  Because  the  phase–ampl i tude  c ross - f requency 

coupl ing  ana l ys i s  r epor t ed  in  t he  p rev ious  manuscr ip t  r equi red  code  

(CU I opera t ions ) ,  we have  removed th i s  ana l ys i s  f rom the  rev ised  

vers ion .  

 

Review er #1  

Po in t  1  

What  code  was  used ,  i f  any,  to  run  th i s  analys i s .  Code  sn ippe ts  

shou ld  be  presented ,  perhaps  in  a  supplemen t  or  v ideo .  

Respons e  

Because  the  ed i to r  d i scouraged  the  desc r i p t ion  o f  p ro tocol s  r equi r ing  

code ,  we  have desc r ibed  on l y p ro tocol s  for  anal ys i s  u s ing  the  SPM 

sof tware ,  which  d id  not  r equi re  code .  

 

Poin t  2  

Many  parameter  choices  were  made  in  each  analys i s ;  j us t i f i ca t ion  or  

explanat ion  for  parameter  and/or  w indow s i ze  choice  i s  needed .  

Response  

As  sugges t ed ,  we  have added  desc r ip t ions  and  jus t i f i ca t ions  fo r  the  

pa ramete r s  used  in  our  r esea rch .  These  pa ramete r s  were  genera l l y  

se l ec t ed  f rom prev ious  s tudies .  

 



Poin t  3  

The authors  m en t ion  that  o ther  iEEG pipel ines  ex i s t  -  wha t  i s  t he 

advan tage  o f  t h i s  p ipel ine  ver sus  o ther  iEEG p ipe l ines?  Br i e f  

explanat ions  would  be  apprecia t ed .  

Response  

We have  added a  desc r ip t ion  o f  the  potent i a l  advantage s  of  the  

p roposed  anal yt i ca l  p ro toco l  t o  the  Discuss ion  (p .  1 4 ) .  Ana l yt i ca l  

p ro tocol s  tha t  use  SPM can  p rovide  a  un i f i ed  f ramework  fo r  t he  

anal ys i s  o f  va r ious  t ypes  o f  neurosc i en t i f i c  da t a .  

 

Poin t  4  

A descr ip t ion  o f  each  t echnique  (e . g .  DCM or  phase  ampl i tude  

coupl ing )  in  "p la in  engl i sh"  so  tha t  th e  reader  knows  what  i s  be ing  

measured  or  es t ima ted .  For  example ,  wha t  measure  o f  connect i v i t y  i s  

used  in  DCM?  

Response  

As  sugges t ed ,  we have added a  desc r i p t ion  o f  what  i s  be ing  es t imated  

to  the  In t roduct ion  (p .  4 ) .  The  t ime–f requency SPM ana l ys i s  r evea l s  

the  t ime and f requency a t  which  b ra in  reg ions  a re  ac t ivat ed  and  DCM 

anal ys i s  shows how bra in  reg ions  communicat e .  

 

Poin t  5  

Add  s ta t i s t i c s  t o  the  resu l t s  s ec t ion  so  tha t  the  reader  can  get  a  sense  

o f  wha t  e ff ec t  s i z es  can  be  expected .  

Response  

As  sugges t ed ,  we  have  added  the  s t a t i s t i ca l  th resho lds  fo r  ou r 

r epresenta t ive  resu l t s  i n  the  rev ised  manuscr ip t  (pp .  11–12) .  

 



Poin t  6  

The authors  men t ion  us ing  both  cor t i ca l  sur face  and  dep th  e l ec t rodes .  

Are  da ta  f rom these  two  e l ec t rode  t ypes  t rea ted  the  same? Are  the y  

recorded s imul taneous l y?  I s  the  same  re f erence  used?  

Response  

As  sugges t ed ,  we  have added in fo rmat ion  o n  the  e l ec t rodes ,  

r ecord ing ,  and  re fe rence  fo r  ou r  s tud y in  t he  rev i sed  manuscr ip t  (p .  

5 ) .  Record ings  by  su r face  and  depth  e l ec t rodes  were  made 

s imul t aneous l y us ing  the  same re fe rence ,  and  the  da t a  f rom both  

sources  were  anal yzed  in  t he  same manner.  

