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Abstract: Cochlear implant (CI) users with prelingual deafness (hearing impairment started before
language development was completed) show variable speech-in-noise (SIN) understanding. The
present study aimed to assess cortical activation patterns to speech-in-quiet (SIQ) and SIN in prelin-
gual CI users and compared to individuals with normal hearing (NH), using functional Near-Infrared
Spectroscopy (fNIRS). Participants included 15 NH who listened to natural speech, 15 NH who
listened via 8-channel noise-excited vocoder, and 14 prelingual CI users. fNIRS data were collected in
a block design that included three conditions: SIQ, SIN in a signal-to-noise ratio of 0 dB, and noise.
Speech reception thresholds in noise (SRTn) were also assessed. Results revealed different patterns of
activation between the NH and CI participants in channels covering mainly the right and left middle
temporal gyrus (MTG), depending on the SRTn of the CI users. Specifically, while the NH group
showed large response to SIQ and SIN in the MTG areas, prelingual CI users with poor SRTn showed
significantly smaller response to SIQ, and inversed response (a reduction in activation) to SIN in the
same brain areas. These novel findings support the notion that the MTG can serve as a neural marker
for speech understanding in CI patients.

Keywords: cochlear implant; prelingual deafness; fNIRS; cortical activation; speech perception;
speech-in-noise

1. Introduction

Most listening situations include surrounding masking sounds and background noise.
Nevertheless, most of the time, listeners with normal hearing (NH) are able to understand
speech in such adverse listening conditions. However, hearing impaired individuals who
use cochlear implants (ClIs) exhibit remarkable deterioration in speech recognition in noisy
conditions, with high performance variability [1-7]. This may lead to significant commu-
nication problems for CI users in many real-life listening situations [8] and may have a
negative effect on linguistic and neurocognitive development [3,9]. Multiple behavioral
studies have been conducted to assess the factors that contribute to the variability in speech-
in-noise (SIN) perception observed in CI users. These included NH listeners who listened
via acoustic simulations of CI hearing (vocoders) and/or actual CI users (e.g., [7,10]). In
general, the suggested contributing factors include spectral and temporal resolution of
the implant itself, age of hearing loss onset, use of residual hearing, mode of communi-
cation, period of auditory deprivation, auditory nerve survival, and reorganization of
the central auditory system [11-17]. Neuroimaging can supplement behavioral findings
in assessing the neural mechanisms underlying speech understanding of the degraded
auditory signal transmitted via a CI device [18-20]. In the current study, we applied an
emerging optical imaging technique, functional near-infrared spectroscopy (f{NIRS), to
compare neural activation patterns to speech in quiet and noisy conditions between three

Appl. Sci. 2022, 12, 12063. https:/ /doi.org/10.3390/app122312063

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122312063
https://doi.org/10.3390/app122312063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0927-0528
https://doi.org/10.3390/app122312063
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122312063?type=check_update&version=1

Appl. Sci. 2022,12, 12063

2 0f23

groups: prelingually deafened CI users, that is, individuals who became hearing impaired
before their perceptual or spoken language development was completed, NH individuals
who listened to spectrally degraded (vocoded) speech, and NH individuals who listened to
natural speech stimuli.

Commonly used neuroimaging techniques have certain disadvantages in the assess-
ment of the cortical activation to auditory signals in CI individuals. For example, functional
magnetic resonance imaging (fMRI) may have limitations in auditory research due to the
impact of extraneous scanner noise [20,21]. Additionally, artifacts associated with the
CI magnet may interfere with the imaging of the temporal areas of the brain. Magnetic
artifacts are also problematic in magnetoencephalography (MEG). Electroencephalography
(EEG) data may also be limited by implant-related electrical artifacts, although several
studies have presented new analysis techniques to overcome this problem [22,23]. Positron
emission tomography (PET) has been successfully used in some studies to visualize the
brains of CI users [24-26]. However, this technique requires the injection of radioactive
isotopes. An optical neuroimaging technique such as fNIRS does not have these limita-
tions. fNIRS uses near-infrared light to noninvasively image hemodynamic responses to
neuronal activity [27-29]. Specifically, changes in optical absorption are recorded across the
scalp over time and converted to relative changes in the concentrations of oxygenated and
deoxygenated hemoglobin, which are then mapped to the specific volumes of the activated
underlying cerebral cortex regions. Because the equipment is mobile, quiet, and tolerates
some movement, it is well suited for testing speech processing while participants are awake
and performing various tasks [30-33]. Importantly, owing to its optical nature, NIRS is
compatible with the magnetic and electronic components of CI devices, making it an ideal
imaging modality for assessing brain activity in CI individuals [31,34-38].

Several recent studies have assessed cross-modal reorganization in CI users before and
after implantation, using {NIRS measures of cortical activation (e.g., extracting beta weights
of the generalized-linear-model (GLM) fit to the canonical hemodynamic response function
(HRF) to quantify the amplitude of cortical activation [35,39]), and functional connectivity
(e.g., assessing the temporal correlations between time courses of hemodynamic changes of
two brain regions [40,41]). Table S1 (Supplementary Materials) details studies that assessed
neural activation to auditory speech via Cl hearing, including NH participants who listened
to vocoded speech and CI participants. For NH participants (Table Sla), a general trend of
increased activation in the temporal regions with improved intelligibility has been reported
in several studies [42—44]. However, other studies did not find significant differences in
temporal activation between natural and vocoded stimuli [45] or reported a difference
between the right and left temporal areas, with larger activation in the left temporal regions
for vocoded stimuli and in the right temporal regions for natural stimuli [30]. A significant
effect of speech intelligibility on frontal region activation was also reported in a small
number of studies, with larger activation for degraded stimuli compared to natural stimuli
(e.g., [45,46]), and activation peaking at intermediate levels of intelligibility [43,47].

For CI participants (Table S1b), on the other hand, variable findings were reported,
ranging from larger [32], to similar [38,48,49], and to smaller brain activation levels [50] to
auditory speech in temporal brain areas compared to NH controls. Furthermore, unlike
the results for NH participants, one study that examined the activation to auditory speech
in the frontal regions for CI users reported a similar pattern of activation for CI and
NH controls [49]. The inconsistency in CI reports may stem from the fact that CI users
are a heterogeneous group with variable speech perception abilities. This explanation is
supported by two recent studies that showed cortical activation in temporal regions to
correlate with the level of speech comprehension of CI users [31,32]. The lack of coherence
across studies may also be related to the fact that most CI studies have tested post-lingually
deafened adults, that is, individuals with acquired hearing loss who had normal acoustic
hearing during their cognitive and language development years [31,32,48-50]. Post-lingual
CI users learned to process speech based on acoustic information, and thus, the pattern
of cortical activation to the degraded speech transmitted by the CI device may resemble
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that of NH individuals who listen to degraded speech via acoustic simulations. Conversely,
prelingually deafened CI users experienced impaired acoustic hearing, or electric hearing
during their perceptual and spoken language development and their cognitive development
(depending on age at implantation), and therefore might be expected to exhibit a different
pattern of cortical activation to speech.

