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ABSTRACT. Significance: Deaf and hard-of-hearing infants’ hemodynamic response function

(HRF) has not yet been characterized. However, without an appropriate estimate
of their HRF, neuroimaging modalities relying on hemodynamic responses, e.g.,
functional magnetic resonance imaging (fMRI) or functional near-infrared spectros-
copy (fNIRS), cannot be used reliably in this population, e.g., prior to and following
cochlear implantation. We contribute to better theoretical models of and more
suitable therapeutic interventions for the neural changes induced by auditory and
language deprivation in deaf infants.

Aim: We aim to characterize the parameters of the HRF of deaf and hard-of-hearing
infants in response to Italian.

Approach: We measured 2- to 20-month-old Italian-exposed infants’ HRF to Italian
using fNIRS in the bilateral temporal, i.e., auditory, cortices. We characterized the
HRF for all infants and for three clinically relevant subsets: (i) monolingual Italian
infants, (ii) genetically deaf infants, and (iii) infants aged 5 to 12 months. We com-
puted the following parameters: peak amplitude, time-to-peak, full width at half
maximum, and where present, the amplitude and latency of the initial dip and/or the
final undershoot, using a model-based parameter fitting approach. We statistically
compared these HRF parameters to those of typically hearing infants.

Results: Deaf and typically hearing infants showed largely similar HRFs, with both
groups reaching comparable main peak amplitudes. Minor differences have been
found in the latencies of some response components.

Conclusions: Our results provide the first detailed characterization of the hemo-
dynamic response to native-language speech in deaf and hard-of-hearing infants,
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improving clinical and therapeutic approaches through more accurate analysis of
fMRI and fNIRS data.
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1 Introduction

Several brain imaging techniques such as functional magnetic resonance imaging (fMRI) or
functional near-infrared spectroscopy (fNIRS) measure the hemodynamic response, i.e., focal
changes in the oxygenation of brain areas or circuits in response to stimulation or at rest, to
understand perceptual, cognitive, affective, or other processing mechanisms in the brain. These
neuroimaging techniques have allowed us to visualize the anatomy and the functioning of the
human brain quickly, efficiently, and noninvasively, revolutionizing our understanding of how
the brain gives rise to our perceptions, thoughts, feelings, beliefs, and desires.

For the accurate use of these neuroimaging techniques, a precise understanding of the hemo-
dynamic response function (HRF) has been necessary. Indeed, the HRF is now well characterized
in typical adults under standard experimental conditions.'™ However, how the HRF develops
early in life is much less well understood; as the infant brain is anatomically very immature,
fetal hemoglobin has slightly different properties than regular hemoglobin, and the neuro-
vascular coupling is not fully developed early in life.> This knowledge gap is even greater
in atypically developing infants such as preterm infants and infants born with genetic or other
developmental disorders. However, a detailed characterization of the HRF in atypically devel-
oping infants would be particularly important both theoretically and clinically. Theoretically,
it would enable better mechanistic models of developmental disorders, shedding light on the
developmental processes of the brain. Clinically, more accurate HRFs would yield more precise
diagnostic and therapeutic assessments, which are currently often based on HRFs derived from
typically developing infants or even adults, leading to less precise estimates of the underlying
neural mechanisms.

The current paper, therefore, aims to fill this knowledge gap by providing a detailed char-
acterization of the HRF in deaf infants eligible for cochlear implantation. Describing the HRF in
this population is of particular relevance for at least two reasons. First, deaf and cochlear-
implanted infants’ brains may function differently from those of typically hearing infants due
to factors such as the underlying causes of deafness, auditory deprivation, or a combination of
the two. Cochlear implantation and the restoration of hearing trigger further plastic changes in
the brain, and in most cases, oral language starts to emerge soon after implantation.'®'* It is of
utmost clinical significance to explore and monitor these neural re-organization processes as their
understanding can contribute to better therapeutic choices and enhanced implantation outcomes.
However, as these infants’ brain development may follow an atypical trajectory,'>!° their HRFs
and the underlying neuro-vascular coupling may also differ from those of typical infants. Second,
in this population, fNIRS is particularly well suited for brain imaging as alternative methods are
less feasible:'”!® fMRI is uncomfortable and difficult to perform with developmental populations
such as deaf and cochlear-implanted children, whereas electroencephalography (EEG) is prob-
lematic due to signal contamination from the implant. fNIRS, by contrast, is readily compatible
with most cochlear implants. It is also user-friendly and well tolerated even by the youngest
infants.” However, for accurate fNIRS measures, the underlying HRF needs to be characterized
appropriately.

Existing fNIRS studies with cochlear-implanted infants and children have explored the neu-
ral mechanisms underlying auditory and language processing prior to and after implantation,
shedding light on some of the plastic changes that occur as a result of deafness and the restoration
of hearing.!”'"=" These findings of these studies have been summarized in a recent review.’!
Importantly, however, these studies did not investigate the HRF itself in this population.
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Fig. 1 (a) Infant participant wearing the NIRS headgear in the experimental setup. (b) Optode
configuration used in the study overlaid on a schematic infant brain. (c) The experimental design
of the study.

To do so, the current study has tested the hemodynamic responses of deaf infants aged 2 to
20 months of age in the bilateral temporal areas, i.e., the auditory cortices’*~’ [Figs. 1(a) and
1(b)]. We tested them using a standard language discrimination paradigm commonly used with
typically hearing infants to assess speech perception and language acquisition skills, =¥ as this
paradigm elicits robust hemodynamic responses in typical newborn infants. The paradigm con-
sists of four conditions, presented using a simple block design. The conditions include (i) the
native language of the majority of the infants in the sample, Italian (forward Italian, FWIT),
(i) the same stimuli played backward (backward Italian, BWIT), (iii) an unfamiliar and rhyth-
mically different language, English (forward English, FWEN), and (iv) the nonnative stimuli
played backward (backward English, BWEN). Using this paradigm, typically hearing newborns
discriminate between their native language and rhythmically different languages,*****3* as well
as between backward and forward speech in the native language,*>*® showing an increased HRF
for the forward native language over the other three conditions. We have chosen to use this para-
digm rather than a simpler, more basic auditory task, e.g., impulse-like beeps or pure tones, for
multiple reasons. First, this task has been amply used in typical development and is thus known to
elicit robust responses.****** Second, its simple block design is the most commonly used para-
digm in developmental fNIRS studies. Describing the HRF triggered by this design is thus highly
relevant for the developmental fNIRS community. Third, infants’ responses to the naturally spo-
ken, ecologically valid stimuli of the forward native language condition are particularly relevant
for understanding the neural mechanisms of speech perception, language development, hearing
loss, and cochlear implantation outcomes. Nonlinguistic stimuli such as beeps or pure tones
do not match or scale up to the complexity of speech and are therefore less suitable in this
population.

