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34  ABSTRACT:
35 Concurrent brain recordings of two or more interacting persons, an approach termed
36 hyperscanning, are gaining increasing importance for our understanding of the neurobiological
37 underpinnings of social interactions, and possibly interpersonal relationships. Functional near-
38 infrared spectroscopy (fNIRS) is well suited for conducting hyperscanning experiments because
39 it measures local hemodynamic effects with a high sampling rate and, importantly, it can be
40 applied in natural settings, not requiring strict motion restrictions. In this article, we present a
41  protocol for conducting fNIRS hyperscanning experiments with parent-child dyads and for
42  analyzing brain-to-brain synchrony. Furthermore, we discuss critical issues and future
43  directions, regarding the experimental design, spatial registration of the fNIRS channels,
44  physiological influences and data analysis methods. The described protocol is not specific to
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parent-child dyads, but can be applied to a variety of different dyadic constellations, such as
adult strangers, romantic partners or siblings. To conclude, fNIRS hyperscanning has the
potential to yield new insights into the dynamics of the ongoing social interaction, which
possibly go beyond what can be studied by examining the activities of individual brains.

INTRODUCTION:

In recent years, neuroscientists have started to study social interactions by recording the brain
activities of two or more persons simultaneously, an approach termed hyperscanning?. This
technique opens new opportunities to elucidate the neurobiological mechanisms underlying
these interactions. To fully understand social interactions, it may not be sufficient to study
single brains in isolation but rather the joint activities of brains of interacting persons?. Using
different neuroimaging techniques, hyperscanning studies have shown that brain activities of
interacting persons or groups synchronize, e.g., while they coordinate their actions3, make
music?, communicate®, engage in classroom activities® or cooperate’.

The article presents a protocol for conducting simultaneous recordings with functional near-
infrared spectroscopy (fNIRS). Similar to functional magnetic resonance imaging (fMRI), fNIRS
measures the hemodynamic response to brain activation. Changes in oxygenated and
deoxygenated hemoglobin (oxy-Hb and deoxy-Hb) are calculated based on the amount of
diffusively transmitted near-infrared light through tissue®. fNIRS is well suited for conducting
hyperscanning experiments, especially with children, because it can be applied in less
constrained and more natural settings than fMRI. Moreover, it is less prone to movement
artifacts than both, fMRI and EEG®. In addition, fNIRS data can be acquired at high sampling
frequencies (e.g., 10 Hz), thus it highly oversamples the relatively slow hemodynamic response
and thereby potentially provides a more complete temporal picture of the brain
hemodynamics?©.

This protocol was developed within the study of Reindl et al.1! and has been slightly modified
(in particular with respect to the channel placement and bad channel identification) more
recently. The aim of the study was to examine synchronized brain activity of parent-child dyads
as well as its relationship to emotion regulation. Using fNIRS hyperscanning, we assessed brain-
to-brain synchrony in prefrontal brain areas of children (aged five to nine years) and their
parents, mostly mothers, during a cooperative and a competitive computer task. Prefrontal
brain regions were targeted as they had been identified as important regions for social
interactive processes in previous hyperscanning studies'?. The cooperative and competitive task
were originally developed by Cui et al. ** and recently employed by several previous studies'#16,
For the study of Reindl et al.1}, the tasks were modified to be suitable for children. Participants
were instructed to either respond jointly via button presses in response to a target
(cooperation) or to respond faster than the other player (competition). Each child performed
each task once with the parent and once with an adult stranger of the same sex as the parent.
Within each child-adult dyad, wavelet coherence was calculated for the oxy-Hb signals of
corresponding channels as a measure of brain-to-brain synchrony.
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This protocol describes the procedures to collect fNIRS hyperscanning data of parent and child
during the cooperative and competitive game. The overall procedure, however, is not specific
to this research design but is appropriate for different populations (e.g., adult strangers,
romantic partners, siblings, etc.) and can be adapted for a number of different experimental
tasks. This protocol also outlines one possible analytical procedure, which covers necessary and
optional data analysis steps, including fNIRS data preprocessing, bad channel detection, wavelet
coherence analysis and validation by random pair analysis.

PROTOCOL:

Prior to participation, all parents / children provided informed consent / assent. The study was
approved by the ethics committee of the Medical Faculty of RWTH Aachen University.

1. Preparation before the Participant Arrives
1.1. Prepare NIRS caps.

1.1.1. Choose the cap sizes approximately 1-2 cm larger than the participant’s head
circumference.

1.1.2. Cut 15 holes with a diameter of approximately 15 mm each, arranged in a horizontal 3x5
grid, into the forehead area of each of 2 raw EEG caps (see Table of Materials). Make sure that
the holes are spaced 30 mm from each other in any direction, that the middle column of holes
is located in the center of the forehead, i.e., above the nose, and that the bottom row is located
above the eyebrows.

1.1.3. Mount an empty 3x5 probe holder grid (see Table of Materials) to each of the modified
EEG caps such that the holder grid itself is placed on the inside of the cap and the holder
sockets stick in the holes.

1.1.4. In order to make the caps more comfortable and minimize pressure marks, attach soft
foam material (e.g., adhesive window sealing tape) at the inner side of the holder grid between
the probe sockets and at the edges. Use double-faced adhesive tape if necessary.

