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SUMMARY: 23 
This protocol describes partial wavelet transform coherence (pWTC) for calculating the time-24 
lagged pattern of interpersonal neural synchronization (INS) to infer the direction and temporal 25 
pattern of information flow during social interaction. The effectiveness of pWTC in removing the 26 
confounds of signal autocorrelation on INS was proved by two experiments. 27 
 28 
ABSTRACT: 29 
Social interaction is of vital importance for human beings. While the hyperscanning approach has 30 
been extensively used to study interpersonal neural synchronization (INS) during social 31 
interactions, functional near-infrared spectroscopy (fNIRS) is one of the most popular techniques 32 
for hyperscanning naturalistic social interactions because of its relatively high spatial resolution, 33 
sound anatomical localization, and exceptionally high tolerance of motion artifacts. Previous 34 
fNIRS-based hyperscanning studies usually calculate a time-lagged INS using wavelet transform 35 
coherence (WTC) to describe the direction and temporal pattern of information flow between 36 
individuals. However, the results of this method might be confounded by the autocorrelation 37 
effect of the fNIRS signal of each individual. For addressing this issue, a method termed partial 38 
wavelet transform coherence (pWTC) was introduced, which aimed to remove the 39 
autocorrelation effect and maintain the high temporal-spectrum resolution of the fNIRS signal. 40 
In this study, a simulation experiment was performed first to show the effectiveness of the pWTC 41 
in removing the impact of autocorrelation on INS. Then, step-by-step guidance was offered on 42 
the operation of the pWTC based on the fNIRS dataset from a social interaction experiment. 43 
Additionally, a comparison between the pWTC method and the traditional WTC method and that 44 
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between the pWTC method and the Granger causality (GC) method was drawn. The results 45 
showed that pWTC could be used to determine the INS difference between different 46 
experimental conditions and INS's directional and temporal pattern between individuals during 47 
naturalistic social interactions. Moreover, it provides better temporal and frequency resolution 48 
than the traditional WTC and better flexibility than the GC method. Thus, pWTC is a strong 49 
candidate for inferring the direction and temporal pattern of information flow between 50 
individuals during naturalistic social interactions. 51 
 52 
INTRODUCTION: 53 
Social interaction is of vital importance for human beings1,2. For understanding the dual-brain 54 
neurocognitive mechanism of social interaction, the hyperscanning approach has recently been 55 
extensively used, showing that the patterns of interpersonal neural synchronization (INS) can 56 
well characterize the social interaction process3–14. Among recent studies, an interesting finding 57 
is that the role difference of individuals in a dyad may lead to a time-lagged pattern of INS, i.e., 58 
INS occurs when the brain activity of one individual lags behind that of another individual by 59 
seconds, such as that from listeners to speakers5,9, from leaders to followers4, from teachers to 60 
students8, from mothers to children13,15, and from women to men in a romantic couple6. Most 61 
importantly, there is a good correspondence between the interval of the time-lagged INS and 62 
that of social interaction behaviors, such as between teachers questioning and students 63 
answering8 or between parenting behaviors of mothers and compliance behaviors of children15. 64 
Thus, time-lagged INS may reflect a directional information flow from one individual to another, 65 
as proposed in a recent hierarchical model for interpersonal verbal communication16. 66 
 67 
Previously, the time-lagged INS was mainly calculated on the functional near-infrared 68 
spectroscopy (fNIRS) signal because of its relatively high spatial resolution, sound anatomical 69 
localization, and exceptionally high tolerance of motion artifacts17 when studying naturalistic 70 
social interactions. Moreover, to precisely characterize the correspondence between the neural 71 
time lag and the behavioral time lag during social interaction, it is essential to obtain the INS 72 
strength for each time lag (e.g., from no time lag to a time lag of 10 s). For this purpose, 73 
previously, the wavelet transform coherence (WTC) procedure was extensively applied after 74 
shifting the brain signal of one individual forward or backward relative to that of another 75 
individual5,6,18. When using this traditional WTC procedure for fNIRS signals, there is a potential 76 
challenge because the observed time-lagged INS may be confounded by the autocorrelation 77 
effect of the fNIRS signal for an individual19–21. For example, during a dyadic social interaction 78 
process, the signal of participant A at time point t may be synchronized with that of participant 79 
B at the same time point. Meanwhile, the signal of participant A at time point t may be 80 
synchronized with that of participant A at a later time point t+1 because of the autocorrelation 81 
effect. Therefore, a spurious time-lagged INS may occur between the signal of participant A at 82 
time point t and that of participant B at time point t+1. 83 
 84 
Mihanović and his colleagues22 first introduced a method termed partial wavelet transform 85 
coherence (pWTC), and then applied it in marine science23,24. The original purpose of this method 86 
was to control the exogenous confounding noise when estimating the coherence of two signals. 87 
Here, to address the autocorrelation issue in the fNIRS hyperscanning data, the pWTC method 88 



 

was extended to calculate time-lagged INS on the fNIRS signal. Precisely, a time-lagged INS (and 89 
a directional information flow) from participant A to participant B can be calculated using the 90 
equation below (Equation 1)23. 91 
 92 

pWTCBtoA =
|√WTC(Bt,At+n) − √WTC(At,At+n) · √WTC(At,Bt)

∗
|

2

[1-WTC(At,At+n)] · [1-WTC(At,Bt)]
 93 

 94 
Here, it is assumed that there are two signals, A and B, from participants A and B, respectively. 95 
The occurrence of signal B always precedes that of signal A with a time lag of n, where 96 
𝑊𝑇𝐶(𝐴𝑡, 𝐵𝑡+𝑛) is the traditional time-lagged WTC. 𝑊𝑇𝐶(𝐴𝑡, 𝐴𝑡+𝑛) is the autocorrelated WTC in 97 
participant A. 𝑊𝑇𝐶(𝐴𝑡, 𝐵𝑡) is the time-aligned WTC at time point t between participant A and B. 98 
* is the complex conjugate operator (Figure 1A). 99 
 100 
[Place Figure 1 here] 101 
 102 
This protocol first introduced a simulation experiment to demonstrate how well the pWTC 103 
resolves the autocorrelation challenge. Then, it explained how to conduct pWTC in a step-by-step 104 
way based on an empirical experiment of naturalistic social interactions. Here, a communication 105 
context was used to introduce the method. This is because, previously, the time-lagged INS was 106 
usually calculated in a naturalistic communication context3,4,6,8,13,15,18. Additionally, a comparison 107 
between the pWTC and the traditional WTC and validation with the Granger causality (GC) test 108 
were also conducted. 109 
 110 
PROTOCOL: 111 
The human experiment protocol was approved by the Institutional Review Board and Ethics 112 
Committee of the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal 113 
University. All participants gave written informed consent before the experiment began. 114 
 115 
1. The simulation experiment 116 
 117 
1.1. Generate two time series of signals that correlate with each other, with one signal having 118 
autocorrelation at a 4 s time lag. Set the correlation coefficient of r between the two signals to 119 
0.4. 120 
 121 
1.2. Furthermore, generate two time series of signals without any correlation but with 122 
autocorrelation in one signal. 123 
 124 
1.3. Calculate values of traditional 4 s time-lagged INS with Equation 2 based on the generated 125 
signals with or without correlation, which can be named time-lagged INSWTC with autocorrelation 126 
and time-lagged baseline INSWTC with autocorrelation. 127 
 128 
NOTE: Here, the traditional time-lagged WTC is expressed by the following equation (Equation 129 
2)25: 130 



