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Abstract

The cortical auditory evoked potential (CAEP)-based P1 component acts as a biomarker for
cochlear implantation (Cl) outcomes in children with auditory neuropathy spectrum disorder
(ANSD). To date, early intervention primarily before the age of two years and six months of
Cl usage is necessary and sufficient to achieve age-appropriate cortical maturation and
good prognosis. However, varying degrees of neural dyssynchrony, resulting from the etio-
logical heterogeneity of ANSD, may preclude uniform application of this hypothesis to
ensure auditory cortical maturation. Thus, a focused evaluation of those carrying OTOF var-
iants, which may be the salient molecular etiology of prelingual ANSD, would circumvent the
issue of heterogeneity. Here, we sought to provide a much better understanding of the brain
perspectives (i.e., P1 maturation) in OTOF-associated ANSD subjects and set the stage for
an optimal strategy to enhance language development. We conducted a preliminary study
comprising 10 subjects diagnosed with OTOF-related ANSD who underwent Cl by a single
surgeon and subsequently underwent measurements of the P1 component. We observed
that DFNB9 subjects who received Cl after 2 years of age exhibited “absent” or “anomalous”
P1 components that correspond to delayed language development. However, timely implan-
tation, as early as 12 months of age per se, might be insufficient to achieve age-appropriate
cortical maturation of DFNB9 in cases with six to seven months of device use. This suggests
the importance of sustained rehabilitation in DFNB9 than in other etiologies. Indeed, an
additional follow-up study showed that a reduction in P1 latency was linked to an improve-
ment in auditory performance. Collectively, our results suggest that central auditory matura-
tion and successful outcome of Cl in DFNB9 may have more demanding requirements, that
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genetic information of the patients in the
manuscript; thus, it is believed that information for
future replication will be sufficient. Additional
electrophysiological information (e.g., CAEP P1
raw data) can be provided upon request by e-mail
to the corresponding author.
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is, earlier implantation and more sustained rehabilitation. We believe that the current study
opens a new path toward genome-based neuroimaging in the field of hearing research.

Introduction

Auditory neuropathy spectrum disorder (ANSD) is a specific hearing condition characterized
by impaired neural transmission of sound signals from the inner ear to the auditory cortex,
with normally functioning outer hair cells [1-3]. Although individuals with such a neural
pathognomonic deficit in ANSD (i.e., dyssynchrony) respond to many sounds appropriately,
they may experience impaired speech and language decoding, particularly in the area of tem-
poral processing [4]. Clinically, subjects with ANSD manifest distinct auditory phenotypes,
such as the presence of otoacoustic emissions (OAEs) or robust cochlear microphonics (CM),
which are inverted with reversal of the polarity of the stimulus, and the absence or severe
impairment of the auditory brainstem response (ABR) [5]. ANSD is relatively common, affect-
ing 10-15% of subjects with sensorineural hearing loss worldwide. Theoretically, a presynaptic
type of ANSD, in which the pathologic lesions lie peripheral to the spiral ganglion neuron
(SGN), is expected to yield favorable cochlear implantation (CI) outcomes, because CI directly
stimulates the SGN. In contrast, we can reason that the prognosis of CI among post-synaptic
ANSD subjects with a main pathology, either in the SGNs or more central to SGNis (i.e., central
auditory tract), would be not as favorable as that of CI among presynaptic ANSD subjects.
Molecular genetic testing helps to determine whether subjects have post-synaptic or presynap-
tic ANSD. Indeed, genetic causes account for approximately 50% of these cases [6, 7].

Recent studies have shown a higher genetic load of OTOF variants, accounting for 91% of
prelingual ANSD cases with an anatomically intact cochlear nerve (CN) [6]. OTOF that
encodes otoferlin causes a recessive profound prelingual deafness (DFNB9) when mutated [8-
10]. The audiological phenotype in DFNB9 patients and otoferlin-defective mice shows either
absence or severe impairment of ABRs and preservation of OAEs, which clearly indicates audi-
tory neuropathy [11]. Otoferlin localizes to the ribbon synaptic vesicles primarily in the
cochlear inner hair cells (IHCs), and it is essential for calcium-dependent synaptic vesicle exo-
cytosis via ribbon synapses [11, 12]. Furthermore, it has been suggested that defective otoferlin
in DFNB9 may impede vesicle recycling and membrane trafficking [13]. Given that presynap-
tic lesions are mainly involved in DFNBY, children with OTOF variants significantly benefit
from CI, achieving nearly peak speech perception scores postoperatively [9, 14].

Importantly, cortical auditory evoked potential (CAEP) can reveal a state of age-appropriate
cortical maturation, which potentially correlates with language development in pediatric
patients with deafness [15]. It is believed that identifying the P1 component, generated by
repetitive excitatory input signals from the thalamus to the auditory cortex (i.e., lateral portion
of Heschl’s gyrus, layers II-VI), may allow an objective measure to predict auditory cortical
maturation and confirm successful auditory rehabilitation through CI [16]. Similarly, cortical
event-related potentials (ERPs), including the P1 component, can be recorded in children with
ANSD and can be used to predict speech perception ability and rehabilitation benefits [17].
Specifically, a previous study showed that there was a stark contrast in auditory cortical matu-
ration between ANSD subjects who underwent CI before and after the age of two years. The
former led to a normal P1 component in over 70% of cases, while the latter yielded delayed P1
latencies in the same proportion [17]. These results suggest that children with prelingual
ANSD are more sensitive to age at intervention. Consistent with this, recent studies, including
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our previous studies, have demonstrated that for DFNBY, earlier intervention (i.e., before 2
years of age), when compared with other genetic deafness, could serve as an important deter-
minant of favorable outcomes [6, 14]. This suggests that there is a limited time window for
brain plasticity. Thus, early intervention within the sensitive period is hypothesized to be nec-
essary for auditory cortical maturation in DFNB9 subjects.