NOTE: The NIRS measurement system (see Table of Materials) has two separate probe sets, use
one probe set for each participant.

1.1.5. Gently insert the probes into the appropriate holder sockets on the grids such that only
the first ridge of each probe is mounted in the socket, which results in one clicking sound.

1.1.6. Open the probe set monitor window at the NIRS measurement system and select 2
probe sets arranged in a 3x5 grid each, one for the participating child and one for the adult.
Ensure that the probe arrangements of the two caps corresponds to the arrangements in the
probe set window (i.e., same location of the respective emitter and receiver probe numbers).
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1.2.  Prepare the experiment.

1.2.1. Start the NIRS measurement system with laser diodes switched on 30 min before
measuring, such that the system reaches a stable operating temperature.

1.2.2. Set all necessary options at the NIRS measurement system. Make sure that the device is
set to event-related measurement and that the RS232 serial input, necessary for receiving
triggers from the experimental paradigm, is active.

Note: The experiment is an adapted version by a paradigm devised by Cui et al.*3, programmed
in the non-commercial Psychophysics Toolbox extensions, version 3.0.11%7.

1.2.3. Prepare the experimental paradigm by starting the technical computing software (see
Table of Materials) that serves as base for the Psychophysics Toolbox extensions and setting
the current directory to the folder that the paradigm is saved in.

1.2.4. Place 2 chin rests in front of the computer screen to prevent head movements during
the experiment.

2. Participant Arrival in the Laboratory
2.1. Prepare the participants.

2.1.1. Show and explain the experimental setup including the NIRS measurement system to
the participants. Always make sure that the participants do not look directly into the laser beam
of the NIRS measurement system as this may be harmful to the eye.

2.1.2. Seat the participants next to each other in front of the computer screen. Adjust the
height of the chin rests such that both participants sit comfortably.

2.1.3. Instruct the participants and administer practice trials of both the cooperative and the
competitive game. Give additional instructions during the practice trials if necessary.

2.1.4. Measure and mark the Fpz point according to the 10-20 system, which is 10% of the
distance between nasion and inion, on each participant’s head.

2.1.5. Place the caps with the probes carefully on the participants’ heads, with the laser turned
off. Place the front of the cap, including the probe grid, on the participant’s forehead first and
then pull down the back of the cap towards the neck. Make sure that the middle probe of the
bottom row is placed on Fpz and the middle probe column is aligned along the sagittal
reference curve.
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2.1.6. Place the fiber strings on the holder arm attached to the NIRS measurement system so
that they hang loosely without contact with the participant or chair and that they do not pull on
the caps. Use an additional holder (e.g., modified microphone stand or similar) for the second
participant if necessary.

2.1.7. Push each probe further into its socket until the small white nose in the center of the
top of the probe casing is visible.

Note: The nose is pushed upwards by a coil spring mechanism as soon as the probe tip touches
the participant’s scalp.

2.1.8. Turn the laser on again and test the signal quality by clicking on the Auto Gain button in
the probe set monitor window of the NIRS measurement system.

2.1.9. If a channel does not have a sufficient signal (i.e., if it is marked in yellow), gently put the
hair underneath the surrounding probe tip aside. If necessary, push the probes further into
their sockets but ensure the comfort of the participant. Check whether the signal quality has
improved (i.e., the channel is now marked in green) by clicking on the auto gain button again.

2.1.10. If step 2.1.9. does not lead to a signal improvement, adjust the signal intensity. If there
is too much signal (i.e., if the channel is marked in red), change the signal intensity to low signal
intensity by repeatedly clicking on the respective probe’s symbol in the probe set monitor
window of the NIRS measurement system. If there is not enough signal (i.e., if the channel is
marked in yellow), change the signal intensity to high signal intensity, again by repeatedly
clicking on the respective probe’s symbol.

2.2.  Run the experiment

2.2.1. When there are no questions after the practice trials and a good signal quality is
ensured, start the experimental paradigm.

2.2.2. Place a towel over the participants’ hands so that they cannot see the hand movements
of their respective game partner.

2.2.3. After the experiment, export the raw light intensity data as a text file by clicking on the
text file out button and save the data. Do not apply any filters in the NIRS measurement

system.

2.2.4. Clean all necessary materials (probes, probe holders, chin rests) with ethanol. Wash the
caps regularly in a gentle cycle with mild detergent.

3. Data Analysis

3.1. Data Preprocessing
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Note: There are several non-commercial software packages available for fNIRS data analysis,
e.g., HomER®, NIRS Brain AnalyzIR'® or SPM for fNIRS?C. The latter was used for the following
preprocessing steps. For more information on how to perform these steps, please see the
toolbox manual.

3.1.1. Convert the data files to the SPM for fNIRS data format.

3.1.2. Calculate oxy-Hb and deoxy-Hb concentration changes using the modified Beer-Lambert
law by pressing the convert button in the main window. Enter the age of the subject and the
distance between source and detector (e.g., 3 cm). Accept the default values for the molar
absorption coefficients of oxy-Hb and deoxy-Hb at wavelength (A) 1 and A 2 as well as the
default values for the differential pathlength factor (DPF) at A 1 and A 2.

