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Contralateral dominance to speech
in the adult auditory cortex immediately
after cochlear implantation

Maureen J. Shader,’-3>4* Robert Luke,?** and Colette M. McKay?:*

SUMMARY

Sensory deprivation causes structural and functional changes in the human brain.
Cochlear implantation delivers immediate reintroduction of auditory sensory in-
formation. Previous reports have indicated that over a year is required for the
brain to reestablish canonical cortical processing patterns after the reintroduc-
tion of auditory stimulation. We utilized functional near-infrared spectroscopy
(fNIRS) to investigate brain activity to natural speech stimuli directly after
cochlear implantation. We presented 12 cochlear implant recipients, who each
had a minimum of 12 months of auditory deprivation, with unilateral auditory-
and visual-speech stimuli. Regardless of the side of implantation, canonical re-
sponses were elicited primarily on the contralateral side of stimulation as early
as 1 h after device activation. These data indicate that auditory pathway connec-
tions are sustained during periods of sensory deprivation in adults, and that
typical cortical lateralization is observed immediately following the reintroduc-
tion of auditory sensory input.

INTRODUCTION

A reduction in sensory input results in compensatory changes in the brain (Kolb and Whishaw, 1998),
including within the auditory pathway after hearing loss or deafness (Finney et al., 2001). Using neuroimag-
ing techniques to understand how deafness affects the auditory pathway is challenging as it is not possible
to present acoustic stimuli to sufficiently activate, and thus, probe the neural structure. Instead, an effective
method to determine if any changes in auditory processing occurred in the brain as a result of auditory
deprivation is to measure neural activation to auditory input immediately after sensory input is reinstated.
Cochlear implants (Cls) are auditory prosthetic devices that can immediately restore auditory input to in-
dividuals with severe degrees of hearing loss for whom hearing aids do not provide sufficient auditory in-
formation. The aim of this study was to characterize the auditory- and visual-speech evoked patterns of
neural activation in the auditory cortices of newly implanted CI recipients immediately after implant
switch-on and reintroduction of the auditory percept.

In listeners with normal-hearing, unilateral auditory stimulation evokes predominately contralateral activa-
tion in the auditory cortex (Bilecen et al., 2000; Hirano et al., 1997). In the years following unilateral cochlear
implantation, contralateral dominance of auditory-evoked cortical activity can be observed (Gilley et al.,
2008; Jiwani et al., 2016; Naito et al., 1995). This is demonstrated by strong lateralization of cortical activity
to the contralateral auditory cortex of the implanted ear. Currently, it is unclear if contralateral dominance is
present immediately following the reinstatement of auditory input (e.g., at implant switch-on), or if hemi-
spheric differences in auditory-evoked activity take time to emerge. Beyond this fundamental question,
quantifying the expected neural response to speech immediately post-implantation may also have clinical
rehabilitation implications. Developing an understanding of the patterns of neural activity directly after im-
plantation may lead to a neuromarker indicating Cl recipients who may benefit from additional rehabilita-
tion support.

Cortical activity following cochlear implantation has been previously measured using various neuroimaging
techniques (e.g., fMRI, PET, EEG), but these tools are not ideal for use in individuals with Cls. A Cl is
comprised of an internal receiver that is positioned against the temporal bone and an electrode array
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Table 1. Participant demographic information

Age at onset of Duration of prior BKB sentences-
hearing loss in Duration of new Cl experience in in-noise (+15 dB SNR)

Subject Age (years) Sex testear (years) Clexperience (days) Eartested opposite ear (years) scores (percent correct)

01 38 M 37 <1 Left 1 70

02 70 M 19 1 Right N/A 29

03 66 M 46 6 Right N/A 81

04 62 M 57 21 Right N/A 59

05 65 [= 62 11 Right N/A 82

06 48 F 28 6 Right N/A

07 56 F 8 7 Right N/A

08 53 M 23 <1 Left N/A

09 78 F 28 15 Right 3

10 74 M 20 7 Right 3.5 44

11 75 F 45 15 Right 9 85

12 63 M 20 34 Left N/A 74

Note. The sentences-in-noise speech recognition scores were obtained on the same day as the neuroimaging recordings. BKB = Bamford-Kowal-Bench sentence

test. SNR = signal-to-noise ratio.

