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SUMMARY: 27 
The goal of the described approach is to determine at what moments of the paradigm 28 
(temporal perspective), and between which regions (spatial perspective), significant 29 
reconfigurations in functional connectivity occur on functional magnetic resonance imaging 30 
recordings during which a time-locked stimulus is played. 31 
 32 
ABSTRACT: 33 
Task-based functional magnetic resonance imaging bears great potential to understand how 34 
our brain reacts to various types of stimulation; however, this is often achieved without 35 
considering the dynamic facet of functional processing, and analytical outputs typically account 36 
for merged influences of task-driven effects and underlying spontaneous fluctuations of brain 37 
activity. Here, we introduce a novel methodological pipeline that can go beyond these 38 
limitations: the use of a sliding-window analytical scheme permits tracking of functional 39 
changes over time, and through cross-subject correlational measurements, the approach can 40 
isolate purely stimulus-related effects. Thanks to a rigorous thresholding process, significant 41 
changes in inter-subject functional correlation can be extracted and analyzed. 42 
 43 
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On a set of healthy subjects who underwent naturalistic audio-visual stimulation, we 44 
demonstrate the usefulness of the approach by tying the unraveled functional reconfigurations 45 
to particular cues of the movie. We show how, through our method, one can capture either a 46 
temporal profile of brain activity (the evolution of a given connection), or focus on a spatial 47 
snapshot at a key time point. We provide a publicly available version of the whole pipeline, and 48 
describe its use and the influence of its key parameters step by step. 49 
 50 
INTRODUCTION:  51 
Functional magnetic resonance imaging (fMRI) has become the tool of choice to non-invasively 52 
monitor the changes in brain activity resulting from external stimulation. More specifically, vivid 53 
interest has emerged about the understanding of statistical interdependence between regional 54 
activation time courses, known as functional connectivity (FC)1 and typically computed as 55 
Pearson's correlation coefficient. Functional interplays across the brain have been extensively 56 
shown to reconfigure as a function of the underlying task2-4. 57 
 58 
Two analytical directions have separately been followed to go beyond this introductory 59 
characterization: on the one hand, the response induced in a given brain region by a time-60 
locked stimulus was observed to strongly correlate across distinct subjects5. Quantifying this 61 
inter-subject correlation (ISC) showed potential to refine our understanding of cognition6-9 and 62 
brain disorders10,11. Further, this cross-subject correlational approach was also extended to the 63 
assessment of cross-regional synchronicity12, in what became known as the inter-subject 64 
functional correlation (ISFC) approach13. 65 
 66 
On the other hand, the dynamic flavor of FC reconfigurations started to receive increased 67 
attention (see Hutchison et al.14, Preti, Bolton and Van De Ville15, Gonzales-Castillo and 68 
Bandettini16 for recent reviews on the resting-state and task-based sides of this question). In 69 
particular, whole-brain FC changes over time can be tracked through consecutive correlation 70 
measurements over a gradually shifted temporal sub-window17,18, revealing additional insight in 71 
the context of behavioral tasks19,20. 72 
 73 
Here, we present a methodological framework that combines those two avenues. Indeed, we 74 
compute ISFC in sliding-window fashion to track the evolution of cross-regional synchronicity 75 
between the subjects exposed to a time-locked, naturalistic paradigm. Through the cross-76 
subject aspect of the method, analyses are focused on stimulus-driven effects, while 77 
spontaneous fMRI changes (which are uncorrelated across subjects) are strongly damped. This 78 
is important because resting-state and task-evoked activity patterns are increasingly 79 
understood to be characterized by distinct properties21,22. 80 
 81 
As for the dynamic component of the method, it enables a more complete and accurate 82 
characterization of task stimuli, particularly when probing a naturalistic paradigm in which a 83 
diverse set of cues (auditory, visual, social, etc.) are combined over time. Further, as the sound 84 
statistical evaluation of significant dynamic fluctuations has been hotly debated23,24, our 85 
approach takes particular care of this aspect of the analyses by isolating significant ISFC changes 86 
through comparison to appropriate null data. 87 



   

 88 
We illustrate the method on a set of healthy subjects exposed to an audio-visual movie 89 
stimulus, for whom we show that the temporal and spatial ISFC change profiles arising from 90 
localized movie sub-intervals can be accurately extracted. In doing so, we also describe the 91 
influence of the main analytical parameters to be selected by the user. The presented findings 92 
are based on part of formerly published data25,26. 93 
 94 
PROTOCOL: 95 
 96 
The following protocol has been approved by the local ethics committee (Biomedical Inserm 97 
365 protocol C08-39). 98 
 99 
1. Pre-imaging 100 
 101 
1.1. Enroll a study population of subjects, obtaining written, informed consent for all of 102 
them. Seek approval from the local ethics committee. 103 
 104 
1.2. Select a paradigm to investigate that can be applied to all subjects in time-locked 105 
manner.  106 
 107 
NOTE: Here, we used an audio-visual scientific documentary for youngsters 108 
(https://miplab.epfl.ch/index.php/miplife/research/supplement-asd-study). 109 
 110 
2. Imaging 111 
 112 
2.1. For each subject to consider in the analyses, perform at least one functional imaging 113 
session in which the scanned volunteer is subjected to the time-locked paradigm of interest. 114 
 115 
2.1.1. Use a 3 Tesla MRI scanner to acquire transverse slices through an echoplanar imaging 116 
sequence. 117 
 118 
2.1.2. Employ the following imaging parameters: voxel size = 3 mm x 3 mm x 3 mm, repetition 119 
time (TR) = 2 s, echo time = 50 ms, field of view = 192, 40 slices. 120 
 121 
NOTE: Faster TR values are encouraged within the scope of feasibility. The protocol can also be 122 
applied with a more restricted field of view (e.g., for analyses restricted to a specific brain sub-123 
structure), which would enable either a better temporal resolution (lower TR), or a spatially 124 
more precise analysis.  125 
 126 
2.1.3. Leave a few seconds of recording (≥ 2 TR) before and after the presentation of the 127 
stimulus. 128 
 129 
2.2. Perform at least one separate functional imaging session in which the scanned 130 
volunteer lies at rest in the scanner, eyes closed and instructed not to fall asleep. 131 



   

 132 
NOTE: Separate stimulus-related and resting-state acquisitions prevent otherwise possible 133 
interplays between the conditions (e.g., having watched the movie beforehand may leave a 134 
lasting trace to a subsequently acquired resting-state recording)27. If it is not desired to go 135 
through the aforementioned additional resting-state acquisition, an alternative (albeit more 136 
prone to the detection of false positives; see Discussion) computational option in the pipeline 137 
replaces this data by surrogate time courses computed from the paradigm-related signals (see 138 
step 5.1.2).  139 
 140 
2.3. Perform structural imaging.  141 
 142 
2.3.1. Use a 3 Tesla MRI scanner and a T1-weighted magnetization-prepared rapid acquisition 143 
gradient echo sequence. 144 
 145 
2.3.2. Employ the following imaging parameters: voxel size = 1 mm x 1 mm x 1 mm, field of 146 
view = 256, 176 slices. 147 
 148 
3. Data and software preparation 149 
 150 
3.1. For each session to analyze, ensure the existence of the following data files: 151 
 152 
3.1.1. A set of functional MRI volumes, present as separate 3D NIFTI or HDR/IMG files, with a 153 
consistent numbering scheme (e.g., "fMRI_0001", "fMRI_0002", etc.). 154 
 155 
3.1.2. A T1 structural MRI image, in NIFTI or HDR/IMG format.  156 
 157 
3.1.3. An atlas of interest in Montreal Neurological Institute (MNI) space, in NIFTI format.  158 
 159 
NOTE: An example of required input files is provided for a representative subject ("S17"), along 160 
with the full pipeline code, at ssh://git@c4science.ch/source/Intersubj_pipeline.git. 161 
 162 
3.2. Download the latest version of the publically available Freesurfer software28 163 
(https://surfer.nmr.mgh.harvard.edu/fswiki/DownloadAndInstall). 164 
 165 
3.3. Download the latest version of the publically available Statistical Parametric Mapping 166 
(SPM) MATLAB toolbox from https://www.fil.ion.ucl.ac.uk/spm/software/spm12/. 167 
 168 
3.4. Open MATLAB (version 2017a or more recent) and locate the newly downloaded 169 
"freesurfer" and "spm12" folders. For each, right click on it and select the Add to Path > 170 
Selected Folders and Subfolders option. 171 
 172 
4. Data preprocessing 173 
 174 



