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Abstract

This study investigated the morphology of the functional near-infrared spectroscopy (fNIRS) response to speech sounds mea-
sured from |6 sleeping infants and how it changes with repeated stimulus presentation. We observed a positive peak followed
by a wide negative trough, with the latter being most evident in early epochs. We argue that the overall response morphology
captures the effects of two simultaneous, but independent, response mechanisms that are both activated at the stimulus onset:
one being the obligatory response to a sound stimulus by the auditory system, and the other being a neural suppression effect
induced by the arousal system. Because the two effects behave differently with repeated epochs, it is possible to mathemat-
ically separate them and use fNIRS to study factors that affect the development and activation of the arousal system in infants.
The results also imply that standard fNIRS analysis techniques need to be adjusted to take into account the possibilities of
multiple simultaneous brain systems being activated and that the response to a stimulus is not necessarily stationary.
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(Issard & Gervain, 2018). The variable morphology of stimulus-
evoked fNIRS responses in infants limits the use of the exist-
ing inference framework, which is based on adult data. The
framework assumes that the canonical-shaped response to a
stimulus is stationary throughout the experiment (Ye et al.,
2009), an assumption that we found to be violated in our
data from sleeping infants. In our pilot study, we observed that
the speech-evoked responses were neither canonical nor reli-
ably inverted, and they did not return to baseline within a rel-
atively short experimental epoch as predicted from a

Introduction

Functional near-infrared spectroscopy (fNIRS) is an emerging
neuroimaging technique to study functional hearing in the
infant population because it is baby-friendly, low-cost, silent,
portable, and less susceptible to motion and electrical artifacts
(Pinti et al., 2020; Quaresima & Ferrari, 2019). fNIRS measures
local changes in the concentration of oxy-(HbO) and deoxyhe-
moglobin (HbR) due to neurovascular coupling. Most fNIRS
studies of speech perception in infants have reported a canonical-
shaped response morphology, where the HbO increases from the
baseline, the HbR decreases from the baseline, and both return to

baseline within a predictable period post-stimulus onset
(Bortfeld et al., 2007; Lloyd-Fox et al., 2019; Mao et al.,
2021; Nakano et al., 2009; Wilcox et al., 2005). However,
some studies have reported an inverted response shape
(Cabrera & Gervain, 2020; Gervain et al., 2012; Zhang et al.,
2022), and a review has suggested that the differences arise
from the variation in experiment design and stimulus complexity
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canonical response. We, therefore, extended the inter-block
silence interval to more than 22 s, allowing us to further inves-
tigate this unexpected morphology.

In this study, we describe the morphology of fNIRS
response recorded from 16 naturally sleeping infants (infant
shown in Figure 1A, recording montage shown in 1B).
Each participant was presented with a 5.4 s speech stimulus
block, consisting of 12 concatenated repetitions of a
450 ms long “ba” speech token; the stimulus block was
repeated 20 times and separated by a silence period random-
ized between 22.0 and 32.0 s (Figure 1C). The morphology
of fNIRS responses for groups of five sequential trials was
first investigated, to see how the morphology might change
over the course of the 20 epochs. We also evaluated the mor-
phological differences in different regions of interest (ROIs)
and between infants who listened to the stimuli through either
the left or right ear. After discovering systematic changes in
morphology with experiment duration, we hypothesized that
the response morphology seen must be due to a sum of two
independent and simultaneous responses evoked by the audi-
tory stimulus. Using independent component analysis (ICA),
we show that the data are consistent with the latter hypothesis
and argue that the two independent responses reflect two
independent mechanisms: an obligatory auditory response
to auditory stimulation and a response related to activation
of the arousal system during sleep. The findings of this
study not only changes how the inference framework of
fNIRS responses can be applied to sleeping infants, but
also provides insight into multiple physiological brain pro-
cesses that occur in response to speech stimuli during sleep.