 

WTC(Wt,Mt+n) = 
|S(CWt

* (i, t)·CMt+n
(i, t))|

2

S(|CWt
(i, t)|2)·S(|CMt+n

(i, t)|2)
  131 

 132 
where, C denotes the continuous wavelet transform operator at different scales i and time points 133 
t. S denotes the smoothing operator. * denotes the complex conjugate operator. W and M 134 
indicate two individual time series of signals. 135 
 136 
1.4. Remove autocorrelation from the generated signals. Then, calculate the values of 137 
traditional 4 s time-lagged INSWTC with Equation 2 based on the generated signals with or without 138 
correlation, which can be named time-lagged INSWTC without autocorrelation and time-lagged 139 
baseline INSWTC without autocorrelation. 140 
 141 
1.5. Calculate the values of 4 s time-lagged pWTC with Equation 3 based on the generated 142 
signals with or without correlation, named time-lagged INSpWTC and time-lagged baseline INSpWTC. 143 
 144 
NOTE: The pWTC can be calculated based on the following equation (Equation 3)23: 145 
 146 

pWTCWtoM=
|√WTC(Wt,Mt+n)-√WTC(Mt,Mt+n)·√WTC(Wt,Mt)

*
|
2

[1-WTC(Mt,Mt+n)]·[1-WTC(Wt,Mt)]
 147 

 148 
where, 𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡+𝑛)  is the traditional time-lagged WTC. 𝑊𝑇𝐶(𝑀𝑡, 𝑀𝑡+𝑛)  is the 149 
autocorrelated WTC of one individual. 𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡) is the time-aligned WTC. * is the complex 150 
conjugate operator. 151 
 152 
1.6. Repeat the above procedures 1000 times. 153 
 154 
1.7. After subtracting the baseline INS, compare the results of time-lagged INSWTC with 155 
autocorrelation, time-lagged INSWTC without autocorrelation, and time-lagged INSpWTC using the 156 
analyses of variance (ANOVA) method. 157 
 158 
NOTE: Here, it is expected that the time-lagged INSWTC with autocorrelation will be significantly 159 
higher than the time-lagged INSWTC without autocorrelation and the time-lagged INSpWTC, and no 160 
significant difference is expected between the time-lagged INSWTC without autocorrelation and 161 
the time-lagged INSpWTC. 162 
 163 
2. The empirical experiment 164 
 165 
2.1. Participants and procedure 166 
 167 
2.1.1. Recruit appropriate participants. 168 
 169 
NOTE: In this study, twenty-two pairs of close opposite-sex friends (mean age of women = 20.95, 170 



 

standard deviation (SD) = 1.86; mean age of men = 20.50, SD = 1.74) were recruited through 171 
advertising from undergraduates of universities in Beijing. All participants were right-handed and 172 
had normal or corrected-to-normal vision. Furthermore, no participants had any language, 173 
neurological, or psychiatric disorders. 174 
 175 
2.1.2. Ask each pair of participants to sit face-to-face during the experiment. Ask them to 176 
communicate freely on a supportive topic in one session and on a conflict topic in the other 177 
session. 178 
 179 
NOTE: The topics were used to induce the intended positive or negative emotional valence. Each 180 
communication session lasted 10 min, and the order of topics was counterbalanced. 181 
 182 
2.1.3. Ask the participants to report about the supportive and the conflict topics as a standard 183 
set-up rule. Ask each partner to rate the positive or negative valence level that might have been 184 
induced on a definite point scale. Then, rank the reported topics according to the rating. 185 
 186 
NOTE: In this work, the topics were selected with the following three steps. First, for the 187 
supportive topics, each participant was required to report 1–3 personal issues related to what 188 
she/he wanted to improve in her/his life. Each participant was required to report 1–3 cases that 189 
had induced or would induce conflict between them or that might endanger their relationship for 190 
the conflict topics. Second, each partner was required to rate the level of positive or negative 191 
valence each topic might induce on a 7-point scale (1 = not at all, and 7 = very much). Third, the 192 
reported topics were ranked according to the rating. The first two topics in the list of supportive 193 
topics and conflict topics were selected. 194 
 195 
2.2. fNIRS data collection 196 
 197 
2.2.1. Use 26-channel fNIRS topography system (see Table of Materials) to collect fNIRS data. 198 
 199 
NOTE: Two customized optode probes set covered the bilateral frontal, temporal, and parietal 200 
cortices (Figure 1B). 201 
 202 
2.2.2. Precisely, ask each participant to wear a cap with two customized probe sets (see Table of 203 
Materials). 204 
 205 
2.2.3. Align the nasion, inion, and ear mastoids with Fpz, Opz, T7, and T8, which are typical 206 
landmarks of 10–20 international system26. 207 
 208 
2.2.4. Align channel (CH) 11 to T3 and CH25 to T4 following the international 10–20 system for 209 
the two probe sets27,28. 210 
 211 
2.2.5. Validate the anatomical locations of probe sets by scanning magnetic resonance imaging 212 
(MRI) data from a typical participant with a high-resolution T1-weighted magnetization-prepared 213 
rapid gradient-echo sequence (TR = 2530 ms; TE = 3.39 ms; flip angle = 7°; slice thickness = 1.3 214 



