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Editorial on the Research Topic

Children Listen: Psychological of Listening Difficulties

During Development

and Linguistic Aspects

The goal for this Research Topic was to advance the scientific state of the art by collecting empirical
and theoretical contributions relating to listening in children. Empirical articles that apply methods
including behavioral, psychophysical, and neuroimaging approaches to the study of any aspect of
listening in children were welcomed. The plethora of the articles included in the present topic
illustrate the complexity and the broad areas of research necessary to understand listening in
children. The many avenues of research in the field suggest the need for continuous development
to a coherent theoretical model that can be used to test predictions about listening and listening
effort in children. In the following, we briefly summarize the 24 contributions.

EFFECTS OF NOISE AND CHILDREN’S OWN PERCEPTIONS OF
THE LEARNING ENVIRONMENT

Listening in context, i.e., the intentional act of focusing attention on a particular source of
auditory information in a specific multimodal setting is crucial for linguistic, cognitive, and social
development. At the same time, listening often takes place to the accompaniment of background
noise, and even low levels of background noise have been found to reduce listening comprehension
in children. The preschool learning environment is considered to be particularly noisy. Few
studies have, however, reported on preschoolers’ own perceptions of their learning environment.
McAllister et al. in a comprehensive interview study, explore how preschool children in Finland and
Sweden, describe the preschool environment in relation to noise, voice, and verbal communication.
Results were similar across countries; preschool children are well aware of high noise levels, they
blame other children for making noise and shouting and for impaired communication and effects
on hearing. Interestingly, they seem less aware of effects of noise on their own voice. Astolfi et al.
reported on the relationship between acoustical measurement of classrooms and first graders’
perceived well-being and noise disturbance. Children are less happy with themselves and have
less fun with increasing levels of noise; feelings and perceptions that may have a serious impact
on motivation and learning in the classroom. Prodi et al. investigated the effects of different
types of noise, age, and gender on 11-13 year old children’s speech intelligibility and sentence
comprehension. Classroom noise was found to have the worst effect on both tasks. A developmental
effect was seen, which depended on the task and listening condition in both tasks. Girls were
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more accurate and quicker to respond in most listening
conditions. It is evident that dynamic models are needed
to capture the complex interaction of task demands and
individuals’ capacity, perceived effort and motivation in the class-
room. Listening in background noise uses cognitive resources
and has an inevitable effect on listening effort. Theoretical
frameworks of listening effort suggest that reverberation may
have similar impact on listening effort and fatigue as noise.
Interestingly, findings by Picou et al. suggest that increased
moderate reverberation has no effect on listening effort or
fatigue. This finding together with findings showing that
the association between behavioral measurements of listening
effort and participants own ratings of perceived listening
effort are weak emphasize the need for further testing of
theoretical assumptions.

THE ROLE OF PERCEPTUAL, LINGUISTIC,
AND COGNITIVE SKILLS FOR LISTENING
AND ACADEMIC SUCCESS IN CHILDREN
WITH HEARING LOSS (HL) AND AUDITORY
PROCESSING DISORDER—INDICATIONS
FOR INTERVENTION AND THERAPY

Children with poor perceptual, linguistic and cognitive skills
and who are without the correct support are at an even greater
risk of listening difficulties than those with typical development
(TD). Bilingual children with weak school language (L2) are
often considered particularly vulnerable to background noise.
We should, however, be careful explaining vulnerability to noise
by bilingualism. Andersson et al. highlight the need to look
beyond bilingualism and to consider explanations to academic
struggle. In their comprehensive study of Swedish school children
bilingualism alone predicted 38% of the variance in language
scores. With information added on parental education, school
characteristics, and enrolment in the school’s recreation center
the unique contribution of bilingualism was reduced to 9%. In
the classroom setting, a vulnerable group of children comprises
those with auditory processing disorder (APD). These children
appear to have normal hearing sensitivity but still have listening
difficulties. There is, however, a high co-existence of APD
with other disorders affecting language, reading and attention,
and large variation in the presentation of the difficulties. It
is therefore essential to identify subgroups to inform clinical
intervention for the individual child. Sharma et al. identified four
different clusters of children with suspected APD. Differences
in working memory capacity, phonological processing, and
non-verbal intelligence were the main skills that characterized
these clusters. The need for assessing a large range of skills
in these children is thus evident according to the authors.
Further examples of groups of children that encounter specific
challenges in noisy environments are children with hearing
loss (HL), with cochlear implants (CI) and/or hearing aids,
children with developmental language disorder (DLD). Children
in these groups can have excellent speech recognition in quiet,
but still experience unique challenges when listening to speech in

noisy environments. Von Koss-Torkildsen et al. investigated how
speech-in-noise (SiN) perception relates to individual differences
in cognitive and linguistic abilities in children with HL and
typically developing (TD) children with the Hearing in Noise
Test (HINT). For the full sample, language ability explained a
significant amount of variance in HINT performance beyond
speech perception in quiet and, that language ability was a
significant predictor of HINT performance for children with
CI, Hearing aids, and DLD, but not for children with TD.
The authors, as most other authors in this topic, conclude
that technologies that support audibility together with language-
specific early interventions to help improve children’s capabilities
to handle noisy classroom environments are crucial for outcome.
Several other contributions address children with hearing loss.
For example, Socher et al. explored why children with HL
often perform more poorly compared to their hearing peers,
on tests of socio-pragmatic skills. In their study, significant
differences between participants with HL and children with
TD were found on a measure connected to theory of mind.
Further, a measure of verbal fluency was correlated with three
sub-measures of pragmatic language ability. Thus, children
with a better developed semantic network may be able to use
language in a more flexible way for communication, which
is of great importance when the source signal is degraded as
for children with HL. Lexical intervention may thus promote
vocabulary growth and comprehension to support interaction
and learning in children with HL. This is also emphasized by
Wass et al. who found that receptive vocabulary was the most
influential predictor of reading comprehension in 29 11-12-year-
old Swedish children with profound HL using CI. Education
should thus, focus both on broadening and deepening of the
children’s vocabularies and comprehension of spoken language.
That optimal classroom acoustics help children perceive also the
minute details of language and thus promote understanding is
argued by

Kirkhorn Redvik et al., who explored perception and
production of speech in children with CI compared to
TD children. They found that for the participants with
CIs, consonants were mostly confused with consonants
with the same voicing and manner and that voiced
consonants were more difficult to perceive than unvoiced
consonants. As is commonly reported,
perceived more easily compared to consonants. Authors
conclude that classroom acoustics with high reverberation
times can easily hamper language comprehension due to
masking effects.

Deroche et al. examined the production and perception
of lexical tones (FO) in Mandarin speaking children with
cochlear implants (CI). They found that children with CI relied
more on durational cues than FO-contours to produce and
perceive lexical tones than their peers with normal hearing.
This indicates a link between production and perception also in
children with CI who have poorer access to auditory feedback
during production.

Further, predictions of language development are studied, for
example by Ching et al., who investigated to what extent cognitive
ability at 5 years of age predicted language development from 5

vowels were
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to 9 years of age in a population-based sample of children with
HL who participated in the Australian Longitudinal Outcomes
of Children with Hearing Impairment (LOCHI) study. Digit
span score at 5 years was a significant predictor of receptive
and expressive language at 9 years, even when non-verbal IQ
and 5-year-old receptive vocabulary were accounted for. The
authors argue that these findings shed light on the unique role
of early verbal working memory in predicting the development
of language and vocabulary skills in children who use hearing
aids. Further, Jing et al. investigated the association of rhyme
awareness, a common index of phonological awareness, with
vocabulary and working memory in a small group of North
American children (n = 6) with CI. While associations were
statistically significant in a larger group of children with TD
(n = 15), only the association between rhyme awareness and
working memory was significant in the children with CI. As
for the production of emotional tone, Chatterjee et al. conclude
that access to acoustic hearing in early childhood is important
and speech prosody should be included in speech therapy. The
authors compared acoustic characteristics of happy and sad
vocal emotions produced by North American prelingually deaf
school-aged children with CI during sentence reading with those
produced by peers with TD and adults with normal hearing
and postlingually deaf adults with CI. They found that all
four groups differ in voice pitch between the two emotions
produced, but that the difference was smallest for the children
with CIL.

Etiology of the hearing loss may also play a role for the
development of language and cognition in children with HL.
Lofkvist et al. studied the role of congenital cytomegalovirus
(cCMYV) infection on executive function. cCMIV is the most
common cause of progressive HL and associated with behavioral
anomalies. Authors did not find any significant difference
in executive function between two small groups of Swedish
child CI users, one with cCMV and one with genetic HL.
However, they did find that pragmatic skills were reduced
in the ¢cCMV group and suggest that this may hamper
academic success. Word reading and spelling in children with
HL are also addressed since listening skills are not only
essential for spoken language development but also for the
development of reading and writing. Phonological processing
skills have been considered predictive of good word decoding.
In the paper by Gokula et al. the general co-existence of
perceptual, cognitive, and linguistic deficits in children with
word reading difficulties is highlighted. A comprehensive test
battery designed to assess their auditory processing, visual
attention, digit memory, phonological processing, and receptive
language is used. Six percent of children with word reading
difficulties have deficits across all measured tasks. The results
thus emphasize the significant individual variability inherent in
children with word reading difficulties and the importance of
thorough and comprehensive assessments of reading skills. As
for writing skills, the findings by Gérdenfors et al. conclude
that spelling strategies in children with HL mostly rely on
auditory input but the children with CI apply visual strategies
when necessary.

MATURATION OF SPEECH PERCEPTION,
PSYCHOPHYSICAL, AND NEUROIMAGING
APPROACHES TO LISTENING

A range of interesting studies in this topic address maturation of
masked and unmasked speech perception (i.e., Leibold and Buss,
McCreery et al., Walker et al., and MacCutcheon et al.) and its
relation to linguistic and cognitive development in children with
TD and HL.

In their review article, Leibold and Buss summarize evidence
showing that the ability to recognize masked speech develops
over an extended period during maturation. Generally speaking,
children have greater difficulty than adults. In steady-state noise,
this difference persists until the age of about 9-10 years but when
the masker is speech the difference extends into adolescence. The
authors identify key challenges for future research. These include,
teasing apart the factors that contribute to maturation of masked
speech perception including, not least, the effect of hearing status.