Material and Methods

Participants

A total of 25 infants were recruited for this study, but 9 were
not included in the final analysis. Two infants did not pass the

tympanometry test on the test day, five infants did not sleep
in the lab, and two infants were excluded due to poor cap
placement by the end of the experiment. The final 16
infants (mean age=7.4 months, standard deviation=3.7
months; female =8) passed the newborn hearing screening
or had normal diagnostic audiology results, had aerated
middle ears as measured by tympanometry on the test ear,
and had no general medical condition as reported by the
parent. This study was carried out in accordance with the
Declaration of Helsinki, was approved by the Royal
Children’s Hospital human ethics committee (S/N 71941),
and consent was obtained from a parent.

Stimuli

The stimulus used in this study was a natural recording of the
“ba” speech token narrated by a native Australian female
speaker. The recording was made in a sound-treated room,
using an AT2020USB + microphone, sampled at 44.1 kHz,
and 16-bit resolution. Multiple recordings of the “ba” sylla-
ble were made. Each of them was trimmed to 0.45 s, equal-
ized to the root mean square of an 80 dB SPL 1000 Hz
warble tone, and three audiologists agreed on one best-
quality speech token. The intensity of 80 dB SPL was used
for the stimulus equalization only and is not a presentation
level in the experimental procedure. A pool of nine versions
of the speech token was created by shifting the Fy+ 1 Hz
using Praat (Boersma & Van Heuven, 2001) and jittering
the intensity by +2 dB SPL. A 5.4 s stimulus block of repeat-
ing “ba” sounds was then created by concatenating 12 speech
tokens randomly drawn from the pool of speech tokens.

fNIRS Set-up

The fNIRS data were recorded using the NIRScout device
manufactured by NIRx (NIRx Medical Technologies,
LCC). This system emits near-infrared lights at wavelengths

ilence
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Stimulus block:
‘ 5.4 s of BaBaBaBaBaBa

Figure 1. fNIRS optode arrangement and stimulus presentation protocol. (A) A sleeping infant with a mounted fNIRS cap. (B) The
arrangement of sources (orange circles) and detectors (teal circles) positioned over F3/4, F5/6, FC3/4, FC5/6, C5/6, T7/8, CP5/6, and TP7/8
according to the International 10—10 system. The purple lines represent channels formed by the source-detector pairs. (C) The stimulus

presentation protocol used in this study.
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of 760 and 850 nm through LED optodes. We used flat
optodes designed for use in young babies, which were
arranged in two symmetrical square patterns on each hemi-
sphere of the head (Figure 1B), forming a total of 18 chan-
nels. Each source and detector making up a channel were
separated by a distance between 2 to 3 cm, which has been
shown to be effective in recording the fNIRS response to
auditory stimulus in infants (Taga et al., 2007). We did not
use short channels because, for infants, an effective short
channel length of 0.2 cm (that does not capture and remove
response signals) is infeasible and it has been shown that
the signal to noise in infant data does not generally require
short channel analysis (Brigadoi & Cooper, 2015).

The channels were segmented into two ROI in each hemi-
sphere, named prefrontal and temporal. We estimated the
average specificity of each ROI in our montage to record
activity from the inferior frontal gyrus and superior temporal
gyrus, which play an important role in speech sound process-
ing (van der Burght et al., 2023; Yi et al., 2019), using the
devFOLD toolbox (Fu & Richards, 2021; Morais et al.,
2018). According to the AAL3 atlas (Rolls et al., 2020)
and 7.5 months old infant-specific channel information pro-
vided by the toolbox, the average specificity of each ROI
for recording responses from either the inferior frontal
gyrus or superior temporal gyrus was higher than 10%, as
shown in Appendix A.

Procedures

The fNIRS recording started with 5 min of silence. Each par-
ticipant listened to 20 trials of the stimulus block with inter-
block silence intervals randomized between 22 and 32s
(Figure 1C). The stimuli were presented monaurally at
65 dB SPL through an ER3A insert tubephone placed
either in the right (n=28) or the left ear (n =8). Participants
with the tubephone in the right ear are referred to as the
right test-ear group, while those with the tubephone in the
left ear are referred to as the left test-ear group. All partici-
pants were tested while asleep in a dimly lit room, with
only a table lamp on. If the infant woke up at any time
during the experiment, the recording was terminated.

