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Background: Functional near-infrared spectroscopy (fNIRS) as a non-invasive optical neuroimaging technique has
demonstrated great potential in monitoring cerebral activity. Due to its portability and compatibility with
medical implants, fNIRS has seen increasing applications in studying the hearing, language and cognitive
functions. However, fNIRS is susceptible to artifacts related to jaw movements, such as teeth clenching, swal-
lowing and speaking, which affect recordings over the temporal, parietal and frontal/prefrontal cortices.

New method: We investigated two new approaches to control the jaw-related motion artifacts, an individually

customized bite bar apparatus and a denoising algorithm namely PCA-GLM based on multi-channel fNIRS re-
cordings from long-separation and short-separation montage. We first recorded data while subjects performed a
clenching task, then an auditory task and a resting-state task with and without the bite bar.

Results: Our results have shown that jaw clenching can introduce spurious, task-evoked-like responses in fNIRS
signals. A bite bar customized for each participant effectively suppressed the movement-related activities in
fNIRS, at both task and resting-state conditions. Moreover, the bite bar and the PCA-GLM denoising method are
shown to improve auditory responses, by significantly reducing the within-subject standard deviation, increasing
the task-related contrast-to-noise ratio, and yielding stronger activations to the auditory stimuli.

Comparison with existing method(s): The current study has demonstrated a novel method to control the jaw-related
motion artifacts in fNIRS signals.

Conclusions: Our method will benefit the study of the hearing, language and cognitive functions in normal

healthy subjects and patients.

1. Introduction

Functional near-infrared spectroscopy (fNIRS) is a noninvasive
neuroimaging technology that measures hemodynamic responses in the
human brain using near-infrared light (Scholkmann et al., 2014).
Compared to functional magnetic resonance imaging (fMRI), it provides
the advantage of affordable cost, portability, low operating noise, and
compatibility with electronic or magnetic stimulation devices, such as
cochlear implants (Chiarelli et al., 2017; Luke et al., 2021; Scholkmann
et al., 2014). Recently, fNIRS has drawn increasing interest in studying
the hearing, language, and other cognitive functions in the human brain
(Pollonini et al., 2014; Saliba et al., 2016). For example, f{NIRS can be
used in infants who have cochlear implants and are unable to verbally
communicate their hearing and comfort when adjusting sound levels
(Bortfeld, 2019). The understanding of auditory perception mechanisms

of normal sound and cochlear stimuli can facilitate the early interven-
tion of hearing loss in infants to preserve and develop their speech and
language function. Another exemplary work is to use wearable fNIRS to
assess and monitor the cognitive decline in elderly individuals with mild
cognitive impairment (Maidan et al., 2016; Makizako et al., 2013).
Furthermore, fNIRS as a broadly accessible tool that can image the
brain-wide resting state functional connectivity offers advantages in
studying aging populations (Khan et al., 2022, 2021; Zhang et al.,
2022a).

However, there are critical confounding factors in fNIRS signals,
including interferences from superficial layers of the head, systemic
physiological noises and motion artifacts (von Liihmann et al., 2019,
2020; Zhang et al., 2021). Although less vulnerable to head movements,
fNIRS can still be affected by jaw movements during teeth clenching,
speaking and swallowing, which involves contractions of the temporalis
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muscles (Novi et al., 2020; Schecklmann et al., 2017). The jaw move-
ments could result in blood flow changes in the temporalis muscle as
well as displacement between the optodes and the scalp, leading to ar-
tifacts in the fNIRS signals (Schecklmann et al., 2017). While many
previous studies have investigated head movements (Cui et al., 2010;
Fishburn et al., 2019; Izzetoglu et al., 2010; Scholkmann et al., 2010),
the impact and handling of jaw movements remain largely unclear (Novi
et al., 2020; Schecklmann et al., 2017).

In our pilot work, we have studied the motion artifacts related to
several types of jaw movements, including clenching, speaking, swal-
lowing and sniffing, and reported that jaw movements produced
prominent and robust artifacts in fNIRS signals (Zhang et al., 2022b). In
this study, we aimed to address the issue of jaw-related motion artifacts
in fNIRS, by testing whether an individually customized bite bar can
control jaw movements, and furthermore evaluating whether our pre-
viously established denoising pipeline namely PCA-GLM (Zhang et al.,
2021) can correct the motion artifacts in fNIRS signals. We acquired
experimental data in healthy subjects performing three tasks — a jaw
clenching task, an auditory task and a resting-state task. Before each
experiment, we customized a bite bar for each participant. The auditory
and resting-state recordings were acquired repeatedly with and without
using a bite bar. Data were processed with a minimal preprocessing
pipeline and our previously established PCA-GLM denoising method
(Zhang et al., 2021). Quantitative metrics evaluated the amount of
motion and the effects of the bite bar and the denoising algorithm in
improving auditory response. We also investigated the resting state
functional connectivity.

(A)
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2. Material and methods
2.1. Participants

All study protocols were approved by the Institutional Review
Boards at The University of Oklahoma Health Sciences Center. A total of
ten healthy subjects without acute jaw and teeth problems participated
in this study. Informed consent was obtained from study participants.
Data from one participant were excluded due to bad coupling between
optodes and scalp. Therefore, data from nine participants (six females,
23.1 + 5.9 years old) were used for the analyses. Participants received
financial compensation for their participation.