The infants tested in this sample are candidates for cochlear implantation and thus have
moderate, severe, or profound hearing loss. Importantly, however, as previous research
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indicates,?® their residual hearing, especially when supported by a hearing aid, still affords basic
auditory discrimination abilities, e.g., discriminating the human voice from other sounds.?® The
mechanisms behind these abilities, whether supported only by the residual hearing or possibly
also through other modalities, e.g., vibrations/tactile sensations and visual experience with talk-
ing faces, are currently unknown. Indeed, these abilities typically remain uncharted and are not
taken into account during the cochlear implantation (CI) training and rehabilitation process.
However, they could serve as a basis for CI training and may be built on during therapy and
language development after implantation. This requires a good understanding of the residual
abilities.

Accordingly, we derive and characterize the HRF for the forward Italian condition, i.e., the
language to which all infants in the sample are exposed and which serves as input for language
acquisition. We characterize the HRF for all deaf infants, as well as for three clinically relevant
subsets of our full deaf sample: (i) monolingual Italian infants, (ii) genetically deaf infants, who
constitute the most frequent etiology in our sample, (iii) infants between 5 and 12 months of age,
the most common age for implantation, accounting for the majority of our sample. We compute
the following commonly used parameters to describe the HRFs:'** peak amplitude, time-to-peak
(TTP), full width at half maximum (FWHM), and where present, the amplitude and latency of the
initial dip and/or the final undershoot, using a model-based, parameter fitting approach. Finally,
we statistically compare these parameters to those of typically hearing infants.

The comparison of the four conditions and other potential analyses is outside the scope of
the current study and will be undertaken in subsequent work. The aim of the current study is to
characterize the shape of the HRF in deaf and hard-of-hearing infants.

2 Materials and Methods

2.1 Participants

Forty-eight infants treated at the Audiology Service of the Otolaryngology Ward of the
University Hospital of Padua or the Hearing and Balance Unit of the University Hospital of
Naples were tested (mean age at the first testing session from which data are reported here:
386 days, age range: 66 to 1000 days, 21 females). Of these, eight infants did not attend this
first test session and seven provided poor data (see Sec. 2.4 for details). Data from the remaining
33 infants (mean age: 314 days; age range: 66 to 618 days, 15 females) were entered into the final
analysis. The demographic information, etiology of hearing impairment, and hearing thresholds
are shown in Table 1. All infants were exposed to Italian at least 20% of the time. Some infants
were also exposed to a second language, which was a spoken language for seven infants and
Italian Sign Language for one infant (Table 1). Infants were tested with their hearing aids if they
used them regularly, or without, if they typically did not use them in their everyday life, as our
aim was to test them under the conditions that best characterized their daily hearing experience to
increase ecological validity.

As deaf infants constitute a highly variable population, differing in the cause of deafness,
language experience, age, etc., and this high variability has important theoretical and clinical
implications, we have also decided to assess the HRF of several subgroups in our sample.
Specifically, we chose to investigate the HRFs of monolingual deaf infants, genetically deaf
infants, and deaf infants aged 5 to 12 months because in our sample and more generally, these
profiles are frequent; thus, relatively large samples could be analyzed. Furthermore and more
importantly, all three factors, i.e., language experience, cause of deafness, and age, are related
to specific changes in neural development and brain plasticity. For instance, multilingualism is
linked to more prolonged neuroplasticity in young infants,***® whereas perceptual narrowing
and the underlying closure of critical periods for the phonology of the native language take place
approximately during the second half of the first year of life.*>**® Therefore, in addition to the
whole sample, data from three clinically and theoretically relevant subsets of the full sample were
also analyzed separately: (i) monolingual Italian infants (n = 27), standardly defined**-' as
receiving at least 80% exposure to Italian, (i) genetically deaf infants, who constitute the most
frequent etiology in our sample (n = 17), (iii) infants between 5 and 12 months of age, the most
common age for implantation, accounting for the majority of our sample (n = 24).
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Table 1 Demographic information of the deaf participants who entered the current analysis.

Auditory
threshold with
Demographic characteristics hearing aid
Gestational Birth Age % Exposure
age (week, weight at test  to ltalian (other Right Left
# Sex days) (grams)  (days) language) Possible etiology (dB) (dB)
1 m 38w5d 3420 618 100 Genetic 87 101
2 m 40w2d 3600 378 100 Genetic 118 118
3 f 40w2d 3500 538 100 Neuropathy >100 >100
4 m 40wo0d NA 66 30 (Turkish) Genetic 100 100
5 m 34w6d 2670 314 100 Unknown 79 79
6 m 39w2d 3290 342 100 Unknown 60 60
7 f 40wo0d 2880 609 100 Unknown >90 >90
8 f 41wo0d 3940 315 100 Genetic 49 49
9 f 40w5d 3560 482 100 Genetic 55 55
10 m 39wo0d 3500 352 100 Genetic 50 50
11 f 39w0d 3840 241 100 Genetic 65 65
12 m 41w2d 3070 251 100 Infection 43 43
13 m 40wo0d 3590 216 100 Genetic, NICU 55 55
14 f 41wo0d 3400 289 50 (German) Genetic 85 85
15 f 38wo0d 3350 617 30 (Romanian) Unknown 73 93
16 m 38wo0d 2680 434 100 Unknown 57 48
17 m 39wo0d NA 320 40 (Arabic) Genetic 105 103
18 m 37wo0d 2400 149 100 Genetic 94 94
19 f 30wild 1080 488 100 Prematurity, NICU 60 60
20 f 39wild 2950 273 100 Genetic 40 40
21 f 40wild 3200 161 20 (LIS) Unknown >90 >90
22 f 40wo0d 2650 341 100 Genetic 75 75
23 m 38w5d 3200 238 100 Genetic 46 46
24 m 40wo0d 3350 249 100 Unknown 47 47
25 f 36wo0d 2700 230 100 Genetic 65 65
26 f 40wo0d 3600 255 50 (Ukraine) Genetic, infection 55 55
27 m 37w5d 2980 245 100 Unknown 45 45
28 m 37w4d 3670 293 100 Genetic 75 75
29 m 38wo0d 3090 196 100 Genetic 60 60
30 m 38wo0d 2980 167 90 (Russian) Unknown 63 63
31 f 38wo0d 2950 177 100 Genetic 64 64
32 f 37wo0d 2200 231 100 Unknown 95 95
33 m 37wo0d 2700 282 90 (Romanian) NICU, antibiotics 82 87
LIS, lingua dei segni italiana (ltalian sign language).
Neurophotonics S13012-5 Vol. 13(S1)
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A group of 72 typically developing and typically hearing infants were also recruited and
tested as controls at the Audiology Service of the Otolaryngology Ward of the University
Hospital of Padua tested. Of these, 25 infants could not be included in the final analysis due
to poor data quality (12), fussiness or crying (4), the interruption of the experiment (5), and not
accepting the cap/testing (4). Data from the remaining 47 infants (mean age: 145 days; age
range: 9 to 382 days; 22 females) were entered into the final analysis. All infants were exposed
to Italian at least 20% of the time, and nine of them were also exposed to a second language
(Russian: 1 infant 50% exposure; Albanian: 1 infant 70%, 1 infant 40%; Portuguese: 1 infant
50%; Romanian: 1 infant 80%; English: 1 infant 10%, Moldavian: 2 infants both 50%; Arabic: 1
infant 70%). We note that the typically hearing infants were not matched in age but rather in
medical history to the deaf infants as they were referred to the Audiology Service of the
Otolaryngology Ward of the University Hospital of Padua for a suspicion of hearing loss, but
upon clinical examination, have proven to have typical hearing. Thus, they followed the same
initial medical trajectory and were tested under exactly the same circumstances as the deaf
infants. Just as with deaf infants, we also analyzed the HRF characteristics of two subgroups
of infants in the typically hearing population: (i) monolingual Italian infants (n = 39; note that
although nine infants were exposed to a second language other than Italian, in the case of one
such infant, the amount of exposure to the second language was 10%, this infant thus still
qualifies as monolingual), and (ii) infants between 5 and 12 months of age (n = 20).