3.1.2. Preprocess the time series of hemodynamic changes to reduce motion artifacts by
selecting the MARA button (for more information on the MARA algorithm see Scholkman et
al.?t).

3.1.3. Preprocess the time series to reduce slow drifts by selecting the DCT button.
3.2. Bad channel detection

Note: Bad channel detection can be performed before and/or after fNIRS data preprocessing. In
this protocol, different objective criteria for detecting bad channels and visual inspection are
combined. Please note that the proposed list of objective criteria is not exhaustive. For bad
channel detection, self-written scripts were used (for the technical computing software see
Table of Materials).

3.2.1. Exclude channels in which there is no signal change for several continuous samples,
which is indicated by a flat line when plotting the time series.

3.2.2. Calculate the coefficient of variation CV = SD/mean*100 for the raw attenuation data.
Exclude channels in which the CV is above a predefined percentage (e.g., 10%,; see for instance
van der Kant et al.??).

3.2.3. If in doubt whether to exclude a channel or not, plot the power spectrum of the signal. If
there is no heartbeat visible in the signal spectrum around 1 Hz, as indicated by an increased
power in this frequency band, exclude the channel from the analysis.

3.2.4. Visually inspect all data before and/or after preprocessing. Decide whether to include the
channel based on the objective criteria, described in 3.2.1 —3.2.3, as well as on subjective visual

detection of noisy channels.

3.3. Brain-to-brain connectivity
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Note: Two different estimate types of brain connectivity can be distinguished: non-directed
estimates, which quantify the strength of the connectivity, and directed estimates, which seek
to establish statistical evidence for causation from the data?3. Here the focus was on the
wavelet transform coherence (WTC), a widely applied non-directed estimate for fNIRS brain-to-
brain connectivity. Several non-commercial software solutions for the computation of the WTC
are available, e.g., one by Grinsted and colleagues®* or the ASToolbox?°, which was used in this
protocol for the following steps.

3.3.1. In the AWCO function of the ASToolbox, specify the mother wavelet (e.g., Generalized
Morse Wavelet with its parameters beta and gamma), which is used to transform each time-
series into the time and frequency domain by the continuous wavelet transformation.

3.3.2. Specify the smoothing window type (e.g., Hanning window) and the smoothing window
size for the time and scale domain in the AWCO function.

3.3.3. To examine the significance of the WTC coefficients and to calculate their p-values,
specify the number of surrogate time series (n>300) and the ARMA model (e.g., AR (1)) in the
AWCO function.

3.3.4. With the parameters specified in steps 3.3.1 to 3.3.3, calculate the wavelet coherence of
two corresponding channels (the same channel in two participants).

3.3.5. Choose a frequency band of interest in which the task-related brain-to-brain synchrony is
expected to occur based on previous studies and visual inspection of the data (for an
alternative approach see Nozawa et al. 2°).

3.3.6. Calculate the percentage of significant WTC coefficients in the task-related frequency
band for each task block in each channel and for each participant. Use this value as an outcome
measure of brain-to-brain synchrony for further statistical analysis (for more information see
Reindl et al.1?).

3.4. Comparison to Random Pairs

Note: To validate the results, we recommend comparing the WTC of the actual dyads to the
WTC of random adult-child pairings, who did not play with each other but performed the same
experimental task.

3.4.1. Calculate the WTC, as described in 3.3., for participant pairs who did not play together
but performed the same experimental task (i.e., random pairs). Choose the number of random
pairs (e.g., 300 for each condition) and calculate the WTC for each random pair.

3.4.2. Compare the coherence of the random and actual pairs to avoid the detection of spurious
synchronicity.
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REPRESENTATIVE RESULTS:

Representative data of one parent-child dyad during the cooperative condition are shown in
Figure 1. The cooperative task consists of three 30 s rest blocks and two task blocks, with 20
trials each, presented in alternating order. In each trial, participants have to react as
simultaneously as possible to a signal to earn a point!?,

[insert Figure 1 about here]

The results are exemplified for the fNIRS data of channel 8 of both participants of a parent-child
dyad. Before preprocessing, raw light attenuation data, received from the fNIRS device, are
converted to changes in oxy-Hb and deoxy-Hb for both participants. Next, fNIRS time series are
preprocessed to reduce motion artifacts and drifts. Finally, the significant WTC is calculated
from the preprocessed oxy-Hb signals of both participants.

Figure 1 illustrates a real valued WTC matrix, which is composed of the coherence coefficients
in time and frequency domain (here in period length). The coefficients can range between 0
and 1, with 1 indicating a perfect relationship at a specific time and frequency between both
signals?®. The coefficients are visualized using a color map ranging from blue (little or no
coherence) to red (strong or maximum coherence). Significant coherence values are marked by
solid black lines surrounding the respective areas in the plot. The beginning and end of each
task block are indicated by vertical dashed lines.