To our knowledge, only one study has assessed the cortical activation to auditory
speech in prelingual CI users using fNIRS [38]. In that study, the activation to visual and
auditory speech in temporal brain regions was compared between prelingual CI children
and NH children who listened to natural speech (Table S1b). The results showed greater
cortical responses to visual speech in CI children, with no significant difference in the
pattern of activity to auditory speech between the CI and NH groups. No control group of
NH participants who listened to vocoded speech was included in the study. To the best of
our knowledge, the only fNIRS study that included a comparison group of NH participants
who listened to vocoded (and non-vocoded) speech assessed cortical activation in post-
lingual CI users [31] (Table S1c). This study found a similar pattern of temporal activation
for the NH participants and post-lingual CI participants with good speech perception, both
showing strong cortical responses to natural and vocoded speech (no significant differences
between these two stimuli), and smaller activation to scrambled speech and environmental
sounds. On the other hand, CI participants with poor speech perception had similarly large
areas of cortical activation for all four stimulus types.

Prelingual CI users, whose language systems were deprived during language develop-
ment may activate different processes when listening to degraded speech, compared with
post-lingual CI users or NH listeners who have well-functioning language systems [37].
Hence, conclusions regarding cortical activation to speech in prelingual CI adults, com-
pared to NH adults who listen to vocoded and non-vocoded stimuli, are difficult to draw
based on previous studies. Furthermore, none of these studies have tested cortical acti-
vation in response to speech in background noise. Given that CI users typically struggle
with understanding speech amid background noise, a complex task that involves an inter-
play of sensory and cognitive processes [51], one cannot assume that a similar pattern of
activation will be demonstrated in quiet and noisy conditions. In our current study, we
aimed to investigate the pattern of brain activation involved in speech perception in quiet
and background noise conditions in three groups of participants: prelingual CI adults,
NH adults who listened to spectrally degraded (vocoded) stimuli, and NH adults who
listened to natural stimuli. To examine the possible relationships between behavioral SIN
perception and cortical activity to speech, speech reception thresholds in noise (SRTn) were
also measured in all participants.

2. Materials and Methods
2.1. Participants

A total of 44 participants (aged 18 to 44 years) were recruited for this experiment:
30 NH participants (mean age = 26.85 £ 5.80 years) and 14 Cl users (mean age = 26.73 + 6.56
years). The NH participants were randomly divided into two groups: participants who
listened to natural stimuli, i.e., “NH” (n = 15, mean age = 27.13 £ 6.45 years), and par-
ticipants who listened to acoustic simulation using a vocoder, i.e., “NHV” (1 = 15, mean
age = 26.57 &+ 5.27). All participants were native Hebrew speakers with at least 12 years of
education. Participants met the following criteria: (1) no history of language or learning
disorders and (2) minimal (<1 year) or no musical training. The background information
was based on self-reports. All NH participants had hearing sensitivity within the normal
range in both ears (pure-tone air conduction thresholds <15 dB HL at octave frequencies of
500-4000 Hz) [52]. CI participants were prelingually deafened. Seven participants were
early implanted (<3 years old), and seven were late-implanted (>4;06 years old). Eight
participants were bilateral CI users who underwent sequential implantation. All partici-
pants used spoken language as their primary mode of communication. The background
information of the CI users is shown in Table 1.
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Table 1. Background information of the CI participants. CMV = cytomegalovirus.

Subiect Age at Age at Age at
I]]) Gender Etiology Identification Implantation Testing Implant Vocation
(Years;Months) (Years;Months) (Years;Months)
Genetic—
. . 1,00 (R) . Cochlear Nucleus
CI1 F con£16ex1n 0,01 6:06 (L) 20,04 (Both—Nucleus 6) Student
Genetic— 1:01 (L) Cochlear Nucleus
CI2 F connexin 0,01 6,’ 08 (r) 20;01 (R—Freedom, Unemployed
26 ! L—Nucleus 5)
) 2,00 (R) . Cochlear Nucleus
CI3 F Unknown 0;08 10,00 (L) 23,06 (Both Nucleus 7) Student
2,00 (L) Cochlear nucleus
Cl4 M CMV 0,03 ' 22,05 (R—Nucleus 24, student
12,01 (R)
L—Freedom)
Cochlear Nucleus .
CI5 F prcel:g/xgzy 1,00 128’%50((%)) 26,01 (R—Nucleus 5, I\STZEZSSI
’ L—Nucleus 6)
Genetic— 3:00 (L) Cochlear Nucleus
CI6 M connexin 0;10 25’.0 4 (R) 28;10 (R—Nucleus 7, Social worker
26 ’ L—Nucleus 6)
) 14,00 (R) )
CI7 F Unknown 4,06 16;00(L) 24 Both: AB-260 Student
Med-El
CI8 F Genetic 0,08 2511 (R) 35,05 (R—Concerto, Teacher
30,06 (L) .
L—Synchroni
Waardenbur Cochlear
CI9 & 0,01 3,00 (L) 31,01 Nucleus—Espirit Teacher
syndrom
3G
Genetic—
CI10 F connexin 1,00 4,06 (L) 18;04 Med-El Opus Student
26
Rubella in Cochlear—
CI11 M 0,03 5,00 (L) 30;10 Nucleus Technician
pregnancy 6
CI12 F Unknown 0:06 24,00 (L) 20;10 Med-El Combido+  Tvational
service
Assistant to
CI13 F Genetic 3,00 31,01 (L) 33,04 Cochlear-Kenso kindergarten
teacher
Cl4 F _ Far 5:06 34,00 (R) 40 AB Phonac Kindergarten
infections teacher