 

mm; voxel size = 1.3 x 1 x 1.3 mm). 215 
 216 
2.2.6. Use Statistical Parametric Mapping 12 (SPM12) to normalize the image to standard 217 
Montreal imaging institute coordinate (MNI coordinate) space29. Then, use the NIRS_SPM toolbox 218 
(see Table of Materials) to project the MNI coordinates of the probes to the automated 219 
anatomical labeling (AAL) template. 220 
 221 
2.2.7. Collect the optical density data of near-infrared light at three wavelengths (780, 805, and 222 
830 nm) at a sampling rate of 55.6 Hz (equipment default parameters). 223 
 224 
2.2.8. Test the signal quality by using fNIRS topography system built-in equipment software (see 225 
Table of Materials). 226 
 227 
2.2.9. Begin signal recording. 228 
 229 
NOTE: Some published protocols have demonstrated how to collect fNIRS signals with various 230 
equipment and systems30–32. 231 
 232 
2.3. fNIRS data preprocessing 233 
 234 
2.3.1. Export the data files from the equipment. 235 
 236 
NOTE: In the current experiment, the built-in software automatically converted all-optical density 237 
data into oxyhemoglobin (HbO) concentration changes based on the modified Beer-Lambert law. 238 
 239 
2.3.2. Remove the first and last 15 s of data for each session to avoid transient responses. 240 
 241 
2.3.3. Use the MATLAB decimate built-in function to downsample the data from 55.6 Hz to 11.1 242 
Hz. 243 
 244 
NOTE: The power spectrum patterns between 55.6 Hz and 11.1 Hz are quite similar 245 
(Supplementary Figure 1). 246 
 247 
2.3.4. Use the built-in MATLAB application function (Homer3, see Table of Materials) with 248 
appropriate filtering function to apply the discrete wavelet transform filter method to correct 249 
motion artifacts. 250 
 251 
2.3.5. Use the MATLAB pca built-in function to remove global physiological noise. Remove the 252 
top 80% of the variance from the signals. 253 
 254 
2.3.6. Remove physiological noise based on the previous studies33. Precisely, remove frequency 255 
bands of each signal above 0.7 Hz to avoid aliasing of high-frequency physiological noise (e.g., 256 
cardiac activity). 257 
 258 



 

2.3.7. Then, remove frequency bands of each signal below 0.01 Hz to filter out very-low-259 
frequency fluctuations. 260 
 261 
2.3.8. Finally, remove frequency bands of each signal within 0.15–0.3 Hz to exclude the potential 262 
impact of respiratory activity. 263 
 264 
2.4. First-level fNIRS Data Processing 265 
 266 
2.4.1. First, calculate INS using traditional WTC (INSWTC). 267 
 268 
NOTE: Here, a women-led time-lagged pattern of INSWTC was predicted to occur between the 269 
brain activity of women and that of men because previous studies have suggested different roles 270 
of women and men during a conversation34,35. The traditional WTC calculated this pattern of 271 
INSWTC by shifting the brain activity of men backward relative to that of women (see Equation 2). 272 
 273 
2.4.2. Calculate the women-led 2 s-lagged INSWTC value after removing the initial 2 s of data from 274 
women and the last 2 s of data from men with Equation 2. Similarly, after removing the initial 2 s 275 
of data from men and the last 2 s of data from women, calculate the men-led 2 s-lagged INSWTC 276 
value with Equation 4. 277 
 278 
NOTE: Here, the wcoherence function, which is a built-in function of the wavelet toolbox of 279 
MATLAB, was used (see Table of Materials). 280 
 281 
2.4.3. Repeat this procedure with different time lags n, i.e., n = 2 s, 4 s, 6 s, 8 s across all potential 282 
CH pairs (e.g., CH2 in women and CH10 in men, 676 pairs in total). Additionally, calculate the 283 
strength of men-led time-lagged INSWTC the same way (Equation 4). 284 
 285 

WTC(Mt,Wt+n) = 
|S(CMt

* (i, t)·CWt+n
(i, t))|

2

S(|CMt
(i, t)|2) · S(|CWt+n

(i, t)|2)
  286 

 287 
2.4.4. Second, calculate INS using pWTC (INSpWTC). 288 
 289 
NOTE: pWTC was calculated based on Equation 3. The calculation of INSpWTC was repeated with 290 
different time lags n, i.e., n = 2 s, 4 s, 6 s, 8 s across all potential channel pairs (e.g., CH2 in women 291 
and CH10 in men, 676 pairs in total). Additionally, the strength of the men-led time-lagged INSpWTC 292 
was calculated the same way (Equation 5). 293 
 294 

pWTCMtoW=
|√WTC(Mt,Wt+n)-√WTC(Wt,Wt+n)·√WTC(Mt,Wt)

*
|
2

[1-WTC(Wt,Wt+n)]·[1-WTC(Mt,Wt)]
 295 

 296 
2.4.5. Generate time-lagged time series of fNIRS signals at different time lags. 297 
 298 



 

2.4.6. Calculate the values of the time-lagged WTC at different time lags. 299 
 300 
2.4.7. Generate autocorrelated time series of fNIRS signals at different time lags. To calculate 301 
the 2 s-autocorrelated value for men, remove the first 2 s of data from the men and the last 2 s 302 
data from the men. 303 
 304 
2.4.8. Calculate the autocorrelated WTC values at different time lags. 305 
 306 
2.4.9. Generate time-aligned time series of fNIRS signals at different time lags. To calculate the 307 
2 s time-aligned WTC, remove the first 2 s of data from the men and the women's first 2 s of data. 308 
 309 
2.4.10. Calculate the time-aligned WTC values. 310 
 311 
2.4.11. Enter time-aligned WTC, time-lagged WTC, and autocorrelated WTC values at different 312 
time lag into Equation 3 and Equation 5—the equation of pWTC, generating INSpWTC. 313 
 314 
2.4.12. Finally, calculate INS using the GC method (INSGC). 315 
 316 
NOTE: To further validate the pWTC method and evaluate its advantages and disadvantages, GC-317 
based INS was calculated using the GC method (INSGC). 318 
 319 
2.4.13. Based on the pWTC result, bandpass filters the HbO signal of each individual at the SMC 320 
(i.e., 0.4–0.6 Hz, see Representative Results). 321 
 322 
2.4.14. Conduct a GC test (Econometric toolbox, MATLAB) within each dyad in the supportive and 323 
conflict topics separately. 324 
 325 
NOTE: Four groups of F-values are obtained for INSGC: (1) from women to men on the supportive 326 
topic (W2M_supp); (2) from men to women on the supportive topic (M2W_supp); (3) from 327 
women to men on the conflict topic (W2M_conf); and (4) from men to women on the conflict 328 
topic (M2 W_conf). The F-values are used to index the INSGC. 329 
 330 
2.5. Second-level fNIRS data processing 331 
 332 
2.5.1. Transform INS with Fisher-z transformation, and then average INS at the temporal 333 
dimension. 334 
 335 
NOTE: Here, Fisher-z transformation was conducted using a custom MATLAB script with Equation 336 
636: 337 
 338 

z =
1

2
·ln(

1+r

1-r
) 339 

 340 
where, r is the value of the WTC or pWTC, and 𝑧 is the Fisher-z transformed value of the WTC or 341 