Results show a strong coherence throughout the experiment in a high frequency band, until a
period length of ~ 1 s (1 Hz). This results from the cardiac rhythms of parent and child.
Additionally, results show a strong coherence in a lower frequency band between ~2sand 8 s
period length (0.5 - 0.125 Hz). Trial lengths differed due to pseudo-randomized variable cue
durations (600 - 1500 ms) and participants’ individual reaction times but were around 7 s on
average, assuming reaction times of about 1 s. Therefore, coherence in this low frequency
range likely reflects a synchronization of brain activities of both subjects during the task.

FIGURE AND TABLE LEGENDS:

Figure 1: Hyperscanning data analysis and representative results. Light intensity data is
collected in 22 channels (CHs) of two participants. First, bad channels are detected and
excluded from further analyses. Afterwards, light intensity data is converted to changes in oxy-
hemoglobin (A Oxy-Hb) and deoxy-hemoglobin (A Deoxy-Hb). Signals are shown for one
exemplary parent-child dyad in CH 8 during the cooperative condition. Data is preprocessed by
reducing motion artifacts and slow drifts. Afterwards, the wavelet coherence is calculated from
the preprocessed oxy-Hb signals. To estimate the significance of each wavelet coherence value,
300 surrogate time series are generated. If the observed wavelet coherence value is higher than
95% of the wavelet coherence values obtained from the surrogate time series at the same point
in time and scale, it is regarded as significant. Significant wavelet coherence values are marked
by solid lines surrounding the respective areas in the plot. Coherence in the task-related
frequency band is depicted within the black box. Please note that the analysis steps and the
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parametrization depicted in the figure should be understood as an example. The optimal
parameterization depends on the data, e.g., different parameters of the MARA algorithm might
work best for different types of artifacts?!, and there is no gold standard for any of the analysis
steps yet.

DISCUSSION:

In this protocol, we show how to conduct fNIRS hyperscanning experiments and one possible
way to analyze brain-to-brain synchrony, measuring concentration changes of oxy-Hb and
deoxy-Hb at frontal brain regions of two subjects simultaneously. FNIRS hyperscanning is
relatively easy to apply: a single NIRS device is sufficient to measure brain activities of both
subjects by splitting the optodes between them. Thus, no synchronization between different
devices is necessary'. Moreover, since fNIRS does not require strict motion restriction, it is well
suited for conducting hyperscanning experiments in a natural environment and in children. In
the following, we highlight some critical issues when designing, analyzing and interpreting
(fNIRS) hyperscanning experiments, discuss challenges as well as possible solutions.

Experimental Design. One important issue of hyperscanning studies concerns the experimental
design. Two participants who complete the same experimental task independently of each
other might show similar brain activities, which then might be detected as brain-to-brain
synchrony?’. To differentiate between brain-to-brain synchrony induced by the experimental
task and by the social interaction, appropriate experimental control conditions are necessary.
On the one hand, the cooperative and competitive tasks are very well suited because they
differ only in the cooperative task component and not in the stimulus material and the
participant’s motor behavior. On the other hand, less standardized and more natural
interactions (e.g., making a puzzle together) might induce more variance in social interactive
behavior and might have a greater ecological validity.

Spatial registration of channels. One challenge in fNIRS hyperscanning is measuring
hemodynamic activity in corresponding channels. Attaching emitter and detector probes at
corresponding locations of two participants' heads does not warrant that activity in two
corresponding cortical regions is tapped, as individual brain anatomy is liable to differ across
participants. Simultaneously measuring an adult and a child exacerbates this problem by
introducing developmental differences on top of anatomical ones. Moreover, with an
increasing number of channels, the placement of the channels is less reproducible across
subjects because of variability in head shape and size?. One optional accessory to the ETG-4000
is a probe positioning unit which creates probe positions relative to fiducial points on the head
in three-dimensional space. These data can then be co-registered to the structural MR image of
the participant's brain?. Acquiring MR images and using the positioning unit will enable the
experimenter to better control whether activity is actually measured in corresponding brain
regions across two participants. Additionally, researchers could partly circumvent this problem
by calculating an all-to-all connectivity model, measuring the connection between any two
channels of the two participants.
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Influence of the systemic physiology. Another important issue is that hemodynamic changes
are known to be influenced not only by the effect of the neurovascular coupling, thus neuronal
activity, but also by systemic changes, such as changes in heart rate, blood pressure, breathing
rate, and autonomic nervous system activity?®. Therefore, any synchrony detected in the
hemodynamic changes of two cooperating participants may also be attributable to a synchrony
of those factors. Previous studies have shown that two interacting partners do indeed
synchronize their physiological activities3?. Note, however, that in tasks with different
experimental conditions which are directly compared to each other, this is only a confounder if
physiological coupling is more prominent in one but not the other condition. Nevertheless, it
can be helpful to acquire physiological data in hyperscanning studies to enable experimental
control of these parameters. Another option, as demonstrated recently by Nozawa et al.?®, is to
add measurement channels with a short source-detector (S-D) separation (e.g., 1 cm), which
are sensitive to the superficial skin blood-flow signal. The corresponding component can then
be removed from the fNIRS signal obtained from measurement channels with a regular S-D
separation (e.g., 3 cm), thus reducing the influence of physiological confounders. Such a dual or
multi-distance approach has been shown to improve the sensitivity to task-enhanced (here:
communication-enhanced) brain-to-brain synchrony.