2.2. Design of bite bar

Bite bars were made using a plastic piece and vinyl polysiloxane
putty for each subject. Specifically, a plastic piece was first created using
Adobe Illustrator (Adobe Systems Inc., San Jose, CA, USA). This piece
was then laser cut out of quarter-inch-thick acrylic at the University of
Oklahoma Fabrication Lab. The piece measured 4 x 1.5 in. with a 1.25-
inch diameter semicircular cutout on the narrower end. The bite bar was
assembled by combing the plastic piece and dental putty. The putty used
here was vinyl polysiloxane, which was made by mixing 5 mL putty base
and 5 mL putty catalyst thoroughly for 1 min. The mixture putty was
then formed around a bite piece and placed in the subject’s mouth such
that the bite bar was inserted comfortably approximately 1-2 in. deep.
The subject was then instructed to bite down firmly while the putty was
molded by their teeth for three minutes. After the putty was molded, the
bite bar was ready for use in the experiment. A picture of the bite bar
customized for one of the subjects is shown in Fig. 1.

(A) A customized bite bar. The bite bar was assembled using dental
putty (top) and a plastic piece (bottom). (B) Arrangement of fNIRS
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Fig. 1. Experimental settings.
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optodes in a participant. (C) Illustration of the fNIRS optodes covering
the auditory and parietal cortices. The red solid circles, blue solid circles,
and gray solid circles indicate fNIRS sources, long-separation (LS) de-
tectors and LS channels, respectively.

2.3. Experimental paradigm

Participants were instructed to perform three types of tasks in a
comfortable sitting position with their eyes open. Specifically, each
participant performed (1) two sessions of jaw-clenching task, (2) three
sessions of auditory task without biting a bite bar, (3) three sessions of
auditory task while biting a bite bar, (4) two sessions of resting-state task
without biting a bite bar and (5) two sessions of resting-state task while
biting a bite bar. The order of with-bite-bar vs. without-bite-bar condi-
tions was counterbalanced in two sequences, to which participants were
randomly assigned. A jaw-clenching session consisted of seven blocks,
each of which included a 20-s clenching period and a 30-s resting period.
During the clenching period, the participants were instructed to perform
the jaw clenching three times at 0.15 Hz (i.e., with an interval of 6.67 s)
guided by a visual cue. An auditory session consisted of seven blocks,
each including an auditory stimuli period of 20 s and a resting period of
30 s. The auditory stimulus was adapted from a previous study (Chen
et al., 2015) and consisted of two pure tones of 554 and 440 Hz. The
tones were sampled at 44.1 kHz and were alternated, starting with the
554 Hz tone. Each tone lasted 500 ms with a 50-ms linear rise and fall.
The stimulus was made in the Adobe Audition software (Adobe Systems
Inc., San Jose, CA, USA). Each resting session lasted six minutes. In total,
10 sessions of recording were acquired from each subject. E-Prime
(Psychology Software Tools, Sharpsburg, PA) software was used to
display instructions and present the tasks on an LCD monitor. The
auditory stimuli were played at a calibrated, fixed sound volume (70 dB)
through two earbuds worn in the ears of participants.

2.4. Data acquisition

A NIRScout system (NIRX, New York, United States) was used to
collect fNIRS data at a sampling rate of 3.91 Hz. A total of 16 light
sources (760 nm and 850 nm) and 20 light detectors were arranged over
the left and right auditory cortices to form an array with 54 long-
separation (LS) channels at about 30-mm distance. In addition, 16
short-separation (SS) (8-mm) detectors were placed around each source
and constructed 16 SS channels. Figs. 1B and 1C show the instrument
setting and the layout of fNIRS optodes, respectively. The cortical vi-
sualizations were generated with BrainNet Viewer (Xia et al., 2013) and
NIRS-KIT (Hou et al., 2021), based on the standard coordinates of fNIRS
sources and detectors. Physiological measurements including triaxial
acceleration, respiration, and cardiac pulsation were also simulta-
neously collected by a 64-channel actiCHamp system (Brain Vision,
North Carolina, United States), following the protocol described in
Zhang et al. (2021).

2.5. fNIRS data preprocessing

fNIRS data were preprocessed using Homer2 (Huppert et al., 2009)
and proprietary codes in MATLAB® (The Mathworks, Natick, MA) re-
ported in our previous work (Zhang et al., 2021). Specifically, the steps
are: (1) converting the raw data into optical densities (OD); (2) calcu-
lating the power spectral densities of each channel using the Welch’s
method with window length of 60 s and 50 % overlap, and rejecting bad
channels which showed no peak at heartbeat frequency range
(0.8-1.6 Hz); (3) bandpass filtering OD with 0.008-0.2 Hz; (4) con-
verting the filtered OD to relative changes of oxy-hemoglobin (HbO) and
deoxy-hemoglobin (HbR) using the modified Beer-Lambert law (MBLL)
(Scholkmann et al., 2014). The differential pathlength factors of 7.25
and 6.38 were used for 760 nm and 850 nm, respectively (Herold et al.,
2018). The molar extinction coefficients were 645.5 cm™'/M and

Journal of Neuroscience Methods 388 (2023) 109810

1097.0 cm™'/M for HbO and 1669.0 cm™ /M and 781.0 cm™/M for HbR
at 760 nm and 850 nm, respectively (Piper et al., 2014).