and transmits those signals to the internal device through magnetic coupling and a transcutaneous FM
signal. The presence of a Cl device can disrupt traditional neuroimaging techniques; the presence of a
metallic device causes artifacts in MRl and MEG measurements, and the electromagnetic waves from
the signal transmission and delivery similarly cause artifacts in M/EEG measurements. A variety of ap-
proaches have been proposed to overcome these artifacts (Deprez et al., 2017; Luke and Wouters,
2016); however, these all involve modifying the stimulus parameters away from what is heard during daily
use (e.g., naturalistic speech signals), which limits the application and conclusions which can be drawn from
the results. Instead of modifying the stimulus or trying to remove artifacts in post-processing, this study uti-
lized functional near-infrared spectroscopy (fNIRS), an imaging technique that fundamentally avoids the
causes of electromagnetic artifacts. fNIRS uses near-infrared light to estimate the concentration of oxygen-
ated hemoglobin in the cortical blood flow. It is sensitive to brain activity in outer cortical surfaces,
including both the auditory and visual cortices (Luke et al., 2021a, 2022; Shader et al., 2021; Wiggins
et al., 2016).

In addition to changes in auditory cortex lateralization after implantation, lateralization of visual-evoked
activity in the auditory cortex (cross-modal activity) has been observed in the left auditory cortex of Cl re-
cipients after at least 6 months of Cl experience (Chen et al., 2016). However, hemispheric lateralization of
visual-evoked responses in the auditory cortex is not consistent across studies and may be related to indi-
viduals’ age at the onset of hearing loss (e.g., Bottari et al., 2014). In general, lateralization for visual-evoked
cross-modal activation in the auditory cortex is not well understood, and it is unclear if cross-modal later-
alization is present at the time of implant switch-on.

The aim of the current study was to characterize the auditory- and visual-evoked patterns of cortical acti-
vation in the auditory cortices of newly implanted Cl recipients immediately after implant switch-on using
fNIRS. Participant demographics are detailed in Table 1. Auditory-only and visual-only continuous-speech
signals were used to evaluate functional cortical activation given naturalistic speech stimuli. Activation was
characterized on the group level, as well as when accounting for each individual’s side of implantation.

RESULTS AND DISCUSSION

Group-level auditory and visual response morphology of cochlear implant recipients
resembles normal-hearing listeners

When taken together as a group (i.e., combining left-implanted and right-implanted participants), audi-
tory- and visual-evoked responses were relatively consistent with a previous study using the identical
experimental paradigm in a group of normal-hearing participants (Shader et al., 2021). Despite the lis-
teners’ extended period of sensory deprivation following hearing loss, the evoked waveforms
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Figure 1. Group-level mean response amplitudes of the fNIRS tracings for the seven regions of interest

Regions of interest include: Left Inferior Frontal gyrus, Left Heschl's gyrus, Left Planum Temporale, Right Heschl’s gyrus, Right Planum Temporale, Superior
Occipital gyrus, and Middle Occipital gyrus. Responses are shown for each stimulus condition: Auditory-only, Visual-only, and Silence Control. Shaded areas
represent 95% confidence intervals.

demonstrated a canonical hemodynamic response morphology as shown in Figure 1. This morphology is
consistent with those found in previous studies investigating Cl populations (e.g., Anderson et al., 2019).
The canonical response morphology enables analysis to be performed using the GLM approach, which
is well suited to fNIRS data due to the properties of physiological noise (Huppert, 2016).

GLM analysis performed with a canonical response model also demonstrated group-level similarity to
normal-hearing listeners. Figure 2 displays group-level neural activity from all participants projected
onto the cortical surface. For the auditory-only condition, significant activation was present in the Right
Heschl’s gyrus ROI (B = 1.60, p = 0.003). Auditory-evoked activation was also observed in the Left Heschl's
gyrus ROI, but did not reach statistical significance (B = 1.05, p = 0.054). Visual-evoked activation was pre-
sent in both the Superior Occipital (B = 1.63, p = 0.003) and Middle Occipital (B = 1.27, p = 0.02) ROIs. In
addition, visual-evoked activation was present in Right Heschl’s gyrus (B = 1.34, p = 0.014), as well as in Left
Heschl's gyrus, but not reaching statistical significance (B = 0.85, p = 0.11). These activation patterns poten-
tially reflect cross-modal activity in auditory ROls for visual-speech stimuli.