Data Analysis. Hyperscanning results depend on an estimator to quantify brain-to-brain
synchrony. In the current study, we calculated the WTC of oxy-Hb signals of corresponding
channels as a measure of brain-to-brain synchrony. Wavelet-based methods have the
advantage that they consider the non-linear dynamics of time series in the time-frequency
space. The WTC is a non-directed measure calculated from wavelet transformed time series,
representing the strength of the relationship between two time series. In future studies, it
would be interesting to additionally include directed measures, such as Granger causality, in
order to examine which participant “leads” the activity (see for instance Pan et al.1®).
Furthermore, while many previous fNIRS-based hyperscanning studies examine brain-to-brain
synchrony in only one signal (e.g., oxy-Hb), it is advisable to consider both oxy-Hb and deoxy-Hb
(and possibly total-Hb) in order to take full advantage of the fNIRS technique?®.

Limitations. Although fNIRS offers a promising, rapidly growing neuroimaging technique, some
technical limitations associated with the device need to be considered when planning such a
study (for a recent review see Pinti et al.3). In comparison to EEG and fMRI, fNIRS is more
resistant to motion artifacts, yet, it still requires sufficient motion artifact control and detection.
There are several potential causes of artifacts. First, some participants tend to move their head
abruptly, in particular infants and children, and thereby might pull on the fiber tracts, affecting
the optode contact. Developments of new fiberless devices are more robust to movement and
even allow investigations of active tasks3!. The use of a chin-rest can serve as an additional
motion artifact control; however, it limits the ability to record brain activities in natural
interactions. Second, acquiring an adequate optode contact can be hindered by dark, curly and/
or thick hair of the participant. Placing the optodes can thus be time-consuming and a perfect
signal is not always guaranteed. Third, depending on the fNIRS system, wearing optodes for a
longer period of time can put pressure on the participant’s head, which can be experienced as
unpleasant. This does not only limit the recording time of the experiment but might also lead to
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more movement and artifacts (e.g., smaller children might pull on the cap). In addition to
motion artifacts, it is noteworthy that fNIRS provides measures of the cortical surface only.
Finally, there are no standardized data analysis guidelines yet. Several toolboxes were
developed over the past years and first attempts were made to analyze the effectiveness of
various preprocessing techniques (e.g., Brigadoi et al.3? and Cooper et al.33). Moreover, the
analytical protocol presented in this article shows one way to analyze fNIRS hyperscanning
data. Importantly, the selected parameters of the analysis should be understood as one
possible option and not as a standard guideline. Several other analytical protocols for fNIRS
hyperscanning have been developed in the last years by different research groups (see for
instance Cui et al.'3; Hirsch et al.3%).

Conclusion. fNIRS hyperscanning is a promising technique to gain further insights into the
neurobiological underpinnings of social interactions®. In the future, portable and fiberless NIRS
devices may be particularly important when examining brain-to-brain synchrony in natural
interactions and moving from the dyad towards larger groups of subjects. Finally, combining
different neuroimaging techniques, e.g., EEG-fNIRS, may provide new insights, broadening our
understanding of brain-to-brain synchrony.
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MATLAB R2014a (or later versions) Serves as base for Psychophysics Toolbo»



ptional second adult probe set for 52 channels of measurement in total as well as two 3x5 probe holder grids.
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royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
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adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
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translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of

all rights of any nature, including, Without limitation, all——
‘copyrights, in and to the Video: To the extent that; by law, —

the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, ‘in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11 JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE'’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

132 Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a USS$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.
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Submission of the revised manuscript: “Conducting Hyperscanning Experiments with
Functional Near-Infrared Spectroscopy”

Dear Dr. Steindel,

We would like to thank you and both reviewers for the careful and thorough reading of this
manuscript and for the thoughtful comments and constructive suggestions, which helped to
improve its quality. Please find attached our point-by-point responses to each of the
comments as well as the revised manuscript (with tracked changes).

Thank you for considering our manuscript for publication!

Kind regards,

Vanessa Reindl
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Editorial comments:
Changes to be made by the Author(s) regarding the written manuscript:

Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues.

JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an
instrument or reagent. Please remove all commercial language from your
manuscript and use generic terms instead. All commercial products should be
sufficiently referenced in the Table of Materials and Reagents. You may use the
generic term followed by “(see table of materials)” to draw the readers’ attention to
specific commercial names. Examples of commercial sounding language in your
manuscript are: Easycap GmbH, Hitachi ETG-4000, Matlab, Wavelet Toolbox™,
etc.

We have proofread the manuscript and removed all commercial names.

Please revise the protocol text to avoid the use of any personal pronouns (e.g., "'we"’,
"you™, "our™ etc.).

We have now avoided all personal pronouns in the protocol text.

Please revise the protocol to contain only action items that direct the reader to do
something (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in
the imperative tense in complete sentences wherever possible. Avoid usage of phrases
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text
that cannot be written in the imperative tense may be added as a “Note.” Please
include all safety procedures and use of hoods, etc. However, notes should be used
sparingly and actions should be described in the imperative tense wherever possible.

We have revised the text as suggested and have used imperative tense throughout the
protocol text (except for the “Notes”).