Parents or legal guardians of all infants gave written informed consent prior to participation.
The study was approved by the Ethics Committees of the Padua and Naples Hospitals (IRB
numbers: 5267/A0/21 and 66/2023, respectively).

2.2 Stimuli

Four language conditions were tested in the study. Stimuli for the Forward Italian condition con-
sisted of 16 Italian sentences produced by two female native speakers of Italian (eight sentences
each). The Backward Italian condition consisted of the same 16 Italian sentences played backward,
i.e., time reversed using the “reverse” function in the Praat software.”> Backward speech is used as a
nonlinguistic control stimulus as it matches forward speech in all nontemporal characteristics (e.g.,
intensity and voice quality). The forward English condition consisted of 16 sentences spoken by two
American English female native speakers (eight sentences each). The backward English condition
consisted of the same 16 sentences played backward. The sentences varied among affirmative, inter-
rogative, and exclamative sentence types and contained 12 syllables in both languages. The sen-
tences were produced in mild infant-directed speech. They did not differ significantly in duration,
pitch, or intensity between the conditions [analyses of variance with factors Language (Italian vs.
English) and direction (FW vs. BW), all ns]. Further details of the stimuli are reported here.>
The stimuli were presented in a total of 16 blocks, four blocks per condition [Fig. 1(c)].
Every block comprised four sentences. No sentence was repeated during the study. The order
of the blocks was intermixed and counterbalanced across participants. No more than two blocks
of the same condition occurred consecutively. Blocks were separated by silent intervals jittered
between 15 and 18 s. Within blocks, sentences were also separated by silences jittered between
400 and 600 ms, yielding blocks of ~12 to 13 s. The whole experiment lasted ~8 min. To ensure
sufficient data even when the infant participant did not complete the whole experiment, e.g., due
to fussiness or crying, we organized the stimulus presentation such that two blocks of each con-
dition were presented during the first half of the study, whereas the other two blocks of each
condition were presented during the second half of the study. In this way, a participant who
completed only half of the study anyway heard at least two blocks of each condition.

2.3 Procedure

Infants were tested in a quiet room at the Audiological Service of the Otolaryngology Ward
Service of the University Hospital of Padua or at the Hearing and Balance Unit of the University
Hospital of Naples, in the presence of at least one of their parents. During the study, infants were
seated on a parent’s lap while their brain responses were measured with a NIRx NIRSport2 88
machine (source—detector separation: 3 cm; pulsated LED lights at two wavelengths of 760
and 850 nm; sampling rate: 20.345 Hz). The optical probes were inserted into a stretchy cap
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(EasyCap, Brain-Products GmbH, Gilching, Germany) placed on the infants’ head using surface
landmarks (nasion and the preauricular points), covering the language areas in the bilateral tem-
poral, frontal, and parietal cortices [10 channels/hemisphere; Fig. 1(b)]. The size of the cap was
chosen based on each infant’s head circumference. To localize the 20 channels, we conducted an
anatomical localization analysis,™ projecting channel positions relative to surface landmarks
onto the cortical surface of 3D age-appropriate anatomical head scans, following standard prac-
tices in the infant NIRS field.’*>’ Channels 1, 2, 4, and 5 in the LH and channels 13, 14, 15, and
16 in the RH were on average positioned over the frontal area, channels 3 and 6 in the LH and
channels 17 and 19 in the RH over the temporal area, channel 9 in the LH and channel 21 in the
RH were positioned in the frontier between the temporal and parietal areas, and channels 7, 10,
and 12 in the LH and channels 18, 20, and 23 in the RH were on average positioned over the
parietal area. Stimuli were presented using E-Prime and delivered through two speakers placed at
an angle of 30 deg on the two sides and ~1 m from the infant’s head. The stimuli were presented
at a conversational intensity of around 65 dB. The computer running E-Prime sent time stamps to
the NIRS machine. To keep infants’ attention during the study, they watched a silent cartoon on a
computer screen played in front of them.

2.4 Data Preprocessing

To have the most faithful estimate possible of the HRF, we opted for a conservative pre-processing
pipeline that has been shown to minimize the introduction of artifacts and other modifications to
the underlying HRF and is routinely used in infant studies.’® In particular, we avoided using arti-
fact correction and other data enhancement algorithms.