   

4.1. In the MATLAB terminal, type spm to launch the SPM12 main menu, and click on the 175 
fMRI button to access the preprocessing options devoted to fMRI data. Perform the following 176 
steps separately for each fMRI session to preprocess. 177 
 178 
4.1.1. Click on Realign (Est & Res), and in the newly open Batch Editor window, double click on 179 
Data > Session. In the newly open Session window, select all functional images to process. 180 
Then, click on the Done button, and afterwards, on the Run Batch icon from the Batch Editor 181 
window (green triangle). Wait until the realignment step finishes, as indicated in the MATLAB 182 
terminal window. 183 
 184 
4.1.2. Click on Coregister (Est & Res), and in the newly open Batch Editor window, double click 185 
on Reference image. In the newly open Reference Image window, select the average functional 186 
volume created in the following step, prefixed with "mean", and click on the Done button. 187 
Then, double click on Source image, and in the newly open Source Image window, select the T1 188 
image. Click on the Done button, and afterwards, on the Run Batch icon from the Batch Editor 189 
window (green triangle). Wait until the coregistration step finishes, as indicated in the MATLAB 190 
terminal window. 191 
 192 
NOTE: The T1 image is overwritten at this step, so that the updated one lies in the same space 193 
as the functional volumes. 194 
 195 
4.1.3. Click on Segment, and in the newly open Batch Editor window, double click on Volumes. 196 
In the newly open Volumes window, select the T1 image, and click on the Done button. Then, in 197 
the Batch Editor window, double click on Deformation Fields and select the Inverse option. 198 
Click on the Run Batch icon (green triangle), and wait until the segmentation step finishes, as 199 
indicated in the MATLAB terminal window.  200 
 201 
4.2. Type JOVE_GUI1 in the MATLAB terminal to open the first preprocessing graphical user 202 
interface window. Perform the following steps for each fMRI session to analyze. 203 
 204 
4.2.1. Click on Enter fMRI data, and select all realigned functional volumes created in step 205 
4.1.1 (prefixed with "r"). For IMG/HDR files, select both the IMG and HDR volumes. 206 
 207 
4.2.2. Enter the TR of the data (in seconds) in the dedicated editable text window. 208 
 209 
4.2.3. Click on Enter T1 data and select the three probabilistic tissue type volumes created in 210 
step 4.1.3 (prefixed with "c1", "c2" and "c3"). 211 
 212 
4.2.4. Click on Enter motion file, and select the text file containing motion parameters from 213 
the session of interest, created in step 4.1.3 and prefixed with "rp". 214 
 215 
4.2.5. Select the desired type of preprocessing, that is, whether the data should be detrended 216 
or not (respectively setting the dedicated radio button on or off), and what covariates should 217 
be regressed out (by selecting the appropriate option from the dedicated list). 218 



   

 219 
NOTE: The regression step is inspired from a function originating from the DPARSFA toolbox29. 220 
The white matter and cerebrospinal fluid signals from individual subjects are averaged over the 221 
voxels for which the respective template DPARSFA probabilistic tissue map showed a signal 222 
larger than 0.99. In our analyses, we detrended the data, and regressed out white 223 
matter/cerebrospinal fluid time courses as well as constant, linear and quadratic trends. 224 
 225 
4.2.6. To preprocess the data, click on Preprocess, and wait for the display to appear in the 226 
window. The data can be re-preprocessed differently by modifying the options, and clicking 227 
again on the Preprocess button. 228 
 229 
NOTE: The gray matter plot is inspired from the representation suggested by Power et al.30.  230 
 231 
[Place Supplementary Figure 1 here] 232 
 233 
4.2.7. To save the output for following steps, click on the Save button. To clear the content of 234 
the window, click on the Clear button. 235 
 236 
4.3. Type JOVE_GUI2 in the MATLAB terminal to open the second preprocessing graphical 237 
user interface window. Perform the following steps for each fMRI session to analyze. 238 
 239 
4.3.1. Click on Select data, and select the data file saved in step 4.2.7 (named "ISFC_VX.mat"). 240 
 241 
4.3.2. Click on Select motion, and select the text file containing motion parameters from the 242 
session of interest, created in step 4.1.1 and prefixed with "rp". 243 
 244 
4.3.3. Click on Select atlas, and select the NIFTI file representing the atlas to use for 245 
parcellation. 246 
 247 
4.3.4. Click on Select inverse warp, and select the NIFTI file representing the deformation field 248 
from MNI to native space, created in step 4.1.1 and prefixed with "iy". 249 
 250 
4.3.5. Click on Select fMRI volume, and select any of the fMRI data volumes. 251 
 252 
NOTE: This step enables to access the header information of the functional data, hence why the 253 
actual chosen volume is not important. 254 
 255 
4.3.6. Enter the TR of the data (in seconds) in the dedicated editable text window. 256 
 257 
4.3.7. Enter scrubbing-related information: the type of scrubbing to perform (i.e., how many 258 
frames to scrub out before and after the tagged ones) in the "Scrubbing type" list, and the 259 
framewise displacement threshold value (Power's criterion31) above which an fMRI volume 260 
should be scrubbed in the "Scrubbing threshold" editable text window (in mm). 261 
 262 



   

NOTE: Cubic spline interpolation is performed on the scrubbed data points to replace them 263 
with estimated values from neighboring samples. In our analyses, we scrubbed one frame after 264 
the tagged volumes, and used a 0.5 mm threshold for scrubbing. 265 
 266 
4.3.8. Enter the size of the sliding-window W to use for ISFC computations (see step 5), in TRs. 267 
 268 
NOTE: This piece of information will enable filtering of the time courses through a function 269 
originating from the DPARSFA toolbox29, at f = 1/W Hz32. In our analyses, we used W = 10 TR as 270 
a trade-off value to capture dynamic fluctuations while conserving enough samples for robust 271 
estimations.  272 
 273 
4.3.9. Click on the Plot button to display indicative atlased time courses before (top plot) and 274 
after (bottom plot) the scrubbing and filtering steps. Verify, by visual inspection, that following 275 
the selected preprocessing steps, those output signals do not incorporate salient artifactual 276 
components. 277 
 278 
[Place Supplementary Figure 2 here] 279 
 280 
4.3.10. To save the outputs for following steps, enter a save name in the dedicated editable text 281 
window, and click on the Save button. To clear the content of the window, click on the Clear 282 
button. 283 
 284 
5. Sliding-window ISFC computations 285 
 286 
5.1. Type JOVE_GUI3 in the MATLAB terminal to open the first ISFC-related graphical user 287 
interface window. Perform the following steps separately for each type of acquired fMRI 288 
session segment (stimulus-related segments, resting-state segments of stimulus-related 289 
sessions, and purely resting-state segments). 290 
 291 
5.1.1. Click on Load data, and select all the appropriate data files created through step 4.3. 292 
 293 
5.1.2. Select whether the selected session segments should undergo phase randomization. 294 
 295 
NOTE: Phase randomization can be used as an alternative option for the generation of null data 296 
from stimulus-related signals, if no resting-state recordings are available. 297 
 298 
5.1.3. Enter the TR of the data (in seconds) in the dedicated editable text window. 299 
 300 
5.1.4. Enter sliding-window parameters to use for the analysis in the dedicated editable text 301 
windows: window size (in TRs) over which connectivity measurements should be computed, 302 
and step size (in TRs) by which successive windows should be shifted. 303 
 304 
NOTE: In our analyses, we used a window size of 10 TR and a step size of 1 TR. 305 
 306 