Typically, early intervention, that is, before the age of two years, as well as CI usage for six
months in patients with ANSD, have been reported to achieve age-appropriate cortical matu-
ration and good prognosis [17]. A longitudinal follow-up study by Cardon et al. showed that
the P1 component in most children with ANSD markedly improved six months after CI [17].
However, this duration is not collectively applicable in predicting central auditory develop-
ment in all prelingual ANSD subjects due to varying degrees of neural dyssynchrony that result
from the etiological heterogeneity of ANSD [18, 19]. Thus, studying one specific ANSD sub-
group (those carrying OTOF variants) may help to control for heterogeneity, although there
may still be inter-subject differences with respect to the severity, deafness duration, and other
relevant factors (e.g., genotype) [8, 20].

Intriguingly, a recent electrophysiological study demonstrated that cochlear implantees
with OTOF variants revealed significantly delayed ‘postsynaptic’ or more central neurotrans-
mission with the device on, despite the presumed mechanism of DENB9 involving ‘presynap-
tic’ transmission between hair cells and SGNs [21]. Additionally, the widespread expression of
otoferlin, including in the brain, and its association subcellularly with the endosomal trans-
Golgi network, may suggest a more ubiquitous role, likely influencing the development of
both the central and peripheral auditory systems [22]. This, in turn, led us to hypothesize that
the delayed or impaired auditory cortical maturation of unrehabilitated DFNB9 subjects could
be attributed to both presynaptic and yet-to-be-identified post-synaptic pathology. To the best
of our knowledge, auditory cortical maturation following CI has never been explored exclu-
sively in DFNB9 subjects.

In this study, we aimed to unveil any distinct characteristics of OTOF-associated ANSD
subjects (DFNB9) in the context of central auditory development. We hypothesized, at the
least, that normal language development in those who receive earlier intervention and suffi-
cient rehabilitation experience correlates with normal cortical maturation, whereas delayed
cortical maturation may be associated with late intervention, insufficient use of the device, or a
combination of both. In this pilot study, we evaluated the P1 component with reference to age
at CI (< 2 years vs. > 2 years) and experience with device use (> 1 year vs. < 1 year), and we
performed a longitudinal follow-up study of the P1 component in DFNB9 subjects with mini-
mal experience of device use (6-7 months). Overall, as used here, using a combined approach,
integrating genomics with neuroimaging, may not only provide a much better understanding
of brain perspectives in OTOF-associated ANSD patients, but also set the stage for developing
an optimal strategy for better language development.

Materials and methods
Participants

We conducted a retrospective review of 10 subjects diagnosed with OTOF-related DFENB9,
who underwent CI by a single surgeon (B.Y.C.) and received measurements of the P1 compo-
nent. Electrophysiological tests showed absent ABR with preservation of OAEs or CMs in all
subjects, confirming the diagnosis of bilateral ANSD. Neither CN deficiency nor brain abnor-
malities were observed through the neuroradiological evaluation prior to CI. None of the sub-
jects had a history of brain surgery, head injury, or neurological disorders that may hinder
reliable P1 testing. This study was approved by the Seoul National University Bundang
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Hospital (SNUBH) Institutional Review Board (IRB No. B-2007-622-114) and was conducted
in accordance with the principles of the Declaration of Helsinki. Due to the retrospective
nature of this study, SNUBH IRB waived the requirement of informed consent.

Demographics and clinical characteristics

As proposed by our hypothesis, CI before and after the age of two years were classified as
“early intervention” and “late intervention,” respectively. Additionally, an individual’s experi-
ence with device use was defined as the time interval between turning on the CI and postoper-
ative P1 testing. Typically, ANSD patients with various underlying etiologies who receive early
implantation before the age of two years have also been shown to have normalized age-appro-
priate P1 waves at approximately six months postoperatively [17]. Considering this, we ran-
domly hypothesized that one year would be sufficient to induce normal P1 waves, as this
duration is twice as long as six months. Given this, our cohort was further classified into those
with “sufficient experience” (i.e. > 1 year) and “insufficient experience” (i.e. < 1 year) to iden-
tify the stark difference in P1 maturation, depending on an individual’s experience with device
use. In our cohort, three subjects showed a remarkably short experience with their device
(approximately six to seven months), while the remaining subjects had relatively long experi-
ence with their device (more than two years). Based on our criteria, subjects were divided into
three groups: early intervention with sufficient experience (group 1, N = 3), early intervention
with insufficient experience (group 2, N = 3), and late intervention with sufficient experience
(group 3, N =4) (Table 1). The median age at CI was 12 months for both groups 1 and 2
(range, 10-14 months) and 36 months for group 3 (range, 25-400 months). The average fol-
low-up duration between CI and CAEP testing for groups 1, 2, and 3 was 36 months (range,
36-52 months), 7 months (range, 6-10 months), and 82 months (range, 26-100 months),
respectively. All subjects in groups 1 and 2, as well as two of the four subjects in group 3,
underwent bilateral simultaneous CI, whereas the remaining two subjects in group 3

Table 1. Demographics and clinical characteristics of 10 subjects with DFNB9.