Walker et al. compared developmental growth rates in speech
recognition for North American children with and without HL.
Children with HL showed persistent deficits in masked speech
recognition until the age of 11 years but their development was
parallel to that of children without hearing loss. Factors that
influenced growth trajectories for masked speech recognition
included stronger vocabulary skills and higher hearing aid
dosage. Importantly, the authors point out the need to continue
to support children with hearing loss in the academic setting
as they transition to secondary education. McCreery et al
investigated the effect of hearing status on masked speech
perception in North American children. They found that children
with HL had poorer aided speech recognition in noise and
reverberation than children with typical hearing. Children with
better vocabulary and working memory had better speech
recognition in noise and noise plus reverberation than peers
with poorer skills in these domains. In general, the better
the aided audibility the better the speech recognition in noise
and reverberation. McCutcheon et al. investigated the effect of
musical education on masked speech perception in South African
children with TD. Authors were unable to identify any effect on
either speech perception or phonological short-term memory of
musical education.

Some contributions in this topic use psychophysical and
neuroimaging approaches to the study of possible neural
correlates to challenges of listening in children with TD and
HL. Moore et al. investigated dichotic listening and neural
correlates of a receptive speech task in typically developing
children and children with listening difficulties. There were only
subtle differences between groups but while activation in some
brain regions correlated with dichotic listening for the group
of typically developing children this was not the case for the
children with listening difficulties. In their study on children
with congenital HL, Jiang et al. suggest that the changes seen
in white matter microstructures could depend on poor auditory
input or cortical reorganization. Cardon and Sharma examined
cross-modal reorganization of the auditory cortex in children
with CI using vibrotactile stimulation. They found that children
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Editorial: Children Listen

with poorer speech perception in noise showed greater cross-
modal reorganization, i.e., that their auditory cortices were
more sensitive to vibrotactile stimulation than those with better
speech perception in noise. Furthermore, greater cross-modal
reorganization was seen in the cortex on the same side as
their first CI indicating that this reorganization becomes more
accentuated when auditory input is degraded.

To sum up, the 24 articles in this topic provide an important
starting point for embracing very diverse aspects of listening
difficulties in children. Key themes for further exploration are
the effect of even low levels of background noise on perceived
and actual listening comprehension in children, including but
not limited to, children with special needs. This work should
take into account developmental aspects. Also more intervention
studies are called for. For example, can students’ listening
and language development be supported by teacher training
aiming at fostering language learning i.e., vocabulary skills in
the classroom? Further work is also needed on charting the
neural correlates of listening difficulties in children. Last but
not least, we believe that the complex relationship between the
child’s motivation, both intrinsic and extrinsic, and listening
effort, measured both subjectively and objectively should be a
key focus of future work as the development of more dynamic
theoretical models of the interaction of these factors. Finally, we
want to express our gratitude for all interesting contributions to
this topic! They not only show the important advances we have

seen in this cross-disciplinary field during the last years, but they
definitely also offer a great platform for future studies.
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Purpose: This study examined the utilization of multiple types of acoustic information in
lexical tone production and perception by pediatric cochlear implant (Cl) recipients who
are native speakers of Mandarin Chinese.

Methods: Lexical tones were recorded from Cl recipients and their peers with normal
hearing (NH). Each participant was asked to produce a disyllabic word, yan jing, with
which the first syllable was pronounced as Tone 3 (a low dipping tone) while the second
syllable was pronounced as Tone 1 (a high level tone, meaning “eyes”) or as Tone
4 (a high falling tone, meaning “eyeglasses”). In addition, a parametric manipulation
in fundamental frequency (FO) and duration of Tones 1 and 4 used in a lexical tone
recognition task in Peng et al. (2017) was adopted to evaluate the perceptual reliance
on each dimension.

Results: Mixed-effect analyses of duration, intensity, and FO cues revealed that NH
children focused exclusively on marking distinct FO contours, while ClI participants
shortened Tone 4 or prolonged Tone 1 to enhance their contrast. In line with these
production strategies, NH children relied primarily on FO cues to identify the two tones,
whereas CI children showed greater reliance on duration cues. Moreover, Cl participants
who placed greater perceptual weight on duration cues also tended to exhibit smaller
changes in their FO production.

Conclusion: Pediatric Cl recipients appear to contrast the secondary acoustic
dimension (duration) in addition to FO contours for both lexical tone production and
perception. These findings suggest that perception and production strategies of lexical
tones are well coupled in this pediatric Cl population.

Keywords: lexical tone, cochlear implant, cue trading, speech production, children
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INTRODUCTION

Cochlear implants (Cls) are medical devices that are surgically
inserted in the cochlea of patients with severe-to-profound
sensorineural hearing loss to provide auditory sensation by
electrically stimulating the auditory nerve. Even though CI
devices help to improve speech perception by patients, the
device technology has its limitations. One constraint is that
CI devices are equipped with speech-coding strategies that are
temporal-envelope based (Shannon, 1983; Zeng, 2002), and their
audio signals are delivered with poor spectral resolution. With
this limitation, speech and other sound information involving
complex harmonic pitch (fundamental frequency or F0) —critical
for functions such as the perception of prosody (i.e., speech
intonation and lexical tones), talker-sex, melody identification,
and speech perception in noise - is poorly processed by CI
patients (Qin and Oxenham, 2003; Wu and Yang, 2003; Fu
et al., 2004; Kong et al., 2005; Galvin et al., 2007; Gfeller et al,,
2007; Chatterjee and Peng, 2008; Cullington and Zeng, 2008;
Luo et al, 2008; Peng et al., 2008, 2009; Zhu et al, 2011;
Wang et al,, 2013; Zhou et al., 2013; Chatterjee et al., 2015;
Liu et al., 2019). For native speakers of a lexical tone language
such as Mandarin or Cantonese, the aforementioned limitation
hinders CI users’ ability to identify contrasts in lexical tones,
since FO serves as the primary information for this task (e.g.,
Whalen and Xu, 1992; Liu and Samuel, 2004). This limitation
is particularly challenging for pediatric CI recipients who are
prelingually deaf (ie., born deaf or become deaf before ages
five or six), given that these individuals have to rely on a CI to
master the lexical tone system critical for their spoken language
development. The restricted access to FO information may also
affect how pediatric CI listeners utilize FO cues along with
secondary acoustic dimensions, such as duration, to identify as
well as produce lexical tones.

Lexical Tone Perception

Lexical tone perception has been widely studied in both
adult and pediatric patients with CIs. Wang et al. (2013)
examined lexical tone recognition using mono-syllabic words
in CI patients who were post-lingually deaf. They found
that performance was much poorer than adult listeners with
normal hearing (NH), and also poorer than adult individuals
with severe hearing loss. They observed a negative correlation
between performance and audiometric thresholds of adult
listeners who are hearing impaired, particularly at 250 Hz,
highlighting the critical importance of low frequencies for
this task. Wang et al. (2011, 2012) found performance in
this task to be correlated with complex pitch discrimination
and musical instrument identification. However, adult listeners
with a long CI device experience are known to alter listening
strategies to perform auditory tasks. As their device does
not allow a fine representation of FO contours, post-lingually
deaf adult CI users have been shown to develop alternative
strategies for lexical tone recognition based on secondary (or
possibly tertiary) cues. This phenomenon is referred to as
cue-trading and has been shown in many speech perception
tasks when the primary cue for the task is degraded. For

instance, Peng et al. (2009, 2012) examined English-speaking
CI users to distinguish questions from statements based on
their contrasts in speech intonation. As the primary cue for
speech intonation (FO contour) was poorly transmitted by
their devices, CI users showed greater reliance on secondary
cues (intensity and duration patterns) to perform this task.
Cue-trading is also observable in listeners with NH or with
CI in the laboratory setting, by manipulating the type and
quality of acoustic information in phonetic identification (e.g.,
Winn et al., 2012, 2013).

While cue-trading has been demonstrated in adult listeners,
the phenomenon has been relatively under-studied in children.
The literature suggests that children and adults use different sets
of perceptual weights for speech recognition (Nittrouer, 1996;
Hazan and Barrett, 2000). Among pediatric CI recipients who
are prelingually deaf, performance in lexical tone recognition
has been reported as highly variable (e.g., Ciocca et al., 2002;
Peng et al.,, 2004; Zhou et al., 2013; Chen et al., 2014). There
is, however, a consistent trend: those who perform better in
lexical tone recognition tend to have longer experience with their
device. This trend suggests that while cue-trading in electric
hearing takes time to learn, children eventually adapt and develop
novel strategies in their language. On the other hand, Chen
et al. (2014) reported that while maternal education level (an
indicator of socio-economic status) plays a positive role for
speech recognition in children with CIs, it does not predict
their lexical tone identification performance. This outcome
points toward limitations inherent to the device that are not
easily overcome by the development of alternative strategies or
environmental factors.

Lexical Tone Production

Lexical tone production by pediatric CI recipients has also
been investigated in several studies. Similar to findings with
lexical tone recognition, considerable individual variability was
observed within each study. In addition, findings among studies
exhibited discrepancies, potentially related to the different
protocols and methodologies adopted among those studies.
Broadly speaking, two approaches have been followed. Some
studies (Peng et al,, 2004; Xu et al., 2004; Han et al., 2007)
asked experienced listeners (typically speech pathologists or NH
adult listeners who are familiar with the speech of hard of
hearing) to rate how they would perceive the accuracy of the
lexical tones produced by the children. Accuracy was reported
as between 30 and 70% correct for the majority of children
with CI, being considerably lower than the accuracy of their
NH peers. Tones 1 and 4 were generally better produced than
Tones 2 and 3, a pattern consistent with the developmental trend
among children with NH in their acquired mastery with lexical
tones in Mandarin Chinese (Li and Thompson, 1977). However,
those studies warned that it is sometimes difficult for judges
to make reliable assessment about the quality of lexical tone
productions that are irregular over time (across repetitions). To
circumvent this issue, another approach was followed in which
the recordings were either analyzed acoustically and some indices
were derived to reflect the production quality (e.g., Barry and
Blamey, 2004) or automatically categorized by a neural network
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based on FO contours (Zhou and Xu, 2008; Xu et al., 2011; Zhou
et al., 2013). This second approach thus permitted a relatively
objective assessment of production quality (i.e., free from human
biases). A large overlap between tonal ellipses, i.e., a lack of
tonal differentiation, was reported for CI children (Barry and
Blamey, 2004). Further, the outcomes of the neural network were
largely consistent with NH listeners’ ratings, i.e., they confirmed
substantial deficits in lexical tone production by prelingually
deafened children with CI that worsened as age at implantation
advanced (Zhou et al., 2013).