   

5.1.5. Modify the "Session types" table to specify which of the loaded session segments were 307 
acquired upon the same experimental condition. Use increasing integer numbers from 1 308 
onwards to tag different types of segments (e.g., if the stimulus was displayed for the first or 309 
for the second time in a given recording). Leave the table untouched if only one type of session 310 
segment was acquired. 311 
 312 
NOTE: A session in the present work may refer either to a combined movie/resting-state 313 
recording (termed RUN1 and RUN2 in Figure 1A), or to a purely resting-state recording (RUN3). A 314 
session segment refers to a sub-portion of a session recording, either when the movie was 315 
watched, or when the subjects lied at rest. The above information is used in the subsequently 316 
described ISFC computations (see step 5.1.7) to limit the confounding influence of different 317 
session segment types. 318 
 319 
5.1.6. Enter bootstrapping-related parameters in the dedicated editable text windows: the 320 
number of bootstrapping folds over which to perform ISFC computations, and the number of 321 
subjects that should constitute the reference group for each fold of ISFC computations. 322 
 323 
NOTE: In our analyses, we used 250 bootstrapping folds, and 6 subjects into the reference 324 
group. 325 
 326 
5.1.7. Enter specifications about which sub-portion of time courses should be analyzed in the 327 
Timing parameters section, in the dedicated editable text windows. A start index and an end 328 
index (in TRs) should be provided. To analyze the whole recording duration, use 1 as start index 329 
and the number of samples as end index. 330 
 331 
5.1.8. Click on the Plot button to perform ISFC computations. Displays are gradually updated 332 
over time, along with the amount of elapsed bootstrapping folds. For a region pair (i,j) and a 333 
sliding window index τ, ISFC is computed as the average of cross-correlations between session 334 
segment s and all session segments from the reference group, within a sliding-window of length 335 
W; denote this reference group by Ψ, its number of subjects by NΨ, and let xi

[s](t) the time 336 
course of region i for session segment s at time t; an ISFC estimate is then given by: 337 
 338 

𝐼𝑆𝐹𝐶𝑖𝑗
[𝑠](𝜏) =

∑ 𝜌(𝒙𝒊
[𝒔]

(𝒕: 𝒕 + 𝑾), 𝒙𝒋
[𝒌]

(𝒕: 𝒕 + 𝑾))𝑘∈Ψ

𝑁Ψ
 . 339 

ISFC measurements are computed over the specified amount of bootstrapping folds, and with 340 
the selected number of session segments used as a reference group at each fold (see step 341 
5.1.6). If several session segment subtypes are included, a mixture of subtype samples always 342 
composes the reference group. The final output for each session segment is the average ISFC 343 
across all folds in which it was not included as a reference measurement. 344 
 345 
NOTE: The reference group is the set of session segments to which the functional time courses 346 
of session segment s are compared at each fold of the bootstrapping process. For the results to 347 
be more robust to outlier data points, ISFC is computed multiple times on a different reference 348 



   

group (that is, a different subset of session segments). Importantly, the acquisition time t does 349 
not match the sliding window index τ, as the latter is computed over a set of W data points, and 350 
relies on the window step size for successive estimates. The bootstrapping process was inspired 351 
from a former study by Byrge et al.33. 352 
 353 
[Place Supplementary Figure 3 here] 354 
 355 
5.1.9. To save the outputs for following steps, enter a save name in the dedicated editable text 356 
window, and click on the Save button. To clear the content of the window, click on the Clear 357 
button. 358 
 359 
5.2. Type JOVE_GUI4 in the MATLAB terminal to open the second ISFC-related graphical user 360 
interface window. 361 
 362 
5.2.1. Click on Load ISFC data and select the stimulus-related ISFC output file(s) created in step 363 
5.1.  364 
 365 
5.2.2. Click on Load null data and select the resting-state ISFC output file(s) created in step 366 
5.1. 367 
 368 
5.2.3. Click on Load codebook and select the codebook file created in step 4.3. 369 
 370 
5.2.4. Enter the TR of the data (in seconds) in the dedicated editable text window. 371 
 372 
5.2.5. Enter the sliding-window parameters used in the computations of step 5.1 (window size 373 
and step size, in TRs) in the dedicated editable text windows. 374 
 375 
5.2.6. Enter (in percent) the α-value at which the ISFC time courses should be thresholded to 376 
highlight significant changes in the dedicated editable text window. 377 
 378 
NOTE: Here and elsewhere, when referring to an α-value of 2.5%, it means that significance is 379 
achieved when a value is lower than the 2.5th percentile, or larger than the 97.5th percentile, of 380 
the null data. In our analyses, we had 5,762 resting-state data points to our disposal, and 381 
selected an α-value of 10-4. This means that we wanted 0.01% of data samples to be larger or 382 
equal to the selected thresholds past which an ISFC excursion would be deemed significant. For 383 
comparison purposes, the α-level demanded by Bonferroni correction would be 0.05/44,551 = 384 
1.12 x 10-6, and the most stringent possible α-level enabled with our amount of data (n 385 

samples) would be 
1

2𝑛+2
= 8.68 x 10-5. 386 

 387 
5.2.7. Click on the Plot button to perform the ISFC thresholding process, in which all available 388 
resting-state ISFC measurements are aggregated, for a given connection, to construct a null 389 
distribution, following which stimulus-related ISFC measurements are thresholded according to 390 
the selected α-value. Time points at which a stimulus-related ISFC value statistically significantly 391 



   

exceeds the null distribution are tagged as -1/+1 for significant ISFC decreases and increases, 392 
respectively. 393 
 394 
NOTE: The thresholding process draws inspiration from the resting-state dynamic FC work of 395 
Betzel et al.23. 396 
 397 
5.2.8. To visualize the ISFC spatial patterns at different time points, drag the slider below the 398 
ISFC excursion plot. 399 
 400 
[Place Supplementary Figure 4 here] 401 
 402 
REPRESENTATIVE RESULTS: 403 
Here, we considered n = 15 typically developing (TD) subjects for whom we obtained written, 404 
informed consent. All were right-handed males (23.42 ± 7.8 years old). The chosen paradigm 405 
was an audio-visual scientific documentary for youngsters about the dangers of sun exposure. It 406 
contains a large array of visual, auditory and social stimuli, and can be watched at 407 
https://miplab.epfl.ch/index.php/miplife/research/supplement-asd-study. 408 
 409 
We acquired two sessions per subject (RUN1 and RUN2) in which the assessed movie was 410 
displayed from 5 to 353 s (5.8 min duration). A resting-state segment also followed from 386 to 411 
678 s (4.9 min duration). In addition, one solely resting-state session (RUN3) was acquired for 412 
each subject (excluding one who suffered from claustrophobia), lasting for 310 s (5.2 min). 413 
Example movie scenes and the timing of acquired data are summarized in Figure 1A. 414 
Importantly, the acquisition protocol was not optimal in the sense that resting-state recordings 415 
acquired just after movie exposure may be partly corrupted by spillover effects27; we make use 416 
of this data in the present findings to have a satisfying amount of samples for statistical 417 
thresholding, but this should be avoided whenever possible. 418 
 419 
We excluded all sessions for which more than 10% of frames were scrubbed, at a threshold of 420 
0.5 mm, and considered the parcellation from Craddock et al.34 (two-level temporal correlation 421 
algorithm) to generate regional time courses, for a total of 299 different brain regions. 422 
 423 
ISFC was computed separately on (1) the movie-watching subparts of RUN1 and RUN2, (2) the 424 
resting-state subparts of RUN1 and RUN2, and (3) the resting-state RUN3 recordings. We used a 425 
window length W = 10 TR for the main presented results, and compare them to a lower value of 426 
W = 5 TR. Step size always remained equal to 1 TR. Bootstrapping was performed over 250 427 
folds, including 6 session segments in each reference group.  428 
 429 
Figure 1B displays ISFC time courses generated at W = 10 TR and W = 5 TR for three different 430 
representative connections: connection 1 involved a left inferior parietal region related to the 431 
expectation of moving objects (MNI coordinates: 41,9,32)35, and a right frontal opercular area 432 
linked to response inhibition (-34,-52,45)36. This latter region was also implicated in connections 433 
2 and 3, respectively with an area implicated in sensory coordination (54,6,34)37, and one tied 434 
to the processing of the meaning of words (6,62,9)38. 435 