 

pWTC. 342 
 343 
2.5.2. For the averaged INS at each time lag, conduct a paired two-sample t-test (supportive vs. 344 
conflict) on each CH pair across the frequency range. Then, identify all significant frequency 345 
clusters (P < 0.05). 346 
 347 
2.5.3. Conduct a cluster-based permutation test to establish a threshold for the results. 348 
 349 
2.5.3.1. Reassign dyadic relationships by randomly assigning the participants to new two-350 
member pairs, i.e., the participants of a dyad that had never communicated with one another. 351 
Recalculate the INS at each time lag, perform paired t-tests again in the new sample, and identify 352 
significant frequency clusters again. 353 
 354 
2.5.3.2. Select the cluster with the largest summed t-value. Repeat the above procedures 355 
1000 times to generate a null distribution of the maximum false-positive t-values. 356 
 357 
NOTE: The distribution is served as the chance level. The familywise error rate (FWER) is 358 
controlled at q = 0.05, which means that only the top 5% of the null distribution of the false-359 
positive t-values exceeds the threshold (R*). 360 
 361 
2.5.3.3. Compare the summed t-value of each identified frequency cluster in the original 362 
sample with the null distribution to obtain significant statistical results. 363 
 364 
2.5.4. Conduct a context (supportive, conflict) x direction (women to men, men to women) 365 
analysis of variance (ANOVA) to test the difference in INS direction between different conditions 366 
(i.e., topics) (p < 0.05). 367 
 368 
2.5.5. Conduct a paired two-sample two-tailed t-test between the results of WTC (Wt, Mt + n) 369 
and WTC (Mt, Mt + n) to test the potential impact of autocorrelation on INS. 370 
 371 
NOTE: The INS of WTC (Mt, Mt + n) reflects autocorrelation. 372 
 373 
REPRESENTATIVE RESULTS: 374 
 375 
Simulation results 376 
The results showed that the time-lagged INSWTC with autocorrelation was significantly higher than 377 
the time-lagged INSWTC without autocorrelation (t(1998) = 4.696, p < 0.001) and time-lagged 378 
INSpWTC (t(1998) = 5.098, p < 0.001). Additionally, there was no significant difference between 379 
time-lagged INSWTC without autocorrelation and INSpWTC (t(1998) = 1.573, p = 0.114, Figure 2A). 380 
These results indicate that pWTC can effectively remove the impact of the autocorrelation effect 381 
on INS. 382 
Additionally, when the WTC value was set to be close to 0 or 1, the time-lagged INSpWTC still 383 
showed reliable results when the WTC value was away from 0 or 1 (Supplementary Figure 2). 384 
 385 



 

Empirical experiment results 386 
INS pattern using the traditional WTC method 387 
The results showed that at 0.04–0.09 Hz, INSWTC in the sensorimotor cortex (SMC, CH20) of both 388 
women and men was significantly higher in the supportive topic than in the conflict topic when 389 
the brain activity of men lagged behind that of women by 2 s, 4 s, and 6 s (2 s: t(21) = 3.551, p = 390 
0.0019; lag 4 s: t(21) = 3.837, p = 0.0009; lag 6 s: t(21) = 3.725, p = 0.0013). Additionally, at 0.4–391 
0.6 Hz, INSWTC in the SMC was significantly higher in the conflict topic than in the supportive topic 392 
when men's brain activity lagged behind women's by 4 s (t(21) = 2.828, p = 0.01, Figure 2B). 393 
 394 
Additionally, to compare the direction of INSWTC in different topics, a topic (supportive, conflict) 395 
x direction (women to men, men to women) ANOVA was first conducted on INSWTC of the SMC 396 
under a 2–6 s time lag. The 0.04–0.09 Hz results did not show any significant interaction effects 397 
at any time lag (ps > 0.05). For the 0.4–0.6 Hz frequency range, the results showed that the 398 
interaction effect was marginally significant (F(1, 21) = 3.23, p = 0.086). Pairwise comparisons 399 
showed that INSWTC from women to men was significantly higher in the conflict topic than in the 400 
supportive topic (M.D. = 0.014, S.E. = 0.005, p = 0.015), whereas INSWTC from men to women did 401 
not differ significantly between topics (M.D. = 0.002, S.E. = 0.006, p = 0.695). 402 
 403 
Finally, to test the impact of autocorrelation on the results of traditional time-lagged INSWTC, 404 
INSWTC was compared between WTC(Wt, Mt+4) and WTC(Mt, Mt+4) at 0.04–0.09 Hz and 0.4–0.6 405 
Hz, respectively. Note that the INSWTC of WTC(Mt, Mt+4) reflects autocorrelation. The results 406 
showed that at the 0.4–0.6 Hz, there was no significant difference between the INSWTC of WTC(Wt, 407 
Mt+4) and that of WTC(Mt, Mt+4) (t(21) = 0.336, p = 0.740). At 0.04–0.09 Hz, the INSWTC of WTC(Mt, 408 
Mt+4) was significantly higher than that of WTC (Wt, Mt+4) (t(21) = 4.064, p < 0.001). A comparison 409 
was also conducted between the frequency ranges of 0.04–0.09 Hz and 0.4–0.6 Hz regarding 410 
INSWTC of WTC(Mt, Mt+4). The results showed that the INSWTC of WTC(Mt, Mt+4) was significantly 411 
higher at 0.04–0.09 Hz than at the 0.4–0.6 Hz (t(21) = 5.421, p < 0.001). These results indicate 412 
that the time-lagged INSWTC was affected by autocorrelation in both the low- and high-frequency 413 
ranges, but the impact was larger for the lower-frequency range than for the higher-frequency 414 
range. 415 
 416 
INS pattern using the pWTC method 417 
The results showed that the difference in INSpWTC between the conflict and supportive topics 418 
reached significance at the SMC of both women and men at 0.4–0.6 Hz when male brain activity 419 
lagged behind that of women by 4 s (t(21) = 4.224, p = 0.0003). At 0.04–0.09 Hz; however, no 420 
significant results were found, nor were their effective results at other frequency ranges (Ps > 421 
0.05, Figure 2C). 422 
 423 
An additional ANOVA test was conducted on the INSpWTC of the SMC at 0.4–0.6 Hz. The results 424 
showed that the interaction between topic and direction was marginally significant (F(1,21) = 425 
3.48, p = 0.076). Further pairwise comparisons showed that INSpWTC from women to men was 426 
significantly higher in the conflict topic than in the supportive topic (M.D. = 0.016, S.E. = 0.004, p 427 
= 0.002), whereas INSpWTC from men to women did not differ significantly between topics (M.D. 428 
= 0.0007, S.E. = 0.006, p = 0.907, Figure 2D). 429 