A Link Between Perception and

Production?

Outside of the lexical tone literature, it has been known for a
while that perception and production are tightly linked (Bradlow
et al., 1997; Houde and Jordan, 1998), including for FO control
(Elman, 1981; Larson et al., 2000). Naturally, this has led the
aforementioned studies to focus largely (for human judges) or
solely (for the acoustic analyses of Barry and Blamey (2004),
or the neural network adapted from Zhou and Xu (2008) on
the quality of the FO contours produced. The rationale was that
children with CIs would not be able to produce tones correctly
unless they were able beforehand to perceive FO sufficiently well
to learn to recognize the particular FO inflections of a given
tone and eventually fine-tune their speech motor commands.
To some degree, this rationale is supported by correlations
between perception and production performance (Peng et al.,
2004; Xu et al.,, 2011; Zhou et al., 2013). However, this rationale
suffers from a serious limitation: considering the cue-trading
phenomenon established in perception, information other than
FO must be examined. One might easily imagine that CI
recipients deemphasize FO contours and emphasize differences in
intensity or duration while producing lexical tones, but such cue-
trading phenomenon in production remains to be documented.
This is important because regardless of the fact that all CI
recipients suffer from some loss in functional spectral resolution,
a fraction of these children exhibit little deficit in lexical tone
production (Han et al., 2007; Zhou and Xu, 2008). Without
explicit knowledge of the type of acoustic information being used
for perception and those emphasized in production, we might not
appreciate the roots of individual variability. If the reliance on
specific acoustic dimensions in tone identification were reflected
in production by the same individuals, this would suggest
mechanistic links between the development of perception and
production of lexical tones that are driven by the characteristics
of the acoustic input.

Goals of the Study

The purpose of this study was (1) to examine the aspects of
vocal production that Mandarin Chinese speaking pediatric CI
recipients emphasize or deemphasize to convey lexical tones, (2)
to compare pediatric CI recipients’ lexical tone production to that
of NH peers, and (3) to compare lexical tone production and
perception in the same participants. The perception task followed
the design of a preliminary study (Peng et al., 2017) that focused
on a single, unambiguous, contrast: Tone 1 vs. Tone 4. In running

speech, Tones 2 and 3 can sometimes bear some similarity and are
known to be mastered relatively later throughout development
(Liand Thompson, 1977). For children as young as 6 years of age,
we wished to avoid any abnormal production that would solely
be the result of those tones still being learnt about. Thus, the
study also focused on the production of Tones 1 and 4 exclusively,
which were more likely to reflect intentional and consolidated
speech motor commands.

We hypothesized that in lexical tone production, NH
children would contrast the two lexical tones based on FO
contours exclusively. In contrast, pediatric CI recipients would
express differences in duration or intensity patterns, while not
modulating their vocal chords’ vibrations well enough to contrast
the high-level FO contour of Tone 1 vs. the falling contour
of Tone 4. Finally, we suspected that the perceptual weights
derived for an isolated word, controlled in laboratory settings,
may not necessarily generalize to perceptual strategies recruited
in running speech (ecological situations), and therefore, they may
not have had time to influence the speech motor commands.
Thus, we expected to observe a perception-production coupling
more easily in children who had more extensive experience with
their device.

MATERIALS AND METHODS

Participants
Participants in this study were comprised of 40 pediatric CI
recipients who all became deaf prelingually (deafness before
2.3 years of age), ranging from 6.4 to 17.2 years of age. For the
most part (37 out of 40), they were implanted early between
1.1 and 4.5 years of age; only three were implanted at 5.6,
7.3, and 12.2 years of age. Consequently, the median of age
at implantation was 2.5 years. These children had used their
CI devices from 1.2 to 15.2 years. Note that there was no
correlation between chronological age and age at implantation
[r? = 0.03, p = 0.295], or chronological and age at profound
hearing loss [r? = 0.02, p = 0.427], but a significant correlation
between chronological age and years of CI use [r? = 0.72,
p < 0.001]. In addition, 35 NH children (bilateral thresholds
<20 dB HL at octave frequencies between 250 and 8000 Hz)
were recruited. There was no significant difference in age at
testing between the CI and NH groups [£(73) = —0.4, p = 0.700].
The demographics of these two participant groups are reported
in Table 1. All participants and their parents provided written
informed consent, which was reviewed and approved by the
Institutional Review Board at the Chi-Mei Medical Center.
Among the CI participants, seven were implanted bilaterally,
15 were implanted unilaterally (eight on the left side, seven on
the right), wearing no hearing aid on their contralateral ear. The
remaining 18 were bimodal users, who wore a hearing aid on
the contralateral ear (13 implanted on the left side, and 5 on the
right). However, CI participants were tested (in the perception
task) and recorded (in the production task) with a single CI, being
the device implanted first. This CI was turned on, while using
the clinically assigned settings, and any other implant or hearing
aid on the contralateral ear was removed. Thirty-five participants
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TABLE 1 | Demographics of the two populations of children, who had normal hearing or were wearing a cochlear implant.

Chronological age mean (std.) [min-max]

Age at implantation mean (std.) [min-max]

Duration of Cl use mean (std.) [min-max]

NH children (n = 35)
Cl children (n = 40)

10.6 (2.8) [6.8-16.5]
10.9 (3.4) [6.4-17.2]

2.9(1.9)[1.1-12.2] 7.9(3.6)[1.2-15.2]

Numbers are given in years. All Cl children had lost their hearing before age 2.3. Note that the distribution of age at implantation was skewed: only three children were
implanted at 5.6, 7.3, and 12.2 years of age while the remaining 37 were implanted before 4.5 years of age.

were users with a Cochlear Nucleus device (N24, CI422, CI512,
Nucleus Freedom, all using the ACE coding strategy). Four were
users of a Med-El device (Pulsar, Concerto, Sonata, using the
Opus2 coding strategy). One remaining participant was a user
of the Advanced Bionics’ HiRes90k device, using the Fidelity
120 coding strategy. All participants with hearing aids had
audiometric thresholds exceeding 90 dB HL at the time of testing,
but some of them may have been exposed to acoustic hearing pre-
implantation. For example, one of the participants, implanted at
age 12, had high thresholds (~80 dB HL) until he suffered sudden
profound hearing loss and subsequently received a CI. Although
perception and production measures were all made with only
the CI in place, thus excluding any effects of acoustic hearing at
the time of testing, the presence of hearing during development
may be expected to influence perceptual cue-weighting as well as
production patterns. Therefore, we included an analysis based on
the presence or absence of residual hearing in our participants.

Production Task

All participants were asked to produce the Chinese disyllabic
word “yan-jing,” with the 2nd syllable pronounced with Tone 1
(a high level tone) and Tone 4 (a high falling tone) to represent
“eyes” (ARFH) and “eyeglasses” (BR#), respectively. The first syllable
is always pronounced with Tone 3 (a dipping tone). Participants
were asked to produce the target words in a natural way, just
as how they would say it in everyday life. Three repetitions
of each target word were recorded from each participant, in
order to increase the number of observations and determine to
what extent the extracted acoustical parameters varied from one
recording to another. The recordings were performed at two
clinical sites, the Chi-Mei Medical Center in Tainan and the
Chang Kung Memorial Hospital in Taoyuan. The experimental
sessions were set up at both sites in the following, comparable
fashion: Signals were recorded at a 44.1 kHz sampling rate with
a 16-bit resolution, with a minidisc recorder (Sony MZ-RH1)
through a stereo microphone (Audio-Technica AT9440) placed
approximately 10 cm from the speaker, in a sound-treated booth.
The recordings were transferred from the mini disc to a laptop
through the Sonic Stage (Digital Music Manager Version 3.4)
software program and saved as .wav files for further editing.
With the Adobe Audition 3.0 software program, each of the
signals was cut with 400-ms of silence before the onset and
after the offset.

Perception Task

The perception task followed the same methods identical to
that in Peng et al. (2017). A continuum between Tones 1
and 4 was created in the lab by orthogonally manipulating

(1) the slope of the FO contour, and (2) the duration, of the
second syllable of the word “yan-jing.” The range of slopes
varied from —1, —0.8, —0.6, —0.4, —0.3, —0.2, —0.1, to 0
octave. The range of durations varied from 40, 60, 80, 100,
120, and 140% of the initial duration. These manipulations were
performed at a FO height of 120 Hz (typical of male voices)
or 220 Hz (typical of female voices), resulting in a total of
96 tokens per testing session. Each participant completed three
or four sessions, in which all tokens were presented one after
another in random order. This task followed a single-interval,
two-alternative forced-choice paradigm (2AFC) in which the
participant was asked to indicate whether a given stimulus meant
“eyes” or “eyeglasses” by clicking on one of two response buttons
shown on the computer screen. Sounds were delivered from an
external soundcard (Soundmax Integrated HD Audio) connected
to a laptop through loudspeakers (Audio Pro) at approximately
65 dB SPL at the child’s ears. Although the amplitude contour
(which is naturally correlated with the FO contour, at least within
the NH population) conveys some information about lexical
tones (Whalen and Xu, 1992), the overall intensity does not.
All stimuli were therefore, presented at the same root-mean-
square (RMS) level. The amplitude contour was not manipulated
in this study, as the study focused on the trade-off between FO
and duration cues.

PRODUCTION DATA ANALYSIS

Extracting Acoustic Parameters

Acoustic analyses were performed on each of the two syllables for
all recorded tokens. We extracted the intensity pattern sampled
every 5 ms with Praat (Boersma and Weenink, 2018), and ran
a peak detection algorithm with a peak prominence of 20 dB.
In 8 cases, this algorithm did not permit us to successfully
locate the two peaks because the intensity pattern dropped by
less than 20 dB between the two syllables. When this occurred,
the peak detection algorithm was reiterated with a lower peak
prominence until it successfully located two peaks. Each syllable
was then trimmed on either side of the intensity peak. The
choice of 20-dB cutoff permitted selection of the entire syllable,
including the last phoneme /n/ in the first syllable or /#/ in
the second syllable. The FO values were also sampled every
5 ms. All recordings were first concatenated together and FO
points were extracted within a default range 75 to 600 Hz. This
resulted in a dominant distribution with a few outliers that
were octave jumps. To prevent those errors, the FO distribution
was then fitted with a normal probability density function on
a logarithmic axis, essentially to reflect the vocal range of a
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given child. The mean of the fit was chosen as the center of
the vocal range which was subsequently restricted to +/—6
semitones around. Each token was then analyzed using Praat
with this narrow FO range. Visual inspections were performed
to identify any abnormality. Abnormalities occurred in four
occasions for the NH population and 11 occasions for the CI
population over all tokens, either because (1) the production was
not sufficiently voiced, or because (2) the FO contour exceeded
the +/—6 semitones range (e.g., higher range for Tones 1 than
4). In cases (1), the voicing threshold was adjusted manually to
0.1 rather than the default 0.45 (parameter in Praat) as a way
to reduce the influence of unvoiced portions (while keeping a
20-dB cutoff window). In cases (2), the FO range was expanded
up to +12 semitones and down to —9 semitones relative to the
center of the vocal range. The entire FO contour was recorded,
but for the purpose of this study, the analyses focused on

two descriptors: FO median and FO movement from the first
to the last 30 ms.