The Protocol should be made up almost entirely of discrete steps without large
paragraphs of text between sections. Please simplify the Protocol so that individual
steps contain only 2-3 actions per step and a maximum of 4 sentences per step. Use
sub-steps as necessary. Please move the discussion about the protocol to the
Discussion.

Each step now contains a maximum of 4 sentences (mostly 2-3 sentences).

Please add more details to your protocol steps. There should be enough detail in each
step to supplement the actions seen in the video so that viewers can easily replicate
the protocol. 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.

We have added more details to many of the protocol steps and added references where
appropriate.

1.1.2: How to attach the soft foam material? Is glue needed?
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We have added the information on how to attach the soft foam material to the protocol:
“In order to make the caps more comfortable and minimize pressure marks, attach soft
foam material (e.g., adhesive window sealing tape) at the inner side of the holder grid
between the probe sockets and at the edges. Use double-faced adhesive tape if necessary.”
(step 1.1.4.)

1.2.3: Please describe how this is actually done.
The step is now described in more detail:

“1.2.2. Set all necessary options at the NIRS measurement system. Make sure that the
device is set to event-related measurement and that the RS232 serial input, necessary for
receiving triggers from the experimental paradigm, is active.

NOTE: The experiment is an adapted version by a paradigm devised by Cui et al.%3,
programmed in the non-commercial Psychophysics Toolbox extensions, version 3.0.11%7.

1.2.3. Prepare the experimental paradigm by starting the technical computing software
(see table of materials) that serves as base for the Psychophysics Toolbox extensions and
setting the current directory to the folder that the paradigm is saved in.”

2.1.8: How to adjust the signal intensity?

It is now described how to adjust the signal intensity: “[...] by repeatedly clicking on the
respective probe’s symbol in the probe set monitor window of the NIRS measurement
system.” (step 2.1.10.)

Step 3 and sub-steps: Please add more specific details (e.g. button clicks for software
actions, numerical values for settings, etc.) to your protocol steps. There should be
enough detail in each step to supplement the actions seen in the video so that viewers
can easily replicate the protocol.

We have added more details, such as button clicks, to the protocol, e.g. “Calculate oxy-Hb
and deoxy-Hb concentration changes using the modified Beer-Lambert law by pressing
the convert button in the main window. Enter the age of the subject and the distance
between source and detector (e.g., 3 cm). Accept the default values for the molar
absorption coefficients of oxy-Hb and deoxy-Hb at wavelength (1) 1 and A 2 as well as the
default values for the differential pathlength factor (DPF) at A 1 and A 2” (step 3.1.2.)
Moreover, we have included information about the analysis parameters in Figure 1.

Lines 189-195: Please remove the weblinks and use a superscripted numbered
reference instead.

We have removed the weblinks and replaced them with references.
Discussion: Please also discuss any limitations of the technique.

We have added a new paragraph “Limitations” to the discussion:
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“Limitations. Although fNIRS offers a promising, rapidly growing neuroimaging
technique, some technical limitations associated with the device need to be considered
when planning such a study (for a recent review see Pinti et al.>!). In comparison to EEG
and fMRI, fNIRS is more resistant to motion artifacts, yet, it still requires sufficient
motion artifact control and detection. There are several potential causes of artifacts. First,
some participants tend to move their head abruptly, in particular infants and children, and
thereby might pull on the fiber tracts, affecting the optode contact. Developments of new
fiberless devices are more robust to movement and even allow investigations of active
tasks®. The use of a chin-rest can serve as additional motion artifact control, however, it
limits the ability to record brain activities in natural interactions. Second, acquiring an
adequate optode contact can be hindered by dark, curly and/ or thick hair of the
participant. Placing the optodes can thus be time-consuming and a perfect signal is not
always guaranteed. Third, depending on the fNIRS system, wearing optodes for a longer
period of time can put pressure on the participant’s head, which can be experienced as
unpleasant. This does not only limit the recording time of the experiment but might also
lead to more movement and artifacts (e.g., smaller children might pull on the cap). In
addition to motion artifacts, it is noteworthy that fNIRS provides measures of the cortical
surface only. Finally, there are no standardized data analysis guidelines yet. Several
toolboxes were developed over the past years and first attempts were made to analyze the
effectiveness of various preprocessing techniques (e.g., Brigadoi et al.>? and Cooper et
al.®®). Moreover, the analytical protocol presented in this article shows one way to analyze
fNIRS hyperscanning data. Importantly, the selected parameters of the analysis should be
understood as one possible option and not as a standard guideline. Several other analytical
protocols for fNIRS hyperscanning have been developed in the last years by different
research groups (see for instance Cui et al.'®; Hirsch et al.>*).”

References: Please do not abbreviate journal titles.

We have done accordingly.

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.

We have revised the table, as suggested.



Reviewers' comments:
Reviewer #1:

Manuscript Summary:

The manuscript describes a protocol on a functional near-infrared spectroscopy (fNIRS)
hyperscanning experiment between dyads (e.g., parent - child, spouses, etc.) to assess
brain-to-brain synchrony. The authors describe in detail the setup and preparation and
also outline the relevant analyses steps.