2.2. Sentence-in-Noise Test

Sentence recognition thresholds under noisy conditions (SRTn) were assessed for all
participants using a sentence-in-noise test that was recently developed in our lab. This
test was specifically chosen to allow the use of either natural or vocoded stimuli. The test
consisted of 69 5-word normalized sentences with the same grammatical structure—name-
verb-number-noun-adjective—recorded by a female native Hebrew speaker. The order of
presentation for the sentences was pseudo-randomized, with a given sentence presented
only once within a threshold assessment. The noise was a steady-state speech-shaped noise
with a long-term spectrum that matches the long-term spectrum of the sentences. Sentences
were presented at a fixed sound pressure level (SPL) of 65 dB, and the signal-to-noise ratio
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(SNR) ranged from +15 dB to —10 dB. Initially, a sentence was presented with an SNR of
15 dB. Listeners were asked to orally repeat everything they heard as accurately as possible
and were encouraged to guess when uncertain. There was no time limit for responses.
Based on the listener’s answer, the tester indicated correctly recognized words on the
computer. Correct recognition of 3, 4, or 5 words within a sentence was designated as a
correct response and accurate word recognition of only 0, 1, or 2 words within a sentence
was marked as incorrect. A two-down, one-up tracking procedure was used to estimate the
SNR corresponding to the 70.7% sentence recognition on the psychometric function [53].
Specifically, the SNR step (initially 25 dB) was reduced by a factor of two following two
correct responses or one incorrect response until the second reversal (i.e., the step size
was reduced to 12.5 dB and then to 6.25 dB). For the next (3rd) reversal, the SNR step was
reduced by a factor of 1.41 (ﬁ) to 4.43 dB, and for the subsequent reversals (4th—6th),
the SNR step was reduced by a factor of 1.19 (+v/2) to 3.72 dB. SRTn was calculated as the
arithmetic mean of the last four reversals.

2.3. CI simulation

For the NHV group only, all stimuli (sentences and noise) for the sentence-in-noise
test and the fNIRS data collection were vocoded using the same eight-channel noise-excited
vocoder previously used in our laboratory [54,55]. The analysis and reconstruction of the
filterbanks were performed using a logarithmic frequency scale with center frequencies
ranging between 250 and 4000 Hz: 250 Hz, 372 Hz, 552 Hz, 820 Hz, 1219 Hz, 1811 Hz,
2692 Hz, 4000 Hz. An overlap-add method for finite impulse response filtering was used
via a fast Fourier transform and 256-point filters. The bandwidth of the filter applied a
6-dB crossover point that occurred with logarithmic spacing midway between the center
frequencies. To ensure that the filterbank included eight filters across four octaves, 6-dB
crossover points occurred at 2 &= 1/4 times the center frequency of the Hanning window
filter, resulting in a corresponding bandwidth of 1/2 octave. The Hilbert transform method
was used to extract channel envelopes from the filterbank output. The corresponding chan-
nel envelopes were multiplied by Gaussian noise and processed using the reconstruction
filterbank. The results were normalized to an identical root-mean-square (rms) value.

2.4. fNIRS Paradigm

fNIRS data were collected in a pseudorandom block design (Figure 1) that lasted
between 13.85 to 16.43 min, starting with a 20-s baseline (rest), and followed by 21 blocks
of stimuli alternating between three conditions: (1) speech-only stimulation (SO condition),
(2) speech-shaped noise (NO condition), and (3) speech stimulation with speech-shaped
noise in SNR = 0 dB (SIN condition). This SNR was assumed to pose significant difficulty
in speech understanding for the CI patients [7]. A plus sign appeared in the middle of
the computer screen two seconds before each block to focus participants’ attention. Seven
7.5-s blocks were presented in each condition, interleaved with rest periods of random
duration in the range of 20-35-s. We used 42 normalized sentences for the speech blocks:
21 sentences for the SO blocks and 21 sentences for the SIN blocks. Each sentence included
five words in the grammatical structure of name-verb-number-noun-adjective, recorded
by a female native Hebrew speaker. Each speech block comprised three concatenated
sentences. The participants were instructed to be attentive to speech, when heard, and to
try to understand what was being said. Although there was no active task for the most
part, to encourage sustained attention to the experimental stimuli, 16 s following the 1st
and the 20th blocks (which were always SO blocks) the participants were asked to press
yes/no buttons to indicate whether they heard a certain word in the preceding speech
block. Following the participant’s response, an additional 10-s rest was added to the start
of the ensuing rest period.
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SO NO SO SIN SO SIN
7.5s 7.5s 7.5s 7.5s 7.5s 7.5s
20s 16s 3 30-45s 20-35s 20-35s 165 30-45s
Block 1 2 3 4 20 xﬁx 21
number )
question question

Figure 1. Pseudorandom block design of the fNIRS stimuli presentation. In total, 21 blocks were
presented, 7 from each condition. Two questions were presented, following the 1st and 20th blocks.
SO = speech-only condition, NO = noise-only condition, SIN = speech-in-noise at SNR = 0 dB
condition.

2.5. fNIRS Data Collection

The fNIRS system used in the current study (NIRSport2 Core System Unit, NIRX
Medical Technologies, LLC, Medizintechnik, Berlin, Germany) was a continuous-wave
NIRS instrument with 16 LED illumination sources and 16 photodiode detectors. Each
source had two LED illuminators that emitted near-infrared light with wavelengths of
760 nm and 850 nm. One of four NIRScaps, according to the participant’s head scope, was
positioned on the head to hold the sources and detectors and was secured by a chinstrap to
create source-detector pairs (denoted as channels). The NIRScap sizes were 54, 56, 58, and
60 cm. Forty-one channels were used for the experimental montage, as shown in Figure 2.
Thirty-three of them were separated by approximately 3.5 cm, and eight channels were
used as short-distance separation channels (SSC), separated by approximately 1.2 cm. The
latter were used to reduce the contamination of NIRS signals by extracerebral blood flow
and improve sensitivity to cortical regions [56]. A 6-axis accelerometer, positioned on the
cap was also included in order to identify and later remove, motion artifacts. By registering
the positions of the sources and detectors on the NIRScap to the 10-10 system [57,58],
using the fNIRS Optodes’ Location Decider (fOLD) toolbox, the specificity of each channel
to different neural structures was calculated. See Table 2 for a summary of specificity
ratings > 30% for each anatomical area, as it relates to each source-detector position. The
specificity values reported in Table 2 were obtained from the fOLD toolbox [59] using the
Brodmann atlas. Note that each source-detector pair may report multiple specificity values
for different anatomical structures. Because variations in the thickness of the skull and
adjacent tissues can affect the inter-subject sensitivity of fNIRS [60], probe fabrication error
analysis was conducted using the AtlasViewer application [61]. This analysis examined
how closely the actual optode locations from individual subjects matched the original
probe design (Figure 3). Analysis of variance (ANOVA) showed smaller fabrication errors
for the prefrontal optodes compared to the right and left temporal and frontal optodes
across all groups (NH, NHYV, CI) (p < 0.001), with no significant difference between the
groups and no significant group X brain area interaction (p > 0.05). Before commencing
data collection, signal optimization was conducted to check the optode-skin contact using
the Aurora 2020.7 fNIRS software. During signal optimization, NIRSport2 increased the
source brightness in a stepwise manner until an optimal signal amplitude for each channel
was obtained. In cases of poor signal quality, the hair under the relevant grommet was
carefully pushed aside, and the signal quality was rechecked. The procedure was repeated
several times until as many channels as possible showed a good signal quality. The signals
were sampled at 5.4 Hz using the Aurora fNIRS software and imported to MATLAB for
further processing using the Homer3 software [62].
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Figure 2. fNIRS montage. (a) A two-dimensional picture to indicate sources (red dots), detectors
(blue dots), short-distance separation channels (red dots with blue circles), and regular channels
(purple lines) in 10-10 system. (b) Two three-dimensional pictures as an example for the sources,
detectors, and channel positions on the brain cortex.