 

 430 
INS pattern using the GC method 431 
An ANOVA test was conducted on the INSGC at the SMC within the 0.4–0.6 Hz only. The results 432 
showed a significant interaction between topic and direction (F(1,21) = 8.116, p = 0.010). Pairwise 433 
analysis showed that INSGC from women to men was significantly higher in the conflict topic than 434 
in the supportive topic (MD = 5.50, SE = 2.61, p = 0.043). In contrast, the INSGC from men to 435 
women was not significantly different between topics (MD = 1.42, SE = 2.61, p = 0.591, Figure 436 
2E). 437 
 438 
[Place Figure 2 here] 439 
 440 
FIGURES LEGENDS: 441 
 442 
Figure 1: Overview of pWTC. (A) The logic of the pWTC. There are two signals A and B, within a 443 
dyad. The occurrence of A always follows that of B with a lag n. A gray box is a wavelet window at 444 
a certain time point t or t+n. Based on the pWTC equation (represented in the figure), three WTCs 445 
need to be calculated: the time-lagged WTC of 𝐴𝑡+𝑛  and 𝐵𝑡 ; the autocorrelated WTC in 446 
participant A of 𝐴𝑡 and 𝐴𝑡+𝑛; and the time-aligned WTC at timepoint t, 𝐴𝑡 and 𝐵𝑡. (B) The layout 447 
of optode probe sets. CH11 was placed at T3, and CH25 was placed at T4 following the 448 
international 10–20 system27,28. 449 
 450 
Figure 2: Results of the simulation and empirical experiment. (A) The simulation results of three 451 
simulated samples. The time-lagged INSWTC with autocorrelation was significantly higher than 452 
time-lagged INSWTC without autocorrelation and INSpWTC. There was no significant difference 453 
between time-lagged INSWTC without autocorrelation and pWTC. (B) The t-map of INSWTC in the 454 
empirical experiment, showing significant context effects within 0.04–0.09 Hz when SMC activity 455 
of men lagged behind that of women by 2–6 s. There was also a marginally considerable context 456 
effect within 0.4–0.6 Hz when SMC activity of men lagged behind that of women by 4 s. (C) The 457 
t-map of INSpWTC, showing a significant context effect within 0.4–0.6 Hz when SMC activity of men 458 
lagged behind that of women by 4 s. (D) Comparison of directional INSpWTC at different topics by 459 
pWTC. Directional INS from women to men is significantly higher in conflict contexts than in 460 
supportive contexts. (E) Validation of directional INS by GC test (INSGC). The resulting pattern of 461 
INSGC is similar to INSpWTC. 462 
 463 
Supplementary Figure 1: The power spectrum plot for sample rate at 11.1 Hz (blue line) and 464 
55.6 Hz (red line). The power spectrum pattern for the two is quite similar. 465 
 466 
Supplementary Figure 2: The pWTC maps of floor and ceil WTC. (A) Left panel: the time-lagged 467 
WTC map generated by two same signals, the x-axis is time point, and the y-axis is frequency-468 
band. The mean value of WTC at all points is ~1. Right panel: the pWTC map of two similar signals. 469 
The pWTC map is quite similar to the WTC map. (B) Left panel: the time-lagged WTC map 470 
generated by two random signals, the x-axis is the time point, and the y-axis is the frequency-471 
band. The mean value of WTC at all points is ~0. Right panel: the pWTC map of two similar signals. 472 
The pWTC map is quite similar to the WTC map. 473 



 

 474 
DISCUSSION: 475 
In hyperscanning studies, it is usually essential to describe the directional and temporal patterns 476 
of information flow between individuals. Most previous fNIRS hyperscanning studies have used 477 
traditional WTC25 to infer these characteristics by calculating the time-lagged INS. However, as 478 
one of the intrinsic features of the fNIRS signal20,21, the autocorrelation effect might confound 479 
the time-lagged INS. To address this issue, in the protocol herein, a method termed pWTC was 480 
introduced22. This method estimates the time-lagged INS after partially out autocorrelation and 481 
maintains the advantages of the WTC method. This protocol offers step-by-step guidance on how 482 
to conduct pWTC and validates the results of pWTC by comparing its results with those of 483 
traditional WTC and GC tests. 484 
 485 
The critical steps of applying pWTC in fNIRS-based hyperscanning data are demonstrated in this 486 
protocol. Specifically, first, to calculate the time-lagged WTC, the autocorrelated WTC, and time-487 
aligned WTC must be calculated based on the time-lagged fNIRS time series. Next, the pWTC are 488 
computed at different time lags according to Equation 1. The results of the pWTC return a time 489 
x frequency matrix, and the values in the matrix ranges from 0 to 1. Thus, further statistical tests 490 
can be conducted on these values. 491 
 492 
In the demonstration protocol, the representative results of the traditional WTC showed two 493 
significant effects at two frequency bands: 0.4–0.6 Hz. However, the impact within the 0.04–0.09 494 
Hz did not survive the threshold in the pWTC results, suggesting that this effect might be 495 
confounded by the autocorrelation effect of the fNIRS signal. On the other hand, the results 496 
within the 0.4–0.6 Hz range were well replicated by the pWTC method. These results indicate 497 
that after removing the autocorrelation effect, pWTC provides more sensitive and specific 498 
developments in inferring INS's directional and temporal patterns between individuals. Another 499 
possibility, however, is that pWTC is not susceptible to INS's directional and temporal patterns in 500 
lower frequency ranges than in the higher frequency ranges, resulting in underestimation of the 501 
INS effect. Future studies are needed to clarify these possibilities further. 502 
 503 
A comparison with the GC test further supports this conclusion. The results of the GC test were 504 
quite similar to those of the pWTC, showing important information flow from women to men but 505 
not from men to women. There was a slight difference between the results of the GC test and 506 
pWTC, i.e., the interaction effect between topic and direction was marginally significant in the 507 
results of the pWTC but reached significance in the GC test. This difference may be because the 508 
pWTC is calculated at a finer timescale than the GC test. Thus, although both the pWTC and GC 509 
tests can provide reliable results when controlling for the autocorrelation effect, the pWTC is 510 
advantageous because it is not necessary to make stationary assumptions and holds a high 511 
temporal-spectrum structure. 512 
 513 
The pWTC method also has its limitations. Similar to the GC test, the causality inferred from pWTC 514 
is not a real causality37,38. Instead, it only indicates a temporal relationship between the signals 515 
of A and B. This issue should be kept in mind when applying the pWTC method. Second, pWTC 516 
only partials out the autocorrelation effect. Thus, other potential concurrent variables, such as 517 