Group | Subject  Ageat CI | Sex CI Strategy CI Experience Baseline Postoperative evaluation
evaluation CAEP (postoperative initial) Postoperative S/E
(Preoperative S/
E)
CAP | IT-MAIS | Age at evaluation | P1 latency | Z-score | CAP | IT-MAIS | SIR
group 1 1 10mo M | bilateral simultaneous 4Y4mo 0 4 5Y2mo Normal 0.47 7 40 5
2 1Y2mo F | bilateral simultaneous 3Y 1 0 4Y2mo Normal 0.48 5 40 4
3 1Y2mo | M | bilateral simultaneous 3Y 1 0 4Y2mo Normal 1.39 5 40 4
group 2 4 1Y F | bilateral simultaneous 6mo 0 9 1Y6mo delayed 2.76 4 32 2
5 1Y2mo | M | bilateral simultaneous 7mo 1 9 1Y9mo* delayed 2.35 4 36 2
6 1Y M | bilateral simultaneous 6mo 1 11 1Y6mo* delayed 2.35 4 38 2
group 3 7 3Y M | bilateral sequential 2Y2mo 0 1 5Y2mo Normal 0.81 4 36 3
8 3YImo | M | bilateral simultaneous 6Y1mo 0 6 9Y2mo Absent 4 3 37 2
9 25Y F bilateral sequential 11Y6mo 0 NA 36Y6mo Normal 0.45 5 NA 4
10 27Y M bilateral sequential 8Y4mo 0 NA 35Y4mo Absent 4 NA NA NA

Abbreviation: ANSD, auditory neuropathy spectrum disorder; CI, cochlear implantation; S/E, speech evaluation; CAEP, cortical auditory evoked potential; CAP,
categorization of auditory performance; IT-MAIS, Infant-Toddler Meaningful Auditory Integration Scale; SIR, speech intelligibility ratio; Y, year; mo, month; M, male;
F, female; NA, not available.

* Note that the two subjects (subject No. 5 and 6) in group 2 were available to evaluate the additional P1 measurement at 5 months after their initial evaluation. Their

follow-up CAEP testing was performed at 11 and 12 months, respectively, after cochlear implantation.

https://doi.org/10.1371/journal.pone.0252717.t001
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underwent bilateral sequential CI. Moreover, there was no difference in the preoperative hear-
ing status (unaided and aided) between the two adult subjects (Subjects 9 and 10) for which
behavioral audiometry was possible.

Molecular genetic testing

A real-time PCR-based new kit (U-TOP™ HL Genotyping Kit Ver2) using the Melting Array
technique was initially tested against the five variants from OTOF (Glu841Lys, Arg1856Trp,
LeulO11Pro, Tyr1064Ter, and Argl939Gln) in subjects manifesting ANSD phenotype [23].
The OTOF variants (Glu841Lys, Argl856Trp, Leul011Pro, Tyr1064Ter, and Argl939Gln)
were highly prevalent among Korean subjects with prelingual ANSD [6, 20, 24]. Subsequently,
exome sequencing was performed to verify that the subjects did not carry convincing variants
in the deafness panel, followed by bioinformatics analyses, as described previously [25, 26].
The resulting readings were compared to the UCSC hgl19 reference genome, and non-synony-
mous SNPs were filtered with a depth = 40; dbSNP138 was filtered out, except for the flagged
SNP. Using a comprehensive filtering process, rare single-nucleotide variations, indels, or
splice-site variants were chosen, as described in our previous studies [25, 26]. Subsequently,
Sanger sequencing and segregation analyses were used to confirm the variant of the candidate
deafness genes. To predict the pathogenic potential of each detected variant, in silico studies
using SIFT (http://sift.jcvi.org/) and PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/) were
performed. Additionally, the GERP++ score from the UCSC Genome Browser (http://
genome.ucsc.edu/) was used to determine the evolutionary conservation of the amino acid
residues.

After analytical step and filtering strategy, Sanger sequencing and segregation analyses con-
firmed the causative OTOF variants responsible for DENB9 (Table 2). Specifically, Subject 4
turned out to carry only a single heterozygous OTOF variant; however, we strongly believe
that this subject has DENB9. First, subject 4 has ANSD without any anatomical defect in the
cochlear nerve, which had been previously reported to have a homogeneous molecular etiology
of DENBY [6]. Further, the detected variant of OTOF in this subject is considered ’pathogenic’,
making it least likely that this variant is incidentally detected in this ANSD subject. The trans
allele to the detected variant is presumed to either contain a structural variant or quantitatively
affects expression of otoferlin.

EEG recording and stimuli P1 component

Throughout the recording, participants were seated comfortably in a chair or on their caregiv-
er’s lap in a sound-attenuated booth. EEG recordings were made using a Geodesic Sensor Net
with 64 electrodes (FP1, FPz, FP2, AF3, AF4, F7, F5, F3, F1, Fz, F2, F4, F6, F8, F17, FC5, FC3,
FCl1, FCz, FC2, FC4, FC6, FT8, T9, T7, C5, C3, C1, Cz, C2, C4, C6, T8, T10, TP9, TP7, CP5,
CP1, CP2, CP6, TP8, TP10, P9, P7, P5, P3, P1, Pz, P2, P4, P6, P8, P10, PO3, POz, PO4, O1, Oz,
and O2) electrodes (Philips, Electrical Geodesic, Inc., Eugene, OR, USA). An additional four
channels were tagged as electro-oculograms to record eye-movement data. Impedances were
kept below 100 kQ throughout the recording period. EEG data were 0.1-220 Hz band-pass fil-
tered online at a sampling rate of 1000 Hz. CAEPs were evoked using a 90-milliseconds (ms)
/ba/ sound recorded by a female speaker. The sound was presented at 65 dB SPL via loud-
speakers located 45 °to the left and right ears, at an interval of 610 ms. Since we lacked baseline
CAEP, and thereby intended to compare our patient’s auditory cortical maturity with the nor-
mative data by Campbell et al. (2011), we conformed strictly to the type of stimulus and the
intensity level (65 dB SL, 90 ms long /ba/ sound) provided by Campbell et al. (2011) [27].
Additionally, in this study, DFNB9 children with OTOF variants were given a sufficiently high
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Table 2. Mutational spectrum of subjects with DFNB9 in our cohort.