Table 2. The detailed montage for the study (short-distance separation channels are not included).
Specificity ratings > 30% for each anatomical area as it relates to each source-detector (SD) position
were taken from the fOLD toolbox [59], using the Brodmann atlas.

Channel  SD Pair Pair on MNI Coordinates x,y,z SD Distance  Brodmann Region Speilﬁc:lty
Map (mm) Number %o

45 Pars triangularis Broca’s 48.79
1 S1-D1 AF7-F5 —59.589  60.168  —4.362 36

46 Dorsolateral prefrontal cortex 43.20

45 Pars triangularis Broca’s 43.88
3 S2-D1 AF3-F5 —52.105 65.735 13.046 419

46 Dorsolateral prefrontal cortex 3212
4 52-D3 AF3-Afz  —18354 83.517 24.189 39.1 10 Frontopolar area 72.47
5 S3-D1 F3-F5 —58.802 54143 23513 30.6 45 Pars triangularis Broca’s 70.67
6 S3-D2 F3-F1 —41.387  58.42 48.855 30.5 9 Dorsolateral prefrontal cortex 66.61

9 Dorsolateral prefrontal cortex 63.16
8 S4-D2 Fz-F1 —15.837 63.087  62.131 30.4

8 Frontal eye fields 34.73
9 54-D3 Fz-Afz 0.193 75.25 49.43 39.8 9 Dorsolateral prefrontal cortex 61.77
10 S4-D4 Fz-F2 14.824  63.339 62.24 30.2 9 Dorsolateral prefrontal cortex 68.93
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Table 2. Cont.

Channel  SD Pair Pair on MNI Coordinates x,y,z SD Distance  Brodmann Region SPe?ﬁClty
Map (mm) Number %o

11 S5-D3 AF4-Afz  18.291 83.473  24.403 38.7 10 Frontopolar area 72.47

46 Dorsolateral prefrontal cortex 49.34
12 55-D5 AF4-F6 51.371 66.117  14.439 41.2

45 Pars triangularis Broca’s 3212
13 S6-D4 F4-F2 41.232 59.179 48.129 30.3 9 Dorsolateral prefrontal cortex 68.37
14 56-D5 F4-F6 58.579 53.906 24.739 30.4 45 Pars triangularis Broca’s 70.67

45 Pars triangularis Broca’s 43.88
16 S7-D5 AF8-F6 59.018  60.776 ~ —3.202 35.5

46 Dorsolateral prefrontal cortex 43.18
18 S8-D6 T7-FTI7 —82.152 —0.704 —17.684 30.6 21 Middle temporal gyrus 67.39

21 Middle temporal gyrus 49.28
19 S8-D7 T7-TP7 —87.447 —30.648 —14.486 30.4

20 Inferior temporal gyrus 47.32

22 Superior temporal gyrus 42.20
20 S8-D8 T7-C5 —85.287 —14.179  3.539 411

21 Middle temporal gyrus 37.02

22 Superior temporal gyrus 35.29
22 59-D7 CP5-TP7  —83.896 —46.505  6.45 40.8

21 Middle temporal gyrus 34.85
23 59-D8 CP5-C5 —85.028 —29.926 25.727 33.6 48 Restosubicular area 36.01
24 S9-DI5  CP5-P5 77374 —64.104 26.858 33.6 39 Angular gyrus part of 32.67

Wernicke’s area

25 510-D9 T8-FT8 81.902 0.854 —15.968 30 21 Middle temporal gyrus 84.30

22 Superior temporal gyrus 47.33
26 510-D10 T8-C6 85.078  —12.698  4.825 41.1

21 Middle temporal gyrus 38.02

21 Middle temporal gyrus 54.96
27 510-D11 T8-TP8 86471  —30.117 —13.132 31

20 Inferior temporal gyrus 41.52
29 511-D10 CP6-C6 84.951  —28595 27.436 34.3 22 Superior temporal gyrus 31.60

21 Superior temporal gyrus 40.43
30 S11-D11  CP6-TP8  83.928  —46.19 8.435 40.9

22 Middle temporal gyrus 35.40
31 S11-D13  CP6-P6  78.121  —62.051 27.562 33.9 39 Angular gyrus part of 34.98

Wernicke’s area
FT10- .

32 S12-D9 FT8 80.743 13.185  —38.235 41.9 21 Middle temporal gyrus 69.07

38 Superior temporal gyrus 38.91
33 S12-D12  FT10-F10 78136  27.381  —59.246 29.1

20 Inferior temporal gyrus 32.41
35 S13-D11 P8-TP8 79.743  —60.24  —9.105 317 37 Fusiform gyrus 68.11
36 513-D13 P8-P6 73274  —76.332  9.546 33.6 37 Fusiform gyrus 68.82
37 S14-D6 FT9-FT7  —80.817 12.621  —38.559 417 21 Middle temporal gyrus 69.10

38 Temporopolar area 42.31
38 S514-D14 FT9-F9 —7871 25365  —59.946 29.7

20 Inferior temporal gyrus 31.83
40 S15-D7 P7-TP7 —79.372  —61.256 —10.554 314 37 Fusiform gyrus 71.20
41 515-D15 P7-P5 —72.834 7739 8.481 33.5 37 Fusiform gyrus 68.55
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Figure 3. Probe fabrication error for each group. Black dots show the opotodes location in the original
probe design. Colored dots show the range in location of the actual optodes for each group. As an
example for the possible location of the CI device(s) in the CI group, the striped circles show the
location of the two CI devices of participant CI12. NH = normal-hearing participants who listened to
natural stimuli, NHV = normal-hearing participants who listened to vocoded stimuli, CI = cochlear
implant users.