Major Concerns:

1. Preprocessing: This part is somehow confusing as it is not clear which steps are
conducted by which program. For example, the ETG-4000 automatically calculates
the concentration changes, it also has specific built-in low-/highpass filters, moving
average and detrending procedures. It may be that | have difficulties as | do not
know the SPM for NIRS toolbox, but it should be more clearly stated. Did you
export the raw data without any filters? Such questions came to my mind when
reading the part.

We have modified Figure 1 and included information on the data analysis steps, the
specific analysis parameters as well as the toolboxes. Additionally, we have added further
information in the text to clarify which steps were performed with which toolbox.

We exported the raw data from the ETG-4000 without any filters. We have added this step
to the protocol: “After the experiment, export the raw light intensity data as a text file by
clicking on the text file out button and save the data. Do not apply any filters.” (step
2.2.3))

2. What filters do you recommend and which parameters (e.g., frequency thresholds)
should be used?

We have now included the parameters in Figure 1 (see above). We did not filter the data.

3. Bad Channels: It would be advisable to present a figure on some of these artifacts.
Are there any criteria for the percentage of CV allowed?

We have now included two examples of bad channels in Figure 1. The percentage of
allowed CV differs between studies, often 10% is used. As an example for specific
criteria, we have now referred the reader to the publication of van der Kant:

“Calculate the coefficient of variation CV = SD/mean*100 for the raw attenuation data.
Exclude channels in which the CV is above a predefined percentage (e.g., 10 %; see for
instance van der Kant et al 22).” (step 3.2.2.).

4. | am not in expert in wavelet analysis, so I do not know all the terms. Here, other
reviewer should give comments.
Shortly, disadvantages of NIRS should be stated.

We have included a new paragraph on the disadvantages of fNIRS in the discussion,
focusing especially on practical issues (please see comment 12 to the editor).



It could be mentioned which parameters to use further on. In the manuscript only
one exemplary channel is shown with some coherence within the dyad.

In step 3.3.6. we describe the outcome measures used for statistical analysis. We have
modified the step, which hopefully makes it more clear:

“Calculate the percentage of significant WTC coefficients in the task-related frequency
band for each task block in each channel and for each participant. Use this value as an
outcome measure of brain-to-brain synchrony for further statistical analysis (for more
information see Reindl et al.**).”

Minor Concerns:

. Abstract:

In the Abstract the abbreviation fNIRS should be introduced one sentence above
when it is first mentioned.

The abbreviation fNIRS is now introduced one sentence above.

Introduction:

Studies 4 and 5 are not really hyperscanning studies, but studies on synchronization.
Regarding the definition of Hyperscanning that is presented, this issue should be
clarified. It also seems that none of these studies measured groups of participants
simultaneously as you introduced before. There was a study by Dikker et al. (2017)
in Current Biology which measured EEG in all children in a small classroom
simultaneously. I am not sure if this is suited, but at least a group was hyperscanned.
It is essential to measure simultaneously to get insights into social interaction or
dependence processes (>1 brain) and not only social cognition, where one brain
measure suffices.

Thank you for the suggestion. We have changed it accordingly.

. Itis true that NIRS has a much better temporal resolution than fMRI, but that is

somehow put into perspective by the sluggishness of the BOLD signal. Beyond,
developments of scanning protocols (multiband protocols) increase fMRI temporal
resolution.

We have modified the sentence:

“In addition, fNIRS data can be acquired at high sampling frequencies (e.g., 10 Hz), thus
it highly oversamples the relatively slow hemodynamic response and thereby potentially
provides a more complete temporal picture of the brain hemodynamics'®.” (lines 71 & 72)

On the one hand, you state that fNIRS enables more realistic, ecologically valid
setting, being an advantage compared to fMRI or EEG, on the other hand you write
that you are using chin rests. Given this, it is more similar to fMRI and EEG.

We have now included the use of chin rests as a limitation in the discussion: “The use of a
chin-rest can serve as additional motion artifact control, however, it limits the ability to
record brain activities in natural interactions.” (lines 480 & 481)
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We agree that fNIRS is similar to EEG with respect to the experimental setting. However,
we think that the experimental setting is more natural compared to fMRI hyperscanning,
even when chin rests are used: “fNIRS is well suited for conducting hyperscanning
experiments, especially with children, because it can be applied in less constrained and
more natural settings than fMRI. Moreover, it is less prone to movement artifacts than
both, fMRI and EEG.”

I would not use the term pediatric as this implies patients.
We have now changed it to “children”.

2.1.6 Will this be shown in the video? I only understand it since | know the ETG-
4000.

Yes, this will be shown in the video.

2.1.7 and 2.1.8 in both "yellow' channels are mentioned. Once you have to get the
hair out of the way, once you should increase the signal.

First, the experimenter can try to brush the hair aside (step 2.1.9): “If a channel does not
have a sufficient signal (i.e., if it is marked in yellow), gently put the hair underneath the
surrounding probe tip aside. If necessary, push the probes further into their sockets but
ensure the comfort of the participant. Check whether the signal quality has improved (i.e.,
the channel is now marked in green) by clicking on the auto gain button again.”