Consistent with results from normal-hearing listeners reported in Shader et al. (2021), no activation was
observed in the Left Inferior Frontal gyrus or Planum Temporale ROIs to any auditory stimulus condition
(Supp. Material, Table S1). The Left Inferior Frontal gyrus ROl was included in this study as neural activation
in this structure is modulated with stimulus intelligibility (Stoppelman et al., 2013). We previously hypoth-
esized that the lack of activation in this region in normal-hearing listeners may be due to the ease with which
those listeners comprehended speech-in-quiet. Yet, in this study with listeners who, because of their newly
acquired implant, have greater difficulty understanding speech also demonstrated no activation in the infe-
rior frontal gyrus. Therefore, the lack of measured activity in this region is likely due to the activity being
relatively deep within the cortex, which suggests a lower likelihood of the fNIRS signal capturing activity
within this structure (e.g., Stoppelman et al., 2013). No significant auditory-evoked activation was observed
in either Planum Temporale ROls, consistent with normal-hearing listeners. A visual-evoked negative HbO
response was observed in the Left Planum Temporale region (B = —1.34, p = 0.015), and a response of
similar magnitude has been observed in normal-hearing listeners (B = —1.46, p = 0.072). This similarity be-
tween participant groups across two separate studies serves to validate the experimental design and
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Figure 2. Group-level neural activity from all participants

Oxyhemoglobin estimates are presented as a projection onto the cortical surface. Stimulus conditions are presented
(rows) with different views of the brain (columns). No consistent activation is observed for the Silence Control condition.
Further analysis which includes the correction for the confound of the side of implantation is provided in Figure 3 and
Table 2.

neuroimaging acquisition; however, a direct comparison between these two groups is beyond the scope of
this experimental design, as any differences may be due to differences in the population. For example,
older participants in this study are likely to have a thinner layer of skin, cerebral fluid, and skull, potentially
increasing the sensitivity of the fNIRS technique to the neural tissue (Scholkmann and Wolf, 2013).

Cortical auditory responses to unilateral cochlear implant stimulation occur contralateral to
the side of implantation immediately after switch-on

Combining results from all participants, as shown in Figures 1 and 2, provides a mechanism in which to vali-
date the measurement technique and the assumptions of the statistical model used to detect responses.
However, averaging across all listeners who are implanted in different ears obfuscates potential response
lateralization effects. As such, to investigate if responses were lateralized relative to the side of stimulation,
the auditory ROls were re-coded as either “contralateral” or “ipsilateral” to the implanted ear. Group-level
responses, using the re-coded ROIs, determined that auditory-evoked responses were lateralized to the
Heschl's gyrus ROl in the contralateral hemisphere to the stimulated ear (Table 2). Significant group-level
auditory-evoked activation was shown in the contralateral Heschl’s gyrus ROl only (B = 1.94, p < 0.001), with
no significant activation in either the Heschl's gyrus or Planum Temporale ROl for the ipsilateral condition.

Itis possible that the Cl device itself — either the external or internal component — may have obscured the
detection of a neural response on the ipsilateral side. To investigate this possibility and potential confound,
participants were divided into three groups: unilateral right-sided implants, unilateral left-sided implants,
and those who had just received their second Cl (bilateral implantees) with an existing device positioned
under the skin on the contralateral side. Figure 3 displays the cortical responses for each group. Visual ex-
amination of the bilateral group suggested that responses were present in both hemispheres, indicating
that neither the internal nor external device obscured the detection of a response in those participants.
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Figure 3. Neural activity for three subgroups of participants separated by side of implantation

Oxyhemoglobin estimates are presented as a projection onto the cortical surface. *Note that three out of four bilateral participants had new right-sided
implants; therefore, the results for the left and right hemispheres were reversed in one participant with a new left-sided implant in order to visualize
contralateral and ipsilateral responses in the bilateral group. For the bilateral group, the right hemisphere corresponds to the ipsilateral side of stimulation
and the left hemisphere corresponds to the contralateral side of stimulation.

Strong contralateral dominance in auditory-evoked activity is present in normal-hearing listeners when auditory
input is presented just to one ear (e.g., Hirano et al., 1997) owing to the crossed innervation of the ascending
auditory pathway. Likewise, in unilaterally implanted Cl recipients with greater than 1.5 years of experience
with their Cls, non-speech auditory input is preferentially processed in the contralateral hemisphere (Gordon
et al, 2013; Luke et al., 2017; Naito et al., 1995). Furthermore, children implanted before the age of 3 years
with greater than 10 years of unilateral Cl use exhibit contralateral dominant auditory-evoked responses (Jiwani
et al.,, 2016). Our results extend these previous findings and demonstrate that the contralateral connections
within the sensory auditory pathway are sustained during extended periods of auditory deprivation in adults
and are acutely functional at the point at which auditory input is reinstated.