   

 436 
A comparison across window lengths reveals that in the W = 5 TR setting, temporal variance in 437 
the subjects is overall larger in both the movie-watching and resting-state segment cases as 438 
compared to W = 10 TR, a known phenomenon in sliding-window analyses39. For connection 1, 439 
regardless of the window length, a localized subpart of the movie-watching recording (at 440 
around 55 s) shows a strong, synchronized ISFC increase across subjects, which largely exceeds 441 
the range of values taken in the resting-state case. Thus, we expect to capture this temporal 442 
subpart as a significant ISFC transient with our thresholding method. 443 
 444 
For connection 2, we observe similar temporal dynamics, but for W = 5 TR, the increase 445 
becomes less easy to disentangle as compared to the resting-state time courses, due to the 446 
larger sliding-window methodology-related noise. As for connection 3, it reflects a case in which 447 
there is no clear response to the movie, and thus, the fluctuations from movie-watching and 448 
resting-state time courses are similar. The expected outcome at this analytical stage is a mix 449 
between connections that show clear stimulus-induced reconfigurations, and connections that 450 
do not respond. 451 
 452 
[Place Figure 1 here] 453 
 454 
Figure 2A displays the results following statistical thresholding of ISFC time courses, for the 455 
same three connections as above. A time course value of 1 means that all subjects underwent 456 
the same ISFC increase at the same time point; a value of 0 means that no subject underwent a 457 
significant ISFC change; a value of -1 represents a synchronous ISFC decrease across all subjects. 458 
As before, we contrast W = 5 TR and W = 10 TR, and we also highlight two α-value cases: α = 459 
0.01%, and α = 5%.  460 
 461 
Fitting with the above observations, a lower window length reduces the amount of extracted 462 
significant ISFC changes. For connection 1, both W = 5 TR and W = 10 TR, however, extract the 463 
same particular moment (t = 55 s) as showing a strong ISFC increase. Taking a hemodynamic 464 
delay of roughly 5 s into account, this corresponds to a subpart of the movie when colored lines 465 
were extending towards a doll, and abruptly stopped just in front of it (46-49 s), fitting with the 466 
role of the involved regions in moving object expectation and response inhibition35,36. 467 
 468 
When increasing α from 0.01% to 5%, one can observe a much lower specificity of the detected 469 
ISFC transients, likely including many false positives and expectedly showing much less 470 
temporal synchrony. 471 
 472 
As another perspective that can be set on the data, Figure 2B shows the whole-brain spatial 473 
maps of significant ISFC changes at t = 55 s. It can be seen that the response to the movie scene 474 
extends far beyond the example connections described here. 475 
 476 
[Place Figure 2 here] 477 
  478 



   

FIGURE AND TABLE LEGENDS: 479 
Figure 1: Acquisition timing and example ISFC time courses. (A) The movie watched by the 480 
subjects involved a wide array of social situations (example images 1 and 4), scientific 481 
explanations with colorful panels (example images 2 and 5), and landscape sceneries (example 482 
image 3). Three sessions were acquired per subject: two (RUN1 and RUN2) included the movie 483 
stimulation (from 5 to 353 s, highlighted in green) followed by a resting-state period (from 386 484 
to 678 s, shown in yellow), while one (RUN3) solely consisted in a resting-state recording (310 s 485 
duration, displayed in orange). (B) For three indicative connections (C1, C2 and C3, respectively 486 
dark green/red, light green/orange and turquoise/yellow traces), evolution of ISFC over time 487 
during movie-watching (cold colors) or resting-state (hot colors). For W = 10 TR (left panel), 488 
movie-watching ISFC changes more largely stand out as compared to W = 5 TR (right panel).  489 
Each trace reflects the ISFC time course of one session. This figure has partly been modified 490 
from Bolton et al.25. 491 
 492 
Figure 2: Temporal and spatial snapshots of ISFC patterns. (A) ISFC transient time courses, 493 
averaged across subjects, for three indicative connections (C1, C2 and C3, respectively dark 494 
green, light green and turquoise traces). The movie scene that drove the ISFC changes is 495 
highlighted in light grey, and depicted by example images. For W = 10 TR (left column of plots), 496 
ISFC changes are more strongly detected than for W = 5 TR (right column of plots). For α = 497 
0.01% (top row of plots), specificity to localized movie cues is larger than for α = 5% (bottom 498 
row of plots). Each trace reflects the ISFC transient time course of one session, and the two-499 
tailed 95% confidence intervals are displayed as error measure. (B) For W = 10 TR and α = 500 
0.01%, there is a neat, restricted spatial pattern of ISFC transients at t = 55 s (the peak ISFC 501 
transient value for C1); for W = 5 TR and α = 5%, connections undergoing a significant ISFC 502 
change at this time are much more numerous. Note that we assume a hemodynamic delay of 503 
around 5 s in the described temporality (i.e.,, a value of 55 s here relates to the movie stimulus 504 
at 50 s). This figure has partly been modified from Bolton et al.25. 505 
 506 
Supplementary Figure 1: Example screenshot from the first preprocessing graphical user 507 
interface window. Voxel-wise time courses of gray matter voxels following the selected 508 
preprocessing options (top right plot), and covariates that may be used in the preprocessing 509 
(from top to bottom: cerebrospinal fluid/white matter average time courses, translational 510 
motion parameters, and rotational motion parameters. 511 
 512 
Supplementary Figure 2: Example screenshot from the second preprocessing graphical user 513 
interface window. Regional time courses following atlasing, before (top plot) and after (bottom 514 
plot) scrubbing and filtering according to selected parameters. Each curve depicts one regional 515 
time course randomly selected amongst all the available ones. 516 
 517 
Supplementary Figure 3: Example screenshot from the first ISFC-related graphical user 518 
interface window. (Top plot) Schematic representation of how often each considered session 519 
has its ISFC measurements computed (i.e., is not selected within the reference group). (Bottom 520 
plot) On an indicative subject, ISFC time courses computed for fifty example connections, 521 
selected as the ones exhibiting the largest summed absolute ISFC values across time. 522 



   