Family Variant (OTOF) State Prediction Algorithm Conservation MAF Classification of
ID NM_001287489: Score pathogenic variants
NP_001274418 dbSNP ID Mutation | PolyPhen- | SIFT | PhyloP | GERP Global MAF KRGDB
Taster 2 ++ (n=1722)
group 1
Subject | ¢.5816G>A: p.Argl939GIn | Het DC PD D 2.261 2.28 T =0.00003/1 (ExAC) | T =0.001452/5 Pathogenic
1 rs201326023 T =0.0002/1 (1000
Genomes)
c.5566C>T: p.Argl856Trp | Het DC PD D 2.963 2.84 A =0.00004/5 (ExAC) | A =0.000871/3 Pathogenic
1368155547 A =0.00008/1 (GO-ESP)
Subject | ¢.2521G>A: p.Glu841Lys | Het DC PD D 5.523 5 T =0.00003/3 (ExAC) ND Pathogenic
2 15772729658
c.3032T>C: p.Leul011Pro | Het DC PD D 5.012 4.64 ND ND Pathogenic
rs80356596
Subject | ¢.5816G>A: p.Argl939Gln | Het DC PD D | 2261 | 228 | T=000003/1(ExAC) | T=0.001452/5 Pathogenic
3 15201326023 T = 0.0002/1 (1000
Genomes)
¢.2521G>A: p.Glu841Lys | Het DC PD D 5.523 5 T =0.00003/3 (ExAC) ND Pathogenic
15772729658
group 2
Subject | ¢.2521G>A: p.Glu841Lys Het DC PD D 5.523 5 T =0.00003/3 (ExAC) ND Pathogenic
& 1772729658
Subject | ¢.5816G>A: p.Argl939GIn | Het DC PD D 2.261 2.28 T =0.00003/1 (ExAC) | T =0.001452/5 Pathogenic
> 15201326023 T = 0.0002/1 (1000
Genomes)
¢.2521G>A: p.Glu841Lys | Het DC PD D 5.523 5 T =0.00003/3 (ExAC) ND Pathogenic
15772729658
Subject | ¢.5566C>T: p.Argl856Trp | Het DC PD D 2963 | 2.84 A =0.00004/5 (ExAC) | A =0.000871/3 Pathogenic
6 rs368155547 A =0.00008/1 (GO-ESP)
¢.2521G>A: p.Glu841Lys | Het DC PD D 5.523 5 T =0.00003/3 (ExAC) ND Pathogenic
15772729658
group 3
Subject c.4227+5G>C Het DC NA NA | 1.616 3.95 G =0.00006/7 (ExAC) ND Pathogenic
7 rs571671530 G =0.0002/1 (1000
Genomes)
¢.2521G>A: p.Glu841Lys | Het DC PD D 5.523 5 T =0.00003/3 (ExAC) ND Pathogenic
15772729658
Subject | ¢.3192C>G:p.Tyr1064Ter | Het DC NA NA | 0.951 2.78 | C=0.000004 (1/250556, | C =0.000292/1 Pathogenic
8 1$766819324 GnomAD_exome)
C=0.000008 (1/119874,
ExAC)
¢.5203del:p. Het DC NA NA | 1.688 417 delG = 0.000004 (1/ ND Pathogenic
Argl1735Glyfs*28 251374,
GnomAD_exome)
15727503352 delG = 0.000008 (1/
121144, ExAC)
Subject | ¢.5816G>A: p.Argl939GIn | Het DC PD D 2.261 2.28 T =0.00003/1 (ExAC) | T =0.001452/5 Pathogenic
9 15201326023 T =0.0002/1 (1000
Genomes)
c.3032T>C: p.Leul011Pro | Het DC PD D 5.012 4.64 ND ND Pathogenic
rs80356596

(Continued)
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Table 2. (Continued)

Family Variant (OTOF) State Prediction Algorithm Conservation MAF Classification of

ID NM_001287489: Score pathogenic variants

NP_001274418 dbSNP ID Mutation | PolyPhen- | SIFT | PhyloP GERP Global MAF KRGDB
Taster 2 ++ (n=1722)

Subject | ¢.5816G>A: p.Arg1939GIn | Het DC PD D 2.261 2.28 T =0.00003/1 (ExAC) | T =0.001452/5 Pathogenic

10 rs201326023 T = 0.0002/1 (1000

Genomes)
c.2521G>A: p.Glu841Lys | Het DC PD D 5.523 5 T =0.00003/3 (ExAC) ND Pathogenic

15772729658

Abbreviation: Het, heterozygote variant; DC, disease causing; PD, probable damaging; D, damaging; ND, not detected; NA, not applicable.
PhyloP score from the Mutation Taster (http://www.mutationtaster.org/).

in silico prediction Algorithm: Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/index.shtml);

SIFT (http://sift.jcvi.org/www/SIFT_chr_coords_submit.html) or SIFT-indels2 (http://sift.bii.a-star.edu.sg/www/SIFT_indels2.html);
Conservation tools: GERP++ score in the UCSC Genome Browser (http://genome-asia.ucsc.edu/);

ExAC, Exome Aggregation Consortium (http://exac.broadinstitute.org/).

gnomAD: The Genome Aggregation Database (https://gnomad.broadinstitute.org/).

1000 Genomes (https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/).

KRGDB, Korean Reference Genome DB (http://152.99.75.168/KRGDB/).