While not explicitly explored as part of the hypothesis for this study, we observed greater auditory-evoked ipsi-
lateral activity in the bilaterally implanted group. This is consistent with the observations by Jiwani et al. (2016),
who suggested greater bilateral auditory-evoked activation with unilateral stimulation of the second newly im-
planted ear in a group of young children. These results combined suggest that long-term unilateral auditory stim-
ulation (greater than 10 years) in children, and relatively shorter-term unilateral auditory stimulation (4 years, on
average, in the current study) in adults, may promote the asymmetric strengthening of the contralateral pathway,
resulting in more diffuse bilateral cortical activity following unilateral stimulation of the second implant.

Visual stimulation elicits the cross-modal activation of the auditory cortex contralateral to the
side of implantation

Significant periods of sensory deprivation can cause cross-modal changes in the human cortex (Doucet et al.,
2006; Luke et al., 2017), with the right auditory cortex being preferentially activated in response to visual stimuli
in listeners without restored hearing (Bottari et al., 2014; Fine et al., 2005; Finney et al., 2003). Once hearing has
been restored via cochlear implantation, evidence has been presented for a left hemisphere dominance in audi-
tory cortex activation in response to visual stimuli (Chen et al., 2016). However, as with the lateralization of audi-
tory-evoked responses, it is unknown if lateralized cross-modal responses take a length of time to develop or if
responses are immediately apparent at the point at which auditory input is reinstated. Participants in the current
study had an average of 29.6 years of non-normal hearing in the implanted ear, likely providing sufficient time for
cortical plasticity to occur as a result of long-term hearing loss. Measuring cortical activation immediately after
implantation provides little to no time for any further auditory-evoked plasticity changes to occur. We, therefore,
have a cohort with which to investigate if lateralized cross-modal activity occurs following prolonged deafness.

Significant cross-modal visual-evoked activation was present in the Heschl's gyrus ROI that was contralat-
eral to the implanted ear (B = 1.52, p = 0.01). There was no significant visual-evoked activation in any of the
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Table 2. Results of linear mixed effect model for auditory-only stimuli in the Auditory ROIs

Fixed Effects

Hemisphere Auditory ROI Chroma B SE T p
Ipsilateral Heschl's gyrus HbO 0.72 0.43 1.66 0.102
Planum temporale HbO 0.19 0.43 0.43 0.668
Contralateral Heschl's gyrus HbO 1.94 0.43 4.49 <0.001
Planum temporale HbO -0.74 0.43 -1.70 0.093
Ipsilateral Heschl's gyrus HbR —0.69 0.43 -1.59 0.116
Planum temporale HbR -0.17 0.43 —-0.39 0.695
Contralateral Heschl's gyrus HbR —1.49 0.43 —3.44 0.001
Planum temporale HbR -0.26 0.43 —0.61 0.544
Random Effects Variance SD
Subject Intercept 0.35 0.59
Residual 1.89 1.38

Note. SE = standard error. SD = standard deviation. Bold text indicates significance at the p < 0.05 level.
Rather than Left or Right, Auditory ROls are coded as either Contralateral or Ipsilateral to the implanted ear. Model notation:
B ~ —1 + Hemisphere:ROI:Chroma + (1|Subject).