2.6. Denoising fNIRS signals with PCA-GLM method

A general linear model (GLM) was configured per session for
measuring the task effect. A third-order polynomial drift and a hemo-
dynamic response function (HRF) regressor which accounts for the task
were included in the design matrix. The HRF regressor was derived by
convolving the boxcar of stimuli with a canonical two-gamma HRF
model (Lindquist et al., 2009). This GLM model based on minimal pre-
processed data was referred to as No Correction.

Furthermore, the PCA-GLM denoising method (Zhang et al., 2021)
was applied to remove jaw-related artifacts. A more comprehensive
regression model was configurated per session according to the pub-
lished procedure. Specifically, principal component analysis (PCA) was
first applied to multi-channel LS and SS data separately. A noise
component of the LS data designated as PC-LS was automatically iden-
tified by the highest value of the coefficient of spatial uniformity (CSU)
(Kohno et al., 2007). Then, the time course of PC-LS was used to auto-
matically identify a component of the SS data by the highest temporal
correlation with PC-LS, designated as PC-SS. The PC-SS was then
included as a nuisance regressor in the GLM to be removed. Addition-
ally, the auxiliary measurements of triaxial acceleration, respiration and
pulsation were bandpass filtered with 0.008-0.2 Hz, detrended by a
third-order polynomial drift and then utilized as nuisance regressors.
Like the processing of No Correction, a third-order polynomial drift and
a task-related HRF regressor were included in the design matrix.

2.7. Block averages and topographies

For clenching and auditory tasks, the block averages were calculated
by removing the baseline (i.e., mean amplitude of —5 to O s to the onset
of each block) and calculating the mean across seven blocks. Standard
errors were calculated in the block averaging process.

To visualize the tasked-evoked activations to auditory stimuli, we
calculated the topographies based on block averages of HbO. The
averaged HbO amplitude during a stimulation window (5-18 s) was
compared to the averaged HbO amplitude during a resting window
(20-30 s) by a two-tailed paired-sample t-test, following a more sensi-
tive approach of detecting the fNIRS activations (Wu et al., 2022).
Multiple comparisons correction on the topographies was addressed by
the Benjamini-Hochberg procedure, resulting in a false discovery rate
(q) thresholded at 0.05 (Benjamini and Hochberg, 1995).

Channels of interest were identified — namely the clenching channel
and the auditory channel. Based on the group-level HbO topography of
the clenching condition, channels with the most prominent motion ar-
tifacts were noted and designated as the clenching channels (one on the
left hemisphere and the other on the right hemisphere). Meanwhile, for
the auditory channel, an fNIRS channel of representative responses to
the stimuli, was selected based on the group-level HbO topography.

2.8. Characterization of motion artifacts

To assess the effects of jaw clenching on fNIRS signals and the effi-
cacy of bite bar in suppressing jaw-related motion artifacts, we utilized a
motion detection metric termed global variance of temporal derivatives
(GVTD) which has been shown to strongly correlate with auxiliary
measures of motion (Sherafati et al., 2020). Specifically, we calculated
GVTD according to the following equation:

(yji - yji—l)2

where i indexes the time point, j indexes the fNIRS channel, g is the
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GVTD vector (thus a time course), yj; € Ris the optical densities after
bandpass filtering of 0.008-0.2 Hz at the j-th channel. The optical
densities of both wavelengths were pooled together for the calculation of
GVTD. The resulting GVID time course represents the global co-
fluctuation across all channels regardless of the sign/direction of the
fluctuations. To assess whether jaw clenching introduces motion arti-
facts in fNIRS signals, the means of GTVD in the clenching period (0-20 s
in each block) and the resting period (20-50 s in each block) were
calculated for each session. A two-tailed paired-sample t-test was per-
formed to determine whether there are significant differences in GVTD
between the clenching and resting periods. In addition, to visualize the
GVTD metric at instructed motion periods, the group-level GVTD time
course was obtained by averaging the GVTD time courses from all
sessions.

To assess whether a bite bar is effective in suppressing jaw-clenching
movements, the mean GVTD across each session was calculated for
auditory and resting-state tasks. A two-tailed paired-sample t-test was
performed to determine whether any significant differences in mean
GVTD between auditory/resting data without and with an individually
customized bite bar addressed to each subject.

2.9. Evaluation of motion control performance in auditory task

In addition to quantify the amount of motion as described above, our
study chose an experimental task to examine in more details how the
motion control would benefit, or what the impact would look like, in the
context of a typical fNIRS research task. A systematic evaluation was
performed on the auditory experimental data, because the ground truth
is expected in such a well-established task that task-related increases in
HbO should be present in auditory channels whereas in non-auditory
channels, task-related changes in HbO should be absent. We chose the
auditory task rather than the clenching task for evaluation, because we
wanted the evaluation to be meaningful in a realistic experiment con-
dition, although our preliminary findings in a prior publication (Zhang
et al., 2022b) have already shown that PCA-GLM can suppress the
jaw-related activities in a voluntary clenching task.