An additional analysis was performed with a 10-dB cutoff,
revealing qualitatively similar findings as with the 20-dB cutoft
(see Appendix). Its rationale was that the final phoneme (voiced
consonant) contributed in some cases to the FO contours of
Tones 1 and 4 (e.g., right panels Figure 1). Since the middle
vowel was more intense than the phonemes embedding it, this
procedure allowed a closer focus on the voiced part of each
syllable, which provided more canonical FO contours even though
it was too conservative.

As an example, Figure 1 shows the parameters extracted
from the recordings of Tones 1 and 4 produced by a male NH
participant (top two rows) and by a female CI participant (bottom
two rows). In each panel, the black vertical lines delimit the
window selected from the 20-dB cutoff relative to the intensity
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FIGURE 1 | The “yan-jing” production, with the second syllable produced as Tone 1 (top) or Tone 4 (bottom) by a 12.7-year-old participant with NH (top two rows)
and by a 10.9 year-old participant with a Cl (bottom two rows).
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peak, and the red dashed lines delimit the window selected
from the 10-dB cutoff. Several traits can be observed. For the
NH boy, there was little difference in duration between the
two syllables; for both tones, the intensity was greater for the
second than for the first syllable. For the CI girl, the syllable
produced as Tone 4 was markedly short (possibly due to extended
duration of the first syllable); the syllable produced as Tone
1 was markedly soft (possibly due to greater intensity of the
first syllable). As shown in the right panels, the FO pattern
of the first syllable was either V-shape or falling. This pattern
was quite common, and occurred whether the following syllable
was Tone 1 or Tone 4. As anticipated, the boy produced the
second syllable either with a higher-level/slowly rising pattern
for Tone 1 or a rapidly falling pattern for Tone 4. The girl
produced a falling FO for Tone 4 but produced a largely
monotonous pattern for Tone 1 that was similar to the FO range
of the first syllable.

Statistical Analyses

The statistical analysis was performed for one acoustical
parameter at a time. We used a linear mixed effects (LME)
approach, where the initial model had two fixed effects: hearing
status (NH vs. CI) and lexical tone contrast (Tone 1 vs.
Tone 4), including an interaction term. We also considered
random intercepts for each participant as well as a random
slope for the effect of contrast because both of these additions
significantly improved the initial model. Any other addition
(random intercepts for “repetitions,” random slopes for the effect
of hearing status, random slopes for the effect of sex, random
slopes for the effect of chronological age, or even sex as a third
fixed effect) did not improve the model and were therefore,

excluded. Thus, the final model was of the form “parameter ~
1 4+ Contrast*Hearing + (14Contrast | Participant).

PERCEPTION DATA ANALYSIS

Data from all testing sessions were pooled together and the
proportion of Tone 1 responses served as the dependent variable
in a logistic mixed-effect analysis. There were three fixed factors:
(1) population, (2) slope of FO variation, and (3) duration,
including interaction terms. Note that the duration scale was log-
transformed for centering purposes. We also included a random
intercept per subject, and random slopes for the effect of FO-
slope, duration, as well as FO-height. Thus, the final model
was of the form “responses ~ Population*FOvariation*Duration
+ (14FOvariation+Duration+FOheight | Participant).” This
enabled extraction of coefficients for each subject that reflected
the reliance on pitch or duration cues, which could then be
correlated against the production outcomes.

PRODUCTION RESULTS

Duration

As displayed in the top panels of Figure 2, children with NH
prolonged the duration of the second syllable by about 10-20%
relative to the first syllable. In contrast, participants with CIs did
so for Tone 1 (by about 30%) but not for Tone 4. In other words,
participants with Cls tended to contrast the duration patterns
to distinguish between Tones 1 and 4. The LME was further
performed on the duration ratio between the two syllables (top-
right panel). This ratio permitted to discard variances associated

Chronological age (y.o.)

everyday life, children with Cls were tested only a single (implanted) side.
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FIGURE 2 | (Top left and middle) Duration of the two syllables of “yan-jing” produced as Tone 1 or Tone 4, averaged across participants in each population. (Top
right) Duration ratios between two syllables indicate that children with Cls prolonged the duration of tone 1 in order to convey what is supposedly a high-flat pitch
contour. Error bars show +1 standard error of the mean. (Bottom) Difference in duration ratio between the two lexical tones, plotted across participants as a function
of their chronological age. A greater positive value indicates a stronger tendency to prolong Tone 1 or shorten Tone 4. Regardless of their mode of hearing in
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with individual speaking characteristics, i.e., different speaking
rates among participants. There was an effect of hearing status
[t(446) = 2.2, p = 0.029], no effect of contrast [t(446) = —1.9,
p = 0.062], and an interaction between the two [t(446) = —3.8,
p < 0.001]. This interaction was the key evidence that participants
with CIs utilized duration to contrast Tones 1 and 4, whereas
participants with NH did not.

A question of interest was whether, there was a particular
profile of pediatric CI recipients who displayed this “alternative
behavior,” i.e., shortening Tone 4 or prolonging Tone 1 as a
substitute for their respective FO contours. The bottom panel
shows the difference between the duration ratios of Tones 1
and 4. Here, a positive value indicates that the participant
produced a longer duration for Tone 1 than for Tone 4 (still
with the 2nd syllable duration being relative to that of the first
syllable). This alternative behavior was shared by most of the
children with CIs (with two exceptions), and was not found
to be related to chronological age (p = 0.974). There was also
no evidence that this alternative behavior was driven by age at
implantation or duration of CI experience (respectively, p = 0.136
and p = 0.450, not shown).

Intensity
As the intensity and FO contours are correlated (Whalen and

salient for children with CIs, it might be that pediatric CI users
adjust intensity during production to emphasize or deemphasize
specific parts of tones. Accordingly, we examined the dynamics
of the produced intensity contours. The two left panels of
Figure 3 (referring to the non-contrastive syllable) bore a
striking similarity with (1) a peak arising about one third
of the total duration of the first syllable, and (2) a peak of
similar magnitude whether this syllable preceded Tone 1 or
Tone 4. For the second syllable, the intensity pattern of Tone
4 closely resembled an inverse V-shape, whereas a high-level
intensity was maintained over a longer portion of Tone 1,
dropping much closer to the edge of the time window (like
an inverse U-shape). It was also apparent that, on average, NH
children strengthened the intensity of the second syllable relative
to the first, for both tones. In contrast, CI children did so
for Tone 4 only.

Visual inspection of intensity peak of each syllable (top-
left panels of Figure 4) indicates that NH children produced
the second syllable at a higher intensity than the first, in
both target words (i.e., eyes and eyeglasses). Children with Cls,
on the other hand, did not when producing the target word
with Tone 1 (i.e., eyes). The LME analysis was performed on
the intensity peak of the second syllable, relative to the peak
of the first syllable (top-right panel of Figure 4). There was

Xu, 1992), and because the intensity contour might be more no effect of hearing status [t(446) = —1.9, p = 0.061], an
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FIGURE 3 | Mean (thick line) and one standard error (areas) for the intensity patterns extracted for each syllable when producing “yan-jing” with Tone 1 (top panels)
vs. Tone 4 (bottom panels). The patterns were delimited in time with a 20-dB cutoff from the intensity peak, and the resulting duration was normalized from O to
100% of the total duration to enable averaging across repetitions and participants.
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indicative of a stronger tendency to soften Tone 1 relative to Tone 4.
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FIGURE 4 | (Top-left) Intensity peak of the first and second syllable of the word “yan-jing” spoken as Tone 1 or Tone 4, averaged across all participants in each
population. (Top-right) Intensity peak of each tone relative to the syllable preceding it. All children tended to soften the intensity of Tone 1 relative to Tone 4. (Bottom)
Difference in relative intensity peak between the two lexical tones, plotted across participants as a function of their chronological age. A lower negative value is

effect of contrast [£(446) = 3.1, p = 0.002], and no interaction
[£(446) = 0.8, p = 0.411].

We further examined the individual differences in contrasting
the two lexical tones, in relative intensity peak across participants
(bottom panel). Here, a negative value indicates that the
participant produced a softer intensity for Tone 1 than for
Tone 4 (intensity being normalized by what occurred in the
first syllable). This was the case for 77% of the participants
with NH and 73% of the participants with CIs. The difference
was found to be weakly related to chronological age only
among NH children (p = 0.045, although this would not
survive Bonferroni correction). Among children with CI, this
behavior was not predicted either by age at implantation
(p = 0.638) or length of device experience (p = 0.833). In
summary, all children utilized intensity to some degree to
contrast the two tones.

FO Pattern

Figure 5 shows the mean FO pattern for each syllable in
each lexical tone, normalized in duration (by resampling 100
points over the length of the pattern) and normalized in its
scale (by expressing FO in semitones relative to the mean
over the first syllable). The FO contour exhibited in the first
syllable (left panels) was supposedly a falling-rising contour,
but this pattern was washed away to some degree in the
averaging process, since the timing of the local minimum
varied considerably across repetitions and across participants.
More importantly, this pattern was similar whether it preceded
Tone 1 or Tone 4, decreasing within a 2-3 semitones scale,

and similar for both subject groups, allowing for a consistent
reference with which to compare FO patterns in the second
syllable. The top-right panel of Figure 5 shows that participants
with NH expressed Tone 1 by starting about 3 semitones
above the preceding syllable and slowly raised their voice pitch
to another 2-3 semitones higher. Participants with Cls also
started about three semitones above the preceding syllable but
did not raise their voice over the course of the tone. Both
participant groups expressed Tone 4 by dropping their voice pitch
by 4-5 semitones (bottom-right panel). Two specific analyses
were performed, one based on the FO median relative to the
precedent syllable, and the other based on the FO movement
calculated as the difference between the first and last 30-
ms portion.