2.6. Study Design

All the participants took part in a single test session. At the beginning of the session,
the NH participants performed a short hearing test (at octave frequencies of 500-4000 Hz in
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both ears) to ensure normal-hearing thresholds. The CI participants provided an updated
audiogram (from the previous year) and completed a questionnaire with anamnestic and
demographic details. The testing began with the collection of {NIRS data for all participants.
After data collection, two SRTn assessments were conducted. The first SRTn was considered
as familiarization and the second SRTn was used for further analyses. Overall, the test
session lasted approximately 60-75 min, including two short breaks of 5-8 min.

2.7. Apparatus

Stimuli for the {NIRS data collection were delivered to all participants via a laptop
personal computer using two tabletop loudspeakers located 45° to the right and left sides
of the participant. The stimuli were presented at approximately 65 dB SPL, as determined
by a portable sound-level meter held by the participant’s head. Stimuli for the SRTn testing
were delivered for the CI group in the same manner as the {NIRS data collection. For the
NH groups, stimuli were delivered through a GSI-61 audiometer to both ears via THD-50
headphones at approximately 35-40 dB SL above individual PTA (pure-tone average: mean
thresholds at 500, 1000, and 2000 Hz). All the tests were conducted in a double-wall
soundproof room. Bilateral CI users were tested while wearing both the CIs. Unilateral
CI users were tested only with their CI (without a hearing aid on the contralateral side).
One CI participant (CI5) had her left ear plugged with earplugs during the entire testing
process since she had residual hearing in this ear (PTA = 48.33 dB).

2.8. fNIRS Data Analysis
Signal Processing

Signal processing was performed using Homer3 software [62], and it consisted of
four main steps: (1) filtering out channels with excessive noise according to their scalp-
coupling index (SCI); (2) removal of motion artifacts and unwanted physiological signals,
(3) conversion of data into oxygenated hemoglobin (HbO) and deoxygenated hemoglobin
(HbR) concentration changes, and (4) making inferences on brain activity from the hemo-
dynamic response.

Step 1—The quality of the data was determined based on the SCI, which is a measure of
how well the source and detector optodes for a given channel are coupled to the skin [30,63].
To determine the SCI, a bandpass filter (0.7-1.5 Hz) was used to detect the frequency range
corresponding to blood volume pulsations related to the heartbeat for each of the two
NIR wavelengths. Then, the correlation between the two filtered NIR wavelengths in each
channel was calculated based on the assumption that good optode-skin contact will lead to
good correlation of the heartbeat signals that would be present in both NIR wavelengths [64].
Channels with absolute correlation values less than 0.6 [32] were excluded from further
analysis. Table 3 details the number of participants excluded for each channel, divided by
group. Note that more channels were excluded from the CI group than from the two NH
groups because some optodes were above the processor coil (see, for example, the location
of the striped circle in Figure 3).

Step 2—After channel exclusion, preprocessing of the raw data included: (a) conver-
sion of the data from each channel (light intensity) to optical density [62], (b) removal of
high-frequency physiological noises, including the cardiac response and respiration in the
hemodynamic response using a low-pass filter of 0.5 Hz, (c) exclusion of motion artifacts in
each channel by performing a cubic spline correction of the artifacts using the algorithm
described by Scholkmann et al. [65], followed by wavelet analysis [47]. The latter analysis
performs wavelet transformation of the optical density data and computes the distribution
of wavelet coefficients using an algorithm that follows the procedure described by Molavi
and Dumont [66]. This method has been shown to effectively diminish motion artifacts
during experiments with speech tasks [67].
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Table 3. The number of participants who had SCI < 0.6 [32], and thus were excluded for each channel,
divided by group. SCI = scalp coupling index. CI = cochlear implant (n = 14), NH = normal hearing
(n =15), NHV = Normal hearing participants who listened via a vocoder (n = 15).
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Step 3—The processed optical density data were converted to the concentration
changes of HbO and HDbR, i.e., the hemodynamic response, using the Modified Beer-
Lambert Law [68].

Step 4—To compare the quality of fit between the predicted and actual hemodynamic
response curves, an ordinary least squares GLM was applied to the processed fNIRS
signal [69]. The GLM matrix included a modified gamma function applied to both HbO
and HbR: [y(t,7,0) = (t — 7)?/0?) *exp [1 — (t — 1)/ 0?]], convolved with a square-wave of
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duration (T). Base values for T and o were obtained from SPM (e.g., [70]). Simultaneous
drift regression using 3rd order polynomial drift correction and regression of: (a) the
most correlated short-distance separation channels (SSC) and (b) auxiliary measurements
from the accelerometer was conducted to further remove systemic physiological noise
and motion artifacts. The beta weights of the canonical HRF term were extracted for each
stimulation condition, measurement channel, and participant.

2.9. Statistical Analysis

Channel-based contrasts were performed using the Homer3 software [62], for both
HbO and HbR data. Contrast analyses were conducted separately for each group (NH,
NHYV, and CI) using paired t-tests between the HRF of each two conditions (SO-NO, SO-SIN,
and SIN-NO). Results were corrected for multiple comparisons using the false discovery
rate (FDR) method. The regions of interest (ROIs) were determined using two approaches:
an a priori anatomical-driven approach and a data-driven approach. For the anatomical-
driven ROIs we clustered fNIRS channels that covered, with at least 30% specificity values,
the dorsolateral prefrontal cortex (DLPFC), pars triangularis Broca’s, superior temporal
gyrus (STG), and middle temporal gyrus (MTG), separately for the right and left sides
(Table 2). For the data-driven ROIs we clustered fNIRS channels that yielded the largest
activation in response to the speech stimuli, across all participants (n = 44), separately for
the right and left sides. Specifically, the data-driven ROIs included fNIRS channels with
HbO averaged beta values to speech larger than the mean beta value across channels + 0.5
standard deviation (SD). Two-way repeated-measures analyses of variance (RM-ANOVAs)
and Univariate analyses were conducted to compare mean beta values across groups,
conditions, and sides. Post hoc analyses were conducted using Bonferroni corrections for
multiple comparisons.

3. Results
3.1. Behavioral Data

The individual SRTn results for all the participants are shown in Table 4. Note that
three CI participants reached a floor effect and were unable to reach 70.7% correct identifi-
cation of the sentence stimuli at SNR = +15 dB. One-way ANOVA revealed significantly
worse SRTn for the NHV (1 = 15) and CI (n = 12) groups than for the NH (n = 15) group
(p < 0.001), with no significant difference between the NHV and CI groups (p = 0.682).