Accordingly, fNIRS light intensity measures were first converted to optical densities. Optical
densities were then converted to oxygenated (oxyHb) and deoxygenated (deoxyHb) concentra-
tion changes, using the modified Beer—Lambert law, using the following absorption coefficients
(ua, mM — 1 X mm — 1): ga (oxyHb, 760 nm) = 0.1496, pa (oxyHb, 850 nm) = 0.2526, ua
(deoxyHb, 760 nm) = 0.3865, and pa (deoxyHb, 850 nm) = 0.1798. The product of the optical
pathlength and the differential pathlength factor was set to 1 so that the resulting concentration
changes are expressed in mM X mm. Data were then band-pass filtered using a digital fft (fast
Fourier transform) filter, between 0.01 and 0.7 Hz. Finally, a block in a given channel was
rejected if the light intensity reached the saturation value (1.2 V), if the block contained a motion
artifact, or both. Motion artifacts were defined as signal changes larger than 0.1 mM X mm over
two samples. Finally, for the nonrejected blocks, a baseline was linearly fit between the means of
the 5 s preceding the onset of the block and the 5 s starting 23 s after the onset of the block (13 s
of stimulation plus 10 s of resting period).

2.5 Estimation of the HRF

To characterize the HRF, we extracted block-averaged data from the channels covering the bilateral
temporal, i.e., auditory and speech processing areas, where effects are observed in this para-
digm.*>¥2 The left temporal area included channels 3 and 6, the right channels 17 and 19,
as identified using a localization analysis.**>*> Data from all the nonrejected blocks of the
Forward Italian condition were averaged together within a given infant and across the two channels
in each hemisphere to improve the signal-to-noise ratio and obtain a robust response for each child
in each hemisphere. We then used a model-based, parameter fitting approach*® on these data.

We first estimated individual participants’ HRF parameters, separately for oxygenated and
deoxygenated hemoglobin (oxyHb and deoxyHb, respectively), fitting them via nonlinear least-
squares optimization to a triple gamma function (1). Specifically, we fit each infant’s NIRS
response curve using constrained nonlinear least-squares optimization. A parametric hemo-
dynamic response model composed of three gamma-shaped components (early dip, main peak,
and undershoot) is fitted to the data, minimizing the sum of squared residuals between the mea-
sured signal and the model, with a capped number of function evaluations to balance accuracy
and computational efficiency. To account for uncertainty in response polarity, the optimization is
run twice with opposite sign constraints (canonical and inverted), and the solution with the higher
coefficient of determination (R?) is retained as the final fit. We used the default shape parameters
of SPM (ndip =3; Npeak = 6; Nundersh = 16)-6]

Neurophotonics S13012-7 Vol. 13(S1)
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¥(t) = Agip X 8(t — 1o Ngip, T X ) + Apear X &(t — Lo Mpeak, 7 X 8)
+ Aundersh X g(t — 1o Nyndershs T X S) (1)

where

et
gamma kernel g(f;n,7) = {T"XF(”)’ >0
0, t<0

A: amplitude of the initial dip

A: amplitude of the main peak

A: amplitude of undershoot

to: response onset delay

n: shape parameters (g, = 3; Npeak = 0; Mundersh = 16)

7: base time constant

s: scaling factor (stretch/compression)

['(n): gamma function for normalization

For each participant, the fitted curve was used to estimate the main peak amplitude, time-
to-peak (TTP), and full width at half maximum (FWHM), as well as an initial dip (minimum
value prior to the main peak) and a final undershoot (minimum value after the main peak). For
both the dip and the undershoot, the amplitude and latency were recorded if the deflection
exceeded 5% of the main peak amplitude. The HRF was allowed to take the canonical form,
i.e., optional negative initial dip, positive peak, and optional negative undershoot, or an inverted
response, i.e., optional positive initial dip, negative peak, and optional positive undershoot.
Although its exact causes and interpretation are not fully understood yet, the inverted response
is common in infant NIRS studies.””*> Model performance, i.e., goodness-of-fit, was quantified
using the coefficient of determination (R?), calculated from the residual sum of squares relative to
the total variance. Finally, we computed the group-level average and variance of the parameters.

2.6 Unit-Like HRF Reconstruction

In addition to the above described HRF estimate, we also implemented another approach to esti-
mate the unit-like infant HRF independently of the characteristics of the experimental design. The
fitted gamma functions reflect infants’ responses to the block design of the study, which is the
most commonly used paradigm in infant NIRS. In such a response, individual responses to the
single stimulus presentations within a block add up, providing a more robust response, the time
course of which, however, is shaped by the design of the specific experiment (e.g., block dura-
tion). It is, therefore, also of relevance to reconstruct the unit-like response, which could then be
used as a starting point for the data analysis of studies with designs quite different from the one
used here. To achieve this, we followed Minagawa-Kawai et al.’s (2011) approach,®® who esti-
mated the HRF of young infants, i.e., the population of interest of the current study. Specifically,
we used a finite impulse response (FIR)-based estimation. The mean NIRS response of each
group was submitted to a GLM with 20 FIR regressors. Each regressor was a 1-s-long rectangular
pulse starting at 0, 1, 2, .. ., 20 s with respect to block onset. The number of regressors was chosen
to be 20, following Minagawa-Kawai et al. (2011), as the infant hemodynamic response is known
to be slower than the adult response,®*%® and a time window of 20 s can readily capture the full
latency of this slower response, including undershoots and return to baseline. The beta coefficients
were then extracted from the GLM for each FIR regressor, defining the curve for the estimated
unit-like HRFE. The estimation was done separately for oxyHb and deoxy in each group.

2.7 Statistical Analysis

We ran different statistical comparisons. First, we statistically compared parameter values be-
tween the left and the right hemispheres (LH & RH, respectively) in each group, using paired
sample z-tests for each parameter.

In addition, we compared the HRF parameters of deaf infants with those of the typically
hearing babies using a mixed ANOVA with between-subject factor group (deaf/typical hearing)
and within-subject factor (hemisphere) for each HRF parameter.

Further, in deaf infants, we correlated the amplitude of the main peak in oxyHb with the
hearing threshold of the contralateral ear to assess whether variability in the HRFs may be directly

Neurophotonics S13012-8 Vol. 13(S1)



Gervain et al.: Shape of the hemodynamic response functiom in deaf infants eligible. . .

related to hearing loss. We also ran multiple linear regression analyses over the amplitude and
time-to-peak latency of the mean peak in the LH and the RH separately with the demographic
variables reported in Table 1 as predictors. Importantly, here, we focus on the characterization of
the HRF in deaf and hard-of-hearing infants here; we thus did not conduct a similar analysis for
the typical group.