A total of four evaluation metrics were calculated, including within-
subject standard deviation (SD), contrast-to-noise ratio (CNR), mean
amplitudes and beta values of the HRF regressor, following our previous
denoising study (Zhang et al., 2021).

(1) The within-subject SD (Brigadoi et al., 2014) is calculated as the
standard deviation across blocks of a single session when calcu-
lating the block averages.

(2) CNR is calculated as the difference between the mean amplitudes
during the task and the rest period normalized by the summation
of variances at task and rest periods (Cui et al., 2010; Nguyen
et al., 2018; Zhang et al., 2005). The CNR is defined as follows:

mean(task) — mean(rest)

CNR = (D

var(task) + var(rest)

where “task” denotes the task period (from 6 s to 18 s), and “rest”
denotes the resting period (from —5 s to 0 s) with respect to the
onset of each task block (t = 0 s). A high CNR value indicated that
the ratio of task-evoked signal to noise is high.

(3) The mean amplitude is defined as the averaged amplitude of the
relative concentration changes during a window (5-18 s) within
the stimuli period (Strangman et al., 2002).

(4) The beta value of the task-related HRF regressor is produced by
the GLM regression, with positive values indicating task-related
increase and negative values indicating task-related decrease.

In statistical analysis, a two-way analysis of variance (ANOVA) with
the bite bar and the denoising method as factors was performed on each
of the four quantitative metrics (beta value, CNR, mean amplitude and
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within-subject SD) of the LS channel. The two-way ANOVA was con-
structed on metric data corresponding to four different combinations
including [No Bite Bar, No Correction], [Bite Bar, No Correction], [No
Bite Bar, PCA-GLM] and [Bite Bar, PCA-GLM].

To visualize the effect by the bite bar and PCA-GLM, topographies of
differences are plotted, respectively. The topographies of values are
thresholded and the multiple comparison problem was addressed by the
Benjamini-Hochberg procedure with a false discovery rate (q) thresh-
olded at 0.05 (Benjamini and Hochberg, 1995).

2.10. Evaluation of motion control performance in resting-state
recordings

After systematically evaluating the benefits of the bite bar and PCA-
GLM algorithm, as an exploratory aim, we further combined these two
approaches in the analysis of resting state data and compared with a
conventional analysis without any motion control (i.e., between [Bite
Bar, PCA-GLM] and [No Bite Bar, No Correction]). Since the focus of our
study is on jaw-related motion artifacts, we focused on the connectivity
seeded from one identified clenching channel. Also, considering the
long-distance connectivity was known for being erroneously affected by
motion (Power et al., 2012), we then focused on comparing the
cross-hemispheric connectivity, i.e., between the auditory channel
located on the left hemisphere and all channels on the right hemisphere.
Since both fNIRS and fMRI measure similar hemodynamic activities, we
followed the fMRI protocol to quantify the resting state functional
connectivity of fNIRS (Fox et al., 2005). Specifically, the Pearson’s
correlation coefficients were calculated between pairs of {NIRS channels
and then converted to z scores by the Fisher’s Z-transformation. To
assess whether functional connectivity was significant at the group level,
a two-tailed one-sample t-test was performed. Then to assess whether
applying the bite bar and the PCA-GLM method have made any differ-
ences, a two-tailed, paired t-test was performed between the conditions
of [Bite Bar, PCA-GLM] vs. [No Bite Bar, No Correction]. The multiple
comparison problem was addressed by the Benjamini-Hochberg pro-
cedure with a false discovery rate (q) thresholded at 0.05 (Benjamini and
Hochberg, 1995).

3. Results
3.1. Effects of jaw motion on fNIRS signals

Fig. 2 shows the entire time courses, block averages and topogra-
phies of HbO during the clenching task. Based on the group-level
topography, Channel #3 and Channel #30 over the left and right tem-
poralis muscles, respectively, were designated as the clenching chan-
nels. The relative concentration changes in bilateral clenching channels
exhibit temporally structured and consistent fluctuations across seven
consecutive blocks in a representative session (Fig. 2A) and across the
group (Fig. 2B), which appear like hemodynamic responses. The block
averages modulated by the jaw clenching showed an increase in HbO,
highly resembling the response evoked by a motor task (Zhang et al.,
2021) or an auditory task (Luke et al., 2021), yet with a larger ampli-
tude. Interestingly, the peaks in HbO caused by each of the three indi-
vidual jaw-clenching movements are visible in the block averages.
Figs. 2C and 2D show the topographies of the mean amplitudes averaged
from 5s to 15s. The topographies of the artifacts caused by jaw
clenching exhibit a broad spatial extent within the montage, primarily
covering the left and right auditory cortices and extending over the
parietal and frontal cortices. Meanwhile, the task-evoked HbR responses
as decreases resemble typical deoxygenated hemoglobin responses to
sound stimuli over the auditory cortices (shown in Supplemental Fig. 1).

The entire time courses and block averages of HbO in the identified
clenching channels (Channel #3 is the left clenching channel and
Channel #30 is the right clenching channel) are plotted at the session
level (A) and group level (B). Topographies of amplitudes averaged from
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Fig. 2. Task-evoked-like fluctuations in HbO caused by jaw clenching.