FO Median

The LME analysis revealed an effect of hearing status
[t(446) = —2.7, p = 0.007], an effect of lexical tone contrast
[t(446) = —4.1, p < 0.001], and an interaction [t(446) = 2.6,
p = 0.009]. As displayed in the top-left panel of Figure 6,
participants with NH raised their voice pitch relative to the
first syllable by over 4 semitones to express Tone 1, whereas
participants with CIs did it to a smaller degree. Seen across
participants (bottom-left panel), twelve children with CI changed
their voice pitch between the syllables by fewer than two
semitones, whereas practically all NH children did it by more
than two semitones. This is evidence that at least a fraction of
the CI population exhibited a relatively monotonous production
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since they were not able to indicate Tone 1 as “high” (although
they were able to indicate it as “flat” — see next section).

FO Movement

The LME analysis revealed an effect of hearing status
[(446) = —4.7, p < 0.001], an effect of contrast [¢(446) = —13.8,
p < 0.001], and a significant interaction [£(446) = 2.2, p = 0.027].
As displayed in the top-right panel of Figure 6, NH and CI
groups differed primarily in the rising versus flat contour of
Tone 1. To produce Tone 1 (not shown), 72% of CI participants
exhibited a slightly rising FO contour while the rest exhibited
a downward movement. NH participants produced a more
accentuated rising contour which contributed to the difference
in FO median aforementioned. To produce Tone 4 (bottom-right
panel of Figure 6), all but two participants exhibited a downward
movement (—4.5 semitones on average). Interestingly, younger
children were more likely to produce a steep downward
movement than were older children.

We also examined the extent to which these FO parameters
could depend on years of CI use (Figure 7). This experience-
related factor was a stronger predictor than chronological
age in explaining how much participants with Cls dropped

their voice pitch within Tone 4. As displayed on the right
panel, participants with the longest experience with their Cls
produced Tone 4 with the shallowest falling slope (p = 0.016)
accounting for 14% of the variance. Note that excluding one
subject with 15 years of experience (16.7 years old, the second
oldest of our sample) whose productions were very good, this
relationship strengthened considerably (r2 = 0.24, p = 0.002).
In addition, there was a non-significant trend, where the long-
term users produced smaller differences in FO median between
the two syllables when producing Tone 1 (left panel), and this
relationship was considerably strengthened by ignoring the same
16.7 years old subject (> = 0.19, p = 0.006). Despite a large inter-
subject variability that is often observed among CI users, there is
some evidence that long-term CI experience was associated with
a more monotonous FO production.

Role of Acoustic Hearing

Although all participants were tested with their earlier-implanted
CI only, they varied in their everyday device configurations.
A between-subjects analysis of variance in the production
outcomes discussed above (1: difference between the two tones
in duration ratio, 2: difference between the two tones in intensity
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FIGURE 6 | (Top-left) FO median over the second syllable, expressed relatively to that in the first syllable. A higher value implies the use of a higher pitch range
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relative to syllable 1, and is particularly relevant for Tone 1’s examination. (Top-right) FO movement calculated as the difference between the last and first 30-ms of the
FO pattern over the second syllable only. A negative value means a falling inflection, and is particularly relevant for Tone 4’s examination. (Bottom-left) FO median for
Tone 1 and (bottom-right) FO movement for Tone 4, plotted across participants as a function of their chronological age.

* Unilateral (n=15) B Bilateral (n=7) A Bimodal (n=18)

’ r%=0.19, p=0.006 e
_ 7 A .19, p=0.i
2 . A
N r?=0.05, p =0.150
,‘Z 5r A
2 | A a B,
£ 4l AR LA L.
g 3 ATgah— *x u
z A x -7
g 2 1 =
© x
£ 1} - x
o X *
o 0 ------------- ‘ ------- ‘ ————————

A

2 4 6 8 10 12 14

Duration of Cl experience (yrs)

FIGURE 7 | FO median for Tone 1 (left) and FO movement for Tone 4 (right) plotted across participants as a function of their years of Cl use. The Cl participants who
had used their Cl for the longest time exhibited less modulation of their vocal chords either to differentiate the pitch range between syllables (as in the case of Tone 1)

or to indicate the direction of a pitch sweep (as in the case of Tone 4).

2

2 = 0.14,p = 0.016

FO movement (semitones) of Tone 4

1%=0.24, p=0.002

2 4 6 8 10 12
Duration of Cl experience (yrs)

14

ratio, 3: FO median over Tone 1 relative to the preceding
syllable, and 4: FO movement over Tone 4) was conducted
one by one, with Bonferroni corrections, based on whether the
listeners were Bimodal (N = 18, 45%), Unilateral-CI (N = 15,
37.5%) or Bilateral-CI (N = 7, 17.5%) users. The results
did not show consistent patterns. No significant differences
were observed between the groups in duration characteristics
[F(2,37) = 2.4, p = 0.108], and only a marginal difference
in intensity characteristics [F(2,37) = 3.3, p = 0.046] driven
by a significant difference between Unilateral-CI and Bilateral-
CI users (p = 0.036). Another marginal effect of group was
observed for FO median [F(2,37) = 3.1, p = 0.059], driven by

a difference between Unilateral-CI and Bimodal listeners, with
Bimodal listeners producing a higher FO median than Unimodal
listeners for Tone 1 (p = 0.047). However, this effect was unlikely
to be due to residual hearing, because there was no difference
between Bilateral-CI and Bimodal users (p = 0.780). Finally,
differences between the groups in FO movement also failed to
reach significance [F(2,37) = 3.0, p = 0.064], and did not point
either toward a benefit of residual hearing (i.e., Bimodal users
producing FO drops of about —5 semitones, while Bilateral-
CI and Unilateral-CI users produced drops of —6 and —3.5
semitones, respectively, and no pairwise comparison reached
significance). Also, the groups were different in chronological age,
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with Unilateral-CI users being significantly older than bimodal
users (mean ages 13.4 vs. 8.9 years of age, p < 0.001) and
marginally older than bilateral users (13.4 vs. 10.4, p = 0.055). As
duration of device experience co-varied with chronological age,
this may have also contributed to the differences between groups.

PERCEPTION RESULTS

The data for the perception task are shown in Figure 8. A logistic
mixed-effect analysis revealed a significant interaction between
population and the slope of FO variation [£(20451) = 114,
p < 0.001]. The proportion of Tone 1 responses for NH children
rose dramatically from about 20 to 90% (on average over the
two FO heights) as the FO drop changed in a subtle manner
between —0.3 to —0.1 octave. For participants with Cls, the

proportion of Tone 1 responses varied more gradually between 20
and 75% over the entire scale of FO variation. As a consequence,
the estimated coeflicient for FO variation differed between the
groups: —20.7 and —4.3 for NH and CI participants, respectively
(Figure 9). There was a main effect of duration [£(20451) = 10.4,
p < 0.001], favoring Tone 1 responses the longer the syllable. Its
estimated coefficient was 6.6, and it did not differ between NH
and CI participants [£(20451) = —0.5, p = 0.604]. Finally, there
was an interaction between the two experimental manipulations,
FO variation and duration [£(20451) = —4.9, p < 0.001], which
itself interacted in a 3-way with population [#(20451) = 2.8,
p = 0.005]. This can be appreciated when considering that NH
children made use of duration only when the pitch contours
were ambiguous (F0-slopes of —0.3 to —0.1 octave), whereas CI
children made use of duration cues throughout all manipulations.
Notably, at the extremes (for CI children): extending the duration
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(% of initial length) -
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FIGURE 8 | Proportion of stimuli perceived as Tone 1 among a continuum of stimuli varying orthogonally in FO-variation, duration, and FO-height. A steeper slope of
the psychometric function along a given dimension (e.g., FO variation) reflects a stronger reliance on this cue.
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from 40 to 140% still caused a +10% increase in Tone 1
responses when the FO contour dropped by a full octave, and
caused a +45% increase in Tone 1 responses when the FO
contour was flat.

Note that FO-height was not included as a fixed factor, as it did
not represent an experimental manipulation but was included to
represent the natural variability in lexical tones (male or female
voices). It made overall little difference to the responses (top
versus bottom panels, Figure 8), and estimates of the per-subject
random slopes allocated to FO-height did not differ between
participants with NH and with CIs [#(73) = —1.3, p = 0.207].
Also, FO-height did not correlate with any of the production
parameters, and is not discussed any further.

Estimates of the per-subject slopes for FO-variation and
duration were plotted across participants (Figure 9). To
homogenize the variability between the two populations, the
estimates for FO-variation were expressed in logjo of the
absolute value. There was an age effect among participants
with NH (p = 0.049, although it would not survive Bonferroni
correction), whereby the older children placed slightly more
weight (than the younger children) on the slope of FO
variation. In contrast, there was an age effect among participants
with CIs, whereby the older children placed more weight
on duration, explaining 20% of the variance (p = 0.004).
Note that the present participants in the CI group were
implanted before age 3 (median = 2.5 years of age); their
chronological ages correlated strongly with the length of CI
experience [#2 = 0.72, p < 0.001], and a similar correlation
could therefore, be obtained when the variable chronological
age was substituted with the length of CI experience [r* = 0.19,
p 0.005]. Additionally, the participants with NH did
not exhibit the same trend when compared to that of
the participants with a CI [r> = 0.01, p = 0.572]. Taken
together, these findings suggest that chronological development
itself does not contribute to the observed trend that older
participants with a CI placed more weight on duration cues

compared to those younger ones. In other words, rather
than a developmental factor, this effect could well be driven
by the opportunity to have learned cue-trading through the
experience with Cls.