Data Preprocessing

The data were preprocessed offline using the NIRS Brain
AnalyzIR toolbox (Santosa et al., 2018) and a custom
script. The raw light intensity data was first converted to
optical density. The motion artifacts were then corrected
using the Temporal Derivative Distribution Repair
(Fishburn et al., 2019) and channels with Scalp Coupling
Index (SCI) threshold below 0.75 were removed (Pollonini
et al., 2014). Across all participants, a total of 5.6% of chan-
nels were discarded. The optical data were converted to the
hemodynamic concentration change, oxyhemoglobin
(HbO) and de-oxyhemoglobin (HbR), using the modified

Beer—Lambert Law with the default partial path length
factor of 0.1. To remove systemic physiological noises in
the data such as heart rate and respiratory rate, the data
were bandpass filtered between 0.01 and 0.25 Hz using a
Butterworth filter. The cleaned hemodynamic concentration
change data were epoched between —3 and 27.4 s from sti-
mulus onset and baseline corrected to the average of —3
and O s from stimulus onset.

Results

The Morphology of the fNIRS Response in Sleeping
Infants Changes During the Experiment

Figure 2 shows the group (n=16) average HbO response
within each ROI averaged across every five sequential
trials. It can be seen that, in each ROI, the morphology of
the five trial averages changed over the course of the
session. We observed a positive peak around 5.0-6.0 s, as
expected from a standard canonical response, followed by a
wide negative trough peaking around 10.0-20.0 s—well
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Figure 2. Group-level average HbO responses for every five
trials in each ROI. Each panel shows the responses of one ROI,
and the ROl is indicated in the head illustration. The subfigure at
the top right corner of each panel illustrates the group-averaged
HbO (red) and HbR (blue) responses of the respective ROl over
the whole session. Grey bars represent the stimulus duration.
Shaded regions represent one standard error of mean (SEM).
mmho = mili mho.
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after the stimulus offset at 5.4s. However, the negative
trough is dominant only in the first five trials (black line)
and adapts over subsequent trials. Supplemental Figure 1
shows the group average HbO response per channel averaged
across trials (Appendix B).

Figure 3 shows the average HbO responses for each test-ear
group (n=2_8) averaged across all trials and channels within
each ROL It can be seen that the morphology in each test-ear
group is similar, but there are possible amplitude differences
that are explored further in Effect of Test Ear, ROI, and Trial
Number on the ICA Reconstructed Components section.

Often, a negative trough after a positive peak has been
modeled as an undershoot (Friston et al., 1998) as the HbO
returns to baseline: that is, it forms part of the same response
to the stimulus as the positive peak. In such a model, the neg-
ative trough is assumed to be a passive recovery from the
expansion of the blood capillary following the positive
peak, as suggested by the balloon model (Buxton et al.,
1998) in the blood oxygen level-dependent (BOLD) response
of functional magnetic resonance imaging (fMRI). However,
the pattern observed in our data is inconsistent with this
explanation. If the negative trough is caused by an overshoot
of recovery from capillary expansion, the magnitude of the
trough would be correlated with the size of the positive
peak. In contrast, the negative trough is initially much
larger than the positive peak, has a longer latency than feasi-
ble for an overshoot, and reduces in size rapidly over trials
independently of the size of the positive peak. The data are
more consistent with the notion that two independent
responses occur simultaneously: one being the positive
canonical response to the stimulus and the other being a long-
latency negative response that rapidly adapts over trials.

LPF RPF
20 20 mmmmm Right Test Ear
Left Test Ear
g 0 N
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E -20 -20
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-20 -20
0 10 20 0 10 20
Time from stimulus onset (s)

Figure 3. Group-level HbO responses for the right and the left
test-ear groups in each ROI. Each panel shows the HbO
responses of one ROI, and the ROl is indicated in the title of each
subfigure. R/LPF = right/left prefrontal ROl and R/LT = right/left
temporal ROI. Grey bars represent the stimulus duration. Shaded
regions represent one SEM.

Evidence to support the notion of two simultaneous
responses is provided by the fact that the latency of the pos-
itive peak in Trials 1-5 is shorter than in the later trials, which
can be explained by the positive peak being partially can-
celed by its summation with the large negative response as
they overlap in time.