5sto 15 s of all LS channels are shown at the session level (C) and group
level (D). The shaded areas of red color represent the standard errors
across blocks in a single session (A) and across the group (B).

In order to quantify the motion-related artifacts, Fig. 3A shows the
group-level GVTD measure at the clenching condition. The time course
of GVTD highly resembles the full time course in the clenching channel
shown in Fig. 2B, both exhibiting on and off fluctuations across seven
consecutive blocks. Fig. 3B shows that at the clenching task, the mean
GVTD during the movement period (0-20 s) is significantly higher than
that during the resting period (20-50 s), which confirms that these
global fluctuations across channels are signatures of the jaw clenching.

(A) shows the group-level GVTD time courses during the clenching
task. The dash lines indicate the visually cued jaw clenching movements
that subjects were instructed to perform. (B) plots the mean and stan-
dard errors of GVTD values during the movement period and the resting
period at the clenching task. (C) and (D) plot the mean and standard
errors of GVID values across the entire session without and with a
customized bite bar addressed to each subject at the auditory task (C)
and the resting state (D). The asterisk ** indicates significant differences
in the two-tailed paired-sample t-test at p < 0.01.

Furthermore, we have investigated the spatio-temporal pattern of
the fNIRS signals during the jaw-clenching movements, in order to
examine the prerequisites for the PCA-GLM denoising algorithm. The
outcomes of PCA on one single session’s data (the same session as in
Fig. 2A) are illustrated as an example in Fig. 4. Fig. 4A shows the vari-
ance percentage accounted for by each component in the data of LS
channels. After applying PCA on the LS recording acquired at the
clenching task, a prominent component was identified such that the PC-
LS component explained more than 95 % of the total variance in the
data, which is also observed in other sessions. The time course of PC-LS
is shown in Fig. 4B, which highly resembles the entire time course shown
in Fig. 2A and is consistent with the high GVTD measure in Fig. 3A.
Moreover, the noise component PC-LS presents a homogenous topo-
graphic distribution located over the temporalis muscle region (Fig. 4C),
indicating a high coefficient of spatial uniformity, which is a prerequi-
site for the success of the denoising PCA-GLM method (Zhang et al.,
2021). In all individuals, PC-LS presents an overall CSU of 2.88 £ 1.02
(mean + SD), ranging from 0.99 to 7.47 (specifically, for the conditions
with a bite bar, CSU = 2.94 + 1.10/mean + SD and ranged from 0.99 to

7.47; for the conditions without a bite bar, CSU = 2.82 + 0.94/mean
=+ SD and ranged from 1.03 to 5.22). In comparison, the CSU obtained
from the voluntary clenching condition is also at a consistent, high level
in the same montage, with CSU value of 2.22 + 1.04 (mean + SD) and
ranging from 1.00 to 4.44.

(A) Variance explained by components in PCA. (B) The time course of
PC-LS captures the jaw movements. (C) The topography of PC-LS pre-
sents spatial uniformity.

3.2. Controlling jaw-related motion artifacts in auditory tasks

The motion artifacts, as quantified by GVTD, are significantly
reduced using a bite bar during the auditory task than without a bite bar
(Fig. 3C). This indicates that the individually customized bite bar pro-
posed in this study is effective in suppressing jaw clenching movements
and thus reducing global fluctuations in the fNIRS signals. Fig. 5A shows
group-level auditory responses after controlling the jaw-movement-
related artifacts, i.e., using a bite bar and the de-noising PCA-GLM
method. The topography in Fig. 5A presents the auditory-evoked
response by comparing the mean amplitude of the block averages dur-
ing the stimulus window (5-18 s) to that during the silence window
(20-30 s). There are several activated channels in both hemispheres
while Channel #3 located over the left middle temporal gyrus is the
most activated. Channel #3 was therefore identified as the auditory
channel in the following analyses. Noteworthy, the auditory channel has
previously been identified as the clenching channel (Fig. 2). In addition,
Channel #25, which is located over the temporal-parietal junction and
expected to not show any stimuli-related activations, serves as a non-
auditory-related control channel.

In order to determine the benefits of motion control in measuring
auditory responses, two-way ANOVA evaluated four performance met-
rics regarding the bite bar and the PCA-GLM method, in the auditory
channel (Channel #3, located over the middle temporal gyrus) and the
control channel (Channel #25, located over the temporal-parietal
junction), separately. Figs. 5B and 5C illustrate the time courses of
block averages under four different conditions of the two-way ANOVA,
including No Bite Bar & No Correction, Bite Bar & No Correction, No Bite
Bar & PCA-GLM and Bite Bar & PCA-GLM. In Channel #3 (Fig. 5B), the
block averages with a bite bar exhibit increases in HbO that last during
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Fig. 3. Global variance of temporal derivatives (GVTD) measure motion artifacts in fNIRS.