Table 4. The individual speech reception thresholds in noise (SRTn) results for all the participants.
CE = ceiling effect, SD = standard deviation.

CI NHV NH
Serial Number SRTn Serial Number SRTn Serial Number SRTn
cn —4 NHV1 —5.18 NH1 —9.62
CI2 —4 NHV2 —-0.41 NH2 —6.30
CI3 —-3.96 NHV3 —3.69 NH3 —8.75
Cl4 0.22 NHV4 —1.33 NH4 —10.69
CI5 CE NHV5 —-0.41 NH5 —-11.32
ClI6 —3.46 NHVe —2.26 NH6 —8.14
CI7 3.53 NHV7 —3.54 NH7 —9.37
CI8 0.49 NHVS8 —0.41 NHS8 —10.00
CI9 240 NHV9 —-3.23 NH9 —10.27

CI10 —5.52 NHV10 —1.42 NHI10 —9.62
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Table 4. Cont.

cI NHV NH
cri 6.75 NHV11 0.74 NHI1 702
Iz 336 NHV12 255 NH12 814
cr3 CE NHV13 —348 NH13 —9.62
CIi4 CE NHV14 142 NH14 —9.62
NHV15 356 NH15 764

Mean (SD) 034 (5.95) aii‘; (_193(;‘;5

3.2. fNIRS: HbO Data

Figure 4 displays group-mean beta values of the HbO data for each channel and
condition, separately for each group. Channel-wise contrast analyses revealed no signif-
icant differences between conditions for all groups (p > 0.05, FDR-corrected). Similarly,
RM-ANOVAs for the anatomical-driven ROIs yielded no significant differences between
conditions or groups and no significant interactions (p > 0.05).

Figure 4. Mean beta values of the GLM analysis for the HbO data, separately for each condition and
group. NH = normal-hearing participants who listened to natural stimuli (n = 15), NHV = normal-
hearing participants who listened to vocoded stimuli (n = 15), CI = cochlear implant users (n = 14),
SO = speech-only condition, SIN = speech-in-noise condition, NO = noise-only condition.

The data-driven ROI’s selection, based on the channels with the highest beta-values,
yielded three ROIs for the SO condition: Two ROIs covering primarily the right and
left MTG (each ROI including four fNIRS channels), and one ROI (including two fNIRS
channels) covering part of the right DLPFC. For the SIN condition, three slightly different
ROIs were formulated: Two ROIs covering similar (but not identical) areas in the right
and left MTG as the SO ROIs (each including three channels), and one ROI (including
two channels) covering the left fusiform gyrus. All the data-driven ROIs are circled in
Figure 4. In addition to these ROlIs, high beta-values were revealed in the SIN condition for
a single channel covering part of the right DLPFC. This channel was separately analyzed as
is detailed bellow.
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The mean beta values in the four data-driven ROIs covering the MTG are shown in
Figure 5a,b for each group. In the left ROI with the SO condition and in the right and left
ROIs with the SIN condition, the largest mean beta values were demonstrated for the NH,
smaller values were demonstrated for the NHV, and the smallest values were demonstrated
for the CI. In the right ROI with the SO condition, similar beta values were observed
for the NH and NHYV, with smaller values for the CI group. Two-way RM-ANOVA was
conducted for these four MTG ROIs with Condition (SO, SIN) and Side (right, left) as the
within-subject variables and Group (NH, NHYV, CI) as the between-subject variable. Results
revealed a significant effect of Group [F)1, 41) = 4.339 p = 0.020, n? = 0.175], with larger
beta values only for the NH group compared to the CI group (p = 0.017). No significant
differences were observed between the NHV group and the other two groups (p > 0.05).
There were also no significant effects of Condition or Side, and no significant interactions.
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Figure 5. Mean beta values (+1SE) for the four MTG clustered ROIs for (a,b): the NH, NHV and
CI groups, and (c¢,d): NH, NHYV, good CI, poor CI. NH = normal-hearing participants who listened
to natural stimuli (n = 15), NHV = normal-hearing participants who listened to vocoded stimuli
(n =15), CI= cochlear implant users (n = 14), Good CI = CI users with SRTn < 0 dB (n = 6), poor
CI = CI users with SRTn > 0 dB (n = 8), SO = speech-only condition, SIN = speech-in-noise condition.
Asterisk = p < 0.05.



Appl. Sci. 2022,12, 12063

15 of 23

Univariate analyses comparing the three groups were separately conducted for the
right DLPFC ROI with SO and for the left fusiform gyrus ROI with SIN. No significant
effect of group was revealed (p > 0.05). A similar analysis conducted for the right DLPFC
channel that showed high beta-values with the SIN condition also revealed no significant
effect of group (p > 0.05).

As large within-subject variability was observed in the SRTn performance for the
CI group (Table 4), we further examined activation levels in this group by dividing it
based on SRTn, compared to the mean SRTn of the NHV group (mean SRTn = —2.14 dB).
This division yielded two subgroups: “Good CI”—participants with SRTn < —2.14 dB
(n = 6), and “Poor CI”—participants with SRTn > —2.14 dB (n = 8). Note that all the poor
CI had SRTn > 0 dB, which was the SNR in the SIN condition. Next, we reanalyzed the
MTG ROI-data of the four groups using two-way RM-ANOVA with Condition (SO, SIN)
and Side (right, left) as the within-subject variables and Group (NH, NHYV, good CI, poor
CI) as the between-subject variable. The results showed a significant effect of Subgroup
[F)1, 40) = 3.003, p = 0.042, 1% = 0.184], with a larger response (i.e., higher beta values) for the
NH group compared to the poor CI group (p = 0.046). Figure 5c,d demonstrate that whereas
smaller but positive beta values were shown for the poor CI compared to the NH with the
SO condition, the opposite behavior was shown with the SIN condition. Specifically, large
positive beta values were shown for the NH, as opposed to negative values for the poor CI.
No significant differences were observed between the two CI subgroups (p > 0.05), possibly
because of the small number of participants included in each subgroup. There were no
significant effects of Condition or Side, and no significant interactions (p > 0.05).