In the next section, we perform further analysis to explore
whether more than one independent neuronal response is
associated with auditory processing in sleeping infants
without imposing any prior assumptions on the characteris-
tics of the independent responses. Specifically, we aimed to
determine whether there were two independent responses
consisting of one positive and one negative response, and
how these two responses varied with test ear, ROI and the
duration of the experiment.

Identifying Independent Responses
in Auditory-Evoked fNIRS Responses

Independent component analysis (ICA) is a mathematical
method used to identify independent signal sources common
to a set of multiple recordings (Stone, 2002). In fNIRS
studies, ICA has been used to separate noise from data and
to extract neuronal activity-related sources (Kohno et al.,
2007; Zhang et al., 2010; Zhao et al., 2021), by using each
channel as an independent measurement. In this study, we
applied ICA to identify independent signal components, or
common signal sources, that contribute to auditory evoked
fNIRS responses in sleeping infants. ICA imposes no a
priori assumptions on the size, direction, or shape of response
function components, making it an ideal nonbiased technique
for identifying unknown independent components. Since we
wanted to capture how the components may change in ampli-
tude over time or ROIs, we used each epoch as well as each
channel as the measurements input into ICA, assuming that
the regions and epochs contain the same common components
but with differing weights. By identifying these independent
components, we can gain potential insight into the underlying
neural processes associated with auditory processing in sleep-
ing infants.

To perform ICA, we first detrended each epoch by sub-
tracting a linear fit to the average of the first and last 3 s of
the epoch. Subsequently, we averaged the epochs across par-
ticipants in each test-ear group for each channel and trial. We
then applied the default reconstruction ICA (rica) function
from the Statistics and Machine Learning Toolbox in
MATLAB (Version R2021a, MathWorks Inc.). Two inde-
pendent components with large average weights were identi-
fied for each recorded epoch. The rica function outputs the
component shapes and the weight of each independent com-
ponent’s contribution to each epoch/channel. We then recon-
structed the independent components for each epoch/channel
to their true size and sign by multiplying the components by
their respective weights.
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Figure 4 shows the average of the reconstructed ICA compo-
nents for each test-ear group, averaged across all epochs/chan-
nels. Both test-ear groups yielded similar morphologies of the
ICA-extracted components. These components consisted of a
positive component (red lines in Figure 4) with early latencies
ranging from 5 to 7 s from stimulus onset, and a negative com-
ponent (blue lines in Figure 4) with late latencies ranging from
15 to 17 s from stimulus onset. In the following analysis, we use
these two components and their weightings to analyze the effect
of test ear, ROI, and trial number.

Effect of Test Ear, ROIl, and Trial Number
on the ICA Reconstructed Components

To investigate the effect of test ear, ROI, and trial number on
the reconstructed ICA components, we extracted the peak
amplitude (i.e., the weighting provided by ICA analysis) of
the two reconstructed components for each epoch/channel.
For each test-ear group and ICA component, these amplitudes
were then averaged across channels within each ROI, and
grouped every five trials. A three-way analysis of variance
(ANOVA) was performed for each ICA component. The
factors included test-ear group (left/right), ROI (left/right pre-
frontal ROIs and left/right temporal ROIs), and trial segment
(Trials 1-5, 6-10, 11-15, and 16-20), with average amplitude
as the dependent variable. Residual analysis was performed to
test the assumptions of each three-way ANOVA. Normality
was assessed using Shapiro—-Wilk’s normality test and homo-
geneity of variances was assessed by Levene’s test. Residuals
were normally distributed (p >0.05) and variances were homo-
geneous (p>0.05). Post hoc analysis was evaluated using the
Tukey test with a family error rate of 0.05.

The Effect of ROI, Test Ear, and Trial Segment on the Positive
HbO Component. Table 1 shows the result of the three-way

Right Test Ear Left Test Ear
s C1
g 5 5 .
&
g 0 0 . 2
k-
&5 51
0 10 20 0 10 20
Time from stimulus onset (s)

Figure 4. The average reconstructed ICA components across all
epochs/channels for each test-ear group. C denotes component
and grey bars represent stimulus duration.