3 Results

We estimated infants’ HRF parameters in response to their native language, forward Italian,
i.e., the language condition that is familiar to them through their residual auditory experience,
and that serves as the input for language acquisition. We first analyzed the HRF parameters for
the typically hearing infants, including the full sample as well as the monolingual subsample and
the subsample of infants aged 5 to 12 months, then the full sample of deaf infants, and the three
clinically relevant subsamples, monolingual Italian-exposed deaf infants, infants with genetic
deafness, and deaf infants between 5 and 12 months of age.

3.1 Typically Hearing Infants
3.1.1 Full sample

OxyHb. The fit for an individual infant is illustrated in Fig. 2(a) as an example. The individual
and the average fitted gamma functions for the left temporal area (channels 3 and 6) are shown in
Fig. 2(b). Of the 47 infants, 22 (47%) infants produced a canonical hemodynamic response, i.e.,
with a positive peak, 25 (53%) showed an inverted hemodynamic response, i.e., a negative peak
[Fig. 3(a)]. The initial dip was present (negative in infants with a canonical HRF; positive in
infants with an inverted HRF) in 31 infants (66%), and the final undershoot was present (negative

—_
Concentration Change (mmol*mm) Q)
e

Time (s)

()

A
=X

Change (mmol*mm)

oncentration Change (mmol‘mm)

G 2
Time (s) Time (s)

(d) soss .  Estimated HRF (FIR) . (e) _— Estimated HRF (FIR)

o025
]

W e

s e w0 w e w0 w
time from block onset (5) time from block onset (5)

Fig. 2 (a) Example of fitting over the HRF of a single participant. (b), (c) The average fitted gamma
functions of the typically hearing infants in response to the forward Italian condition in the left
(b) and right (c) temporal areas. The reconstructed unit HRF in the left (d) and right (e) temporal
areas.
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(b)
Fig. 3 (a) Percentages of canonical and inverted hemodynamic responses in the full sample of
typically hearing infants as well as in the monolingual and 5- to 12-month-old subgroups. (b) The

percentages of canonical and inverted hemodynamic responses in the full deaf sample and the
three clinically relevant subgroups.

in infants with a canonical HRF; positive in infants with an inverted HRF) in 39 infants [83%;
Fig. 4(a)]. Table 2 summarizes the HRF parameters.

The individual and average fitted gamma functions for the right temporal area (channels 17
and 19) are shown in Fig. 2(c). Of the 47 infants, 18 (38%) infants produced a canonical hemo-
dynamic response, i.e., with a positive peak, 29 (62%) showed an inverted hemodynamic
response, i.e., a negative peak [Fig. 3(a)]. The initial dip was present (negative in infants with
a canonical HRF; positive in infants with an inverted HRF) in 31 (66%) infants, and the final
undershoot was present (negative in infants with a canonical HRF; positive in infants with an
inverted HRF) in 40 [85%; Fig. 4(a)] infants. Table 2 summarizes the HRF parameters.

The paired sample r-tests for the different parameters revealed no significant differences
between the LH and the RH (all |#| <2, ns.).

The FIR-based estimate is illustrated in Figs. 2(d) and 2(e), respectively, for the LH and RH.
In the LH, the unit HRF shows a peak at 3 s after stimulus onset, reaching the maximum of the
undershoot at 9 s, an overshoot at 15 s, followed by a return to baseline. In the RH, the unit HRF
had an initial dip peaking at 1 s, reached its main peak at 8 s, showed no clear undershoot and
returned to baseline at 13 s.

DeoxyHb. The individual and the average fitted gamma functions for the left temporal area
(channels 3 and 6) are shown in Fig. 5(a). Nineteen (40%) of the 47 infants produced a canonical
hemodynamic response, i.e., with a negative deoxyHb peak, 28 (60%) showed a flat (close to

Neurophotonics S13012-10 Vol. 13(S1)
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Fig. 4 (a) Percentages of infants showing an initial dip or an under-/overshoot in the full sample of
typically hearing infants as well as in the monolingual and 5- to 12-month-old subsample. (b) The
percentages of infants showing an initial dip or an under-/overshoot in the full sample of deaf
infants and the three clinically relevant subgroups.

zero) or an inverted response, i.e., a positive deoxyHb peak (Fig. 3). The initial dip was present
(positive in infants with a canonical HRF; negative in infants with an inverted HRF) in 28 (60%)
infants, the final overshoot (positive in infants with a canonical HRF; negative in infants with an
inverted HRF) in 37 (79%) infants (Fig. 4). Table 3 summarizes the HRF parameters.

The individual and average fitted gamma functions for the right temporal area (channels 17
and 19) are shown in Fig. 5(b). Of the 47 infants, 24 (51%) produced a canonical response, i.e.,
with a negative peak, 23 (49%) a flat response, i.e., close to zero, or an inverted response, i.e., a
positive peak. The initial dip was present (positive in infants with a canonical HRF; negative in
infants with an inverted HRF) in 30 infants (64%), and the final overshoot was present (positive
in infants with a canonical HRF; negative in infants with an inverted HRF) in 34 (72%) infants.
Table 3 summarizes the HRF parameters.

The paired sample -tests for the different parameters revealed no significant differences
between the LH and the RH (all |¢| < 2, ns.).

The FIR-based reconstructed unit HRFs are shown in Figs. 5(c) and 5(d), for the LH and RH,
respectively. In the LH, the HRF showed an initial positive dip with a peak at 3 s, reached its
minimum at 9 s, and returned to baseline at 15 s. In the RH, the HRF showed no initial dip,
reached its minimum at 5 s, and returned to baseline at 18 s.

Neurophotonics S13012-11 Vol. 13(S1)
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Fig. 5 Average HRF and fitted gamma functions for the deoxyHb responses of typically hearing
infants in response to the forward Italian condition in the left (a) and right (b) temporal areas. The
reconstructed unit HRF in the left (c) and right (d) temporal areas.

3.1.2 Monolingual typically hearing infants

OxyHb. For the left auditory area, the fit did not converge for 1 out of the 39 monolingual
infants. Of the remaining 38, 16 (42%) infants produced a canonical hemodynamic response, and
22 (58%) showed an inverted response (Fig. 3). The initial dip was detected in 27 (71%) infants,
and the final undershoot was detected in 31 (82%) infants (Fig. 4). Table 2 summarizes the HRF
parameters.