* Note that the remaining allele is considered a structural variant or allele that influences expression.

https://doi.org/10.1371/journal.pone.0252717.t1002

threshold phase-amplitude stimulus (65 dB SPL) with the CI device on, precluding inaudibility
as a significant issue. Five formants were used for the stimulus. The starting frequencies of F1
and F2 were approximately 230 Hz and 605 Hz, respectively. The center frequencies of the
vowel /a/ were 740, 2790, 3500, and 4600 Hz for F1, F2, F3, F4, and F5, respectively [28], while
watching a silent video clip on a computer monitor [29]. A total of 200 sweeps were collected
in each session, and this was repeated for replication within half an hour. The number of
sweeps we employed (200 sweeps) may not be sufficient, especially in patients with ANSD.
However, our sweep number fell within the range of the sweep number found in the literature,
ranging from 30 [27] to 500 [30]. Our sweep number also corresponded to a value greater than
100 sweeps, as suggested by the British Society of Audiology [31].

Specifically, for the two subjects in group 2, the recording was conducted in two sessions,
which were 5 months apart. Off-line processing of the EEG data included bad channel replace-
ment, band-pass filtering (1-50 Hz), and baseline correction (- -100-0 ms). Eye blinks and
facial movements-related artifacts were rejectedusing independent component (IC) analysis
with additional visual inspection. The signals were then averaged from 100 ms before stimulus
onset to 500 ms after onset of the stimuli. All the data were re-referenced to common averages.
Additional artifacts associated with the CI device were minimized using previously described
procedures from the literature [32] and from our laboratory. Specifically, ICs representing CI-
associated artifacts were initially identified based on temporal and spatial characteristics; the
ICs and residual artifacts were further rejected based on the two criteria of the IC waveform
morphology and topography. We rejected the ICs containing a centroid of the activity around
the CI in topography, as well as the ICs showing onset activity at the sound stimuli and an off-
set at the stimuli. The mean surviving epoch was 368 + 16 (312-373) after rejecting the eye- or
CI device-related artifacts (3-6 ICs in each run). Waveforms were averaged to create a grand
average waveform for each subject. Signal processing was conducted using Matlab software
(Mathworks, Natick, Massachusetts, USA), with toolboxes provided by Fieldtrip [33] and
EEGLAB [34].
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P1 component

Cleaned data were pruned to the amplitudes and latencies of the P1 peak. P1 latency was calcu-
lated from the grand average waveform. The P1 component is characterized as the first positive
curve preceding a large negative wave, namely, N1. The reliability of the P1 peak between the
two sessions was further confirmed by the agreement between two audiologists, as described
by Campbell et al. (2011) [27]. To assess the current neurophysiological status of our subjects
against the normal development of P1 latencies, we referenced the data of 190 normal hearing
subjects, ranging in age from 0.1 to 12 years [35-37]. For the P1 latencies in those aged over 12
years, the linear growth function of the best-fit line, based on the data in Sharma et al., was
applied to estimate P1 latency [33, 34]. In this study, the individual Z-score was calculated
based on the growth function of the best-fit line that stems from a predictive model obtained
from previous reports consisting of the largest number of subjects thus far, which positively
correlates with the P1 latency [16, 38]. Specifically, the values for subjects with “absent” P1
were converted based on the mean +4 standard deviation (SD), which denotes a nearly impos-
sible occurrence in a small data set [39].

Expected latency = 155.6 + (—32.746 x In(age))

Statistical analyses

All statistical analyses were performed using R statistical software (R version 3.5.2, R Studio
1.0.136; Foundation for Statistical Computing, Vienna, Austria). All analyses were performed
using GraphPad Prism version 8.0.0, for Windows (GraphPad Software, San Diego, California,
USA; www.graphpad.com). All data are presented as mean =+ standard error of the mean
(SEM). To analyze the relationships between P1 latency (i.e., individual Z-score) and behav-
ioral outcomes (postoperative categorization of auditory performance [CAP], Infant-Toddler
Meaningful Auditory Integration Scale [IT-MAIS], and speech intelligibility ratio [SIR] at
time point for CAEP), Pearson’s correlation analyses were performed, because the Z-score,
CAP, SIR, IT-MALIS, and follow-up period were normally distributed. Furthermore, a correla-
tion analysis between P1 latency (i.e., individual Z-score) and follow-up periods (i.e., CI usage)
in those who received CI before 2 years of age was performed. Statistical significance was set at
p < 0.05.

Results
Variations in P1 component between groups

Fig 1 illustrates the individual CAEP in the three groups. The P1 component showed distinct
characteristics in terms of latency and presence in the three groups. All subjects in group 1
exhibited typical morphology consisting of reproducible and robust P1 peaks in the waveforms
and P1 latencies that fell within the 95% confidence intervals for normal P1 latency develop-
ment (Fig 2). This suggests that early intervention, before the sensitive period, and sufficient
rehabilitation allowed for normal cortical maturation of the central auditory system. Con-
versely, all subjects in group 2 showed reproducible and robust P1 peak waveforms, but
markedly “delayed” P1 latencies than those in group 1 (Fig 2). The “delayed” P1 latencies pre-
sented in group 2 fell outside the 95% confidence intervals for normal P1 latency development,
suggesting that the device experience of 6 months, regardless of the early intervention at an
average age of 1 year, may not be sufficient to catch up to age-appropriate synchronization of
neural transmission and normal auditory cortical maturation. Meanwhile, two subjects in
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Fig 1. Individual cortical auditory-evoked potential in groups 1, 2, and 3. Each patient in all groups showed typical
P1 with varying latencies, except the last two patients in group 3, who displayed anomalous (absent) P1 morphology.