If this is not successful, the experimenter can perform step 2.1.10: “If step 2.1.9. does not
lead to a signal improvement, adjust the signal intensity. If there is too much signal (i.e., if
the channel is marked in red), change the signal intensity to low signal intensity by
repeatedly clicking on the respective probe’s symbol in the probe set monitor window of
the NIRS measurement system. If there is not enough signal (i.e., if the channel is marked
in yellow), change the signal intensity to high signal intensity, again by repeatedly
clicking on the respective probe’s symbol”

The figure legend should be more precise, for example by adding the details of
processing, i.e. which parameters of preprocessing

Thank you for this suggestion. We have modified the figure legend and added the
parameters in the figure:

“Figure 1: Hyperscanning data analysis and representative results. Light intensity data is
collected in 22 channels (CHs) of two participants. First, bad channels are detected and
excluded from further analyses. Afterwards, light intensity data is converted to changes in
oxy-hemoglobin (A Oxy-Hb) and deoxy-hemoglobin (A Deoxy-Hb). Signals are shown
for one exemplary parent-child dyad in CH 8 during the cooperative condition. Data is
preprocessed by reducing motion artifacts and slow drifts. Afterwards, the wavelet
coherence is calculated from the preprocessed oxy-Hb signals. To estimate the
significance of each wavelet coherence value, 300 surrogate time series are generated. If
the observed wavelet coherence value is higher than 95% of the wavelet coherence values
obtained from the surrogate time series at the same point in time and scale, it is regarded
as significant. Significant wavelet coherence values are marked by solid lines surrounding
the respective areas in the plot. Coherence in the task-related frequency band is depicted



within the black box. Please note that the analysis steps and the parametrization depicted
in the figure should be understood as an example. The optimal parameterization depends
on the data, e.g., different parameters of the MARA algorithm might work best for
different types of artifacts??, and there is no gold standard for any of the analysis steps
yet.”



Reviewers' comments:
Reviewer #2:

This interesting protocol, which was developed within the study of Reindl et al. (2018),
described how to conduct fNIRS-based hyperscanning experiments and analyze
interpersonal brain synchronization, and discussed several technical challenges and
possible solutions. This protocol is novel and timely. The methods are sound. | believe
that this protocol would be a nice addition to this field.

I just have a few minor concerns.

1.

line 75, it could be useful to also mention that this task was lately validated by Baker
et al., 2016, Cheng et al., 2015, and Pan et al., 2017.

Baker, J. M., Liu, N., Cui, X., Vrticka, P., Saggar, M., Hosseini, S. H., & Reiss, A. L.
(2016). Sex differences in neural and behavioral signatures of cooperation revealed
by fNIRS hyperscanning. Scientific Reports, 6, 26492.

Cheng, X., Li, X., & Hu, Y. (2015). Synchronous brain activity during cooperative
exchange depends on gender of partner: A fNIRS-based hyperscanning study.
Human Brain Mapping, 36(6), 2039-2048.

Pan, Y., Cheng, X., Zhang, Z., Li, X., & Hu, Y. (2017). Cooperation in lovers: An
fNIRS-based hyperscanning study. Human Brain Mapping, 38(2), 831-841.

Thank you for this suggestion. We have added these studies.

line 97 - line 103: Please mention that what your region of interest (ROI) was and
why you chose it as the ROI.

We have now stated in the Introduction why we targeted prefrontal brain regions in the
study: “Prefrontal brain regions were targeted as they had been identified as important
regions for social interactive processes in previous hyperscanning studies'?.” (lines 81 -
83)

line 232: WTC is the abbreviation of "'wavelet transform coherence™.

We have changed it accordingly.

line 249: what is the meaning of *'reasonable’?

We have changed the sentence to: “To examine the significance of the WTC coefficients
and calculate their p-values, specify the number of surrogate time series (n>=300) and the
ARMA model (e.g., AR (1)) in the AWCO function.” (step 3.3.3.)

line 252: please simply explain how you chose the frequency of interest. These
information (as well as the aforementioned region of interest) is helpful to readers.

We have now explained how to choose the frequency of interest: “Choose a frequency



band of interest in which the task-related brain-to-brain synchrony is expected to occur
based on previous studies and visual inspection of the data (for an alternative approach see
Nozawa et al.?®).” (step 3.3.5.)

. I think it would be appropriate to add some reservations in the discussion. The

current study did not provide the only way to analyze fNIRS hyperscanning data. It,
however, provided a useful analytical protocol, which covered necessary and
optional steps.

We absolutely agree that this is not the only possible way to analyze the data. We have
added reservations to the protocol in the discussion:

“Moreover, the analytical protocol presented in this article shows one possible way to
analyze fNIRS hyperscanning data. Importantly, the selected parameters of the analysis
should be understood as one possible option and not as a standard guideline. Several other
analytical protocols for fNIRS hyperscanning have been developed in the last years by
different research groups (see for instance Cui et al.'3; Hirsch et al.3¥). (lines 491-495)

Additionally, we have added some reservations to the figure legend:

“Please note that the analysis steps and the parametrization depicted in the figure should
be understood as an example. The optimal parameterization depends on the data, e.qg.,
different parameters of the MARA algorithm might work best for different types of
artifacts?!, and there is no gold standard for any of the analysis steps yet.” (lines 394 -
397)