3.3. Explaining Factors for the Results

Pearson correlations were conducted between the SRTn and the MTG ROI-mean beta
values across participants (n = 41 because three CI users reached a floor effect in their
SRTn assessment). Significant correlations were revealed with the right and left MTG
ROI-mean beta values in the SIN condition (Figure 6), suggesting higher mean beta values
for participants with better SRTn. Additional correlations that were conducted specifically
for the CI group revealed no significant associations (p > 0.05) between ROI-mean beta
values and SRTn (n = 11), age at identification of hearing loss (n = 14), age at implantation
(n = 14), or experience with the CI (n = 14). RM-ANOVA was conducted to examine the
effect of the implanted ear (defined as the first-implanted ear for the bilateral CI users)
on the mean-ROI HbO beta values with Condition (SO, SIN) and Side (right, left) as the
within-subject variables and implanted ear (right, left) as the between-subject variable.
The results showed no significant differences between the right-implanted (n = 6) and
left-implanted (n = 8) CI users (p > 0.05). Further individual examination of the CI group
revealed that among the seven late-implanted CI users (>4;06 years old), five (CI3, CIS,
CI12, CI13, and CI14) were classified as “poor” based on their SRTn.

3.4. fNIRS: HbR Data

Channel-wise contrast analyses conducted for the HbR data revealed no significant
differences between the conditions for either group (p > 0.05, FDR-corrected). Two-way RM-
ANOVA for the MTG ROIs (the same as for HbO) revealed no significant effect of Group
(NH, NHYV, CI), Conditions (SO, SIN), or Side (right, left), and no significant interactions
(p > 0.05). Univariate analyses for the additional ROIs showed no significant effect of Group
(p > 0.05).
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Figure 6. ROI-mean beta values for the SIN condition as a function of speech reception thresholds in
noise (SRTn) across participants (n = 41; 15NH, 15NHYV, 11CI). Left panel for Left SIN and right panel
for Right SIN. NH = normal-hearing participants who listened to natural stimuli, NHV = normal-
hearing participants who listened to vocoded stimuli, CI = cochlear implant users.

4. Discussion

The findings of the present study demonstrate different patterns of cortical activation
in temporal regions covering mostly the MTG in response to speech in NH listeners who
listen to natural stimuli and prelingually deafened CI users, depending on the SRTn of the
latter. Specifically, while NH listeners showed large cortical activation, (i.e., high positive
HbO beta values in the temporal areas), to speech in quiet and in noise, prelingual CI users
with poor SRTn showed significantly smaller cortical activation to speech, with positive
beta values for speech in quiet, and negative beta values, representing reduced HbO supply,
for speech amid noise. On the other hand, CI users with good SRTn showed somewhat
smaller, but not significantly different, beta values when compared with the NH group.
Interestingly, the NH participants who listened to vocoded stimuli showed an activation
pattern that was not significantly different from that of the NH participants who listened
to natural stimuli or the CI groups. Nevertheless, beta values in response to SIN in the
right and left MTG were correlated with SRTn across all participants, suggesting that larger
brain activation in these temporal areas relates to better speech understanding in noise,
irrespective of the auditory background.

Our novel main finding illustrates the relationship between the pattern of cortical
activation and SIN understanding for CI users, with CI participants who have poor SIN
understanding showing smaller response to SIQ and inversed response to SIN in temporal
regions, compared with NH controls. These findings may support the notion that visual
repurposing of the auditory regions have occurred for some of the CI users during the
period of auditory deprivation, that is, before implantation (for a review see: [71]). As a
result, their processing of auditory stimuli in these cortical regions may have been reduced
(e.g., [39]). To date, the only study that assessed cortical activation to speech using fNIRS
in a group of prelingually deafened CI users (children) reported no significant difference
in activation to auditory speech in temporal regions between CI and NH participants [38].
This discrepancy may be explained by the fact that in Mushtaq et al.’s study, only three
of the 19 CI participants had poor speech perception ability; thus, no statistical analysis
separating the good and poor CI patients could have been conducted. On the other hand,
in our current study, most CI participants (8/14) had poor SIN perception. Another reason
for the differences between the two studies may be related to the different {NIRS paradigm
that was used to assess cortical activation to speech in Mushtaq et al.’s study, and /or the
different approach used for ROIs identification.
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Individual examination of the poor CI performers in the current study shows that more
than half (5/8) of these participants were implanted late, i.e., they were rehabilitated after
the “critical” or “sensitive” early life period wherein neuronal properties are particularly
susceptible to shaping by experience [72,73]. Electrophysiology studies in children with
CI show significant differences in evoked middle latency response (eMLR) (e.g., [74])
and in cortical auditory-evoked potentials (CAEP) (e.g., [75]) between children implanted
before 3.5-5 years of age and children implanted later, supporting the notion that the
most sensitive period for auditory deprivation is up to approximately 4 years of age [76].
Furthermore, animal studies suggest that when implantation occurs at a later age, or
after the sensitive period of synaptic pruning in the auditory pathway, it may restore
some of the tonotopic organization of the primary auditory cortex without functionally
improving synaptic efficiency (e.g., [77]). Thus, late-implanted individuals may have
impaired spectral processing of the auditory signal [54], which may result in poor speech
perception, particularly in noisy conditions. Indeed, in our current study, five of the seven
late-implanted CI users had poor SIN perception. They also had significantly smaller
activation in response to SIQ compared to NH participants, and inversed response to SIN
in fNIRS channels reflecting mainly the middle temporal gyrus (MTG). Given that this
temporal region is thought to be recruited to perform auditory analyses and early speech
decoding processes [47,78], the finding of a smaller response to SIQ provides new evidence
that suggests that speech understanding in late-implanted individuals with prelingual
deafness is subserved by less efficient speech processing mechanisms.

The inversed HbO response shown in the right and left MTG areas to SIN for the
poor CI participants may have several explanations. One explanation, derived from fMRI
studies, may postulate that the negative response indicated a blood “stealing” effect, that
is, redirection of blood from a passive cortical region to a region with high neuronal
activity [79]. However, a careful inspection of the poor CI data, does not reveal elevated
beta-values in close-by channels. A different explanation may suggest that the negative
response represented a suppression of cortical activation in the MTG regions for the poor
CI participants. Such deactivation was previously suggested in fMRI studies to represent
functional inhibition that occurs in cortical areas that are unnecessary for task performance,
to maintain efficient processing [80]. Recent findings that combined fNIRS and EEG data
argue, however, that negative fNIRS HbO responses to auditory signals may not be driven
by a decrease in neural activity in the auditory cortex [81]. This disagreement may be
resolved in future studies that will specifically examine the phenomenon of inversed HbO
response to auditory signals.