 

shared environments or similar actions, may still impact the results. Consequently, conclusions 518 
about the direction and temporal pattern of information flow should be drawn after controlling 519 
these confounding factors. 520 
 521 
Additionally, there were some complicated issues about fNIRS data preprocessing. Although 522 
fNIRS has a high tolerance of head movements, motion artifacts are still the most significant 523 
source of the noise39. Large head movements would still lead to a position shift of the optodes, 524 
generating motion artifacts such as sharp spike and baseline shifts. To address these issues, many 525 
artifacts correction approaches were developed such as spline interpolation40, wavelet-based 526 
filtering39, principle component analysis41, and correlation-based signal improvement42, etc. 527 
Cooper and his collegues43 have compared these approaches based on real resting-state fNIRS 528 
data and found that wavelet-based filtering produced the highest increase in contrast-to-noise 529 
ratio. Further, Brigadoi and her collegues44 have also compared these approaches in real linguistic 530 
task data and also found that wavelet-based filtering was the most effective approach in 531 
correcting motion artifacts. Thus, in this study, wavelet-based filtering was applied and also 532 
recommended for future fNIRS hyperscanning studies. 533 
 534 
In general, pWTC is a valuable approach in estimating the directional and temporal patterns of 535 
information flow during social interaction. More importantly, it is believed that the pWTC 536 
method is also suitable for pseudo-hyperscanning studies (i.e., signals of two or multiple brains 537 
are not collected simultaneously45,46). In such experiments, although the direction of information 538 
flow is fixed, it is also of interest to examine the duration of the time lag between the input of 539 
the signal and the process of the signal. Therefore, autocorrelation can also confound the results 540 
of the time-lagged INS. In the future, this method can answer many questions in hyperscanning 541 
and other interbrain studies. For example, to determine the dominant role in various social 542 
relationships, such as teachers and students, doctors and patients, and performers and audiences. 543 
Additionally, as pWTC maintains the temporal structures of INS, it is also possible to test the 544 
dynamic pattern of INS, such as group attitude convergence. 545 
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Thank you. 

 

Major Concerns: 

1) While I understand the proposed method has been well developed and documented 

in other research fields, more explanations are needed to elaborate what specific 

challenges in the field of fNIRS hyperscanning could be solved, as compared to existing 

methods. Currently the authors talked about autocorrelation but did not mention the 

possible consequence of having autocorrelation for fNIRS. 

One specific question following this point: The authors explained that the significant 

effect within the 0.04-0.09Hz from traditional WTC analysis might be confounded by 

the autocorrelation effect of fNIRS signal. Whether this autocorrelation effect 

checkable or verifiable, e.g. by directly comparing the level of WTC(Wt, Mt+n) and 

pWTC, or the level of WTC(Mt, Mt+n)? 

 

A1: This is a nice suggestion. As requested, an example has been added to explain the 

potential confounding effect.  

 

"For example, during a dyadic social interaction process, the signal of participant A at 

time point t may be synchronized with that of participant B at the same time point. 

Meanwhile, the signal of participant A at time point t may be synchronized with that of 

participant A at later time point t+1 because of the autocorrelation effect. Therefore, a 

spurious time-lagged INS may occur between the signal of participant A at time point t 

and that of participant B at time point t +1." 



 

 

 

We have also performed additional analyses to directly test the difference between 

traditional WTC and pWTC. The methods and the results have been added.  

 

"Conduct a paired two-sample two-tailed t-test between the results of WTC(Wt, Mt+n) 

and WTC(Mt, Mt+n) to test the potential impact of autocorrelation on INS. Note that 

the INS of WTC(Mt, Mt+n) reflects autocorrelation." 

 

"Finally, to test the impact of autocorrelation on the results of traditional time-lagged 

INSWTC, INSWTC was compared between WTC(Wt, Mt+4) and WTC(Mt, Mt+4) at 0.04-

0.09 Hz and 0.4-0.6 Hz, respectively. Note that the INSWTC of WTC(Mt, Mt+4) reflects 

autocorrelation. The results showed that at the 0.4-0.6 Hz, there was no significant 

difference between the INSWTC of WTC(Wt, Mt+4) and that of WTC(Mt, Mt+4) (t(21) = 

0.336, p = 0.740). At 0.04-0.09 Hz, the INSWTC of WTC(Mt, Mt+4) was significantly 

higher than that of WTC (Wt, Mt+4) (t(21) = 4.064, p < 0.001). A comparison was also 

conducted between the frequency ranges of 0.04-0.09 Hz and 0.4-0.6 Hz regarding 

INSWTC of WTC(Mt, Mt+4). The results showed that the INSWTC of WTC(Mt, Mt+4) was 

significantly higher at 0.04-0.09 Hz than at the 0.4-0.6 Hz (t(21) = 5.421, p < 0.001). 

These results indicate that the time-lagged INSWTC was affected by autocorrelation in 

both the low- and high-frequency ranges, but the impact was larger for the lower-

frequency range than for the higher-frequency range." 

 

 

2) The method can be used not only for hyperscanning (I would interpret hyperscanning 

for simultaneous recordings from two or more persons), but also for inter-brain data 



 

 

analysis when the data are not necessarily recorded simultaneously. 

A2: Yes, other inter-brain data analyses would also benefit from this method. We have 

added statements to the discussion section. Thank you. 

 

"In general, pWTC is a useful approach in estimating the directional and temporal 

patterns of information flow during social interaction. More importantly, we believe 

that the pWTC method is also suitable for pseudo-hyperscanning studies (i.e., signals 

of two or multiple brains are not collected simultaneously34,35). In such experiments, 

although the direction of information flow is fixed, it is also of interest to examine the 

duration of the time lag between the input of the signal and the process of the signal. 

Therefore, autocorrelation can also confound the results of the time-lagged INS. In the 

future, this method has the potential to answer many questions in hyperscanning and 

other interbrain studies. For example, to determine the dominant role in various social 

relationships, such as teachers and students, doctors and patients, and performers and 

audiences. Additionally, as pWTC maintains the temporal structures of INS, it is also 

possible to test the dynamic pattern of INS, such as group attitude convergence." 

 

3) The rationale of using the data from a communication task also needs to be explained. 

Would the results be generalized to more hyperscanning or inter-brain scenarios? And 

what would be expected for the analysis results for the validation of the proposed 

method? For instance, the difference between the results of pWTC and GC might need 

to be discussed more. 