 523 
Supplementary Figure 4: Example screenshot from the second ISFC-related graphical user 524 
interface window. (Top left plot) On an indicative subject, ISFC time courses computed for 525 
three example connections, selected as the ones exhibiting the largest amount of significant 526 
ISFC excursions and displayed with their associated computed significance thresholds 527 
(horizontal lines). (Bottom left plot) For the same connections, associated excursion time 528 
courses averaged across subjects, with two-tailed 95% confidence intervals displayed as error 529 
measure. (Right plot) Spatial ISFC pattern (averaged ISFC excursions across subjects) for a 530 
selected time point indicated by a vertical black line on the ISFC and excursion plots. Positive 531 
ISFC excursions are shown in yellow, and negative ones in pink. The size and color code of the 532 
nodes are proportional to their degree. 533 
 534 
Supplementary Figure 5: Detection of ISFC excursions across null data generation methods. 535 
For resting-state (left column, blue plots) or phase randomization (right column, red plots) null 536 
data generation methods, percentage of ISFC excursions extracted across connections. The 537 
bottom plots are an inset on the connections emanating from the first three considered brain 538 
regions. Error represents standard deviation across subjects. 539 
 540 
DISCUSSION: 541 
On a dataset of healthy subjects, we demonstrated how synchronous cross-subject increases 542 
and decreases in FC, the ISFC transients, would match temporally localized movie cues, 543 
providing information that goes beyond a static description. Although the use of cross-subject 544 
correlation measures enables to focus the analysis on stimulus-driven functional 545 
reconfigurations, one must also be aware that it limits the findings to the effects that are 546 
shared across the studied population: hence, low-level sensory processing is expected to be 547 
over-represented compared to frontal processing40. To bypass this limitation, new methods 548 
that also have the ability to extract the regions that most strongly vary across subjects are being 549 
developed41. 550 
 551 
Another limitation from the introduced methodology arises from the sliding-window aspect, as 552 
temporal resolution of ISFC transient time courses is lowered compared to frame-wise 553 
approaches15. As we showed, a trade-off is needed between a sufficiently low window length to 554 
properly resolve dynamic ISFC reconfigurations, and a large enough size to obtain robust 555 
estimates. Two critical steps in our framework ensure that the extracted ISFC transients reflect 556 
truly occurring changes in connectivity: first, the high-pass filtering of regional time courses 557 
with the inverse of the window length32; second, the use of resting-state ISFC data for the 558 
generation of a relevant null distribution, with identical acquisition parameters as compared to 559 
the stimulus-related data. Of course, the latter also requires a lengthier global acquisition time, 560 
so that resting-state data can be gathered on top of stimulus-related sessions. As an alternative 561 
approach to avoid the additional resting-state recordings, we also offer the possibility to 562 
generate phase randomized data directly from the stimulus-related time courses, an approach 563 
often used in dynamic functional connectivity analyses23,24. Further evaluation on a subset of 564 
sessions revealed that although the resting-state null method is more conservative, and thus 565 



   

less prone to false positives, the global patterns of ISFC excursion detection were similar across 566 
both schemes (see Supplementary Figure 5). 567 
 568 
[Place Supplementary Figure 5 here] 569 
 570 
The duration of the resting-state acquisitions actually relates to a critical parameter of the 571 
analyses: the α-value. As exemplified above, a too lenient choice will lead to a large amount of 572 
false positives in the detected ISFC transients. The larger the amount of available resting-state 573 
data, the more stringent the achievable false positive rate, because thresholding can be based 574 
on more extreme values from the null distribution. As an indication, for n = 299 atlas regions as 575 
here and given our tally of 5,762 resting-state data points, we could at best achieve an α-value 576 
close to 0.01% (see step 5.2.6 for mathematical details). 577 
 578 
Another key point pertaining to any fMRI analysis lies in the rigorous removal of possible 579 
motion-related artifacts from the analyzed data29,42. In particular, if one wishes to apply the 580 
introduced pipeline to diseased populations exhibiting marked motion in the scanner, we 581 
recommend that on top of including motion variables as covariates in the performed statistical 582 
analyses, additional preprocessing steps be run, such as wavelet denoising43 or ICA-AROMA44. 583 
Group comparison, for instance to compare ISFC transients between a healthy and a diseased 584 
group, can readily be performed by running the described approach in parallel on both groups 585 
of interest (see Bolton et al.25 for an example on a population diagnosed with autism spectrum 586 
disorders). However, a difference between the groups can then arise in two distinct settings: (1) 587 
an absent ISFC change in one group, or (2) a more heterogeneous evolution in that group. To 588 
disentangle those two factors, the pipeline should be run once more for the diseased group, 589 
using the healthy subject set as the reference group at the bootstrapping step. The former case 590 
would still result in an absent response, whereas the latter would not. 591 
 592 
On top of what we described here, the introduced methodology also opens up promising future 593 
avenues: from an analytical side, ISFC transient maps could be viewed as brain graphs from 594 
which metrics quantifying brain connectivity could be derived45, or dynamic ISFC states could be 595 
extracted through clustering approaches and assessed in terms of their spatial and temporal 596 
characteristics18,46. In addition, one could also envisage the use of more sophisticated 597 
connectivity measurement tools than Pearson's correlation coefficient to reveal subtler sides of 598 
FC47,48. 599 
 600 
From the experimental side, the application of our pipeline to a more extended set of 601 
paradigms is a promising perspective: for example, instead of a movie as studied here, one 602 
could envisage to use a piece of music49 or a narrative story13,50 as a time-locked stimulus. 603 
Alternatively, it could even be envisioned, through hyperscanning51, to probe naturalistic social 604 
communication52,53. 605 
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Responses to Reviewers and Editor 
 
We would like to thank both Reviewers and the Editor for their precious 
feedback about our submitted article. We have reworked our manuscript to 
incorporate all the required modifications, and below, we provide point-by-point 
answers to their different points. 
 

Editor 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure 
that there are no spelling or grammar issues. The JoVE editor will not copy-edit 
your manuscript and any errors in the submitted revision may be present in the 
published version. 
 
We have performed an extensive proofreading of the article, to ensure that there 
were no left grammatical or spelling mistakes. 
 
2. Figure 1: Please include a space between the number and the unit: 348 s instead 
of 348s, etc. 
 
Figure 1 has been modified to add a space wherever required between numbers 
and associated units: namely, '348s' was changed into '348 s', '5.8min' into '5.8 
min', '292s' into '292 s', and '4.9min' into '4.9 min'. 
 
3. Please revise the table of the essential supplies, reagents, and equipment. The 
table should include the name, company, and catalog number of all relevant 
materials in separate columns in an xls/xlsx file. 
 
According to the Editor's suggestion, we have improved the table of essential 
supplies: on top of verifying the proper layout of the final file, we ensured that all 
required columns were properly filled in. For the described materials, a catalog 
number was not available; instead, we filled the entry with a link for 
downloading the related software, or towards the description of the product on 
its dedicated website. 
 
4. Please include an ethics statement before the numbered protocol steps, 
indicating that the protocol follows the guidelines of your institution’s human 
research ethics committee. 
 
A sentence has now been added before numbered protocol steps, to specify that 
presented steps comply with the local ethics committee rules: 
 
"The following protocol has been approved by the local ethics committee 
(Biomedical Inserm  365 protocol C08-39)." 
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To avoid redundancy, we also removed the related sentence initially present at 
the start of the Representative Results section. 
 
5. Please add more details to your protocol steps. Please ensure you answer the 
“how” question, i.e., how is the step performed? Alternatively, add references to 
published material specifying how to perform the protocol action. 
 
In accordance with the Editor's suggestion, we have thoroughly screened the 
article to ensure that every methodological step was properly described, and 
added details wherever required. Our additions can be read in red font 
throughout the updated manuscript document. 
 
6. 2.5: How is structural imaging done? 
 
To clarify Section 2 from the Protocol and thus answer the Editor's request, we 
modified it to merge information about structural/functional imaging 
parameters (previously given in Sections 2.1 and 2.2) within the experimental 
step sub points per se (previously Sections 2.3 to 2.5). The newer section version 
is, we hope, more homogeneous and clearer for someone wishing to replicate 
our protocol. 
 
7. Please specify the computational parameters (specific values) used in the 
protocol. It is best to film a specific example instead of a generalized one. 
 
We thank the Editor for his valuable comment. Accordingly, we now explicitly 
specify the parameters used in our Representative Results section within the 
protocol itself, in dedicated protocol notes outlying the values used in our 
analyses. To maximize the clarity of the provided explanations, we also kept the 
further description of those parameters present in the Representative Results 
section. 
 
8. Some of the highlighted steps cannot be filmed. These are abstract decision 
making steps such as Step 1.2 and calculations. 
 
We thank the Editor for his comment. We have reviewed all the steps highlighted 
for being filmed in the previous manuscript version, and made sure to solely 
keep the ones that can indeed be filmed. This led to the removal of the abstract 
decision steps (Section 1.2). Calculations were not included in any step to record. 
 