ipsilateral auditory ROls (Table 3). These results suggest that for a naturalistic visual-speech stimulus, the
side of implantation impacts the lateralization of cross-modal activity in the auditory cortex, with stronger
activity observed in the contralateral hemisphere. This is consistent with results reported by Chen et al.
(2016), who found lateralized visual-evoked responses in a group of Cl recipients with greater than 1
year of Cl experience. However, their findings of left-hemisphere dominance may actually be driven by
contralateral dominance because 80% of those participants were right-implanted users. Our result illus-
trates, similar to the contralateral dominance for auditory-evoked responses, that contralateral cross-
modal dominance of responses is apparent immediately after implantation for post-lingually deafened
adult Cl recipients who had ~30 years, on average, of non-normal hearing in the implanted ear. This result
also illustrates that although auditory pathway connections appear to be sustained during periods of
sensory deprivation in adults, some degree of cross-modal plasticity is still evident in these listeners.
The findings of the current study may suggest that an anatomically intact afferent pathway can still undergo
cross-modal reorganization when deprived of its sensory input. During early auditory development,
the brain exhibits vast neural connections, which are eventually pruned and shaped depending on the
sensory input experienced by the brain (Quartz and Sejnowski, 1997). In instances where auditory sensory
input is restricted or deprived, many extraneous neural pathways remain unpruned, which may supply
functional connections between different sensory areas of the brain. This process, or a similar process later
on in life, may explain the mechanism underlying cross-modal activity in the human brain (Sharma et al.,
2007).

Conclusion

This study utilized fNIRS, a light-based neuroimaging technique, to characterize the auditory- and visual-evoked
activation patterns in newly implanted adult Cl recipients to naturalistic speech stimuli. Activation was observed in
the auditory cortex contralateral to the implanted ear, consistent with results from normal-hearing listeners.
Cross-modal visual-evoked activity was observed in the auditory cortex contralateral to the implanted ear. These
findings indicate that auditory pathway connections are sustained during periods of sensory deprivation in adults,
and that typical cortical lateralization is observed immediately following the reintroduction of auditory sensory
input.

Limitations of the study

The current study evaluated group-level auditory- and visual-evoked activation patterns in the auditory cortex of
newly implanted Cl recipients. It is important to note that individual subject-level factors, namely the duration of
deafness (or the duration of non-normal hearing) prior to implantation, can impact the degree of auditory-speech
evoked activation within the auditory cortex (Green et al., 2005). Green et al. (2005) found that longer durations of
deafness in post-lingually deafened adults were associated with less auditory-speech evoked activation in
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Table 3. Results of linear mixed effect model for visual-only stimuli in the Auditory ROIs

Fixed Effects

Hemisphere Auditory ROI Chroma B SE T p
Ipsilateral Heschl's gyrus HbO 0.67 0.57 1.16 0.248
Planum temporale HbO -0.14 0.57 -0.24 0.815
Contralateral Heschl's gyrus HbO 1.52 0.57 2.65 0.010
Planum temporale HbO —-1.08 0.57 —-1.89 0.063
Ipsilateral Heschl's gyrus HbR —0.66 0.57 -1.15 0.254
Planum temporale HbR —-0.15 0.57 —-0.25 0.801
Contralateral Heschl's gyrus HbR -0.69 0.57 -1.21 0.231
Planum temporale HbR -0.11 0.57 -0.19 0.852
Random Effects Variance SD
Subject Intercept 0.38 0.62
Residual 3.58 1.89

Note. SE = standard error. SD = standard deviation. Bold text indicates significance at the p < 0.05 level.
Rather than Left or Right, Auditory ROls are coded as either Contralateral or Ipsilateral to the implanted ear. Model notation:
B ~ —1 + Hemisphere:ROIl:Chroma + (1|Subject),

bilateral auditory cortices. Lazard et al. (2013) also demonstrated less auditory-speech evoked activation in the left
posterior superior temporal gyrus in post-lingually deafened adult Cl recipients with prolonged durations of
deafness. It is possible that individual differences in the duration of deafness could have impacted the degree
of auditory-evoked activation in this group of Cl participants, but the relatively small sample size in the current
study precluded a thorough evaluation of the impact of duration of deafness, or other subject-level factors, on
the observed cortical activation patterns. Future studies should evaluate the impact of individual differences,
including the duration of deafness, age, age at onset of hearing loss, and duration of prior Cl experience on audi-
tory- and visual-evoked cortical activity.

Another limitation to consider is the short time period between device activation and participation in this
study, with as little as a few hours in some cases. Although speech recognition scores collected on the same
day suggest that the majority of the participants were perceiving and understanding speech signals to
some degree, it is not known exactly how many participants perceived “speech” during the auditory-
only trials and how many only perceived “noise” during those trials. In many cases, a speech percept takes
weeks to months to acquire following Cl activation. It is possible that some participants did not perceive
any speech per se during the auditory-only trials. A perception of noise rather than speech may have
contributed to the lack of inferior frontal gyrus activation in this group of participants as this structure is
implicated in speech intelligibility scores (Eisner et al., 2010; Stoppelman et al., 2013).