ANOVA analysis for positive component, with post hoc
analysis shown in Table 2. The analysis revealed a significant
main effect of ROI with average amplitudes in the left/right
temporal ROIs significantly larger than those in the left pre-
frontal ROI (Figure SA), and a significant main effect of trial
segment with average amplitudes in Trials 1-5 and 6-10 sig-
nificantly larger than those in Trials 16-20 (Figure 5B). No
significant main effect of test-ear group was observed, and
no statistically significant interaction was observed among
any combination of the three factors.

Given the absence of a significant main effect related to the
test-ear group factor, the amplitudes of the positive component
were subsequently pooled across the test-ear group to illustrate
the effects of trial segment (Figure SA) and ROIs (Figure 5B). It
can be seen that the average amplitudes in the left/right temporal
ROIs were larger than the left/right prefrontal ROIs (Figure 5B).
Besides that, the average amplitudes in the right hemisphere
were larger than those in the left hemisphere. To evaluate the
effect of hemispheres (left/right) and functional regions (pre-
frontal/temporal), we computed a further two-way ANOVA
with hemispheres and functional regions as factors and the
average amplitudes as the dependent variable. This further anal-
ysis showed a significant main effect of functional region with
average amplitudes in the temporal region larger than that of
prefrontal region, with no significant main effect of hemispheres
and no significant interaction between the two factors (Table 3).

The Effect of Tested Factors on the Negative Component. For
the negative component, the three-way ANOVA analysis
(Table 4) revealed a significant main effect of trial segment, a sig-
nificant main effect of ROI and no significant main effect of test
ear. Since there was, however, a significant interaction between
test ear and ROI, the effect of ROI was analyzed further for
each test-ear group separately, which showed that an effect of
ROI was only present in the right test-ear group (Table 5).
Figure 6 illustrates the average amplitude of the negative
component in each trial segment, averaged across ROIs and
test-ear groups. The average amplitude of the negative

Table I. The Result of Three-way ANOVA for the Positive HbO
Component, with Test ear, ROI, and Trial Segment Factors, and
Average Amplitude as the Dependent variable.

df F-value p-value
Positive component

Test ear | 0.25 0616
ROI 3 5.57 0.00 | **
Trial segment 3 5.60 0.001**
Test ear: ROI 3 2.32 0.078
Test ear: Trial segment 3 .19 0317
ROI: Trial segment 9 0.96 0.473
Test ear: ROI: Trial segment 9 1.24 0.276
Residuals 128

Note. The boldfaced numbers indicate statistically significant results.
*<0.05, ¥p <0.01, ¥**¥p<0.001.
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Table 2. Post Hoc Analysis for the Main Effect of ROl and Trial
Segment on the Average Amplitude of the Positive Component.

Group A Group B A-B Adjusted p-value
Main effect of Trial segment
Trial 6-10 Trial 1-5 1.732 0.815
Trial 11-15 Trial 1-5 —1.833 0.787
Trial 16-20 Trial 1-5 -5.931 0.016*
Trial 11-15 Trial 6-10 —3.565 0.271
Trial 16-20 Trial 6-10 -7.663 <0.00 | #**
Trial 16-20 Trial 11-15 —4.097 0.164
Main effect of ROI
LT LPF 5931 0.016*
RPF LPF 3.114 0.391
RT LPF 7.439 0.00 | **
RPF LT —2.818 0.481
RT LT 1.508 0.869
RT RPF 4.325 0.129

Note. The boldfaced numbers indicate statistically significant results.

The analysis was multiple comparisons based on Tukey’s procedure with a
family error rate of 0.05.

*»<0.05, #p<0.01, ¥*p<0.001.

component was largest (most negative) in Trials 1-5,
decreased to close to zero in Trials 6-10, and remained
stable thereafter. Multiple comparisons analysis confirmed
that the average amplitude in Trials 1-5 was significantly
larger than those in Trials 6-10, 11-15, and 16-20 (Table 6).