https://doi.org/10.1371/journal.pone.0252717.9001

group 3 (subject No. 7 and 9) displayed typical P1 components with age-appropriate latencies,
while the remaining two (subject No. 8 and 10) consistently illustrated “absent” or “anoma-
lous” P1 components, despite of sufficient CI experience of more than 2 years (Fig 2). Expect-
edly, our preliminary study observed that DFNB9 subjects who received the CI after 2 years of
age tended to exhibit “absent” or “anomalous” P1 components that correspond to delayed lan-
guage development. This requires further confirmation because of the small sample size of this

study.
=] =
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250 @ Patients with early implant
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£
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Fig 2. P1 latency as a function of age for 10 patients fit with CI. Circles indicate latencies in the patients within the
normal P1 range after sufficient use with early (pink circles) or late (green squares with no border line) implantation.
Hexagons indicate latencies in patients with delayed P1 response who had insufficient use of CI in spite of early
stimulation. Green squares with black borderline indicate latencies in the patients with late implantation and
insufficient use resulting in abnormal/absent P1 response. The upper and lower solid lines indicate the 95% confidence
intervals for the 190 normal-hearing data (Sharma et al. 2002a).

https://doi.org/10.1371/journal.pone.0252717.9002
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Longitudinal analysis on the P1 component

Fueled by P1 latency not yet normalized even after at least 6 months of device use in group 2,
we aimed to determine how long it would take for the P1 latency in such early implantees with
DFNBS9 to enter the normal range. To that end, we performed an additional follow-up study
investigating the P1 component trajectory for DFNB9 subjects with short-term CI experience
(6-7 months). Two subjects (subject No. 5 and 6) in group 2 were included in this additional
P1 measurement at 5 months after their baseline evaluation, making their follow-up CAEP
testing at 11 and 12 months, respectively, after CI.

Compared to the baseline, the latency of P1 markedly decreased over time, while the ampli-
tude did not show any uniform pattern during the follow-up evaluations (Fig 3A). As a result,
the P1 latencies of subjects No. 5 and 6 completely fell and almost fell (although across the bor-
derline) within the 95% confidence intervals for normal P1 latency development, respectively
(Fig 3B). Furthermore, the decrease in P1 latencies for both subjects was linked to an improve-
ment in their auditory performance scores. These results suggest that sustained auditory reha-
bilitation for at least 1 year following CI may be an essential prerequisite for age-appropriate
auditory cortical maturation of DFNB9 subjects from the perspective of the brain.

Correlation of the P1 component and postoperative speech performance

Auditory performance scores, including categorization of auditory performance (CAP),
speech intelligibility rate (SIR), and IT-MAIS, were assessed. The speech was evaluated for
postoperative auditory performance within 2 weeks of P1 testing. Correlation analyses revealed
that a reduction in Z-scores tended to result in better postoperative CAP and SIR scores (r =
-0.758, P = 0.02, and r = -0.840, P = 0.005, respectively), demonstrating that a reduction in P1
latency is associated with enhanced auditory performance (Fig 4A and 4B). As depicted in Fig
4C, a better Z-score as reflected by shorter P1 latency did not correlate with a higher postoper-
ative IT-MALIS score, although a very weak tendency was observed (r = -0.536, P = 0.17). Our
data are slightly different from those of previous reports, demonstrating a significant correla-
tion between P1 latency and auditory skill development as measured by the IT-MAIS, most
likely due to the smaller number of cases and methodological differences (e.g., evaluation tim-
ing). Alternatively, the ceiling effect of IT-MAIS scores due to parental expectations may not
have a significant impact on the difference between P1 latency and auditory skill development

Cohorts

Patients with early implant
but insufficient use (Group 2)

Subject 5

O Baseline (M7)
@ FIUM12)

Subject 6
[ Baseline (M6)
W FIUM11)

P1 Latency (ms)

Normal limits

- Age at CAEP test (years)

Fig 3. Longitudinal observation of the P1 latency in subjects 5 and 6. (A) A decrease of 23 msec in subject 5 and a
decrease of 38 msec in subject 6 during the follow-up test. (B) The trajectories of P1 latency superimposed on the line
of best-fit with the 95% confidence interval for the 190 normal-hearing listeners (Sharma et al. 2002a). The empty
symbols indicate the first test, and the filled symbols indicate the second test.

https://doi.org/10.1371/journal.pone.0252717.g003
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Fig 4. Correlation analyses of the auditory performance and P1 latency. (A, B) The Z-scores were found to be
inversely correlated with preoperative CAP (r = -0.758, P = 0.02) and SIR (r = -0.840, P = 0.005). (C) A better Z-score
as reflected by shorter P1 latency did not correlate with a higher postoperative IT-MAIS score, although a very weak
tendency was observed (r = -0.536, P = 0.17). (D) The Z-scores were found to be inversely correlated with the follow-
up duration between CI and CAEP testing, observed only in subjects included in groups 1 and 2 (r = -0.944, P = 0.005).
The grey dotted color indicates the 95% confidence interval.

https://doi.org/10.1371/journal.pone.0252717.9004

as measured by the IT-MAIS, unlike findings observed in CAP and SIR scores. Furthermore, a
significant inverse correlation between the Z-scores and the follow-up duration from CI to
CAEDP testing (i.e., CI usage) was observed only in groups 1 and 2 (r = -0.944, P = 0.005).
Hence, sufficient device experience in DFNB9 subjects may be needed for normal auditory
cortical maturation, even with early intervention (< 2 years of age) (Fig 4D), although the
small sample size warrants further investigation.