Finally, we addressed the question of whether the perceptual
weights that a given child placed upon F0 contours and duration
cues could be related to the production outcomes discussed
earlier. For the NH group, we did not observe any relationship.
For the CI group, however, two interesting correlations were
observed. First, the participants who placed greater weight to
duration cues perceptually were the individuals who exhibited
little downward movement when producing Tone 4 (p = 0.016,
right panel of Figure 10). This is exemplified by the two
participants who relied the most on duration (coefficient of
13-14), and despite being quite different in age (9.5 vs. 16),
they both expressed Tone 4 with less than a two semitones
drop. Second, there was a marginal correlation (p = 0.058, left
panel), where the users who relied more on FO perceptually
tended to raise their voice pitch more between Tone 1 and
the syllable preceding it. An account based on the sensitivity
to FO would easily explain such a link: the users who are
lucky enough to discriminate a static FO difference of 1-2
semitones (Deroche et al., 2014) or track a FO glide down
to 8 semitones/s (Deroche et al., 2019) in the voice of other
speakers could afford to rely on FO contours perceptually
even though the trajectory of the FO inflection is coarse, and
similarly this sensitivity may be just enough for their auditory
feedback to exhibit this coarse inflection in their own production.
Therefore, it could prevent the “monotonizing” impact of
hearing through a CI over many years (Figure 7). However, it
must be acknowledged that the perceptual weights on duration
did not correlate with the production outcome respective to
duration ratio (p = 0.734); and the perceptual weights on FO
variation did not correlate with the FO movement of Tone 4
(p=0.266). Therefore, on the whole, our hypothesis that “reliance
on specific acoustic dimensions in the identification of tones

Prelingually deafened CI children who relied more on pitch cues (for perception) modulate their vocal chords to
a greater extent; those who relied more on duration cues (for perception) exhibit a more monotonous voice.
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would be reflected in their production by the same individuals”
received mixed support.

GENERAL DISCUSSION

Peng et al. (2017) reported that pediatric CI recipients used
both FO and duration cues to discriminate between Tones 1
and 4, while NH peers relied exclusively on FO cues. This result
seemed consistent with cue-trading, in which CI listeners use
alternative acoustic dimensions that co-vary with FO contour
to compensate for the limited functional spectral resolution.
However, when the same children were asked to identify lexical
tones in a set of 40 naturally spoken words, their performance
was predicted by their reliance on FO rather than on duration
cues. This makes sense considering that, in connected speech,
the four lexical tones actually show little difference in duration.
With minimal semantic or linguistic context, it is hard to see
how those children could indeed make use of duration cues. In
other words, while pediatric CI users may rely on amplitude
and/or duration cues as additional sources of information to
perceive lexical tones, it is their sensitivity to FO contours that
predicts lexical tone recognition in everyday listening. Duration
cues may not be very helpful at the sentence level, and as such, the
degraded FO contour may still be the more reliable information in
ecological situations.

This begged the question of whether CI children would still
attempt to modulate their voice pitch despite ignoring how well
they succeeded in doing so, or whether they would attempt to
convey those tones via other dimensions that they have adequate
representation of, even though these co-varying cues may not be
relied upon by NH listeners. The present results provided several
key points, as follows.

First, pediatric CI recipients produced Tone 4 shorter than
Tone 1 (Figure 2). This behavior simply exaggerated that of
NH participants (more easily observable with voicing duration),
which is why CI users were able to produce meaningful tone
distinctions using duration cues. This finding highlights that the
patterns produced by all participants reflect to some degree the
biological or mechanical constraints of human vocal production.
Thus, CI users cannot produce tones in an arbitrary way; they
can only refine their productions based on what is acceptable and
meaningful in the natural lexicon. On a side note, it is notable that
the participants with ClIs exhibited longer vowels than their NH
peers, and this may not be coincidental. By slowing down their
speech overall, these children increase their capacity to shorten
specific syllables when they need it, without reaching a narrow
window, where this might conflict with audibility. Additionally,
speaking slowly tempers fast fluctuations in intensity, i.e., it
gives them a better control over loudness changes. These results
are consistent with findings of Chuang et al. (2012), where CI
children are reported to exhibit longer vowels as well as longer
pauses between words, resulting in a slower speaking rate than
their NH peers matched in age, sex, and educational level.

Second, while individuals with NH stressed the second syllable
relative to the first in both Tones (relying on pitch to convey
the tone identity), pediatric CI recipients tended to soften Tone

1 relative to the syllable preceding it (Figure 4). However, we
did not capture a trait of the intensity pattern that would
highlight a significant interaction between population and tone.
Rather, a marginal effect of group (p = 0.061) showed that
participants with ClIs simply did not emphasize the second
syllable as much as their NH peers did. Perhaps, they are less
aware of which syllable contains to the critical information that
distinguishes the two tones and consequently do not feel the
need to emphasize it. Arguably, compression of dynamic range
in the auditory feedback that CI children received from their
own voice should hinder their ability to detect small increments
in loudness. However, this explanation suffers from the clear
difference between the two tones (>2 dB) that CI children
successfully exhibited (as NH children did). Another factor that
could have played a role here is the fact that NH children
listened binaurally to their voice’s feedback while CI users listened
monaurally (regardless of whether they used another CI or a HA
in their everyday life). This means that several of the CI children
did not experience the binaural summation they are normally
used to experience, and this could have led them to speak louder
(for both tones).

Third, there were signs (although subtle) of atypical FO
productions among some pediatric CI recipients. This was
reflected by a lower tendency to (1) mark the FO median of
Tone 1 as higher than the syllable preceding it, and (2) mark
the FO movement of Tone 4 as falling. However, several notes
of caution must be acknowledged. The first observation was
partly accounted for by a difference in FO movement between
the two groups. Children with NH actually raised the FO over
the course of Tone 1 by 2 semitones, while children with CI
produced it as flat (as it is supposed to be, in isolation). This raises
a doubt about NH children’s production quality which must be
answered. Much of the literature on Mandarin’s phonetics is
based on monosyllabic words. Xu (1997) demonstrated that with
bi-tonal sequences, there are anticipatory and carry-over effects
to consider, and most relevant here, “a considerable portion of
the FO curve for Tone 1 has a rising contour when the preceding
tone is Tone 3 or Tone 4, both of which have a low offset” (p. 69).
Thus, the present behavior of NH children is perfectly normal
and expected, given that Tone 3 was used in the first syllable.
In contrast, the fact that CI children stuck to the canonical form
of Tone 1 indicates that they did not take the tonal context into
consideration. The second observation is also debatable since, at a
population level, there was no difference between the two groups
in FO movement for Tone 4; only the older CI users reduced
the degree of their drop in FO. Therefore, in both measures (FO
median for Tone 1 or FO movement for Tone 4), we think that the
interesting finding is about the effect of CI experience (Figure 7),
rather than a deficit of the entire population.

The effect of CI experience raises discrepancies among earlier
studies. In earlier studies, the quality of lexical tone productions
was rated (by a NH adult or a machine), and those ratings
were dominated by the quality of the FO contour. Hence, such
ratings should in principle be consistent with acoustic parameters
such as those presented here. Han et al. (2007) reported that CI
experience was beneficial to production ratings (with N = 14).
However, Zhou et al. (2013) failed to replicate this finding with
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a large sample size (N = 110). Earlier, Peng et al. (2004) did not
find such a benefit of experience (with N = 30) and this was
not possible for Xu et al. (2004) to investigate, as their sample
included only 4 CI children. Here, we found CI experience to
be rather detrimental to the quality of FO productions. Arguably,
the linear trends were modest (e.g., accounting for only 14%
of the variance in the right panel of Figure 7), but we note
that those CI users who produced the shallower falling tone
were also the subjects who placed greater perceptual weights on
duration (Figure 10, right panel, also accounting for 14% of the
variance). We do not believe this relation to be coincidental, and
it suggests a “monotonizing” process (and a shift in perceptual
strategies) that takes place over years of hearing through the
device, perhaps as many as 20 years given the current slopes. The
most trivial interpretation is that the poor feedback of voice pitch
provided by current Cls reinforces the percept of a monotonous
voice and over many years, some CI users adapt and no longer
modulate their vocal chords (as this seems to have no impact on
their auditory feedback). This being said, children with CIs have
ample opportunities to receive direct or indirect feedback from
caregivers, teachers, clinicians, and other NH children, on how to
produce better FO contours to enhance their intelligibility. These
interactions should mitigate the saliency of the monotonous
voice percept, but perhaps it is difficult to learn FO control from
outsiders’ advice.

Rather than a “monotonizing” impact of CI experience, an
alternative explanation is that pediatric CI recipients exhibited
a stronger developmental trajectory in their FO control than
did their NH peers. Adults and older children generally speak
with narrower fluctuations in FO than do young children (e.g.,
review by Kent, 1976). Older CI users could have spoken on
a narrow range of FO fluctuations, not because their voice was
monotonous per se, but because they had already refined the
control of their vocal chords to operate within a range that is
just enough to convey the tonal information. This interpretation
suffers from two weaknesses: (1) the correlations with CI
experience were stronger than those with chronological age of
CI children (Figure 7 vs. Figure 6), and (2) there was no effect
of chronological age among NH children (Figure 6). However,
the developmental trajectories of CI children are known to differ
from those of NH children, and it is easy to imagine that the
refinement process in FO variability requires hearing. So, this
interpretation should certainly not be discarded until one can
test precisely whether these FO fluctuations would eventually
(with very long-term exposure) flatten or show a similarly narrow
distribution as for NH adults.

One of the most efficient ways to disambiguate such
interpretations is to examine production with and without
auditory feedback, i.e., by turning the CI on and off. Such studies
differ in their outcome, with some showing differences between
the two conditions (Poissant et al., 2006; Bharadwaj et al., 2007)
and others finding no difference in the acoustics of their speech
(Tye-Murray et al., 1996; Turgeon et al., 2017). Applied to lexical
tones, similar designs would be greatly informative. Also critical
is the fact that the mechanics of speech production may actually
differ (e.g., when the feedback is on or off) even when no acoustic
difference is observed in the recordings, which is why articulatory

measures may eventually be necessary to fully understand the
abnormal vocal production by CI users and their relation to
experience-related plasticity (Turgeon et al., 2015, 2017).

Fourth, a number of results in the lexical tone recognition
task were found to be consistent with previous findings (Peng
et al,, 2017): (1) the tonal boundary along a continuum of
FO slopes was very sharp for NH children but more gradual
for CI children; (2) the tonal boundary along a continuum of
compressed to stretched syllables was generally shallower (than
for the FO slope) and CI children relied on duration across the
entire range of FO slopes, whereas NH children used it only in
very few cases, where the FO slope was ambiguous; (3) as they
got older, NH children relied even more on FO cues while CI
children relied even more on duration cues. This latter finding
is particularly important because it is potentially the reason
why prelingually deafened CI users improve over time in this
task, i.e., not because they somehow get better at processing FO
contours but because they have learnt to detect other cues. This
interpretation would seem consistent with a study by Tao et al.
(2015) who observed considerable deficits in melodic contour
identification by Mandarin-speaking CI users (aged 6-26 years)
while performing well in a lexical tone recognition task. Also,
performance in the two tasks was not correlated among the 33
users in their study (children and adults, pre- or post-lingual).
The authors concluded that CI users must compensate their
deficits in FO processing by using the amplitude and duration
cues in lexical tones. Note that this learning to trade among cues
must take place while hearing, but among prelingually deafened
children, it is always difficult to disentangle developmental effect
from that of CI experience itself. Zhou et al. (2013) reported
CI experience to account for 18% of the variance in lexical
tone identification; in very good agreement, we found it to
account for 19%.