Figure 7 shows the average amplitude of the negative compo-
nent in each ROI, averaged across trials, for each of the right and
the left test-ear groups. In the right test-ear group (Figure 7A),
post hoc analyses showed that the average amplitudes in the
left prefrontal ROI were significantly larger than those in the
right prefrontal ROI, and the average amplitudes in the left tem-
poral ROI were significantly larger than those in both the right
prefrontal and right temporal ROIs (Table 7). Conversely, in
the left test-ear group, no significant differences in average
amplitude were observed between the ROIs (Figure 7B).

Similar to the positive component, for each test-ear group,
we further evaluated the effect of hemispheres and functional
region on the average amplitudes of the negative component
using the two-way ANOVA (Table 8). For the right test-ear
group, results showed a significant main effect of hemi-
spheres with the average amplitudes in the left hemisphere
larger than (more negative) those in the right hemisphere.
No significant main effect of functional region and no signif-
icant interaction between factors were observed. For the left
test-ear group, no significant effect was observed.

Discussion
Two Simultaneous Speech-Evoked Brain Responses in
Sleeping Infants

The ICA analysis showed that our measured overall HbO
responses are consistent with the hypothesized sum of two

A Main Effect of Trial Segment
*
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Figure 5. The main effect of trial segment (A) and ROI (B) on
the amplitude of the positive component. Error bars represent
one SEM. *p <0.05, ¥ <0.01, ¥*p <0.001.

Table 3. The Results of Two-Way ANOVA for the Positive
Component, with Hemisphere (Hem) and Functional Region (FR)
Factors, and Average Amplitude as the Dependent Variable.

df F-value p-value
Hem | 2.458 0.119
FR | 12.109 <0.00 | **+*
Hem:FR | 0.297 0.587
Residuals 156

Note. The boldfaced numbers indicate statistically significant results.
##%p <0.001.

simultaneous and independent responses: a positive response
that peaked around 5-7 s from stimulus onset; and a wide
negative response that peaked around 15-17 s from stimulus
onset and rapidly adapted in amplitude across trials.



Lee et al.

Table 4. The Results of Three-way ANOVA Showing the Effect of
RO, Trial Segment, and Test Ear on the Negative HbO Component.

df F-value p-value
Negative component

Test ear | 0.48 0.489
ROI 3 3.70 0.014*
Trial segment 3 15.78 < 0.00 | ##¥
Test ear: ROI 3 331 0.022%
Test ear: Trial segment 3 0.36 0.784
ROI: Trial segment 9 0.53 0.849
Test ear: ROI: Trial segment 9 0.97 0.472
Residuals 128

Note. The boldfaced numbers indicate statistically significant results.
*p<0.05, ¥*p <0.001.

Table 5. The Results of Two-Way ANOVA for the Negative
Component in Each Test Ear, with ROI, and Trial Segment Factors,
and Average Amplitude as the Dependent Variable.

df F-value p-value
Right test ear
ROI 3 5.582 0.002%*
Trial segment 3 8.303 <0.00 | ***
ROI: Trial segment 9 0.942 0.496
Residuals 64
Left test ear
ROI 3 0.252 0.860
Trial segment 3 7.703 < 0.00 | ##*
ROI: Trial segment 9 0.446 0.905
Residuals 64

Note. The boldfaced numbers indicate statistically significant results.
*p<0.01, ¥¥p<0.001.

The ICA extracted positive response (C2 in Figure 4) is
consistent with an auditory response mechanism. This
response, with a typical canonical shape, has been reported
in fNIRS studies investigating the hemodynamic response
to sound, no matter whether the participants were tested
while asleep (Mao et al., 2021; Nakano et al., 2009) or
awake (Lloyd-Fox et al., 2019; Taga et al., 2018). A
similar response shape has also been reported in an fMRI
study of speech perception in awake and asleep infants
(Dehaene-Lambertz et al., 2002). These pieces of evidence
demonstrate that an infant’s brain is activated by sound
even during sleep, reflecting the need to stay alert to the
environment.