A3: The reasons to introduce the pWTC method based on communication tasks are as 

follows. It is important to infer the direction of information flow in a naturalistic 

communication context (Jiang et al., 2021), because individuals involved in a 



 

 

communication often have different social roles that are either assigned a priori (e.g., 

Nguyen et al., 2020; Zheng et al., 2018) or emerged during a communication (e.g., Jiang 

et al., 2015). Meanwhile, it is particularly difficult to do so because of the lack of strict 

experimental control. Recently communication tasks have been more and more widely 

used to investigate various topics such as speech processing, conceptual alignment, 

turn-taking, etc. Therefore, we believe that a demonstration in a communication context 

would be more helpful propagating the use of the pWTC method. These statements 

have been added to the introduction section. 

    Additionally, more discussions about the difference between the results of pWTC 

and GC have been added.  

 

"This conclusion is further supported by a comparison with the GC test. The results of 

the GC test were quite similar to those of the pWTC, showing significant information 

flow from women to men but not from men to women. There was a slight difference 

between the results of the GC test and pWTC, i.e., the interaction effect between topic 

and direction was marginally significant in the results of the pWTC but reached 

significance in the GC test. This difference may be because the pWTC is calculated at 

a finer timescale than the GC test. Thus, although both the pWTC and GC tests can 

provide reliable results when controlling for the autocorrelation effect, the pWTC is 

advantageous because it is not necessary to make stationary assumptions and holds a 

high temporal-spectrum structure." 

 

4) Would it be necessary to conduct a simulation study before applying to real fNIRS 

data? 

A4: We have added a simulation experiment to investigate whether pWTC is able to 



 

 

remove autocorrelation effect of the signal.  

 

Methods: 

"NOTE: To test the effect of the pWTC method, a simulation experiment was first 

conducted. Here, the traditional time-lagged WTC is expressed by the following 

equation 31: 

𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡+𝑛) =  
|𝑆(𝐶𝑊𝑡

∗ (𝑖, 𝑡) · 𝐶𝑀𝑡+𝑛
(𝑖, 𝑡))|2

𝑆(|𝐶𝑊𝑡
(𝑖, 𝑡)|2) · 𝑆(|𝐶𝑀𝑡+𝑛

(𝑖, 𝑡)|2)
  

Equation 2 

where C denotes the continuous wavelet transform operator at different scales i and 

time points t. S denotes the smoothing operator. * denotes the complex conjugate 

operator. W and M indicate two individual time series. 

Additionally, the pWTC is calculated based on the following equation: 

𝑝𝑊𝑇𝐶𝑊𝑡𝑜𝑀 =
|√𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡+𝑛) − √𝑊𝑇𝐶(𝑀𝑡, 𝑀𝑡+𝑛) · √𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡)

∗
|

2

[1 − 𝑊𝑇𝐶(𝑀𝑡, 𝑀𝑡+𝑛)] · [1 − 𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡)]
 

Equation 3 

where 𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡+𝑛) is the traditional time-lagged WTC. 𝑊𝑇𝐶(𝑀𝑡, 𝑀𝑡+𝑛) is the 

autocorrelated WTC of one individual. 𝑊𝑇𝐶(𝑊𝑡, 𝑀𝑡) is the time-aligned WTC. * is 

the complex conjugate operator. 

 

1. Generate two time series of signals that correlate with each other. Set the correlation 

coefficient of r to 0.4. Additionally, one signal has autocorrelation (r = 0.8) at a 4 s time 

lag. Furthermore, generate two time series of signals without any correlation but with 

autocorrelation in one signal. 

 

2. Calculate values of traditional 4 s time-lagged INS based on the generated signals 



 

 

with or without correlation, which can be named "time-lagged INSWTC with 

autocorrelation" and "time-lagged baseline INSWTC with autocorrelation". 

 

3. Remove autocorrelation from the generated signals, and then calculate the values of 

traditional 4 s time-lagged INSWTC based on the generated signals with or without 

correlation, which can be named "time-lagged INSWTC without autocorrelation" and 

"time-lagged baseline INSWTC without autocorrelation". 

 

4. Calculate the values of 4 s time-lagged pWTC based on the generated signals with 

or without correlation, which can be named "time-lagged INSpWTC" and "time-lagged 

baseline INSpWTC". 

 

5. Repeat the above procedures 1000 times. 

 

6. After subtracting the baseline INS, compare the results of time-lagged INSWTC with 

autocorrelation, time-lagged INSWTC without autocorrelation, and time-lagged INSpWTC 

using the analyses of variance (ANOVA) method. Here, it is expected that the time-

lagged INSWTC with autocorrelation will be significantly higher than the time-lagged 

INSWTC without autocorrelation and the time-lagged INSpWTC, and no significant 

difference is expected between the time-lagged INSWTC without autocorrelation and the 

time-lagged INSpWTC." 

 

Results: 

The results showed that the time-lagged INSWTC with autocorrelation was significantly 

higher than the time-lagged WTC INSWTC without autocorrelation (t(1998) = 4.696, p 



 

 

< 0.001) and time-lagged INSpWTC (t(1998) = 5.098, p < 0.001). Additionally, there was 

no significant difference between time-lagged INSWTC without autocorrelation and 

INSpWTC (t(1998) = 1.573, p = 0.114). These results indicate that pWTC can effectively 

remove the impact of the autocorrelation effect on INS. 

 

Minor Concerns: 

1) Fig.2c-d. Asterisks in Panel C&D could be better labeled to indicate inter-group 

comparisons. Also, the font size could be a little bit larger for clear reading. 

A5: Changes have been made to better indicate the meaning of the asterisks. Also, the 

front size has been increased.  

 

2) Page 9, line 223. Mismatch between the "marginally higher" and "p = 0.01". 

A6: We apologize for this mistake. This error has been corrected. 

 

3) Equation 1. The value of pWTC was always positive and ranges from 0 to 1. I am 

wondering that, is there any possibility that comparable pWTC results could be 

obtained while the actual value WTC(Bt, At+n) was very small (close to zero) and close 

to 1? 

A7: We actually tested these possibilities, and the results showed that when the actual 

value of WTC is about 1, the results of the traditional time-lagged WTC and pWTC 

methods are comparable.  



 

 

 

Fig. 1 Left panel: the time-lagged WTC map generated by two same signals, the x-axis 

is time-point, and the y-axis is frequency-band. The mean value of WTC at all point is 

about to 1. Right panel: the pWTC map of two similar signals. The pWTC map is quite 

similar to the WTC map. 

 

Additionally, while the actual value of WTC is about 0, a similar pattern of results can 

also obtained from the traditional time-lagged WTC and pWTC methods. 