 

Poin t  7  

I t  wou ld  be  n i cer  t o  prov ide  the  pros  and cons  o f  the  re f erence  chosen  

in  t h i s  s tudy.  In  our  opin ion ,  such  a  re f erence  e l ec t rode  would  p i ck  up  

a  lo t  o f  env ironmen ta l  no ise /EMG ar t i f ac t s  and  thus  po ten t ia l l y  be  a  

problemat i c  re f erence .  For  example ,  the  amygdala  i s  qu i t e  prox imal  

to  the  ocu lar  and  t empora l  muscl es .  Wi thout  us ing  a  more  su i tab le  

re f erence ,  an  amygdala  channe l  wou ld  su ff er  f rom EMG ar t i f a c t s  

re la t ed  to  saccades  and  over t  responses  (see :  Prog  Neurobio l .  

2012;98:265 -78;  Brain  Topogr  2009;22:18 -23) .  

Response  

As  sugges t ed ,  we  have  added  a  desc r ip t ion  o f  the  poss ib l e  a r t i f ac t  

con taminat ion  of  r e fe rence  e l ec t rodes  t o  the  Discuss ion  sect ion ,  as  an  

unreso lved  i ssue  (p .  13) .  We have  a l so  added  our  r a t ionale  fo r  the  

cu rrent  r e fe rence  e l ec t rode  pos i t ion  b y c i t i ng  the  methods  o f  a  

p rev ious  methodo logical  s tud y in  t he  P ro toco l  s ec t ion  (p .  5 ) .  

 

Review er #2  



Poin t  1  

How to  dea l  wi th  ep i l ep t i c  act i v i t y.  

Response  

As  sugges t ed ,  we  have  added a  descr ip t ion  o f  ou r  methods  fo r  

r educ ing  the  e ffec t  o f  ep i l ep t i c  ac t iv i t y  t o  the  P ro toco l  s ec t ion  (p .  6 ) .  

We ex cluded  ou t l i e r  t r i a l s  based  on  p redef ined  th resholds .  Because  

the  ed i to r  r eques t ed  that  we  desc r ibe  p ro toco ls  t ha t  can  be  v i sua l iz ed  

us ing  GU Is ,  and  th i s  opera t ion  cannot  be  v i sual iz ed ,  we b r i e f l y  

desc r ibed  our  approach  as  an  example  o f  an  appropr i a t e  method .  

 

Poin t  2  

How to  recons t ruc t  the  exac t  pos i t i ons  o f  e l ec t rodes  

Response  

We used  ind iv idua l  MR I and  CT data se t s  to  ve r i f y  t he  e l ec t rode 

locat ions .  We have  added  th i s  in fo rmat ion  to  t he  P ro toco l  s ec t ion  (p .  

6 ) .  However,  because  the  ed i to r  r eques t ed  that  we descr ibe  onl y 

p ro tocol s  t ha t  can  be  v i sual iz ed ,  and  v ideos  o f  c l in i ca l  opera t ions ,  

inc luding CT image  acqui s i t i on ,  cannot  be  shared ,  we b r i e f l y  

desc r ibed  approach  as  an  ex ample  o f  an  appropr i a t e  method .  

 

Poin t  3  

The e ff ec t s  and  cho ice  o f  how  to  re f erence  and  preprocess  the  data  

Poin t  4  

The e ff ec t s  o f  f i l t e r ing  on  epi l ep t i c  or  sharp - t rans i ent ,  

non -s inusoidal  ac t i v i t y  

Response  

As  sugges t ed ,  we  have added  a  d i scuss ion  o f  t he  in f luences  o f  

p rep rocess ing ,  f i l t e r ing ,  and  the  re fe rence  to  t he  Discuss ion  as  



unreso lved  i s sues  (p .  13 ) .  

 

Poin t  5  

Prov ide  ins igh ts  in to  how  t ime - f requency  analyses  work  and  how one 

i s  supposed  to  des ign  them given  that  shor t  t rans i ents  and  ep i l ep t i c  

or  osci l la tory  burs t s  can  eas i l y  be  b lur red  in  t he  f requency  domain  by  

ad jus t ing  the  se t t i ngs .  I  be l i eve  that  the  use  o f  a  GUI  does  no t  

fac i l i ta t e  that  l evel  o f  unders tanding  that  i s  necessary  to  

charac ter i ze  iEEG da ta .  

Response  

As  sugges t ed ,  we  have descr ibed  the  p r incip l e  beh ind  t ime–frequency 

anal yses  i n  t he  Pro toco l  s ec t ion  (p .  7 ) .  We agree  that  the  

t ime–f requency ana l yses  i n t roduced  in  th i s  s tud y could  b lu r  peaks  in  

the  o r ig ina l  dat a ,  and  that  i t  i s  d i ff icu l t  to  compensat e  fo r  t h i s  

b lu rr ing  b y ad jus t ing  the  se t t i ngs .  There fo re ,  we  have added  a  

d i scuss ion  o f  t h i s  d rawback  to  the  Di scuss ion  sec t ion  (p .  13 ) .  