and shortly after the stimulus window, as a typical positive auditory-
evoked response. In Channel #25 (Fig. 5C), the block averages show
decreases in HbO response without PCA-GLM, regardless of whether a
bite bar was applied. Such decrease in HbO in the regions near the
auditory cortex could be attributed to a nonneuronal origin, i.e., cortical
blood stealing (Harel et al., 2002; Shmuel et al., 2002). Interestingly,
after PCA-GLM is applied, the control Channel #25 shows an almost
flattened response. The two-way ANOVA analysis revealed that the ef-
fect of a bite bar was significant in the auditory channel (Fig. 5B),
whereas the effect of PCA-GLM method was significant in the
non-auditory channel (Fig. 5C). Post-hoc analysis regarding the bite-bar
effect shows that the beta value, CNR and mean amplitude are signifi-
cantly increased, while within-subject SD is decreased with a bite bar
applied (Fig. 5B). Meanwhile, Fig. 5C shows the post-hoc results
regarding the effect of PCA-GLM. No Correction presents negative values
in the beta value, CNR and mean amplitude, which indicate decreases in
HDO (i.e., negative HbO response) in a non-auditory channel. However,
after applying PCA-GLM these negative values are corrected to be near
zero values. The within-subject SD is again significantly lowered after
PCA-GLM. These results suggest that a bite bar improves the HbO
response of activations in the auditory-related channel, while PCA-GLM
corrects the negative HbO response in the non-auditory-related control
channel.

(A) Auditory-evoked response map (g < 0.05, multiple comparisons
corrected). (B) Comparison of block averages under four different con-
ditions in Channel #3, a representative clenching channel and also an
auditory channel. (C) Comparison of block averages under four different
conditions in Channels #25, a non-auditory-related control channel. The
gray shaded areas indicate the auditory stimuli period. Shaded areas on
the curves of colors indicated standard errors. Quantitative metrics for
evaluation include the beta value, mean amplitude during the task
period, contrast-to-noise ratio (CNR), and within-subject SD. * indicates
p < 0.05 and *** indicates p < 0.001 in post-hoc analysis.

In addition to evaluating a few channels of interest noted above, a
topographic presentation of improvement in all channels is illustrated in
Fig. 6. Interestingly, the channels of the bite-bar effect and the PCA-GLM
effect do not overlap, suggesting these two approaches of controlling
motion artifacts are complementary to each other. Regarding the effect
of a bite bar, the channels over the left or right middle temporal cortex
show a reduced within-subject SD (Fig. 6A), an enhanced HbO activa-
tions (Fig. 6E) and taken together, an overall increased CNR (Fig. 6C),
which are attributed to using a bite bar. In the meantime, the PCA-GLM
has led to likewise reduced within-subject SD (Fig. 6B), which however
is in the channels that centered at the parietal-temporal junction and
spanned across temporal, parietal and frontal cortices. In addition, in
those channels over non-auditory-related regions that showed negative
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HDbO responses, applying PCA-GLM has corrected the negative values to
near-zero values. Therefore, the effect of PCA-GLM on the non-auditory-
related channels is exhibited as increases in CNR and beta values
(Figs. 6F and 6D, respectively).

Four evaluation metrics are calculated, including within-subject SD
(A, B), contrast-to-noise ratio (C, D), and beta value of the GLM regressor
for auditory stimuli (E, F). Comparisons are made between bite-bar vs.
no-bite-bar (A, C, E), and PCA-GLM vs. without-correction (B, D, F).
Only channels with significant differences at comparison (p < 0.05) are
shown. * indicates channels with a significant difference after multiple
comparisons correction (g < 0.05). Red-yellow colorbar visualizes in-
crease of metric values, and blue-green colorbar visualizes decrease of
metric values.

3.3. Controlling jaw-related motion artifacts during resting state

Fig. 3D shows that during the resting task, the mean GVTD across the
entire session is significantly reduced with a bite bar applied to each
subject than without a bite bar. Fig. 7A and B show the functional
connectivity seeded at Channel #3 (the identified clenching channel and
also identified as the auditory channel) in the conditions of [No Bite Bar,
No Correction] and [Bite Bar, PCA-GLM], respectively. Fig. 7C shows the
differences in functional connectivity between [Bite Bar, PCA-GLM] and
[No Bite Bar, No Correction]. There is significantly increased connec-
tivity between Channel #3 in the left hemisphere and Channels #30,
#36 and #41 in the right hemisphere, which are located at the sym-
metric and near-symmetric locations over the middle temporal gyrus.
Using a combination of the bite bar and PCA-GLM algorithm has
enhanced the cross-hemisphere functional connectivity between ho-
mologous auditory cortices.