For the right auditory area, the fit did not converge for 1 out of the 39 monolingual infants.
Of the remaining 38, 14 (37%) infants showed a canonical hemodynamic response, and 24 (63%)
showed an inverted response (Fig. 3). An initial dip could be identified in 23 (61%) infants, and
the final undershoot could be identified in 32 (84%) infants (Fig. 4). Table 2 summarizes the HRF
parameters.

DeoxyHb. For the left auditory area, the fit did not converge for 1 out of the 39 monolingual
infants. Of the remaining 38 infants, 15 (39%) infants produced a canonical hemodynamic
response, and 23 (61%) showed a flat (close to zero) or inverted response in the left auditory
area (Fig. 3). The initial dip was detected in 21 (55%) infants, whereas the final overshoot was
detected in 28 (74%) infants (Fig. 4). Table 3 summarizes the HRF parameters.

In the right auditory area, fitting did not converge for 1 infant. Of the remaining 38, 18 (47%)
showed a canonical hemodynamic response, and 20 (53%) showed an inverted response (Fig. 3).
An initial dip could be identified in 24 (63%) infants, and the final overshoot could be identified
in 28 (74%) infants (Fig. 4). Table 3 summarizes the HRF parameters.

3.1.3 Hearing infants aged 5 to 12 months

OxyHb. Of the 20 infants aged 5 to 12 months, 10 (50%) produced a canonical hemodynamic
response, and 10 (50%) showed an inverted response (Fig. 3) in the left auditory area. The initial
dip was detected in 13 (65%) infants, and the final undershoot was detected in 14 (70%) infants
(Fig. 4). Table 2 summarizes the HRF parameters.

For the right auditory area, 8 (40%) of the 20 infants aged 5 to 12 months showed a canonical
hemodynamic response, and 12 (60%) showed an inverted response (Fig. 3). An initial dip could
be identified in 12 (60%) infants, and the final undershoot could be identified in 18 (90%) infants
(Fig. 4). Table 2 summarizes the HRF parameters.

DeoxyHb. Of the 20 infants aged 5 to 12 months, 11 (55%) infants produced a canonical
hemodynamic response, and 9 (45%) showed a flat (close to zero) or inverted response in the

Neurophotonics S13012-14 Vol. 13(S1)
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left auditory area (Fig. 3). The initial dip was detected in 11 (55%) infants, and the final overshoot
was detected in 15 (75%) infants (Fig. 4). Table 3 summarizes the HRF parameters.

In the right auditory area, 12 (60%) out of the 20 infants between 5 and 12 months showed a
canonical response, and 8 (40%) showed an inverted response (Fig. 3). An initial dip could be
identified in 14 (70%) infants, and the final overshoot could be identified in 14 (70%) infants
(Fig. 4). Table 3 summarizes the HRF parameters.

3.2 Deaf and Hard-of-Hearing Infants

3.2.1 Full sample

OxyHb. The individual and average fitted gamma functions for the left temporal area (channels
3 and 6) are shown in Fig. 6(a). Of the 33 infants, 15 (45%) produced a canonical hemodynamic
response, i.e., with a positive peak, and 18 (55%) showed an inverted hemodynamic response,
i.e., with a negative peak [Fig. 3(b)]. The initial dip was present (negative in infants with a
canonical HRF; positive in infants with an inverted HRF) in 22 infants (67%), and the final
undershoot was present (negative in infants with a canonical HRF; positive in infants with
an inverted HRF) in 27 infants [82%; Fig. 4(b)]. Table 2 summarizes the HRF parameters.

The individual and average fitted gamma functions for the right temporal area (channels 17
and 19) are shown in Fig. 6(b). Of the 33 infants, 19 (58%) produced a canonical hemodynamic
response, i.e., with a positive peak, and 14 (42%) showed an inverted hemodynamic response,
i.e., with a negative peak [Fig. 3(b)]. The initial dip was present (negative in infants with a
canonical HRF; positive in infants with an inverted HRF) in 19 (58%) infants, and the final
undershoot was present (negative in infants with a canonical HRF; positive in infants with
an inverted HRF) in 26 [79%; Fig. 4(b)] infants. Table 2 summarizes the HRF parameters.
There was a statistically significant difference between the LH and the RH in the time-to-peak
latency of the main peak (#(32) = —2.066; p = 0.047), which occurred earlier in the LH than in
the RH. No other difference between the two hemispheres was significant.

We found no correlation between the amplitude of the peak in the LH and the hearing thresh-
old of the left (r = —0.020, ns.) or the right ear (r = —0.045, ns.), or the RH peak amplitude and
the right (r = —0.103, ns.) or left (r = —0.153, ns.) hearing threshold. The multiple regression
analyses over the amplitudes and latencies of the main peak in the LH and the RH revealed no
significant predictors.

The FIR-based reconstructed HRFs are shown for the LH and RH, respectively, in Figs. 6(c)
and 6(d). In the LH, the unit HRF reached its main peak at 3 s with no initial dip, followed by an
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Fig. 6 Average fitted gamma functions of all deaf infants in response to the forward Italian con-

dition in the left (a) and right (b) temporal areas. The reconstructed HRF in the left (c) and right
(d) temporal areas.
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undershoot with a peak at 11 s, and returned to baseline after multiple over- and undershoots at
19 s. In the RH, the HRF started with an initial dip over the first 4 s, reached its main peak at 8 s
and returned to baseline after multiple under- and overshoots at 18 s.

The mixed ANOVAs with between-subject factor group (deaf/typically hearing) and within-
subject factor (hemisphere) were not significant for any of the HRP parameters.

DeoxyHb. The individual and average fitted gamma functions for the left temporal area (chan-
nels 3 and 6) are shown in Fig. 7(a). Of the 33 infants, 12 (36%) of whom infants produced a
canonical hemodynamic response, i.e., with a negative deoxyHb peak, 21 (64%) showed a flat
(close to zero) or an inverted response, i.e., a positive deoxyHb peak (Fig. 3). The initial dip was
present (positive in infants with a canonical HRF; negative in infants with an inverted HRF) in 19
(58%) infants, the final overshoot (positive in infants with a canonical HRF; negative in infants
with an inverted HRF) in 25 (76%) infants. Table 3 summarizes the HRF parameters and shows
the parameters that yielded a statistically significant difference between the LH and the RH.