Finally, the present study focused on the contrast between
Tone 1 vs. Tone 4, as this pair permitted us to examine
the changes in perceptual weighting between two acoustic
dimensions (FO and duration) known to contribute to lexical
tone recognition for Mandarin Chinese. This Tone 1 vs. Tone
4 contrast is also suitable for our targeted patient populations
and listeners who are relatively young in age, given the relatively
simple linguistic meanings of the chosen bi-syllabic words with
these two lexical tones (i.e., eyes vs. eyeglasses), in addition to the
fact that they do not involve complex contour changes as with
Tones 2 and 3 (Peng et al., 2017). Ideally, it would be necessary to
replicate the present findings with other pairs of lexical tones and
considering different tonal context environments.

CONCLUSION

This study analyzed acoustic recordings of Mandarin Chinese,
pediatric CI recipients, and their age-matched peers with NH.
All participants were asked to produce disyllabic words with
contrastive lexical tones (i.e., Tones 1 and 4). Pediatric CI
recipients, at least the older and more experienced ones, exhibited
narrower modulations of their voice pitch (both within and
across syllables). However, it remains unclear whether this
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represents a “monotonizing” impact of CI experience or rather
a refinement in the control of vocal chords to convey the
tonal information more like adults. Perhaps as a compensatory
mechanism, CI children contrasted the duration properties of
the second syllable that distinguish Tones 1 and 4. To explore
this interplay further and link it to perception, the same children
took part in a lexical tone recognition task, discriminating
among parametric variations of many tokens in a Tone 1-Tone
4 continuum. The perceptual weights extracted from this task
confirmed that CI children relied less on FO cues than did NH
children. CI children used duration cues all the time, whereas
NH children used them only when FO cues were ambiguous.
CI children who placed greater weight on duration cues also
tended to have the most monotonous tone production. This result
supports the idea that perception and production are reasonably
coupled, even with this clinical population having an auditory
feedback of relatively poor quality.
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APPENDIX

Throughout visual screening of each production (see examples in Figure 1), we noted that the second syllable often exhibited an
elevation of FO from the last phoneme, especially for Tone 4 (e.g., right panels in Figure 1). This is the kind of observation that led
us to reiterate the analysis with a 10-dB cutoff to selectively capture the stereotypical shape of the tones, even though it necessarily
restricted the amplitude of FO movements. Here, we report on the statistical results derived for duration, FO median, and FO movement
with the narrower window.

The duration of syllables extracted with a 10-dB cutoft provided a closer estimation of the voicing duration. On average, this voicing
duration was reduced by about 100 ms compared to the syllable duration (which was described in Figure 2, top-left panels), but the
overall pattern was largely similar. When expressed as a ratio between the two syllables, the LME analysis revealed no effect of hearing
status [t(446) = 1.1, p = 0.259], an effect of contrast [t(446) = —5.0, p < 0.001], and an interaction between the two [#(446) = —2.2,
p = 0.028]. Those results were therefore, qualitatively similar as those revealed with the 20-dB window, but with a stronger role for
contrast (tone 4 being overall less voiced than tone 1).

When expressing FO median in semitones relative to the first syllable, the LME analysis revealed a marginal effect of hearing
status [#(446) = —2.0, p = 0.045], a marginal effect of contrast [#(446) = —1.8, p = 0.069], and a critical interaction between the
two [£(446) = 2.4, p = 0.015]. When examining FO movement, the LME analysis revealed an effect of hearing status [£(446) = —4.2,
p < 0.001], a strong effect of contrast [£(446) = —14.9, p < 0.001], and a critical interaction between the two [#(446) = 2.3, p = 0.022].
Again, these outcomes were similar to the ones aforementioned. Overall, therefore, the size of the window considered (20 or 10 dB
drop from the intensity peak) made qualitatively no difference to the results described in the rest of the manuscript.
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Objectives: To assess the microstructural properties of cerebral white matter in children
with congenital sensorineural hearing loss (CSNHL).

Methods: Children (>4 years of age) with profound CSNHL and healthy controls
with normal hearing (the control group) were enrolled and underwent brain magnetic
resonance imaging (MRI) scans with diffusion tensor imaging (DTI). DTl parameters
including fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity were
obtained from a whole-brain tract-based spatial statistics analysis and were compared
between the two groups. In addition, a region of interest (ROI) approach focusing on
auditory cortex, i.e., Heschl’'s gyrus, using visual cortex, i.e., forceps major as an internal
control, was performed. Correlations between mean DTl values and age were obtained
with the ROl method.

Results: The study cohort consisted of 23 children with CSHNL (11 boys and 12 girls;
mean age + SD: 7.21 4 2.67 years; range: 4.1-13.5 years) and 18 children in the control
group (11 boys and 7 girls; mean age + SD: 10.86 =+ 3.56 years; range: 4.5-15.3 years).
We found the axial diffusivity values being significantly greater in the left anterior thalamic
radiation, right corticospinal tract, and corpus callosum in the CSHNL group than in the
control group (p < 0.05). Significantly higher radial diffusivity values in the white matter
tracts were noted in the CSHNL group as compared to the control group (o < 0.05).
The fractional anisotropy values in the Heschl’s gyrus in the CSNHL group were lower
compared to the control group (p = 0.0015). There was significant negative correlation
between the mean fractional anisotropy values in Heschl’'s gyrus and age in the CSNHL
group < 7 years of age (r = —0.59, p = 0.004).

Conclusion: Our study showed higher axial and radial diffusivities in the children
affected by CNHNL as compared to the hearing children. We also found lower fractional
anisotropy values in the Heschl’s gyrus in the CSNHL group. Furthermore, we identified
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negative correlation between the fractional anisotropy values and age up to 7 years in the
children born deaf. Our study findings suggest that myelination and axonal structure may
be affected due to acoustic deprivation. This information may help to monitor hearing
rehabilitation in the deaf children.

Keywords: congenital sensorineural hearing loss, diffusion tensor imaging, white matter, tract-based spatial
statistics, diffusivity, magnetic resonance imaging

INTRODUCTION

Congenital sensorineural hearing loss (CSNHL) is a type of
deafness that occurs prior to language development. Permanent
childhood hearing loss due to CSNHL is estimated to be 1.2 to
1.7 cases per 1,000 live births, and up to 30% of these affected
children have profound hearingloss (Kral and O’donoghue, 2010;
Paludetti et al., 2012). Congenital deprivation of sound stimuli in
children with CSNHL may delay language acquisition and alter
the development of auditory neural pathways, resulting in brain
structural changes (Chari and Chan, 2017). Delayed diagnosis of
hearing loss in infants and young children with CSNHL results in
severe deficits in learning and development. In addition, severe-
to-profound hearing loss causes a severe societal burden due to
reduced work productivity and the need for expensive special
education resources for children with prelingual deafness (Mohr
et al., 2000). Cochlear implant being the most effective treatment
for CSNHL should be placed within the first 3.5 to 4 years of
life when the developing brain has the maximal plasticity for
reorganization in order to optimize cognitive functioning (Kral
and Sharma, 2012). Nevertheless, cochlear implant placed late or
even in adult age may enable the patients to hear and could help
to compensate for the deficits in the brain development. However,
prior studies have shown that individuals with the cochlear
implant placed late or in adult age may have persistent auditory
deficits, and they may not gain effective speech understanding
even with the cochlear implant for a long period of time (Kral
and Sharma, 2012). Therefore, it is prudent to diagnose and treat
children with CSNHL early in life to improve their learning and
development outcomes.

Neuroimaging studies have contributed to our understanding
of brain alterations and neuroplasticity in deafness. Prior studies
of macrostructural differences in deaf people, compared to
control participants without hearing loss, showed lower white
matter (WM) volume but preserved gray matter volume in the
auditory region, including the Heschl’s gyrus (HG) and the
adjacent temporal lobe (Hribar et al, 2014). In addition to
the reported WM macrostructural changes, there are also WM
microstructural alterations in people with hearing loss (Kim
et al., 2009; Miao et al., 2013; Park et al., 2018). However, less is
known about the WM microstructural properties specifically in
children with CSNHL.

Diffusion tensor imaging (DTI) has been commonly
used to study WM microstructure. DTI is an established
magnetic resonance imaging (MRI) method that measures the
directionality of water diffusion in the brain and is more sensitive
for detecting WM microstructural alterations than volumetric
methods (Douaud et al, 2011). A prior DTI study found

abnormal WM microstructure in adolescents with prelingual
deafness, compared to healthy control adolescents (Park et al.,
2018). Their study found lower fractional anisotropy (FA)
values in the WM tract of the HG and inferior fronto-occipital
fasciculus (IFOF), among other WM areas, in deaf children
younger than 4 years but not in older children. However, another
DTI study showed lower FA values and higher radial diffusivity
(RD) in bilateral superior temporal gyri, HG, and splenium of
the corpus callosum in older children (10-18 years of age) with
prelingual deafness (Miao et al., 2013). These results indicate that
WM microstructural properties may be different in children with
hearing loss, but there is limited information about how brain
alters in children affected by CSNHL. Furthermore, the existing
study results are inconsistent, leaving a gap in knowledge.

To address the knowledge gap, we designed the current
study to test the hypothesis that children with CSHNL have
different WM microstructural properties compared to the
healthy controls with normal hearing. We evaluated the cerebral
WM microstructural properties using two different methods,
including a whole-brain voxel-wise tract-based spatial statistics
(TBSS) method and a region of interest (ROI) approach focusing
on the auditory cortex, i.e., the HG, using the visual cortex, i.e.,
the forceps major (FM) as an internal control.