We have  desc r ibed  our  GUI-based  p ro toco ls  i n  t h i s  s tud y because  the  

ed i to r  encouraged  us  to  present  GU I-based  p ro tocol s .  We bel i eve  tha t  

the  GU I i l l u s t ra t ions  wi l l  he lp  readers  to  unders t and  how to  use  o u r  

p ro tocol s .  

 

Poin t  6  

The  use  o f  mul t i p l e  t oo lboxes  and  the  e f f ec t  o f  manual  ' c ropp ing '  

l i ke l y  does  no t  l ead  to  bet t er  s c i en t i f i c  and  s ta t i s t i ca l  p ract i ce .  

Response  

As  sugges t ed ,  w e have  focused  on  a  s ingle  toolbox  (SMP)  in  t h i s  

a r t i c l e .  Because  we  conduc ted  automat ized  c ropping  in  a l l  t r i a l s ,  we 

have  desc r ibed  th i s  p rocedure  in  the  P ro toco l  s ec t ion  in  t he  rev ised  



manuscr ip t  (p .  7) .  

 

Poin t  7  

No jus t i f i ca t ion  o f  the  employed  s ta t s .  E .g .  u s ing  a  GLM in  SPM 

migh t  be  appl i cable  in  fMRI  in  cer ta in  ins tances ,  bu t  the  non - l inear  

na ture  o f  iEEG i s  bet t er  su i t ed  by  e .g .  t he  approach  by  Mari s  and  

Oos tenveld  (2007)  

Response  

As  sugges t ed ,  we  have  added  a  d i scus s ion  o f  the  poss ib l e  su i t ab i l i t y  

o f  nonparamet r i c  ana l yses  fo r  i n t rac rania l  EEG data  to  t he  

Di scuss ion  (p .  14 ) .  

 

Poin t  8  

Ext rac t ion  o f  HFB act i v i t y  i s  non - t r i v ia l ,  s imply  band -pass  f i l t er ing  

wi th  a  e .g .  70 -150  Hz  f i l t e r  i nc ludes  a  sharp  drop -o ff  in  the  1 / f  

spec trum and  hence  the  au thors  need  to  d i scuss  a l t ernat i ve  

approaches  as  e .g .  used  by  Fors t er  (2015)  or  Holdgraf  (2016)  

Response  

As  sugges t ed ,  we  have d iscussed  a l t e rna t ive  approaches  to  the  

ex t rac t ion  o f  HFB act iv i t y i n  t he  rev ised  Di scuss ion  (p .  14 ) .  

 

Poin t  9  

No cr i t i ca l  d i scuss ion  o f  Cross -Frequency Coupl ing  and  in  par t i cu lar  

the  'Even t - re la t ed '  approach,  which  i s  h igh ly  suscept ib l e  t o  ar t i fac t s  

by  non - l inear  sharp  t rans i ent s  as  e .g .  ou t l ined  in  Aru  (2015) ,  Gerber  

(2016)  or  Cole  and  Voy tek  (2017)  

Poin t  10  

The exact  same  holds  t rue  for  t he i r  use  o f  DCM  



Response  

In  t he  rev i sed  manuscr ip t ,  we  have  c i t ed  these  repor t s  in  t he  

Di scuss ion  to  show that  c ros s - f requency coup l ing  cou ld  be  b i ased  b y  

sharp  non - l inear  t r ans i en ts  and  tha t  con t ro l  fo r  such  confounding 

e ffec t s  may be  necessa r y  (p .  14 ) .  

 

Poin t  11  

Cri t i ca l  d i scuss ions  and  methods  cons iderat ions  are  mi ss ing  in  t erms 

o f  c ross - f requency  coupl ing  and  connect i v i t y  me tr i cs  (e .g .  coherence  

and the  p lv,  cons iderat ions  on  vo lume spread,  t he  e ff ec t s  o f  

d i f f e rences  i n  t r ia l  numbers  and  d i f f e rences  i n  osci l l a tory  power  and 

how to  account  f or  them,  e .g .  pa irw ise  phase  cons i s t ency  met r i cs  or  

we ighted  phase - lag  index)  

Response  

As  sugges t ed ,  we have  expla ined  in  t he  rev i sed  Discuss ion  that  

s evera l  d i ffe ren t  approaches  have been  p roposed  fo r  the  anal ys i s  o f  

neura l  coup l ing ,  and  tha t  i t  r emains  unc lea r  wh ich  anal yses  and  

paramete r s  migh t  be  bes t  su i t ed  for  cogn i t i ve  p rocess ing  (p .  14 ) .  

