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Introduction

The human auditory system achieves its anatomical struc-
ture approximately between the 20th and 23rd week of
intrauterine life.1,2 The system’s peripheral and central

integrity allows proper sound stimuli access to the auditory
cortex, encouraging its maturation.3

At gestation, the fetus responds to maternal speech by
modifying its behavior.4 Throughout the fetal period, it is
constantly exposed to sounds performed by its mother,

Keywords

► spectroscopy
► near-infrared
► child development
► hearing
► auditory cortex

Abstract Introduction The use of functional near-infrared light spectroscopy (fNIRS) may be
applied to study cortical responses in children and could offer insight into auditory and
speech perception during the early stages of life. Some literature suggests that babies
are already able to identify familiar voices at birth, and fNIRS is a non-invasive technique
that can be used to study this population.
Objective To characterize the cortical responses of infants during their first trimester
of life to infant-directed speech using near-infrared light spectroscopy and to verify
whether there is a difference in responses when infant-directed speech is performed by
their mother compared with an unknown person.
Methods Twenty-three children between 0 and 3 months, healthy, without risk
indicators for hearing loss, and with results considered normal in the audiological
evaluation were tested with near-infrared spectroscopy using infant-directed speech as
an auditory stimulus produced by their own mother and by an unknown source.
Results Bilateral cortical activation was observed. The responses were present in the
temporal, frontal, and parietal regions. Regarding the familiarity aspect, no significant
difference was observed for the mother’s voice compared with an unknown voice.
Conclusion Infant-directed speech has prosodic characteristics capable of activating
several cortical regions in the infant’s first trimester of life, especially the temporal region.
The familiarity effect needs to be better defined for this type of stimulus during this period.
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including her voice and her heartbeat’s transmission through
the intrauterine environment. After birth, it is expected that
the auditory cortex is adapted tomaternal sounds; therefore,
the mother’s voice recognition is facilitated.5

At birth, infants do not have speech comprehension
ability. They do, however, answer the speech signals that
are directed toward them. Adults commonly interact with
children using a speech register called infant-directed speech
(IDS), commonly referred to as “motherese”6. This speech
signal has unique acoustic properties when comparedwith a
speech typically used among adults, which makes it more
attractive to infants7. These properties include high funda-
mental frequency (f0), wider frequency spectrum, slower
time than usual, greater rhythm and repetition, as well as a
more simplified sentence structure.6–8 The aspects found in
IDS do not only provide social and emotional benefits to
infants but also promote linguistic processing and assist in
language development.9

The understanding of how auditory and language proc-
essing occur at a cortical level within the first years of life
with the assistance of objective assessment methods has
been increasingly studied over the past years, as demon-
strated in a review.10 As outlined in the cited research, these
studies have great potential to offer insights into the cortical
responses to auditory stimuli in individuals with standard
development, aswell as the comparisonwith thosewith risks
involving hearing and language development, including
cases of hearing loss diagnosis. Compared with other exams
that assess cortical responses, near-infrared spectroscopy
(NIRS) provides a range of advantages. It is a practical exam,
with a portable and affordable system, that has a good
temporal and spatial resolution, tolerates small head ges-
tures, and does not require sedation or radiation, which
makes it suitable for the pediatric population.3,11–17

Its functioning is based on the premise that different brain
areas are activated throughout tasksperformance inwhich they
are involved. Therefore, the neurons’ metabolic requirements
expandamidst activation, accompaniedbyoxygendemandand,
consequently, cerebral blood flow.3,13–15,17 To supply these
demands, there is an increase in oxygenated hemoglobin along
with a decrease in deoxygenated hemoglobin.11

To perform NIRS, sources arranged on the head send light
at different wavelengths within the near-infrared spectrum.
This light is transmitted through the scalp, given that the
skin, bones, and human tissues are relatively transparent to
this light range. Since the blood components have various
absorption levels, the differences captured by the detectors

allow oxyhemoglobin and deoxyhemoglobin concentration
measurements, alongwith the assessment of cortical activity
during a task operation.2,11,15

The present study aimed to use NIRS to describe infants’
cortical responses to IDS throughout their first trimester of
life and to verifywhether therewas a significant difference in
these responses when IDS was performed by their mother
compared with IDS performed by an unknown individual.