4. Discussion

With the advantages of portability, cost-effectiveness, low operating
noise and compatibility with electronic or magnetic stimulation devices
(Chiarelli et al., 2017; Luke et al., 2021; Scholkmann et al., 2014), fNIRS
has seen increasing applications in studying hearing, language and
cognitive functions (Sevy et al., 2010; Wan et al., 2018). Especially,
recent development of fNIRS offers new capability of imaging the
brain-wide resting state functional connectivity (Khan et al., 2022,
2021; Zhang et al., 2022a). However, there are still important con-
founding factors in fNIRS signals that should be controlled or addressed,
including interferences from superficial layers of the head, systemic
physiological noises and motion artifacts (von Liihmann et al., 2019,
2020; Zhang et al., 2021). Although less vulnerable to head movements,
fNIRS signals are affected by jaw movements, such as teeth clenching
that occurs voluntarily or involuntarily, which causes contractions of the
temporalis muscle (Novi et al., 2020; Schecklmann et al., 2017). The jaw
movements could result in blood flow changes in the temporalis muscle
as well as relative movements between the optodes and the scalp,
leading to artifacts in the fNIRS signals (Schecklmann et al., 2017).
Although many previous studies have investigated the rigid form of head
motion (Cui et al., 2010; Fishburn et al., 2019; Izzetoglu et al., 2010;
Scholkmann et al., 2010), the issue of jaw motion in fNIRS recordings
remains largely unaddressed. Recent development by Novi et al. (2020)
has introduced algorithms of spline interpolation and wavelet decom-
position to suppress the motion artifacts elicited during a speech pro-
tocol. However, the spontaneous and asynchronous artifacts related to
jaw motion remain an uncontrolled issue in fNIRS research, which could
sabotage the data quality substantially. Indeed, our results have shown
that voluntary jaw clenching can introduce artifacts that resemble the
task-evoked responses in motor and auditory tasks. Specifically, the jaw
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Fig. 5. Improvements in HbO auditory responses by the bite bar and PCA-GLM.

clenching introduces a task-activation-like increase in HbO (Fig. 2B)
coupled with a typical decrease in HbR (Supplemental Fig. 1B), which is
consistent with the previous literature (Novi et al., 2020; Schecklmann
et al., 2017) and our pilot investigation (Zhang et al., 2022b). Note-
worthy, the clenching channel identified to show the most prominent
artifacts in our study was identified as a representative auditory channel,
as well. Therefore, these jaw-related motion artifacts could be easily
misinterpreted as auditory evoked responses and lead to spurious
interpretation in the hearing, language and other cognitive functions. In
addition, the jaw-movement-related artifacts are not affecting only one
or two channels, but instead exhibit a large, symmetric pattern over the
bilateral auditory cortices and extend to parietal and frontal/prefrontal
regions (shown in Fig. 2D and Supplemental Fig. 1D), which are the
cortical tissues underneath the temporalis muscles. Additional results of
GVTD, a measure of the coherent fluctuations across all recorded
channels to quantify the motion, attested to globally higher magnitude
during the clenching period than during the resting period (Figs. 3A and
3B). Since fNIRS measurements depend on the tissue absorption and
scattering of the near-infrared light along the penetrating path, the
signal originated from temporalis muscles is inevitably superimposed to
any signal from the deeper cortex. The extended area affected by
jaw-related motion artifacts calls for caution in studies that not only

involve auditory cortex but also a greater domain that includes the pa-
rietal and the frontal/prefrontal lobes.

Importantly, although both oxygenation status in the temporalis
muscle and the optode displacement could contribute to the measured
motion artifacts in fNIRS, the antagonistic presentation of the data (i.e.,
HbO increase and HbR decrease concurrently measured at the channels)
points out that the clenching-related artifacts is dominantly contributed
by the metabolic and hemodynamic processes. Otherwise, the optode
displacement would likely have led to concurrent HbO and HbR changes
in the same direction of increases/decreases (Cui et al., 2010). Thus,
these jaw-related motion artifacts as opposite fluctuations in HbO and
HbR would remain uncorrected in algorithms that are designed for
correcting same-direction changes in HbO and HbR (Cui et al., 2010).
The data from our study have therefore underlined the importance of
new strategies to control, detect and remove the jaw clenching artifacts
in fNIRS recordings.

In order to control the jaw movements during the recordings and
therefore prevent the motion artifacts from happening in the first place,
we designed a novel bite bar consisting of a rectangle plastic plate and
vinyl polysiloxane putty customized for each participant (Fig. 1). The
use of a bite bar has been commonly practiced in neuroscience research,
especially in tasks demanding stringent motion control (Menon et al.,
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and (B) and differences in (C) (g < 0.05, multiple comparisons corrected).

1997; Engel et al., 1997). While many earlier studies have emphasized
the fixation of head position when using a bite bar that is attached to
other equipment, such as MRI coils (Menon et al., 1997; Engel et al.,
1997), our design of the bite bar was mainly for controlling voluntary
jaw movements. Therefore, the subjects in our study were instructed to
bite on the putty during the entire recording, while sitting comfortably
without their head positions being fixed. The results showed that the
mean GVTD during the entire session is significantly lower while a bite
bar is applied to each subject at both the auditory and resting tasks
(Figs. 3C and 3D), which indicates that the individually customized bite
bar is effective in suppressing the jaw clenching movements and
reducing the artifacts across channels. The time courses of HbO (Fig. 5)
and HbR (Supplemental Fig. 2) in the auditory channel show a signature
increase in HbO and decrease in HbR with a bite bar, while without the
bite bar, the traces present significantly stronger fluctuations and the

expected responses are less clear.