 

Po in t  12  

No in format ion  on  as ses s ing  d i rect iona l i t y  by  e .g .  Granger  or  the  

phase - s lope  inde x .  See  e .g .  Zheng e t  a l .  (2017)  Nature  

Communicat ions  fo r  a  success fu l  example  on  how to  address  some o f  

these  i s sues  

Response  

As  sugges t ed ,  we  have  ment ioned  in  t he  rev ised  Discuss ion  that  

Granger  causal i t y cou ld  be  an  impor t an t  a l t e rna t ive  (p .  14 ) .  

 



Poin t  13  

Essen t ia l  c i t a t ions  on  e .g .  CFC are  mi ss ing  ( that  by  the  way  

publ i shed  the  code  a long w i th  t he  paper  to  fac i l i t a t e  repl i cabi l i t y :  

e .g .  Canol t y  2006 Sci ence ,  Voytek  2010  Fron t i ers ,  Tor t  2008)  

Response  

As  sugges t ed ,  we have c i t ed  the se  impor t an t  s tudies  i n  t he  rev ised  

manuscr ip t  (p .  4) .  

 

Poin t  14  

The  authors  might  want  t o  consul t  e .g .  Sto l k  (2018)  Na ture  Protocol s  

fo r  more  s ta t e -o f - the -ar t  t u tor ia l .  

Pesaran (2018)  Nat  Neurosci  

Parvi z i  and  Kas tner  (2018)  Nat  Neuro  publ i shed  author i ta t i ve  

gu ide l ines  on  th i s  t op ic .  

In  i t s  present  f o rm and  i t s  gui -based  approach  th i s  t u tor ia l  could  

po ten t ia l l y  do  more  harm than advance  the  f i e ld  because  users  w i l l  

un l i ke l y  deve lop  a  deeper  unders tand ing  on  how these  me tr i cs  should  

be  used  and  the  ana lyses  should  be  carr i ed  ou t .  Whi l e  t he  f i e ld  needs  

bet t er  t u tor ia l s ,  t h i s  manuscr ip t  one  fa l l s  very  shor t  and  hence  

shou ld  not  publ i shed  in  i t s  p resen t  fo rm.  Open  access  t u tor ia l s  l i ke  

the  manuscr ip t  by  Sto l k  (2018,  a l so  on  b iorx i v )  and  the  f ree l y  

ava i lab le  f i e ld t r ip  t oolbox  h t tp : / /www. f i e ld t r ip toolbox.org / tu tor ia l  

provide  more  in format ion .  

Response  

We appreci a t e  t he  sugges t ion  o f  t hese  re l evant  s tud ies .  We have  c i t ed  

these  s tudies  i n  t he  rev ised  In t roduct ion  (p .  5)  and  Di scuss ion  (p .  14 ) .  

We have  a l so  expla ined  in  t he  rev ised  Di scu ss ion  tha t  t he  p ro tocol s  

tha t  used  the  SPM sof tware  may have  the  unique  po ten t i a l  t o  p rov ide  



a  un i f i ed  f ramework  fo r  the  analys i s  o f  va r ious  t ypes  o f  

neurosc i en t i f i c  dat a  (p .  14 ) .  

The  ed i to r  encouraged  us  t o  p rov ide  a  GU I-based  approach  to  avoid 

desc r ib ing  abs t rac t  concept s  i n  the  P ro tocol  s ec t ion .  We bel i eve  that  

ou r  manuscr ip t  wi l l  be  help fu l  t o  r eaders  who wi sh  to  unders t and  how 

to  ana l yze  in t rac ran ia l  EEG data  us ing  the  SPM sof tware .  

 

Al l  comment s  p rov ided  were  help fu l  i n  t he  p rocess  o f  r ev i s ing  our  

manuscr ip t .  We hope  that  th e  rev i sed  manuscr ip t  has  been  

su ff i c i en t l y improved  fo r  pub l i ca t ion  in  Journal  o f  Vi sual i zed  

Exper iment s .  Thank  you  fo r  your  i n t e res t  and  suppor t .  

 

Yours  s incere l y,  

 

Wata ru  Sato   

 