Methods

Participants
This study consisted of 23 healthychildren (based onmedical
records and legal guardians’ statements), without any risk
indicators for hearing impairment. Every child underwent
auditory assessment, including acoustic immittance meas-
ures, Automated Brainstem Auditory Response (ABAR) at
40dBnHL, and Evoked Otoacoustic Emissions (EOAEs) tests,
which revealed compatible results within the normal stand-
ards for their age.

This study took place at the Molecular Medicine Technol-
ogy Center and Audiology Research Clinic from the School of
Medicine at Universidade Federal de Minas Gerais (UFMG).
The present studywas approved by the institution’s Ethics
Committee, no. 3,340,222 (CAAE: 97831218.7.000.5149).
The participants’ parents were informed about the research,
and signed informed consent forms were collected. All
procedures followed resolution no. 466/2012 of the Brazilian
National Health Council (Conselho Nacional de Saúde – CNS,
in Portuguese).

Stimulus
Two different IDS stimuli were used. For the first stimulus,
the child’s mother was instructed to spontaneously speak
toward the infant, as shewould in her daily routine, whereas,
for the second stimulus, one of the researchers spontane-
ously spoke toward the child.

Each scenario had a stimulation blockwith an average of 6
presentations in a minimum period of 10 seconds, followed
bya silent period of aminimumof 10 seconds, aswell as a 20-
second baseline period prior to and after each scenario, as
shown in ►Fig. 1.

Data Acquisition
All measurements were obtained through a continuous-
wave NIRS equipment, NIRScout Tandem 1616 (NIRx Medi-
cal Technologies, LLC, Glen Head, NY, USA). As a guide for the

Fig. 1 Illustrative demonstration of the auditory stimuli presented for NIRS registration.
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head cap’s position, the child’s head circumferencemeasure-
ments were taken, and the Cz scalp location was established
with a measuring tape, outlining the nasion-inion and
tragus-tragus distances. The international 10–20 system
was used as a reference for the optodes placement. An
arrangement of 30 light-emitting sources at 2 wavelengths
(760 and 850nm) and 28 detectors were utilized, which
established a total of 84 channels positioned on the scalp,
covering the frontal, parietal, temporal, and occipital lobes
bilaterally (►Fig. 2). The distance between each channel’s
source and detector varied from 1.5 to 2.5 cm, which was
determined by their location.

Throughout the experiment, the participants were com-
fortably lying on their mothers’ laps (in a state of rest or

being breastfed) and properly positioned to hear the stim-
uli, ensuring that their ears were not occluded during the
stimulation. In the occurrence of any signs of discomfort
during the data acquisition, the experiment was
interrupted.

The stimuliwere presented through a speaker at 60 dBSPL,
near the average intensity of human speech.18 All stimuli
followed a standard 40 to 50-cmdistancebetween the device
and the child.

Data Preprocessing
For data preprocessing and analysis, a tool designed for
analyzing brain recordings such as NIRS, called the Brain-
storm software (open source), was used.19,20

Fig. 2 Graphic representation of the optodes/channels distribution in accordance with the 10–20 system.
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As a data preprocessing baseline, the designated protocol
was previously used in other studies that involved NIRS as
the object of study.21–23 The following procedures were
performed to assess the hemodynamic response function
(HRF) per channel, throughout each block, as well as to
exclude those that did not provide sufficient data due to
noise or motion artifacts.21

Primarily, motion artifacts were detected and manually
marked. These artifacts are characterized by a signal varia-
tion in peak-shaped disturbances that form along the chan-
nels. A semi-automatic motion correction was conducted
using spline interpolation.24

The bad functioning channels were automatically
detected, which were considered negative values, due to
multiple flat segments using a maximum saturation and
floor point ratio of 1.00, and the glitcheswere removed (limit
of 2 times the standard deviation).