In addition to using a bite bar, we further explored whether a
denoising algorithm could remove the artifacts in the fNIRS recordings.
The homogeneous spatial pattern of the clench-related activities within
the montage (Figs. 2C and 2D) and the consistent temporal profile of the
fNIRS time course following the clenching behavior (Figs. 2A and 2B)
warrant that a denoising method that exploits the spatial uniformity and
variance of data would be able to correct the noise. Indeed, the identi-
fied noise component PC-LS shows a time course that well captured the
jaw-clenching fluctuations (Fig. 4B) as well as a spatial pattern that
concentrated over the temporalis muscle region (Fig. 4C). After applying
PCA-GLM (Figs. 5 and 6), the entire time courses, block averages and
topographies have shown largely reduced variance compared to those
with No Correction, which demonstrates that PCA-GLM is effective in
correcting the motion artifacts.
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Furthermore, the PCA-GLM has also corrected the negative changes
of HbO values in the parietal-temporal regions. Negative HbO response
to auditory stimuli, i.e., relative decrease in HbO with respect to the
baseline, has been noted in many previous fNIRS studies, especially in
regions adjacent to but outside of the auditory cortices (Collins-Jones
et al., 2021; Plichta et al., 2011; Steinmetzger et al., 2020). Meanwhile,
those negative HbO responses are commonly observed with negative
HDR responses in the same channels (Plichta et al., 2011) and accom-
panied by similar decreases in HbO in superficial measurements
(Steinmetzger et al., 2020), which therefore were considered as physi-
ological noises and not attributed to neuronal-related activities.
Recently, a study by Steinmetzger et al., (2020) suggested that the
negative HbO response is due to the so-called “cerebral blood steeling”
phenomenon, which is a decrease in absolute blood flow and volume
without underlying significant change in neuronal activity (Harel et al.,
2002; Shmuel et al., 2002). Similar negative HbO responses were re-
ported in the prefrontal region (Kirilina et al., 2012), too, which were
demonstrated to be systemic artifacts due to a task-evoked sympathetic
arterial vasoconstriction followed by a decrease in venous volume.
Based on these observations, we consider that the noise component
PC-SS derived from multi-channel superficial measurements in our study
is a systematic artifact that originates from non-neuronal process. Thus,
the correction of the negative HbO response by PCA-GLM is a reasonable
and meritorious approach, resulting in near-zero values as expected in
non-auditory channels.

Notably, a topographic evaluation on the performance of motion
correction revealed that these two approaches - the bite bar and the
denoising PCA-GLM algorithm - work complementary to each other in
the way of correcting the jaw related artifacts originated from different
regions (Fig. 6). While the bite bar is especially effective in increasing
CNR and reducing variance in the clenching channel, the PCA-GLM is
suited to remove the superficial activities that mask out an extended
area of temporal, parietal and frontal/prefrontal cortices. The benefits
can be combined, as evidenced in the auditory response (Fig. 5A) and
the resting state functional connectivity (Fig. 7). The cross-hemisphere
connectivity in auditory cortices have been replicated in our fNIRS
study, which is consistent with prior discovery by electrophysiological
recordings (Nir et al., 2008), fMRI (Cordes et al., 2000; Smith et al.,
2009) and fNIRS (Eggebrecht et al., 2014; San Juan et al., 2017).
Noteworthy, the combined approach of a bite bar and PCA-GLM
denoising algorithm has strengthened the connectivity than the con-
ventional method without any motion control, suggesting that our
methodology could become a useful tool with higher sensitivity to
investigate the diseases of hearing function, such as tinnitus where
decreased connectivity between bilateral auditory cortices is seen as a
hallmark of the diseased condition (Kim et al., 2012; San Juan et al.,
2017).

Findings of our study suggest that both a bite bar and a denoising
algorithm PCA-GLM, should be considered in fNIRS recordings acquired
from a montage over auditory cortices. Participants in fNIRS studies
should be instructed to refrain from any form of jaw movements during
the recordings, such as clenching jaws, swallowing, speaking, chewing
gum, etc. A bite bar, as an individually customized apparatus in this
study, is encouraged for suppressing all kinds of jaw motions. However,
if a study inevitably invites jaw motions, such as a speech protocol, the
bite bar may not be applicable and the fNIRS data should be carefully
handled to avoid motion artifacts being misinterpreted as neuronal ac-
tivations (Novi et al., 2020). In addition, our study suggests that
applying the PCA-GLM is beneficial for experiment datasets that are
acquired with or without a bite bar. Noteworthy, the analytic denoising
by PCA-GLM does not require any jaw clenching data in addition to the
experimental paradigm. For fNIRS data acquired in partial montage
centered at the auditory cortices, our study recommends PCA-GLM
removing one noise component is sufficient and effective. Although
the algorithm is automatic, the CSU of the noise component PC-LS
should have a value of above 1 (good), or at least 0.5 (acceptable).
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Meanwhile, for a whole-head montage that covers extensively beyond
the auditory cortices, it is possible that more than one noise comments
could be removed, which however, warrants a systematical investiga-
tion in a future study.

5. Conclusions

In summary, we have characterized the effects of jaw motion on
fNIRS recordings, developed an individually customized bite bar to
suppress the movements, and validated our previously established PCA-
GLM method in removing jaw-related motion artifacts. This study un-
derlines the importance of controlling the jaw motion and provides a
solution that integrates a bite bar in the experimental stage and PCA-
GLM in the data processing stage. The characterization of motion arti-
facts and the validation of a problem-solving strategy presented in our
work will benefit the studying of hearing, language and cognitive
functions in normal healthy subjects and patients.
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