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o METHOD DETAILS
O Stimuli
O Procedure
O fNIRS acquisition
O Region of interest selection
o QUANTIFICATION AND STATISTICAL ANALYSIS
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(A) Schematic of the experimental protocol. An example screenshot of the monitor during the experiment is shown for a visual-only trial, auditory-only trial,
and control trial. An example of one of the story summaries is also shown. (B) Montage displaying all source and detector locations. Source locations are
shown in red and detector locations are shown in black. Channels are shown as white lines with an orange marker representing the midpoint. (C) Group-level
results for oxyhemoglobin for the same experimental paradigm from a group of normal-hearing listeners who were presented auditory-only stimuli to both
ears. Results are re-plotted as projections onto the brain surface from Shader et al. (2021).
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Software and algorithms
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Further information and request for resources should be directed to and will be fulfilled by the lead contact,
Maureen J. Shader (mshader@purdue.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The raw data reported in this study were deposited on Mendeley at: Shader, Maureen (2022), “Auditory-
and visual-evoked activity in newly implanted adult Cl recipients”, Mendeley Data, V1, https://doi.org/
10.17632/377b4ff8p6.1.

The code and scripts used for data analysis are available on the author’s (R.L.) website at: https://mne.tools/
mne-nirs/

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study was approved by and conducted in accordance with the ethical standards of the Royal Victorian
Eye and Ear Hospital human ethics committee, and all participants provided their written informed consent
prior to testing. Twelve adult Cl recipients ranging in age from 38-78 years (mean age = 62.3 + 11.8 years)
volunteered for this study. Participant demographic information is reported in Table 1. The data presented
in this study are a cross-sectional sample collected immediately following implant switch-on from partici-
pants enrolled in a longitudinal research study.

METHOD DETAILS

Stimuli

Stimuli were identical to those used and described in Shader et al. (2021). Thirty-six continuous speech seg-
ments were extracted from the children’s story titled Mrs. Tittlemouse by Beatrix Potter; the story was
divided into the individual segments prior to recording the audio-only and visual-only stimuli. The speaker
was a female Australian-English native speaker positioned in front of a neutral background (Figure 4). In-
dividual stimulus segments were between 10 and 16 sec in duration, with an average duration of 12.5
sec. The visual-only stimuli also contained 1 sec of still video before and after the speaking portion of
the video. The root-mean-square (RMS) intensity was equalized across all audio-speech segments, with
the final auditory-only stimuli presented at 55 dBA.

Procedure

The procedure used in the current study is consistent with the protocol reported in Shader et al. (2021).
Research participants were seated comfortably in an armchair at a distance of 1.5m from a monitor in a
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dimly lit sound-attenuating booth. A fixation cross was displayed on the monitor whenever the visual-only
stimulus was not being presented. A loudspeaker was located just above the monitor and was used for free-
field presentation of the auditory-only stimuli. Participants listened to the auditory-only stimuli unilaterally
using only their newly implanted Cl device, with any other hearing device removed in the opposite ear (e.g.,
hearing aid or Cl). In cases where substantial hearing was present in the opposite ear even after the hearing
device was removed, an earplug was placed in that opposite ear to isolate auditory responses using only
the newly implanted CI device. Participants used their personal Cl sound processors during the experi-
ment, which were set to the everyday listening program most recently configured by their clinical audiol-
ogist. Eighteen individual trials were presented for each of the auditory- and visual-only speech segments.
Ten control trials consisting of 10 sec of silence were also presented randomly throughout the experiment.
This resulted in a total of 46 trials per participant. The presentation of each story segment was randomly
selected to be either audio-only or visual-only, but the story segments were presented in chronological or-
der ensuring continuity of the storyline. A block design was utilized with a random interval between each
segment of 15-30 sec, which minimizes the contribution of Mayer waves to the averaged fNIRS signal (Luke
et al., 2021b). In an effort to maintain attention on the task by providing contextual story cues, three text
annotations were presented on the screen for 10 sec at regularly spaced intervals throughout the experi-
ment; each summary provided an overview of the story progress. Participants were instructed to follow
along with the story to the best of their ability. Total testing time was approximately 35 min.