Another finding in this study which supports the notion
that the positive response is an auditory response mechanism
is the average amplitudes of the positive response in the bilat-
eral temporal ROIs being larger than those in the left prefron-
tal ROIs. The temporal region is known to be an area
involved in processing auditory stimuli (Peelle et al., 2010;

Main Effect of Trial Segment
51 Fok
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Figure 6. The main effect of Trial segment on the amplitude of the
negative component. Error bars represent one SEM. **p <0.001.

Table 6. Post hoc Analysis for the Main Effect of Trial Segment on
the Average Amplitude of the Negative Component.

Group A Group B A-B Adjusted p-value
Trial 6-10 Trial 1-5 9.407 <0.00 | #**
Trial 11-15 Trial 1-5 9.591 <0.00 |
Trial 16-20 Trial 1-5 9.460 <0.00 |

Trial [1-15 Trial 6-10 0.184 1.00

Trial 16-20 Trial 6-10 0.053 1.00

Trial 16-20 Trial 11-15 —0.131 1.00

Note. The boldfaced numbers indicate statistically significant results.

The Analysis was Multiple Comparisons Based on Tukey’s Procedure with a
Family Error Rate of 0.05.

*kp < 0.001.

Zatorre et al., 2002). Numerous studies reported similar find-
ings where fNIRS responses to speech sounds were larger in
the temporal regions than those in the prefrontal regions
(Mao et al., 2021; Shader et al., 2021). Our study also
found that the average responses in Trials 1-5 and 6-10
were significantly larger than average responses in Trials
16-20, which suggests gradual habituation of responses
with repeating stimulation of the same stimuli.

Mechanisms of the Negative Response

The ICA extracted negative response illustrated in Figure 4 is
unlike a standard canonical response, because the response
peaked around 9.6-11.6 s after the stimulus offset. This char-
acteristic indicates that the mechanism evoking this reduction
in neural activity remains active long after the stimulus ends.

The distinctly different speed of habituation and the very
different effects of ROI on the positive and negative
responses argue strongly that these two responses have
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Figure 7. For each test-ear group, the main effect of ROl on the
average amplitude of the negative component. Error bars
represent one SEM. *p <0.05, **p <0.0.

Table 7. Post Hoc Analysis for the Main Effect of ROI for the
Negative Component in Right Test-Ear Group.

Group A Group B A-B Adjusted p-value
LT LPF —0.434 0.998

RPF LPF 7.966 0.019%*

RT LPF 6.764 0.060

RPF LT 8.400 0.0]2%*

RT LT 7.198 0.040*

RT RPF —1.201 0.968

Note. The boldfaced numbers indicate statistically significant results.

The Analysis was Multiple Comparisons Based on Tukey’s Procedure with a
Family Error Rate of 0.05.

*p<0.05, ¥p <0.0l.

different mechanisms. For the effect of trial, positive
responses exhibited a slower reduction over the subsequent
trials compared to negative responses, which sharply
decreased within the first five trials (Figures 5B and 6). For
the effect of ROI, positive HbO responses exhibited a
larger response in the temporal regions than the prefrontal
regions, but no hemispheric difference. Conversely, negative
responses were found to be larger in the left hemispheres than
the right hemispheres in the right test-ear group, with no sta-
tistically significant response difference observed between
ROIs in the left test-ear group.

Previous studies in infants have induced brain arousal
response using tactile stimulation, confirmed using EEG,
and these responses rapidly habituate with repeated stimula-
tion (Kisilevsky & Muir, 1984; McNamara et al., 1999).
Similarly, a study in adults has characterized fNIRS
responses associated with spontaneous arousals during
sleep, identified through EEG techniques (Nasi et al.,
2012). The authors reported a negative trough in the
average fNIRS HbO response with a peak latency of 20 s

Table 8. Results of Two-Way ANOVA for the Negative
Component of Each Test-Ear Group, with Hemisphere (Hem) and
Functional Region (FR) Factors, and Average Amplitude as the
Dependent Variable.

df F-value p-value

Negative component
Test ear right

Hem | 12.885 <0.00 | #**
FR | 0.150 0.700
Hem:FR | 0.033 0.856
Residuals 76
Test ear left
Hem | 0.002 0.960
FR | 0.627 0.431
Hem:FR | 0.000 0.987
Residuals 76

Note. The boldfaced numbers indicate statistically significant results.
e < 0.001.

following the onset of arousal, with similar morphology to
the negative response observed in our study. Furthermore,
Bangash et al. (2008) found a reduction in the cerebral
blood flow velocity of the middle cerebral artery, which sup-
plies various regions of the cerebral cortex, including the pre-
frontal and temporal lobes, when sleeping adults were
aroused by acoustic stimulation (confirmed by EEG). This
cerebrovascular response peaked around 9 s after the stimu-
lus offset, similar to the peak latency of ICA extracted nega-
tive response in our study.