9. If step 2.3 is to be filmed, steps 2.1-2.2 should be as well. 
 
We agree with the Editor that in the previous manuscript version, Sections 2.1 
and 2.2 should have been selected for being filmed alongside Section 2.3. In the 
reworked content, those different steps have been merged together and are now 
collectively picked for being filmed. 
 
10. Please obtain explicit copyright permission to reuse any figures from a previous 
publication. Explicit permission can be expressed in the form of a letter from the 
editor or a link to the editorial policy that allows re-prints. Please upload this 
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information as a .doc or .docx file to your Editorial Manager account. The Figure 
must be cited appropriately in the Figure Legend, i.e. “This figure has been modified 
from [citation].” 

 
We thank the Editor for reminding us about the need to obtain explicit copyright 
permission to reuse previous publication figures. We verified that the content 
from our previous publication from which part of the present figure content is 
borrowed, can be reused without further permission steps, as per the Creative 
Commons Attribution License: 
 
"This article is available under the terms of the Creative Commons Attribution 
License (CC BY) (which may be updated from time to time) and permits use, 
distribution and reproduction in any medium, provided that the Contribution is 
properly cited." 
  
Thus, we have simply stuck with citing the Figure in the appropriate legends. 
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Reviewer 1 
 
Manuscript Summary: 
 
This manuscript describes a useful analysis pipeline, which will likely become more 
used after this well-written tutorial 
 
We thank the Reviewer for his positive comments about our manuscript. 
 
Major Concerns: 
 
Not sure if I can call this a concern, but if I think about a "video of an experiment" I 
am not sure that I would think about a tutorial on a pipeline. In particular I don't 
know to which extent a video describing this tutorial would be more explanatory 
than the tutorial itself. All of this hypotetically because I was not requested to 
review a video, but just the protocol, which I also find confusing, but that's not your 
fault. 
 
We understand the point made by the Reviewer. When submitting the present 
manuscript, two parallel lines of thought strengthened our confidence about the 
relevance of a video tutorial: 
 

1. Such approaches have been previously used, quite successfully, in 
publically available content about various neuroimaging software (see for 
example https://www.youtube.com/watch?v=6Xn6NC6ifUY for 
introductory material about how to correctly use SPM, or 
https://www.youtube.com/playlist?list=PLIQIswOrUH6_DWy5mJlSfj6AW
Y0y9iUce for a series of videos on how to use the Freesurfer software). 
We reasoned that a video-based support on how to deploy our 
computational pipeline might, similarly, ease the understanding of its 
different steps. 

 
2. Our pipeline is particularly suited to a video format, since it enables to 

extract specific moments of a dynamic paradigm where there is a 
significant change in cross-subject brain synchronization. On top of the 
protocol details provided in written, and the guided tutorial on how to 
apply the pipeline, we also thought about incorporating some extracts of 
the analyzed movie in the video resource, alongside the associated 
triggered whole-brain connectivity changes. We will be working towards 
this goal during the recording stage of the publication process. 

 
Also, in the experiment you describe also the ethics committee procedure, and the 
data acquisition. Of course these are fundamental steps for the experiments, but 
what you plan to describe in the video is the analysis right? Or will we see a video of 
you writing an ethical protocol application or potting people in the scan? It would 
be better to separate the preliminary steps as data acquisition (since the analysis 
can be run on data acquired by a third party and shared), and the analysis pipeline. 
 
The Reviewer makes a very relevant remark, which was also raised by the 
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Editor. According to the JoVE article submission rules, all steps required towards 
the achievement of the analysis, including the ethics and acquisition steps, must 
be present within the written version of the protocol. However, only the steps 
that have been underlined in yellow within the text will be taken into 
consideration at the video recording stage. 
In other words, we do not plan on being recorded while writing an ethical 
protocol application, hence why this particular protocol step is not part of the 
underlined material. Our thought is to display (1) a guided tutorial on how to 
apply our computational pipeline, and (2) actual results obtained from the 
analyzed movie (i.e., movie extracts and associated elicited whole-brain 
changes).  
 
Short TR: is it feasible to limit the scan to a certain brain region in order to 
minimize the TR? Also, is the protocol still valid for multiband acquisition? 
 
We thank the Reviewer for his/her valuable question. It is indeed feasible to 
limit the scanning to a more localized brain region, either to minimize the TR of 
the experiment, or to focus on a given brain sub-structure with greater spatial 
accuracy. We have added this information as a protocol note in Section 2.A: 
 
"Note: The protocol can also be applied with a more restricted field of view (e.g., for 
analyses restricted to a specific brain sub-structure), which would enable either a 
better temporal resolution (lower TR), or a spatially more precise analysis." 
 
Scrubbing: what happens if you scrub some time points from a subject and not from 
others? This issue could be better clarified. 
 
We thank the Reviewer for raising a very relevant point: going back through the 
protocol details, we realized that we indeed did not provide sufficiently clear 
explanations about the scrubbing step. 
 
As has now been added in Section 4.C.VII as a dedicated note, cubic spline 
interpolation was applied to the scrubbed data volumes in order to replace them 
with estimated values, using neighboring data points. Thus, we conserve a 
similar amount of data for all subjects. The added part reads: 
 
"Note: Cubic spline interpolation is performed on the scrubbed data points to 
replace them with estimated values from neighboring samples." 
 
As specified in the Representative Results section (third paragraph), we selected 
a threshold of 10 % of scrubbed frames: above that value (a very conservative 
choice with regard to the fMRI literature), we discarded the whole session rather 
than including it in our analyses, because we judged that then, the interpolation 
process may not be sufficiently stable (for instance, if too many data points are 
scrubbed next to each other).  
 
In our example results, we visually checked that preprocessed time courses 
following the scrubbing step did not contain any salient artifacts, which is 
enabled by the display of the second pipeline Graphical User Interface (see the 
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atlased time courses displayed in Supplementary Figure 2). We added a sentence 
to Section 4.C.IX to encourage the users to go through the same visual inspection 
process: 
 
"Verify, by visual inspection, that following the selected preprocessing steps, those 
output signals do not incorporate salient artifactual components." 
 
Additionally, we remark that we also mention the motion correction issue in the 
Discussion (fourth paragraph): on top of suggesting possible additional cleaning 
tools for cases in which motion is particularly problematic (typically, some 
diseased populations), we now added a mention of the importance to also 
include motion parameters as covariates in any statistical analysis: 
 
"[...] we recommend that on top of including motion variables as covariates in the 
performed statistical analyses, additional preprocessing steps be run [...]" 
 
We hope that those changes and additions will be judged sufficient by the 
Reviewer to make the reader aware of the motion problematic in fMRI analysis.  
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Reviewer 2 
 
Manuscript Summary: 
 
The authors describe a method to analyze brain functional connectivity responses 
to naturalistic data, in this case a movie, in a time-varying fashion incorporating 
cross-subject synchronization of connectivity to specific events during the movie. 
The method seems sensible and is in general explained well in the manuscript. 
 
We thank the Reviewer for his/her positive assessment of our work. 
 
Major Concerns: 
 
I found it difficult to understand how the bootstrapping procedure works and what 
role the rest acquisition(s) play in this. As far as I know, to assess whether 
meaningful (or true) non-stationarity of connectivity occurs is to test this against a 
null-distribution of windowed connectivity derived from e.g. phase-shifted time 
series. Why would one not do this here as well, and why would one need rest data to 
assess the validity of connectivity dynamics during a movie?  
 
We thank the Reviewer for raising an issue that we find was indeed not properly 
discussed in the previous manuscript version. First, we want to emphasize that 
the bootstrapping procedure (which enables to lower the possible impact of 
outliers in the computations of ISFC), and the use of resting-state data as a null 
distribution (which enables, at a later analytical stage, to threshold the ISFC time 
courses and retain only statistically significant excursions), are two separate 
computational aspects. We answer the latter concern here, and come back to the 
bootstrapping aspect in a later answer to the Reviewer's comments. 
 