The oxyhemoglobin (HbO), deoxyhemoglobin (HbR), and
total hemoglobin (HbT) concentrations were calculated
using the modified Beer-Lambert law. As references for
processing options, the following were used: 1 year of age,
partial volume effect (PVE) factor of 6, and differential
pathlength factor (DPF) method in accordance with Scholk-
mann and Wolf (2013),25 based on the mean. Moreover, the
linear trend was automatically removed.

A band-pass filter ranging from 0.02 to 0.8Hz was used to
reduce slow systemic physiological hemodynamic instabili-
ty, high-frequency instrument noise, and rapid oscillations.

The notch filter was applied to eliminate powerline inter-
ference at 30Hz.

MatLab (MathWorks, Natick, MA, USA) codes were used
for the detection and automatic exclusion of channels whose
intensity changes provided a low signal-to-noise ratio (be-
tween the standard deviation and mean greater than 5
within a 5-second time frame) to avoid inadequate recording
due to hair thickness.21

The data were visually inspected, and the channels that
still exhibited high amplitude, aswell as signal variationwith
rapid peaks, were removed.

Furthermore, all blockswere visually inspected, and those
that still showed motion artifacts were excluded from the
analyses. For each stimulus, subjectswithmore than⅓ of bad
functioning channels (28 channels) or with less than 2 trials
for analysis were excluded.

The selected time frame was between -10 thousand and
þ15 thousand milliseconds from the stimuli onset. Given
that the data did not have precisely the same sample range,
all of them were resized to 4.0Hz. For baseline establish-
ment, we used Z-score transformation by selecting the
baseline definition from -5 to 0 seconds.

At last, the HRF mean was calculated per infant and per
stimulus, for statistical analysis.

Analysis
The analysis of the results was also performed with the
Brainstorm software. Considering that the HRF in the studied

Fig. 3 Cortical activation for maternal voice (power f-test).
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age group may present varied patterns (increase or decrease
in HbO and HbR concentrations),26 we chose to apply the
power f-test regarding the baseline. Thus, through this test,
we sought significant changes in HbO and HbR concentra-
tions in response to auditory stimuli, regardless of negative
or positive values. The permutation test was used for the
comparison of conditions,making it possible to confirm if the
observed differences between groups could have occurred
just by chance. Instead of assuming a specific distribution of
data, the labels are shuffled off the groups multiple times to
see what differences you would expect if there was no true
effect. The p-value was set at 5%.

Results

►Fig. 3 demonstrates the cortical activation for the mother’s
voice given the analysis made by the power f-test. It can be
noted that, for this condition, there is a concentrated activa-
tion in the posterior area of the right temporal and parietal
lobes. However, in the left hemisphere, the area of greatest
activation comprises the lower part of the temporal and
frontal lobes.

Meanwhile, the power f-test response for the researcher’s
voice, shown in ►Fig. 4, presents a more diffuse activation
area, except for the right hemisphere, inwhich two regions of
higher activation are observed within the temporal, parietal,
and frontal lobes.

The permutation test, which was conducted to verify if
there is a cortical activation difference between themother’s
IDS and the IDS of an unknown person, did not show a
statistically significant difference.

Discussion

In the present study, we examined the cortical activation
pattern for IDS performed by the child’s mother’s voice and
IDS performed by an unknown voice, as well as the speech
familiarity effect in the first trimester of life. The results
demonstrated that in both conditions, IDS activates the
cortex, particularly the temporal lobe, but also the frontal
and parietal areas. Additionally, it should be noted that no
statistically significant difference was found when compar-
ing the voice produced by the mother with the voice pre-
sented by an unknown person.