It should be noted that age-at-implantation cannot solely account for the differences
shown in the MTG pattern of activity between the good and poor CI performers, as two late-
implanted CI users were included in the good CI group and three poor CI performers were
implanted early. Other contributing factors, excluding auditory history, should therefore be
considered, including factors like the linguistic background of the CI participants. Neural
activity in the MTG has been suggested to underlie the recognition of sounds as words
and the comprehension of the syntactic properties of words by combining phonetic and
semantic cues [82-84]. Hence, deficits in phonemic and/or syntactic knowledge may yield
reduced MTG activation to speech for poor CI performers, limiting their ability to segregate
the speech stream into syllables and words, and thus, causing poor SIN understanding.
This reasoning aligns with studies that show poor linguistic skills in some prelingual CI
users when compared to NH subjects [3,9,85-88]. Unfortunately, we did not test linguistic
abilities in this study. Future fNIRS studies with CI patients may include comprehensive
linguistic assessments to test this hypothesis.

The present findings, reported for the first time for prelingual CI users, are in ac-
cordance with previous fNIRS reports on a significant relationship between patterns of
activation to auditory and visual speech and speech understanding in CI groups that
included post-lingually deafened, or a mix of prelingually and post-lingually deafened
participants [31,32,35,39,40]. They are also consistent with the PET data that showed that
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the degree of cortical response to speech correlated with speech perception in post-lingual
CI users [25,89]. Post-lingually deafened individuals have robust language systems to
interpret degraded auditory signals via the CI device. On the other hand, prelingually
deafened patients construe the reduced auditory input from the CI using language systems
that were deprived during development. However, the similarities between current and
previous studies suggest a common neural basis for speech processing in temporal regions
across CI populations. Moreover, the significant correlation that we found between SRTn
and cortical activity in the right and left temporal ROIs across all our participants, both
CI and NH, may further suggest neural markers in the right and left MTG for speech
understanding, regardless of the auditory background.

Notably, high mean beta-values were also shown across participants in channel(s)
covering part of the right DLPFC in response to the SIQ and SIN, and in channels covering
the left fusiform gyrus in response to SIN, with no significant differences in activation
between the groups. The elevated activation in the right DLPFC aligns with reports on the
sensitivity of this area to the acoustic envelope of the speech stimuli [90], specifically to
the sound’s onsets [91]. This sensitivity was suggested to reflect an increase in cognitive
control processes that plausibly prepare the listener to be attentive to the following stimula-
tion [90,91]. Regarding the left fusiform gyrus, although it was previously described mainly
as a visual area involved in face perception, reading, and object recognition [92,93], several
reports suggest that it also plays a critical role in the integration of multiple stimuli [94],
and in semantic decoding [95]. Both these skills are relevant for SIN understanding.

Channel-wise contrast analyses were conducted separately for each group; these did
not yield significant differences between conditions (SO, SIN, NO), contrary to the previous
fNIRS reports in NH participants [42,45]. This inconsistency may be related to the fact
that most previous studies employed less efficient techniques to separate spurious scalp
signals from cortical signals (e.g., SSC regression, as used in the present study). Methods to
correct for systemic hemodynamic responses using SSC have been shown to improve signal
quality and provide a more precise estimate of the evoked HRF [96-98]. Alternatively, the
fabrication errors, assumed to be created by inter-subject variations in the thickness of the
skull and nearby tissues, which were larger in the temporal areas (Figure 3), might have
masked channel-based differences across conditions.

Analyses of the HbO data based on the pre-determined anatomical ROIs yielded
no significant differences between conditions or groups. This lack of differences may be
attributed to the fact that each fNIRS channel may reflect a combined response from more
than just one anatomical area (as reflected by the specificity values, Table 2) and therefore
there may be overlapping between ROlIs, introducing variability to the data.

No significant differences across conditions or groups were also shown for the ROI-
base analyses of the HbR data. This may result from a higher noise level in the HbR data
than in the HbO data when regressing SSCs. Using a single SSC regression (as was done in
this study, using the most correlated channel) was shown to improve HbO noise reduction
by 33%, while only improving HbR noise reduction by 3% [99]. This may also explain
why many previous studies have chosen to analyze only HbO data and/or have used HbR
data merely for cross-correlations with HbO during signal preprocessing [32,38,44,45,48].
Assuming that a smaller but detectable change may, nevertheless, be expected in HbR
values in response to auditory stimuli (e.g., [100]), it is worthwhile considering to enlarge
statistical power by including larger groups of participants in future studies.

Limitations and Suggestions for Future Studies

Although the behavioral findings (i.e., in SRTn) in the NHV group were significantly
different from the NH group, no significant differences were shown in temporal activity to
SIN, plausibly because of the relatively easy SNR (0 dB) that was used for the SIN condition.
Future studies may want to replicate the current study using several SNR levels, including
those that are expected to yield less than 70.7% correct recognition of speech, to further
explore the effect of noise on speech processing mechanisms for NH people. Similarly,
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future investigations may wish to use additional types of background noise to expand
the implications of the current study. For example, multi-talker babble noise produces
informational and not only energetic masking, and thus may burden speech understanding
in both NH and CI participants. Finally, to better understand the similarities and differences
in cortical activation in response to speech between prelingual and post-lingual CI users,
future studies may want to design a testing protocol that will directly compare these two
groups using fNIRS and behavioral measures.

5. Conclusions

Our current study is the first to examine cortical activity in response to auditory speech
in quiet and in noise in prelingually deaf CI adults; results were compared to NH adults,
who listened to natural and vocoded speech, using fNIRS measurements. Our findings
demonstrated a clear relationship between SIN understanding and the degree of cortical
response to speech in the right and left temporal cortices of the MTG. At the group level, a
significantly smaller cortical response to speech in quiet and noisy conditions was shown,
compared to NH controls, in CI individuals with poor SIN understanding. At a more
general level, a significant correlation was shown between SRTn and cortical response to
SIN across all participants (CI, NHV, and NH). These findings support the notion that
neuroimaging data from the right and left MTG can serve as neural markers for behav-
ioral speech understanding. They may also suggest that prelingually and postlingually
deafened CI users activate similar neural regions during processing of auditory speech.
This conclusion must be reassessed in future studies including prelingual and post-lingual
deafened CI users.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app122312063/s1, Table S1: {NIRS studies from the last decade that examined cortical
activation related to auditory speech in (a) NH participants listening via acoustic simulations of CI
hearing (i.e., vocoded stimuli), (b) CI users, and (c) both NH participants listening via CI simulation,
and CI users. GLM = general linear model, PCA = principal component analysis, SSC = short-
distance separation channel, LML = linear mixed model, RM-ANOVA = repeated-measures analysis
of variance, SPM = statistical parametric mapping, ROI = region of interest, includes a cluster of
channels. HbC = AHbO — AHDR.
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