 

 

Fig. 2 Left panel: the time-lagged WTC map generated by two random signals, the x-

axis is time-point, and the y-axis is frequency-band. The mean value of WTC at all 

point is about to 0. Right panel: the pWTC map of two similar signals. The pWTC map 



 

 

is quite similar to the WTC map. 

 

Reviewer #2: 

Manuscript Summary: 

Title: Describing the Direction of Information Flow in FNIRS-Hyperscanning Data 

Using the Partial Wavelet Transform Coherence Method (JoVE62927) 

The manuscript looks attractive because it is well presented and it deals with a 

challenging topic, which is: describing the direction of information flow in fNIRS-

hyperscanning data using a Wavelet method. Nevertheless, I have a few concerns for 

authors to address. 

Thank you. 

 

Major Concerns: 

1. DISCUSSION part needs better organization. Indeed, it is the most hampering 

obstacle for me to support the paper being published at current stage. For example, what 

is the contribution of your work or your findings to the related researches? Are there 

any implications or implications or applications of the research you conducted in the 

paper? 

A1: We apologize for the poor organization of the discussion section. As suggested, the 

discussion has been thoroughly re-written. We hope that the revision is acceptable.  

 

Minor Concerns: 

1. Line 70-71, the authors mentioned that "proposed a new method termed "partial 

wavelet transform coherence" (pWTC) for the calculation of time-lag INS on the fNIRS 

signal". pWTC was first introduced in 2009, so it is not new, but maybe new for 



 

 

detecting time-lag pattern of INS. Please clarify this. 

A2: Thank you for your correction. The statement has been modified as below. 

 

"Mihanović and his colleagues22 first introduced a method termed "partial wavelet 

transform coherence" (pWTC) and then applied it in marine science23,24. The original 

purpose of this method was to control the exogenous confounding noise when 

estimating the coherence of two signals. Here, to address the autocorrelation issue in 

the fNIRS hyperscanning data, we extended the pWTC method to the calculation of 

time-lagged INS on the fNIRS signal. " 

 

2. Line 96-97. S.D. The authors should spell out full name of any abbreviation when 

first appear. Please also check the entire documents. 

A3: The revised manuscript has been thoroughly checked to correct this problem.  

 

3. Section 1.1. Participants were recruited through advertising in universities of Beijing, 

what is the background of their education? 

A4: All the participants are undergraduates. We have added this information to the 

manuscript.  

 

4. section 2 and 3 may be integrated as "fNIRS Data Collection and Processing". Here, 

"1.1 …", "3.1..." and other types of statements are not recommended. The authors might 

want to explain the experimental steps in order, however, "1.1" is more like a chapter 

heading rather than a statement of experimental steps, so that it should be adjusted. 

A5: As suggested, the manuscript has been reorganized.   

 



 

 

5. Section 3.3. downsample the data from 55.6 Hz to 11.1 Hz for what purpose? 

A6: The purpose is to reduce computing cost. Additionally, as the figure below shows, 

the data of 11.1Hz is sufficient to record physiological components such as heart rate, 

breathing, etc. in the same way as 55.6 Hz.  

 

Fig. 3 The power spectrum plot for sample rate at 11.1 Hz (blue line) and 55.6 Hz (red 

line). The power spectrum pattern is quite similar. 

 

6. Section 3.4 hmrMotionCorrectWavelet, what is the benefit of using this algorithm? 

A7: During fNIRS experiments, head movements will cause a shift in optical coupling 

between the fiber and the skin, which will further lead to rapid changes in the fNIRS 

signal such as sharp spikes. According to previous findings, the wavelet-based filtering 

method employed in this function can more effectively isolate the spikes from the real 

hemoglobin concentration changes than do other methods (Molavi and Dumont, 2012; 

Sato et al., 2006).  

 

7. Section 3.5. Why you think 80% of variance from the signals are physiological noises? 

A8: This is an interesting question. So far there is no consensus about how many 

percentages of variance from the signals are physiological noises and should be 



 

 

removed from the signals. In traditional block-designed experiment, more percent of 

variance (e.g., 97%) are expected than a naturalistic experiment because the rhymical 

change of task and baseline will modulate and amplify the physiological response such 

as the hemoglobin concentration changes in the head skin. Here we employed a lenient 

value to avoid removement of real signals in naturalistic communication tasks. In future 

we hope to have an experiment to specifically investigate this issue and to compare the 

effects of different percentages of variance on the results of WTC between different 

experimental contexts.    

 

8. Line 184, I believe Granger Causality method deserves further explanation here. 

A9: Thanks. We have added more details of Granger Causality method to the text and 

more discussions to the discussion section (also see A3 in response to reviewer #1).  

 

"3. Finally, calculate INS using the GC test (INSGC). 

NOTE: To further validate the pWTC method and evaluate its advantages and 

disadvantages, GC-based INS was calculated using the GC method (INSGC). 

1. Based on the pWTC result, bandpass filter the HbO signal of each individual at the 

SMC (i.e., 0.4 – 0.6 Hz, see the results below). 

 

2. Conduct a GC test (Econometric toolbox, MATALB) within each dyad in the 

supportive topic and the conflict topic separately. Then, four groups of F-values are 

obtained for INSGC: 1) from women to men on the supportive topic (W2M_supp); 2) 

from men to women on the supportive topic (M2 W_supp); 3) from women to men on 

the conflict topic (W2M_conf); and 4) from men to women on the conflict topic (M2 

W_conf). The F-values are used to index the INSGC." 



 

 

 

9. It's hard to understand this part in line 310-311, i.e., "It only indicates 'the direction 

of information flow' which cannot reveal whether A cause B or vice versa''. Please 

clarify this. Also, references are needed here, for example: 

Liu, H., et.al., (2020). "Inferring Subsurface Preferential Flow Features from a Wavelet 

Analysis of Hydrological Signals in the Shale Hills Catchment." Water Resources 

Research 56(11): e2019WR026668. 

Rhif, M., et.al., (2019). "Wavelet Transform Application for/in Non-Stationary Time-

Series Analysis: A Review." Applied Sciences 9(7): 1345. 

A10: Thank you for the suggested references. This part of discussion has been revised 

mainly based on the aforementioned two papers.  

 

" The pWTC method also has its limitations. First, similar to the GC test, the 

causality inferred from pWTC is not a real causality32,33. Rather, it only indicates a 

temporal relationship between the signals of A and B. This issue should be kept in 

mind when applying the pWTC method. Second, pWTC only partials out the 

autocorrelation effect. Thus, other potential concurrent variables, such as shared 

environments or similar actions, may still impact the results. Consequently, any 

conclusions about the direction and temporal pattern of information flow should be 

drawn after controlling for these confounding factors." 
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