Discussion

To the best of our knowledge, this is the first pilot study to reveal the influence of ‘age at CI’
and the ‘duration of device use” on auditory cortical maturation among genetically character-
ized DFNB9 subjects. In this study, we evaluated the P1 component with reference to age at
the time of CI (<2 years vs. >2 years) and duration of device use (>1 year vs. <1 year). Fur-
thermore, we performed a longitudinal follow-up analysis of the P1 component in DFNB9
subjects with short-term device use (6-7 months). Consistent with previous reports from pre-
lingual ANSD subjects, without targeted etiologies [17, 40, 41], we also observed that DENB9
subjects who received CI after the age of 2 years tend to exhibit “absent” or “anomalous” P1
components coupled with delayed language development, if not always. Conversely, it could
be that two individuals in group 3 (subjects 7 and 9) showing normal P1 waves might have had
a less severe form of ANSD and/or received some level of auditory stimulation adequate for
central maturation prior to implantation. Indeed, we previously reported that there was a dif-
ference in the degree of residual hearing, depending on the OTOF genotypes [9], and subject 7
with a splice site variant residing in +5G could have had a significant degree of normal splicing
transcripts, leading to significant residual hearing. Likewise, ¢.3032T>C: p.Leul011Pro from
subject 9 (adult) could have been associated with better residual hearing during childhood,
which could be validated due to the lack of audiograms during childhood. In contrast, it is eas-
ily conceivable that subject 8, carrying two truncation OTOF alleles, could have a much more
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severe degree of ANSD. In addition, our study also revealed that timely implantation, as early
as 12 months of age, per se, is not sufficient for age-appropriate cortical maturation of OTOF-
related ANSD with only 6 months of device use. This suggests the importance of sustained
rehabilitation in DFNB9 than in other etiologies. However, as in a pilot study, the relatively
small sample size and lack of preoperative evaluation of the P1 component could have poten-
tially led to misinterpretation of our results, which await further investigation.

Previous studies have consistently reported a narrow sensitive period for central auditory
development or speech outcome in subjects with OTOF-related DFNB9 [6, 14, 42]. Specifi-
cally, early intervention (i.e., <2 years of age) seemed to be more beneficial with respect to lan-
guage development than late intervention (i.e., >2 years of age) [14, 42]. Furthermore, early
implantation (age at CI < 18 months) showed a greater degree of rapid speech improvement
after CI in DFNB9 subjects than in late implantation [6]. Concordantly, we observed an
“absent” or “anomalous” P1 component in 50% of our DFNB9 subjects who underwent CI
after the age of 2 years, albeit with sufficient device experience. Typically, the high plasticity of
the brain during this sensitive period tends to elicit robust synaptic connections and cortical
phase synchronization. Thus, prolonged neural dys-synchrony, due to late intervention after
this narrow sensitive period specific to DFNB9 subjects, could have led to deficits in cortical
maturation [43, 44], leading to continued exhibition of an “absent” or “anomalous” P1 compo-
nent. Alternatively, late intervention-induced cross-modal reorganization, whereby cortical
regions of the deprived modalities become vulnerable to recruitment by the remaining intact
sensory domains, such as the visual and somatosensory cortices, might hinder age-appropriate
cortical maturation [45, 46]. However, compared with non-genetic deafness, such as GJB2- or
SLC26A4-related deafness, shows greater tolerance to delayed implantation, as late as up to 35
months after CI, as evidenced by better speech performance [47]. Such observations convey
that the sensitive period for neural plasticity significantly differs from gene to gene, favoring
the former interpretation. Indeed, wave III and wave V latencies obtained from cochlear
implantees carrying the OTOF variants were significantly longer than those carrying the G/B2
or SLC26A4 variants, suggesting that postsynaptic (central to the SGNs) activity, such as CN
synchrony, was still disturbed after implantation in DFNB9 subjects [21]. It was proposed that
the prolonged disturbance in postsynaptic synchrony could be caused by insufficient presyn-
aptic stimulation and/or delayed maturation of the nervous system, including both pre- and
post-synaptic neuronal networks [21]. Collectively, earlier intervention could be crucial to
auditory cortical maturation and successful behavioral outcomes of CI in subjects with OTOF
variants.

Interestingly, contrary to a previous study, timely intervention of DFNB9 per se was not suf-
ficient for the recovery of P1 maturation within six months among prelingual ANSD patients
in our study [17]. Indeed, children with OTOF-associated DFNB9 were unable to catch up
with normal-hearing peers in terms of P1 latency with only six to seven months of device use
in our study, even though implantation was performed as early as 12 months of age. This sug-
gests that ANSD shows obvious heterogeneity, not only in the etiologies, but also in the
amount of stimulus required for auditory cortical maturation. Recently, as evidenced by the
electrically evoked ABR, OTOF variants were more closely associated with delayed postsynap-
tic neurotransmission [21]. The mechanism of peripheral neural dyssynchrony due to alter-
ation of OTOF, which has been reported to be expressed exclusively in the IHC and affects the
synapse between the IHCs and SGNs, can influence maturation of the auditory cortex requires
further research. In our current study, with one full year of auditory rehabilitation after device
switch-on, P1 latency of both DFENB9 children (group 2) had just returned to the normal range
of P1 latency. Therefore, DFNB9 pathology appears to require sustained stimulation to restore
abnormal auditory cortical maturation secondary to peripheral neural dyssynchrony. To be
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paraphrased, the intrinsic deficits in central auditory pathways due to OTOF variants would
respond to the restoration of peripheral neural synchrony by CI-induced electrical stimulation
rather slowly.