The Reviewer is right that a typical way to test for the presence of non-
stationarity in fMRI data is to generate null time courses through phase 
randomization procedures, and compare the actual data to those surrogates. 
 
In principle, nothing prevents the application of that approach to the movie time 
courses studied here: an obvious advantage would then be the lower scanning 
duration, since purely resting-state sessions would then not be required 
anymore. 
 
However, in our work, we opted for the resting-state approach given that (1) we 
had this data to our disposal, so why not use it, and (2) we judged it a cleaner 
approach to the generation of surrogate data. 
 
Regarding this second point, we reasoned that in phase-randomized data, 
although second-order information is kept, higher-order features from the data 
are not. Perhaps those actually are important to the proper characterization of 
fMRI data, and still lie in purely intrinsic (not movie-driven) functional activity as 
well. The efficacy of analytical approaches such as Independent Component 
Analysis lends further support to that hypothesis. 
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In order to more thoroughly investigate the difference between the resting-state 
and the phase-randomization null generation approaches, we applied both to a 
subset of our data (the 12 combined movie/resting-state sessions shared within 
the scope of this work) with similar analytical parameters (framewise 
displacement threshold of 0.5 mm, window size W = 10 TR, step size 1 TR, 250 
bootstrapping folds, 6 session segments in the reference group, α-level = 0.05 
%), and compared the connections that were extracted as showing significant 
ISFC changes across the two cases. The results are presented in the newly added 
Supplementary Figure 5: when representing the percentage of time points 
detected as showing a significant excursion, the same overall pattern across 
connections can be observed when the phase-randomized (red plots) or resting-
state (blue plots) data are used for null generation. However, the percentage of 
detected time points showing a significant ISFC change is consistently larger in 
the phase-randomization case, which demonstrates that in accordance with our 
expectations, this particular null hypothesis is not as strong, and may be prone to 
a larger detection of false positives. 
 
We have appended a brief mention of those results in our Discussion (second 
paragraph), when referring to the importance of properly tailored significance 
assessment methods in dynamic functional connectivity approaches, and added 
Supplementary Figure 5 to our submitted material: 
 
"As an alternative approach to avoid the additional resting-state recordings, we 
also offer the possibility to generate phase-randomized data directly from the 
stimulus-related time courses, an approach often used in dynamic functional 
connectivity analyses23,24. Further evaluation on a subset of sessions revealed that 
although the resting-state null method is more conservative, and thus less prone to 
false positives, the global patterns of ISFC excursion detection were similar across 
both schemes (see Supplementary Figure 5). 
 
[Place Supplementary Figure 5 here]" 

 

Supplementary Figure 5: Detection of ISFC excursions across null data generation methods. For resting-state (left column, 
blue plots) or phase-randomization (right column, red plots) null data generation methods, percentage of ISFC excursions 
extracted across connections. The bottom plots are an inset on the connections emanating from the first three considered brain 
regions. Error represents standard deviation across subjects. 
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Since we understand that recording time may sometimes be more valuable than 
the gain in accuracy of the exact used null data generation scheme, we have also 
implemented the alternative phase-randomization strategy into our pipeline, 
and mentioned in Section 2.B of the protocol that it may be an alternative to the 
recording of resting-state data: 
 
"Note: If it is not desired to go through the aforementioned additional resting-state 
acquisition, an alternative (albeit more prone to the detection of false positives; see 
Discussion) computational option in the pipeline replaces this data by surrogate 
time courses computed from the paradigm-related signals (see step 5.A.II)." 
 
Specifically, rest data do not necessarily constitute "appropriate null data". As the 
authors mention, there could be spillover effects of previous tasks on the rest 
period. The authors provide a further note at 2.4 that "Separate stimulus-related 
and resting-state acquisitions prevent otherwise possible interplays between the 
conditions". It is therefore surprising that both the rest scan directly following the 
movie and the separate rest scan were not made before the movie paradigm 
instead. 
 
The Reviewer is absolutely right that resting-state data acquired shortly after the 
movie paradigm do not necessarily constitute appropriate null data given 
possible spillover effects, as we ourselves already mention in Section 2.B of the 
protocol. 
 
In our analyses, we included both those possibly "corrupted" resting-state, and 
purely resting-state recordings, to the set of considered data, because our 
amount of available null data would otherwise not have enabled us to threshold 
movie-watching time courses at a sufficiently stringent statistical level. Actually, 
an α-value of 0.01 % as used in our presented results is already quite less 
stringent than what would be required according to Bonferroni correction, and 
could be achieved thanks to the combined pool of resting-state data; we get back 
in more details to the mathematical side of the thresholding process in 
answering a later question from the Reviewer (see Minor Concerns). 
 
We reasoned that if anything, possible spillover effects, on top of being partly 
"diluted" by the parallel presence of purely resting-state recordings, would 
prevent the detection of some movie-responsive connections, rather than driving 
the erroneous detection of false positives. 
 
We have now added, in the Representative Results section (second paragraph), a 
specification that separate resting-state acquisitions were strongly encouraged, 
and that our actual choice of mixing the use of post-movie and purely resting-
state data for null distribution generation was due to the requirement for a 
larger amount of data points: 
 
"Importantly, our acquisition protocol was not optimal in the sense that resting-
state recordings acquired just after movie exposure may be partly corrupted by 
spillover effects; we make use of this data in the present findings to have a 
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satisfying amount of samples for statistical thresholding, but this should be avoided 
whenever possible." 
 
Did I understand correctly that the different rest data (i.e., twice directly after the 
movie, and once after the two movie/rest runs) were aggregated? How is this done 
exactly, and why would this be the best reference material and not just the rest 
scan after the two movie runs? 
 
Yes, the Reviewer correctly understood that all available resting-state data were 
aggregated together. As explained above, the main reason for this aggregation as 
compared to solely resorting to "pure resting-state" data is the otherwise too low 
amount of data points in the null distribution for thresholding (see Minor 
Concerns below for more details on the mathematical explanation). 
 
Under 5.1.4, what is meant with "session"? Does this refer to the movie and rest 
(parts of the) scans? 
 
A session refers to either a combined movie/rest scan (referred to as RUN1 or 
RUN2 in Figure 1), or a purely rest scan (referred to as RUN3). We have clarified 
this point in a dedicated protocol note (Section 5.A.IV): 
 
"Note: A session in the present work may refer either to a combined movie/resting-
state recording (termed RUN1 and RUN2 in Figure 1A), or to a purely resting-state 
recording (RUN3). A session segment refers to a sub-portion of a session recording, 
either when the movie was watched, or when the subjects lied at rest." 
 
In addition, we modified Section 5 to avoid a misuse of the "session" 
terminology: throughout several protocol sub-points, the user is required to 
work with a specific segment of a recording session (for example, only the time 
interval when the movie was being watched). This has also been explicitly 
clarified in the above note, and whenever referring to those sub-portions of a 
session, we now use the "session segment" terminology. 
 
And under 5.A.VII, does "reference group" refer to the rest periods from all subjects, 
and session subtypes to the different types of rest acquisitions? 
 
In Section 5.A.VII, "reference group" refers to a subset of session segments that 
act as the point of comparison to which data from session segment s is 
compared. For example, if considering the movie-watching session segments (by 
appropriately selecting this temporal interval in Section 5.A.VI), the data for 
session segment s (the sth movie-watching recording) will be compared to a set 
of other session segments randomly selected from the dataset (that is, to the 
movie-driven functional activations from other subjects).  
This process will be repeated many times, each time sampling a different 
reference group for the computations. This step ensures further robustness of 
the ISFC estimates, to account for the possible presence of outlier data points.  
 
We now give those details in a dedicated protocol note (Section 5.A.VII): 
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"Note: The reference group is the set of session segments to which the functional 
time courses of session segment s are compared at each fold of the bootstrapping 
process. For the results to be more robust to outlier data points, ISFC is computed 
multiple times on a different reference group (that is, a different subset of session 
segments)." 
 