fNIRS acquisition

Data were acquired with a continuous-wave NIRScout device (NIRScout, NIRX medical technologies, LLC)
using 16 LED sources (two near-infrared light illuminators emitting wavelengths of 760 and 850 nm) and 16
detectors. In addition, eight short-channel detectors were included in the montage. The experimental
montage (shown in Figure 4, Panel B) designated 44 source-detector pairs that were separated by approx-
imately 3 cm. Sources were placed at locations AF7, F7, F3, AFF5h, FC5, T7, CCP5h, CP5, P3, 01, POz, O2,
P4, CP6, CCP6h, and T8. The 8 short-channel detectors were placed on source locations F7, AF7, T7, CP5,
01,02, CP6, and T8. Detectors were placed at locations F5, FFC5h, C5, TP7, CP3, CPP5h, P5, P03, Oz, PO4,
P6, CP4, CPP6h, CP4, TP8, and Cé.

Region of interest selection

The seven ROIs applied to the data were derived a priori based on auditory- and visual-evoked activation
patterns using the same experimental stimuli in a group of normal-hearing participants. In-depth descrip-
tions of the seven regions of interest are reported in Shader et al. (2021); results of that experiment are also
re-plotted in panel C of Figure 4. Briefly, the Left Inferior Frontal gyrus region of interest was selected to
capture activity in the frontal lobe related to speech and language processing (Okada et al., 2010). The
Left and Right Heschl's gyrus regions were selected to capture the rostral aspect of the temporal lobes,
including the superficial area surrounding Heschl's gyrus. The Left and Right Planum Temporale regions
were selected to capture the caudal aspects of the temporal lobe, including the planum temporale, also
known as Wernicke's area. Two visual regions of interest were selected from the occipital lobe to capture
the superior occipital gyrus and the cuneus, and the middle occipital gyrus.

QUANTIFICATION AND STATISTICAL ANALYSIS

Signal processing was performed using open-source toolboxes: MNE (Gramfort et al., 2013, 2014), Nilearn
(Abraham et al., 2014; Thirion et al., 2021), and MNE-NIRS (Luke et al., 2021a). Both a qualitative and quan-
titative analysis were performed on the data. The analysis performed on this dataset mirrors that in Shader
et al. (2021), and is reproduced here for completeness per the recommendations for best practices in fNIRS
publications (Yicel et al., 2021).

Grand average waveforms were produced by converting the raw data to optical density, after which the
data quality was assessed using the scalp coupling index method (Pollonini et al., 2014). Optodes with a
coupling index below 0.8 were removed from further analysis. Temporal Derivative Distribution Repair
was then applied to the optical density signal (Fishburn et al., 2019). Systemic signal correction was then
applied to the long-channel data, which utilizes information from the signals collected from the short-sep-
aration channels (Saager and Berger, 2005). Next, the modified Beer-Lambert Law was used to transform
the data to oxy- and deoxyhemoglobin estimates. To further remove signal contributions from heart-rate
components and slow signal drifts, a filter was applied to the data with a pass band between 0.02 and
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0.4 Hz. The negative correlation enhancement approach described by Cui et al. (2010) was then applied to
the hemoglobin signals. The data was then epoched with a time interval ranging from 8 sec before stimulus
onset to 30 sec after stimulus onset, and epochs with a peak-to-peak value above 100 uM were excluded
(8.3% of total epochs).

Quantitative statistical analyses were also performed on the data. The oxy- and deoxyhemoglobin signals
were fit to a general linear model (GLM), which included regressors created by convolving a boxcar function
for each condition, with duration equal to the average stimulus length of 12.5 s, with a SPM hemodynamic
response model (Penny et al., 2011). To account for systemic contributions in the acquired measurements,
the individual short-separation channel data and the mean signal from the short-separation channels were
included as additional regressors in the GLMs (Santosa et al., 2020; Tachtsidis and Scholkmann, 2016).
Channel-level data was then combined into a region of interest based on a priori optode selection (Shader
etal.,, 2021) using a weighted average of the resulting beta values. There were two instances in which the Cl
external coil was sitting directly under a source or detector optode; in these cases, those specific channels
were removed from the data prior to the GLM analysis. Statistical analyses were performed on the GLM
beta values using RStudio (RStudio Team, 2015) and the Ime4 package (Bates et al., 2014). Linear mixed-
effect modelling was performed with fixed effects of stimulus condition, region of interest, and chromo-
phore, with a random effect of participant. Statistical significance was determined using an alpha level
(p-value) of 0.05.
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