Fig. 4 Cortical activation for the researcher’s voice (power f-test).
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As previously mentioned, prosodic patterns demonstrat-
ed by IDS are more appealing to this age group. This could be
one of the explanations for the bilateral activation of the
temporal lobe, as mentioned in another study that also used
NIRS as a tool to assess cortical activation for IDS from the
mother and from non-acquaintances.27 In the human brain,
the left hemisphere is more prone to present dominance for
phonemic processing (vowels and consonants), while the
right hemisphere is generally responsible for prosodic proc-
essing (rhythm, intonation, emphasis). This specialization
facilitates information processing and is known as the later-
alization of auditory cortex functions.28 Therefore, a speech
stimulus with rich prosodic characteristics, such as IDS, may
be capable of activating both cerebral hemispheres.

As shown in►Figs. 3 and 4, a noticeable cortical activation
pattern can be observed within the right hemisphere’s
temporal and parietal regions, near the supramarginal gyrus
area. This cerebral area has been linked in other studies to the
detection of sounds with an affective connotation,29,30 such
as IDS.31,32 This behavior can already be observed in the early
days of life, as demonstrated in a study that compared brain
activation for speech with emotional prosody and neutral
speech in newborns.30

The brain activity in the frontal area for both conditions is
consistent with other studies that found the same pat-
tern.33,34 In a particular one, this activity in children between
4 and 5 months of age was observed even when the IDS was
taken from a voice databasewithmultiple recordings, mean-
ing that the stimulus was not produced by the infant’s
mother.34 In another study, similar findings were also found
in infants with 2 to 9 days of age.33 Such results suggest that
IDS can be a source of emotional and social stimulation for
infants, as the frontal area is directly associated with these
parameters.35

Our study did not find any familiarity difference for IDS,
which is consistent with the research conducted by Naoi
et al.,27 taking the temporal area into account. However, in
the same study, the researchers describe the difference found
in the frontal area of the infants’ brain, acknowledging that
the IDS performed by theirmother showedgreater activation
in this region compared with the IDS of an unknown voice. It
should be emphasized that, in that study, the target popula-
tion had a higher chronological age than the one investigated
here (4–13 months of age); therefore, the difference found
between them could be explained by a lower specificity of
responses in the first trimester of life.

It is known that the human frontal cortex is responsible for
functions such as emotions, attention, and affection,27,35 and
the cortical maturation process occurs rapidly during this
stage of life, leading to increasingly refined brain areas, to
perform their respective functions.36 Moreover, the fact that
these children had more time to experience the relationship
with their mothers may explain the discrepancy found be-
tween the two studies. However, such an explanation would
not be possible considering research that found discrepancies
in the temporal and frontal lobes activation while comparing
the mother’s voice with an unfamiliar voice in newborns.5

Among the described studies, the one with the largest
sample was by Naoi et al.27 Taking this information into
account, it may be necessary for further research to be
conducted on a larger population of younger children to
clarify the differences between the IDS of the infant’s mother
and the IDS of an unknown person throughout the first
trimester of life.

The limited sample size is likely themain limitation of our
work. However, the layout used involved many channels
covering the entire cortical area, which allowed us to broad-
en our understanding of infants’ brain activity with the
presentation of IDS.

Future research involving a larger sample size and longi-
tudinal follow-up of infants can provide insights into the IDS
processing in normal-hearing children and serve as a bench-
mark for comparison with those with hearing impairment.

Near-infrared spectroscopy has been increasingly used
over the past few years. This neuroimaging technique has
been proven to be a valuable tool for improving the under-
standing of the processing and organization of various brain
functions in both adults and children. Moreover, it has been
particularly useful for the comprehension of human devel-
opmental processes. Once again, it was observed that this
tool proved to be a reliable option for cortical hemodynamics
assessment, especially in infants, in whom other techniques
may present limitations that make their implementation
challenging.

The next steps to enhance the comprehension of this
process entail further research involving a greater cohort
of children being longitudinally followed up during their
development.

Conclusion

Among the findings, we observed cortical activation for IDS
in the first trimester of life, encompassing multiple areas in
both cerebral hemispheres,with prominent activationpoints
in the temporal, parietal, and frontal areas. Regarding the
stimulus familiarity for the infant, the results obtained here
suggest that there was no significant difference when the
source of the stimuluswas themother herself or an unknown
person.
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