The individual and average fitted gamma functions for the right temporal area (channels 17
and 19) are shown in Fig. 7(b). Of the 33 infants, 18 (55%) produced a canonical response, i.e.,
with a negative peak, and 15 (45%) produced a flat response, i.e., close to zero, or an inverted
response, i.e., a positive peak. The initial dip was present (positive in infants with a canonical
HREF; negative in infants with an inverted HRF) in 25 infants (76%), and the final overshoot was
present (positive in infants with a canonical HRF; negative in infants with an inverted HRF) in 31
(94%) infants. Table 3 summarizes the HRF parameters. The paired sample #-tests showed a
statistically significant difference between the LH and the RH in terms of the amplitude of the
overshoot (#(23) = 2.288, p = 0.032), which was greater in the RH than in the LH. No other
parameters differed statistically significantly between the LH and the RH, as shown by paired
sample 7-tests (all |¢| < 2, ns.).

The mixed ANOVA with between-subject factor group (deaf/typically hearing) and
within-subject factor (hemisphere) over the amplitude values of the main peak showed a main
effect of Hemisphere as the main peak was more negative, i.e., stronger, in the RH than in the
LH in both groups (F(1,78) = 3.879, p = 0.050). All other main effects and interactions were
nonsignificant. In a similar ANOVA over the amplitude of the overshoot, there was a main
effect of hemisphere (F(1,50) = 4.650, p = 0.036) due to greater, i.e., more positive over-
shoots in the RH than in the LH, and a hemisphere X group interaction (F(1,50) = 5.539,
p = 0.023), as the deaf group, but not the hearing group showed stronger overshoots in the
RH than in the LH. The ANOVAs over the other HRF metrics did not yield significant main
effects or interactions.
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Fig. 7 Average fitted gamma functions of all deaf infants in response to the forward lItalian con-

dition in the left (a) and right (b) temporal areas. The reconstructed HRF in the left (c) and right
(d) temporal areas.
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The reconstructed unit HRF is illustrated in Figs. 7(c) and 7(d) for the LH and RH, respec-
tively. In the LH, the HRF starts with an initial positive dip peaking at 2 s, reaches its minimum at
5 s, shows an overshoot with a peak at 12 s, and returns to baseline at 17 s after an undershoot.
In the RH, the HRF reaches its minimum at 4 s, overshoots with a maximum at 8 s, and returns to
baseline through under- and overshoots at 19 s.

3.2.2 Monolingual deaf infants

OxyHb. For the left auditory area, of the 27 monolingual infants, 11 (41%) infants produced a
canonical hemodynamic response, and 16 (59%) showed an inverted response. The initial dip
was detected in 19 (70%) infants, and the final undershoot was detected in 22 (81%) infants.
Table 4 summarizes the HRF parameters.

For the right auditory area, 18 (67%) of the 27 monolingual infants showed a canonical
hemodynamic response, and 9 (33%) showed an inverted response. An initial dip could be iden-
tified in 14 (52%) infants, and the final undershoot could be identified in 21 (78%) infants.
Table 4 summarizes the HRF parameters.

The mixed ANOVA with between-subject factor group (deaf/typically hearing) and
within-subject factor (hemisphere) over the amplitude values of the final undershoot also
showed a main effect of group as the final undershoot was more negative in the deaf than
in the hearing group (F(1,32) =4.214, p = 0.048). All other main effects and interactions
were nonsignificant. Similar ANOVAs for the other HRF parameters showed no significant
results or interactions.

DeoxyHb. Of the 27 monolingual infants, 11 (41%) produced a canonical hemodynamic
response, and 16 (59%) showed a flat (close to zero) or inverted response in the left auditory
area. The initial dip was detected in 16 (59%) infants, whereas the final overshoot was detected in
23 (85%) infants. Table 5 summarizes the HRF parameters.

In the right auditory area, 15 (56%) of the 27 monolingual infants showed a canonical hemo-
dynamic response, and 12 (44%) showed an inverted response. An initial dip could be identified
in 20 (74%) infants, and the final overshoot could be identified in 26 (96%) infants. Table 5
summarizes the HRF parameters.

The mixed ANOVA with the between-subject factor group (deaf/typically hearing) and
within-subject factor (hemisphere) over the amplitude of the final overshoot yielded a significant
hemisphere X group interaction (F(1,42) = 4.256, p = 0.045), as the deaf group, but not the
hearing group showed stronger overshoots in the RH than in the LH. All other main effects and
interactions were nonsignificant. None of the ANOVAs over the other HRF metrics yielded sig-
nificant main effects or interactions.

3.2.3 Genetically deaf infants

OxyHb. For the left auditory area, out of the 19 genetically deaf infants, 8 (42%) infants pro-
duced a canonical hemodynamic response, and 11 (58%) showed an inverted response. The ini-
tial dip was detected in 12 (63%) infants, and the final undershoot was detected in 17 (89%)
infants. Table 4 summarizes the HRF parameters.

For the right auditory area, of the 19 infants, 13 (68%) showed a canonical hemodynamic
response, and 6 (32%) showed an inverted response. An initial dip could be identified in 10
(53%) infants, and the final undershoot could be identified in 17 (89%) infants. Table 4 sum-
marizes the HRF parameters.

DeoxyHb. Of the 19 genetically deaf infants, 8 (42%) produced a canonical hemodynamic
response, and 11 (58%) showed a flat (close to zero) or inverted response in the left auditory
area. The initial dip was detected in 9 (47%) infants, and the final overshoot was detected in
15 (79%) infants. Table 5 summarizes the HRF parameters.

In the right auditory area, 9 (47%) of the 19 genetically deaf infants showed a canonical
response, and 10 (53%) showed an inverted response. An initial dip could be identified in 15 (79%)
infants, and the final overshoot could be identified in 18 infants (95%). Table 5 summarizes the
HRF parameters.
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3.2.4 Deaf infants aged 5 to 12 months

OxyHb. For the left auditory area, 10 (43%) of the 23 infants aged 5 to 12 months produced a
canonical hemodynamic response, and 13 (57%) showed an inverted response. The initial dip
was detected in 16 (70%) infants, and the final undershoot was detected in 21 (91%) infants.
Table 4 summarizes the HRF parameters.

For the right auditory area, 13 (56%) of the 23 infants showed a canonical hemodynamic
response, and 10 (43%) showed an inverted response. An initial dip could be identified in 31
(56%) infants, and the final undershoot could be identified in 18 (78%) infants. Table 4 sum-
marizes the HRF parameters.

The mixed ANOVAs with between-subject factor group (deaf/typically hearing) and within-
subject factor (hemisphere) over the latency of the initial dip yielded a significant main effect of
group (F(1,41) =7.027, p = 0.011) as the typically hearing infants had a longer dip latency
than the deaf group. Similar ANOVAs over the other HRF metrics did not yield significant main
effects or interactions.