The mechanism of the arousal response during sleep has
been described as arising from the reticular activating
system (RAS). RAS regulates the sleep-arousal-wake cycle
(Moruzzi & Magoun, 1949), and is also responsible for the
fight-or-flight response (Garcia-Rill, 2015). It reacts to
salient or novel stimuli and controls habituation
(Garcia-Rill et al., 2007). An important characteristic of the
RAS that is consistent with our data is that the arousal
response in RAS habituates following the repetition of the
same stimulus (Glickman & Feldman, 1961; Sharpless &
Jasper, 1956).

In fMRI studies, several potential general mechanisms
have been proposed to explain negative hemodynamic
responses. One possibility is the active suppression of
neural activity in the observed cortical area. An animal
study has shown a decrease in the BOLD response of fMRI
when inhibitory neurons in the supplementary somatosen-
sory area were stimulated (Moon et al., 2021). The authors
also reported a biphasic BOLD response, with a small posi-
tive peak followed by a large negative trough in the somato-
sensory area. In humans, a concurrent fMRI and EEG study
reported that regions showing a large negative BOLD
response also exhibited large inhibitory cortical potentials
(Mullinger et al., 2014). The precise control of RAS on the
arousal response remains unclear. However, the diffuse
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nature of the negative response in this data (it being seen
across all ROIs) could be a result of the nonspecific, wide-
spread projection of neurons from the RAS and other neuro-
modulatory systems to the cortex (Gent et al., 2018; Starzl &
Magoun, 1951). Some studies proposed that active suppres-
sion serves as a mechanism to counteract arousal effects
(Czisch et al., 2002; Jahnke et al., 2012).

Another suggested mechanism for a negative HbO
response is a reduction in activity within the default mode
network (DMN). The DMN consists of brain regions that
exhibit high activity during the resting state (Raichle et al.,
2001). The suppression of DMN activity enhances the effi-
ciency of stimulus processing and is associated with higher
performance in cognitive tasks (Anticevic et al., 2012). In
the current study, the negative responses were measured
from bilateral inferior frontal and temporal regions, which
have been identified as part of the DMN in sleeping infants
(Fransson et al., 2007). While the negative response in this
study was larger in the left hemisphere when the right ear
was stimulated, Fransson and colleagues did not observe any
specific localization of the DMN activity in sleeping infants.

In fNIRS studies, negative responses have been reported
during breath-holding tasks (Emir et al., 2008). Even though
we did not measure the breathing rate, we think it is unlikely
the infant would hold their breath when the stimuli were pre-
sented because they were asleep and not actively paying atten-
tion to them. Additionally, there is no significant change
expected in the BOLD response if breath holding lasts only
for a few seconds (Liu et al., 2002). Furthermore, a study inves-
tigating the arousal response in sleeping adults mentioned
earlier reported an increase, not a decrease, in breathing rate
when participants were aroused (Bangash et al., 2008).

Conclusion

With the evidence presented above, we hypothesize that
auditory stimulation simultaneously evokes two independent
responses in sleeping infants. The positive HbO response is
hypothesized to be an obligatory auditory response and the
negative HbO response is hypothesized to be a process
related to the brain arousal caused by sensory stimulation
during sleep. The interpretation of stimulus-evoked fNIRS
response in sleeping infants should not be restricted to the
positive peak response post-stimulus onset. A better model
to describe the hemodynamic response function of infants
would incorporate the negative response and the differing
adaptation rate of the two fNIRS responses with repeated sti-
mulus presentations.
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