Given that most hearing-impaired children with CI before the age of 3.5 years were able to
show age-appropriate P1 response within three to six months of device use [16, 36, 38], it
seems apparent that auditory rehabilitation of ASND due to OTOF variants may require earlier
implantation and more sustained rehabilitation. In a clinical setting, these results would pro-
vide insights into how otologists/pediatricians should deal with DFNB9 children to attain age-
appropriate auditory cortical maturation. It has been widely accepted that the CAEP-based P1
component acts as a biomarker of CI outcomes in children with ANSD [17]. A review demon-
strated that up to 27% of subjects with ANSD did not reach 30% of open-set speech perception
scores despite receiving appropriate and sufficient electrical stimulation via CI. The P1 compo-
nent evaluation may provide an answer to this enigma, otherwise unexplained. Similarly, CI
outcomes in DFNB9 subjects can vary in the context of language development [48], even if the
pathophysiological mechanisms and expression of otoferlin are primarily limited to the synap-
tic regions [49]. As depicted in Fig 4, the meaningful correlation between central auditory mat-
uration and behavioral outcomes of CI makes it possible to use CAEP data as an additional
biomarker for the prediction of postoperative language development in DFNB9 subjects.
Based on this, we believe that an evaluation of the P1 component may allow timely interven-
tion and precise auditory rehabilitation in DFNB9 children, although to some degree, the iden-
tification of genetic etiology itself may determine their fate.

It is worth noting that the severity of the underlying neural dyssynchrony possibly inherent
to OTOF genotypes and acoustic amplification history prior to implantation could also affect
cortical auditory development and behavioral outcomes, in addition to the impact of age at
intervention and duration of device use in DFNB9 patients. The different P1 responses
observed in group 3 support this argument. Severe auditory neural dyssynchrony can not only
lead to an atypical pattern of cortical stimulation, but also negatively affect behavioral out-
comes [50]. Importantly, the development of cortical maturation is dependent first on molecu-
lar genetics, then on sensory input, if the appropriate stimuli are provided at the right time
[51]. Based on this, a focused evaluation of only those carrying OTOF variants (DFNB9
patients), as presented herein, would circumvent the issue of heterogeneity in terms of the
severity of neural dyssynchrony. Moreover, whether acoustic amplification via hearing aids
helps central auditory maturation remains controversial. Although acoustic amplification
improves synchrony to some extent by improving temporal processing, such as phase locking,
at the level of IHCs and CN [50], the fact that the underlying pathophysiology of OTOF is lim-
ited to the peripheral IHCs, the CN may weaken the implications of acoustic amplification his-
tory on developing cortical maturation in DFNB9 patients. Supporting this, Sharma et al. also
concluded that simply amplifying acoustic signals seems to offer benefits for a subset of ANSD
patients with mild levels of dyssynchrony [18], which could occur in the case of milder patho-
genic potential of a certain OTOF variant, such as a splice site variant at a residue of +5G.
Indeed, subject 7 was the only patient who carried a splice site variant of OTOF. In fact, at least
in Koreans, this residual hearing issue related to OTOF genotypes does not impose a signifi-
cant dilemma in interpreting our results, since the major OTOF allele of p.R1939Q was previ-
ously reported to show the poorest residual hearing [9].

This study may stand out in the current era of precision medicine by incorporating geno-
mics and brain neuroimaging for ANSD research, potentially paving the way for a ‘new nor-
mal’ in the future of brain neuroimaging of hearing-impaired subjects. Nevertheless, several
limitations of this study should be addressed in future studies. First, as in a pilot study, our
results were limited by the small number of study subjects and co-factors potentially relevant
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to the P1 component. In this study, confounders were minimized, but not eliminated. In par-
ticular, it is more likely that confounding factors related to cortical maturation, such as the
degree of ANSD severity and amplification history prior to implantation, may affect the vari-
ability in group 3. Furthermore, our current study was mostly designed to be a cross-sectional
evaluation, which, along with the retrospective study design, may weaken the clinical impli-
cations of the results. Therefore, a longitudinal follow-up study that assesses a large cohort is
warranted to validate our hypotheses. Second, we observed that 50% of DFNB9 subjects in
group 3 reached the cortical auditory maturation corresponding to a normal limit for age-
appropriate P1 latency, despite the CI beyond the sensitive period. Although the molecular
and cellular mechanisms of hearing loss are supposed to be identical among the individuals
in group 3, the synaptic structure and function that regulate the neuromodulatory circuits
like learning and attention would be different both quantitatively and qualitatively. This, in
turn, may cause a difference in P1 maturation [52, 53]. However, this requires further
research. Additionally, we acknowledge that a time course of 5 months could cause an enor-
mous change in P1 latency, specifically in the pediatric population (see Fig 3). The latencies
of the two subjects decreased over the course of five months and entered the normal range
estimated by Campbell et al. (2011) [27]. Future studies should consider this issue in order to
make a more precise prediction of the time point entering the normal range after CI in this
kind of group. Third, the mapping strategy of our cohorts was carried out in the same man-
ner; however, the time for CI use was not specified in detail. Thus, efforts to minimize con-
founders that affect CI outcomes are needed to draw a firmer conclusion. Lastly, a growing
body of evidence indicates the variability of developmental quotients in various domains
among CI recipients postoperatively [54]. As such, further studies involving a thorough lon-
gitudinal assessment of the cognitive, motor, and social domains, together with CAEP-based
P1 evaluation, are warranted.

Conclusion

Taken together, our pilot study suggests that central auditory maturation and successful behav-
ioral outcomes of CI, especially in subjects DFNB9 related ANSD, may have more demanding
requirements characterized by earlier implantation and more sustained rehabilitation than
other genetic deafness. Our results may coincide with those of previous reports, suggesting
that the pathophysiological outcome of OTOF variants is not likely to be necessarily limited to
presynaptic regions between hair cells and SGNs. A combined approach using genomics and
neuroimaging in OTOF-associated ANSD subjects may set the stage for the optimal strategy to
enhance language development.
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