We also remark that in Section 5.A, we specifically mention that the following 
protocol sub-points should be run separately for each session segment subtype; 
we reckon that the former misuse of "session", instead of "session segment", in 
those explanations, may have confused the reader, and corrected this 
unfortunate inaccuracy. 
 
These issues need to be addressed in more detail to be able to better understand the 
statistical procedures. 
 
We hope that the adjustments mentioned above enable a better understanding of 
the statistical procedures introduced in the manuscript. We remain open to 
modify any remaining issue that the Reviewer may still have. 
 
Minor Concerns: 
 
- "resting-state and task-evoked activity patterns are increasingly understood to 
embed important specificities". This is a bit vague. 
 
We have modified the previous formulation into a clearer variant: 
 
"This is important because resting-state and task-evoked activity patterns are 
increasingly understood to be characterized by distinct properties21,22." 
 
- Hierarchical numbering should be done less ambiguously, especially these are also 
referenced as such, e.g.: 3/3.1/3.1.1. 
 
We thank the Reviewer for his/her valuable suggestion. We have now modified 
the numbering so that different sets of symbols highlight specific hierarchical 
levels: the first level is now denoted by (1,2,3...), the second level by (A,B,C...) and 
the third level by (I,II,III...). 
 
- 4.2.5: "probabilistic tissue map" - would add that these are individually derived 
maps, not a template. 
 
In fact, the maps are templates originating from the DPARSFA toolbox, whereas 
the averaged signals are of course themselves session-specific. This has been 
clarified in the newer manuscript version (Section 4.B.V): 
 
"Note: The regression step is inspired from a function originating from the 
DPARSFA toolbox29. The white matter and cerebrospinal fluid signals from 
individual subjects are averaged over the voxels for which the respective template 
DPARSFA probabilistic tissue map showed a signal larger than 0.99." 
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- "Time points at which a stimulus-related ISFC value statistically significantly 
exceeds the null distribution are tagged as -1/+1 for significant ISFC decreases and 
increases, respectively." - In the plots the peaks never reach -/+1. Are these then not 
significant? Probably I am misunderstanding the thresholding. 
 
The Reviewer did not misunderstand the thresholding process, which indeed 
tags data points with +1 or -1 when, respectively, a significant ISFC increase or 
decrease is established. The apparent mismatch with the plots from Figure 2A 
and Supplementary Figure 4 comes from the fact that we displayed averaged 
ISFC excursion time courses across subjects: a value of 1 would then imply that 
all subjects showed a similar ISFC increase/decrease at the same time point (i.e., 
that all were tagged as +1/-1). For this reason, we have been using "Subject 
fraction" as the y-axis label in those plots. 
 
To render this point clearer, we have now modified the legend of Figure 2: 
 
"ISFC transient time courses, averaged across subjects, for three indicative 
connections [...]" 
 
Note that the cross-subject average use is also what enables to display, on top of 
the mean excursion time course, an associated confidence interval. 
 
- "As an indication, for n = 299 atlas regions as here and given our tally of 5762 
resting-state data points, we could at best achieve an α-value close to 0.01 %." - 
This should be described in the methods and in a bit more detail. I don't understand 
the math here. 
 
We understand the difficulties from the Reviewer; the alluded point is actually 
also important to properly answer some of the above comments. 
 
As stated in the manuscript, we had a total amount of 5'762 data points left 
following sliding-window ISFC computations on our resting-state data. 
 
For 299 atlas regions, there is a total of 299*298/2=44'551 connections to 
consider. If a statistical level of α=0.05 is desired (that is, a false positive rate of 5 
%), since parallel statistical testing is performed for each connection and 
considering marginalization across subjects, one should actually resort to the 
corrected α-value 0.05/44'551 = 1.12∙10-6. 
 
To achieve a one-sided α-level of 0.05, one would need to use the maximal value 
of a null distribution made of 19 samples as the significance threshold. Indeed, a 
more extreme actual value would then exceed 95 % of available measures (19 
out of 20, or all except itself), hence the desired 5 % level.  
 
To achieve a two-sided α-level of 0.05 as defined in our manuscript (see Section 
5.B.VII), one would require the equivalent number of samples as for a one-sided 
α-level of 0.1, that is, 9 null samples. 
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By applying a similar reasoning with 5'762 data points, we can at best reach a 
significance level of 8.68∙10-5, which is not quite as stringent as what would be 
required according to Bonferroni correction. We rounded this to α=10-4 in our 
work. 
 
We have added those explanations in the newer manuscript version to clarify 
this statistical thresholding step (see Section 5.B.VI): 
 
"Note: In our analyses, we had 5'762 resting-state data points to our disposal, and 
selected an α-value of 10-4. This means that we wanted 0.01 % of data samples to 
be larger or equal to the selected thresholds past which an ISFC excursion would be 
deemed significant. For comparison purposes, the α-level demanded by Bonferroni 
correction would be 0.05/44'551=1.12∙10-6, and the most stringent possible α-level 

enabled with our amount of data (n samples) would be 
1

2𝑛+2
= 8.68∙10-5." 

 
Further, we remark that given the dependence of the different connections (299 
separate connections share the same brain region at one of their end, and even 
distinct but structurally strongly linked areas may also be expected to share 
some functional similarity), the "true" statistical level at which the data should 
be thresholded to avoid the presence of false positives lies somewhere between 
0.05 and 1.12∙10-6.  
 
We empirically found that using the most conservative possible level with our 
amount of data, the key ISFC patterns standing out in the analyses could easily be 
interpreted with respect to the associated movie cues, lending support to the 
hypothesis that we already manage to discard a large fraction of the possible 
false positive detections. This is further confirmed by the time-locked nature of 
extracted ISFC transients across subjects. 
 
- What would be a critical amount of bad movement volumes (FD > 0.5) to consider 
the participant's data unfit for further analysis? Given the rather small number of 
TRs used as windows (5 or 10), correlations in these windows should be quite 
unstable already, and would easily be strongly confounded by scrubbing. The 
authors should comment more on these issues. 
 
The Reviewer raises an important point, which is the proper handling of motion 
in the analyzed data. In fact, we already set a criterion for discarding a 
participant's data in the previous manuscript version; indeed, as written in the 
Representative Results part (paragraph 3): 
 
"We excluded all sessions for which more than 10 % of frames were scrubbed, at a 
threshold of 0.5 mm [...]" 
 
Below 10 % of corrupted frames, the data was kept and cubic spline 
interpolation was used to replace the scrubbed data points using the information 
from neighboring samples (as now explicitly mentioned in Section 4.C.VII). 
Above 10 %, we simply discarded the data and did not include it in the analyses. 
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This value of 10 %, compared to typical dynamic functional connectivity analysis 
standards (see e.g. references 25 or 31), is quite a conservative choice, in part 
because we rely on a low number of samples in our sliding-window estimates. A 
few other remarks are worth a mention: 
 

1. The use of an inter-subject framework may actually further mitigate the 
influence of motion compared to the more traditional "within-subject" 
sliding-window functional connectivity computations, since the 
deleterious impacts of motion on the signals from different subjects may 
not occur at the same moments in time. 

 
2. Although we indeed use a small number of values for our estimates, we 

resort to the same number of samples when computing sliding-window 
ISFC measurements on our null data, and so, the possible confounding 
influence of motion is also present in the null distribution used at the 
thresholding stage. This step can thus, to an extent, be seen as providing 
an "extra protection" against motion-related artifacts. 

 
3. Given the importance of the motion question, we also devote a paragraph 

from our Discussion (paragraph 4) to this question; there, we highlight 
both the need to include motion parameters as covariates in any 
statistical comparison process (an addition to this newer manuscript 
version), and also some additional, optional motion correction strategies 
that can be used on top of the introduced pipeline. 
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