DeoxyHb. Of the 23 infants aged 5 to 12 months, 10 (43%) produced a canonical hemo-
dynamic response, and 13 (57%) showed a flat (close to zero) or inverted response in the left
auditory area. The initial dip was detected in 12 (52%) infants, and the final overshoot was
detected in 16 (70%) infants. Table 5 summarizes the HRF parameters.

In the right auditory area, 13 (57%) out of the 23 infants between 5 and 12 months showed a
canonical response, and 10 (43%) showed an inverted response. An initial dip could be identified
in 18 (78%) infants, and the final overshoot could be identified in 21 (91%) infants. Table 5
summarizes the HRF parameters.

The mixed ANOVAs with between-subject factor group (deaf/typically hearing) and within-
subject factor (hemisphere) did not yield significant main effects or interactions for any of the
HRF metrics.

4 Discussion

The current study characterizes the shape of the hemodynamic response function (HRF) mea-
sured with fNIRS in the bilateral auditory cortices of deaf and hard-of-hearing infants while they
listened to Italian—the native language of most participants—using a simple block design. In
addition, the study reconstructs the unit HRF for these groups. We have successfully obtained
HRFs in most infants, indicating that in many cases, residual hearing is sufficient to allow infants
to perceive at least some aspects of speech stimuli, as also found in previous studies.”®

Deaf infants” HRF has been found to peak around 9 to 12 s after stimulus onset and reach the
same main peak amplitude as hearing infants’ HRF. It overall shows a similar shape as infant
HRFs observed in our typical sample, with a few exceptions, as well as in other NIRS studies
with young infants investigating speech perception.?>¥41:67-70 §pecifically, deoxyHb showed no
difference between the two groups in most parameters, except for a hemisphere X group inter-
action. This was due to the fact that the full deaf group and the monolingual deaf subgroup
showed stronger deoxyHb overshoot in the RH than in the LH, whereas this hemispheric differ-
ence was not present in the typically hearing group. OxyHb also showed only minor differences
between the two groups. The full samples were not different in any of the HRF parameters. The
monolingual subgroups differed in the amplitude of the final undershoot, which was more neg-
ative in deaf infants. The 5- to 12-month-old subgroups, by contrast, differed in latency of the
initial dip, which was longer in typically hearing than in deaf infants. Despite these differences,
the responses were overall quite similar in the two groups. Finding similar HRFs between deaf
and hearing infants is important because this result suggests that previous studies with deaf
infants that relied on typical HRFs in their data analysis can be regarded as valid.

In addition to the main peak, most infants showed an initial dip and/or a final under-/over-
shoot in both hemispheres for both hemoglobin species. The former was somewhat less common,
with ~40% to 80% of infants exhibiting it. The latter was more frequent, with 60% to 90% of the
infants showing it. These results suggest that when modelling the HRF of deaf infants, a function
allowing for a double or triple lobed response is more appropriate than a function with a single
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peak. This was true for the full sample as well as for the subgroups we analyzed both in the deaf
and the typically hearing populations.

In addition, as is common in the infant literature,”*> we have found the oxyHb peak to be
greater in amplitude than the deoxyHb peak, partly deriving from the fact that deoxyHb
responses were more flat in several infants. This asymmetry is the reason why infant studies
often find statistically more robust results with oxyHb as compared with deoxyHb. We never-
theless recommend reporting and statistically testing both hemoglobin species as deoxyHb
responses still showed well-characterizable patterns with specific parameter values.

The reconstructed unit HRFs were also similar between the two groups. Interestingly, the
most important difference could be observed between the two hemispheres, similarly in both
groups, because the oxyHb response peaked earlier in the LH than in the RH in both groups.
Although more research will be needed to understand the reasons for this difference, e.g., with
nonlinguistic stimuli, we hypothesize that the earlier LH peak may be related to the left hemi-
spheric lateralization of speech and language processing, triggering a faster response in this
hemisphere.

Behind these general trends, we also discovered great interindividual variation. Indeed, the
distribution of infants who showed a canonical response or an inverted one is approximately half
and half (40% to 60%) across both hemispheres and hemoglobin species. The reasons for and
possible interpretations of inverted hemodynamic responses remain debated,”’ with neural matu-
ration, task demands, and stimulus complexity being the most common factors in typical infants.
As our sample consisted of atypical children, further variability may derive from the infants’
clinical conditions, although there was no direct correlation between infants’ response amplitudes
and their hearing thresholds, and infants with an established genetic etiology showed HRFs that
were similar to those of the full sample. Although our results mainly highlight similarities between
deaf and typically hearing infants as groups, further research will be needed to understand indi-
vidual variation in HRFs and HRF characteristics of subgroups that were not assessed in the
current study, e.g., infants with different ages, language backgrounds, and etiologies.

Overall, responses in the left and right auditory cortices showed a similar shape, but we did
find a statistically significant difference between the time-to-peak latency of the peak response,
which was slower in the right than in the left hemisphere for oxyHb (but not for deoxyHb). This
difference may be a reflection of the overall left lateralization of language functions already
observable in the newborn brain for the native language.’>*® The LH, being more specialized
in speech and language processing, may show a faster response.

A more detailed characterization of the HRF in typical and even more importantly in atypical
populations can lead to better, more accurate imaging studies that can reveal how the developing
brain is shaped by experience or lack thereof. For instance, studies assessing the time course of
the hemodynamic response over the duration of the study, such as habituation to stimuli, or
investigating connectivity may strongly benefit from a more HRF model. Furthermore, using
more accurate HRFs, clinical studies could better assess whether differences in infants’
responses, say between the auditory and other sensory modalities is related to cortical reorgani-
zation due to deprivation or simply to underlying differences between HRF characteristics among
different brain areas or in response to different tasks.

A limitation of the current study is that we did not compare HRF characteristics across
channels covering similar brain areas as a way to validate our approach and results. Rather,
we chose to average across the two channels by hemisphere that are known to reliably cover
the bilateral temporal areas to obtain a more robust brain response. However, future studies could
address this question, comparing HRF characteristics across channels.

5 Conclusion

Our results provide, for the first time, a detailed characterization of the hemodynamic response
function in deaf and hard-of-hearing infants in response to speech in the native language. These
results are of utmost importance for neuroimaging research in this atypical population and may
considerably advance not only our knowledge of the brain of deaf infants but also therapeutic and
clinical choices as they make it possible to analyze fMRI and fNIRS data in this population more
accurately.
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