MATERIALS AND METHODS

Participants

This was a study of children with CSNHL and healthy controls
with normal hearing who underwent brain MRI scans with
acquisition of DTI data. The eligibility criteria included the
following: children between 3.5 and 18 years of age with profound
CSNHL, a mean brain stem response threshold of >91 dB,
auditory steady-state evoked potential >80 dB, hearing loss
within the range of 250-4,000 Hz, and grossly normal MRI results
for the brain and inner ear with no evidence of major structural
abnormalities. None of the children with CSNHL had a history
of using hearing aids upon enrollment. The exclusion criteria
were the following: severe neurological disorders such as epilepsy,
congenital leukodystrophy, or severe cognitive impairment such
as autism or hyperkinetic syndrome, and poor-quality MRI scans
that were rendered suboptimal for data analysis.

This study was carried out in accordance with all institutional,
local, and national guidelines. Our study was approved by
the institutional review board of our hospital. The parents or
legal guardians of the children gave written informed consent
in accordance with the Declaration of Helsinki. Statistical
analysis was performed on the demographic information of
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the participants including age and gender. For continuous
variable such as age, a two-sample t¢-test was used. For
categorical variables such as gender, Fishers exact tests were
used. A two-sided p-value less than 0.05 was considered as
statistically significant.

MRI Image Acquisition

The MRI images were acquired with a Siemens Magnetom
Verio 3T MRI scanner (Siemens Healthcare; Erlangen, Germany)
using a 12-channel phased-array head coil (Siemens). The
head position was stabilized with sponge support. All study
participants were sedated for the MRI scan with oral chloral
hydrate under the care of medical professionals. There were no
complications with regard to the oral sedatives.

A three-dimensional magnetization-prepared rapid gradient-
echo (MP-RAGE) sequence was obtained with the following
protocol: slice thickness, 0.9 mm; slice interval, 0 mm; repetition
time, 1,700 ms; echo time, 2.9 ms; inversion time, 900 ms;
matrix, 256 x 256; field of view, 220 x 220 mm?; and
slice number, 140. The DTI scanning protocol was as follows:
slice thickness, 2 mm; slice interval, 0 mm; slice number, 60;
repetition time, 9,000 ms; echo time, 93 ms; and imaging
matrix, 128 x 128. Motion-probing gradients were applied along
30 non-collinear directions with a b factor of 1,000 s/mm?
after an acquisition without diffusion weighting (b = 0 s/mm?).
Additional parameters included the following: diffusion-sensitive
gradient direction, 30; field of view, 220 x 220 mm?; number
of excitations, 2.

Diffusion Tensor Imaging Preprocessing
and Tract-Based Spatial Statistics

Analysis

The FMRIB Software Library (FSL) was used for DTI data
preprocessing (version 5.0; FMRIB, Oxford, United Kingdom)'.
TBSS* was used to perform voxel-wise statistical analysis (Smith
et al., 2006). First, the raw diffusion datasets were corrected
for eddy current effects (Andersson and Sotiropoulos, 2016).
Then, we used the Brain Extraction Tool for brain extraction
(Smith, 2002). Subsequently, we fitted the preprocessed diffusion
data into a tensor model to create the FA images (Basser
et al, 1994). A non-linear registration was used to align the
FA data from all the subjects into a common space, the
Montreal Neurological Institute (MNI) MNI152 space (Fonov
et al., 2009, 2011). A study-specific FA template was built as
the target FA image for our study cohort, which was younger
than 18 years. A mean FA image of all subjects was created
according to a previously described method (Andersson et al,
2007). This mean FA image was then thinned to create a mean
FA skeleton, which represented the centers of all the tracts
common to all subjects. Each subject’s aligned data were then
projected onto the MNI template image, and voxel-wise cross-
subject statistics were applied to the data. The maps generated
and analyzed were FA, mean diffusivity (MD), RD, and axial

Uhttp://www.fmrib.ox.ac.uk/fsl
Zhttps://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/

diftusivity (AD) according to a previously described method
(Wheeler-Kingshott and Cercignani, 2009). X1, X2, and A3 were
the three eigenvalues of diffusion, while 11 was also called AD
(Figure 1), and averaging the maps of A2 and A3 represented
RD (Figure 2).

Voxel-wise statistical analyses were performed using the FSL
tool, Randomise’. This method implemented permutation-based
inference (Wang et al., 2007). Age was treated as a covariant in the
whole-brain TBSS analysis but not in the ROI analysis. Multiple
comparison correction was performed using both the threshold-
free cluster enhancement and cluster-based thresholding options
(Smith and Nichols, 2009).

Region of Interest Analysis Focusing on
Auditory Cortex and Correlation Between

Diffusion Tensor Imaging and Age

Additional DTI analysis was performed with an ROI approach
focusing on the auditory cortex, i.e., the WM tracts leading to HG,
using the visual cortex, i.e., the FM of corpus callosum connecting
the bilateral visual cortex as internal control as seen in Figure 3.
We extracted the mean DTI values from HG and FM. Two-
sample t-test was used to compare between-group differences
in the mean FA, AD, and RD values for each tract of interest.
The p < 0.05 was considered statistically significant. Correlations
between mean FA, AD, and RD values and age in each group
were obtained with the ROI methods focusing on HG while
using FM as an internal control by computing pairwise Pearson
correlation coeflicients and the associated p-values before and
after stratification of each group with a cutoff age of 7 years.
The CSNHL group was then divided into two subgroups, i.e., the
CSNHL group < 7 years and the CSNHL group > 7 years, and
the control group was divided into two subgroups in a similar
manner with a cutoff age of 7 years. A value of p < 0.05 was
considered statistically significant after Bonferroni correction for
multiple comparisons.

RESULTS

Demographic Information

A total of 34 children over 3.5 years old with profound CSNHL
were enrolled in the study between February 1, 2017, and October
1, 2018, and each participant underwent brain MRI scanning
for acquisition of DTI data and 3D T1-weighted sequences.
Eleven children were subsequently excluded from the study:
six children had major neurological diseases or major cognitive
impairment, and five children with CSNHL had poor-quality
MRI brain scans that prevented optimal imaging analysis. The
final study cohort consisted of 23 children with profound CSNHL
(11 boys and 12 girls; mean age £ SD: 7.21 £ 2.67 years;
range: 4.1-13.5 years). The control group included 18 age-
matched children (11 boys and 7 girls; mean age + SD:
10.86 =+ 3.56 years; range: 4.5-15.3 years). All study participants
in both the CSNHL group and the control group were right-
handed (Table 1).

3https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise
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and axial images for one representative axial level.

FIGURE 1 | Axial diffusivity (AD) map showing significantly higher AD values in the CSHNL group as compared to the control group. The red-yellow highlighted areas
indicate higher AD values in the right corticospinal tract, left anterior thalamic radiation, and left corpus callosum. The background image consists of the standard
MNI T1-weighted template at 1-mm thickness and the FA skeleton (green). The images at the bottom row from the left side to the right side indicate sagittal, coronal,

No significant differences between the CSNHL group and the
control group were noted for gender (p = 0.60). Regarding age,
the CSNHL group was significantly younger than the control
group (p = 0.0006).

Whole-Brain Voxel-Wise Tract-Based
Spatial Statistics Data

The whole-brain TBSS analysis showed no significant differences
between the CSNHL and control groups for either the FA or
the MD map (p-corrected > 0.05). Significantly higher AD
values were observed in the left anterior thalamic radiation,
right corticospinal tract, and left corpus callosum in the CSNHL
group, as compared to the control group (p-corrected < 0.05)
(Table 2). The coordinates of the local maxima and cluster sizes
are presented in Figure 1 and Table 2. There were significantly
higher RD values for the left anterior thalamic radiation and

left IFOF (p-corrected < 0.05 for both threshold-free cluster
correction and cluster-based thresholding correction) in the
CSNHL group, relative to the control group, as shown in Figure 2
and Table 2.

Region of Interest Data Focusing on
Auditory Cortex and Correlation Between
Diffusion Tensor Imaging and Age

There were statistically significant lower FA values in the
CSNHL group compared to that in the control group in
the HG (p = 0.0015) and FM (p = 0.0033) as presented in
Table 3 and Figure 4.

There was statistically significant negative correlation between
the mean FA values in the HG relative to the FM (as an internal
control) and age in the CSNHL group < 7 years (n = 14,
r = —0.59, p = 0.004), while no similar correlation was noted
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FIGURE 2 | Radial diffusivity (RD) map showing significantly higher RD values in the CSHNL group as compared to the control group. The red-yellow highlighted
areas indicate higher RD values in left inferior fronto-occipital fasciculus (IFOF) and left anterior thalamic radiation. The background image consists of the standard
MNI T1-weighted template at 1-mm thickness and the fractional anisotropy (FA) skeleton (green). The images at the bottom row from the left side to the right side
indicate sagittal, coronal, and axial images for one representative axial level.

Forceps Major (FM) Heschl’s gyrus (HG)

[ Heschl’s gyrus (HG) [ Forceps Major (FM)

FIGURE 3 | The white matter (WM) tracts of interest selected for region of interest (ROI) analysis. (A) Axial, (B) sagittal, and (C) coronal images of the selected brain
regions.

in the CSNHL group > 7 years (n = 9, r = 0.20, p = 0.60). the control group < 7 years (n = 3, r = 0.99, p = 0.10) or in
While in the control group stratified by the age of 7 years, there  the control group > 7 years (n = 15, r = 0.45, p = 0.09) as
were no statistically significant correlation with age either in  presented in Figure 5.

Frontiers in Neuroscience | www.frontiersin.org 30 June 2019 | Volume 13 | Article 597


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Jiang et al.

Hearing Loss Alters White Matter

TABLE 1 | Summary of characteristics of study participants.

CSNHL Group (n =23) Control Group (n = 18)

Age DTI obtained (years) 7.21 £ 2.67 (4.1-13.5) 10.86 + 3.56 (4.5-15.3)

Age CSNHL diagnosed 0.77 +£0.18 (0.5-1.17) \

(years)

Gender 11 Male/12 Female 11 Male/7 Female
Handedness all righthanded All righthanded
dB hearing loss: Left ear  108.45 + 7.59 (94-120dB) \

dB hearing loss: Right ear  106.62 + 8.06 (91-120dB) \

Age (years) are presented as mean age + SD; hearing loss in left ear and right ear
are presented as mean dB + SD. dB: decibels.

TABLE 2 | Summary of DTI parameters showing significant differences between
the CSHNL group and the Control Group.

Voxels P value MNI Coordinates Atlases (Tract from JHU)
X Y z
AD 225 < 0.001 102 144 93 Corticospinal tract R
133 0.007 108 123 84 Anterior thalamic radiation L
105 0.022 75 131 122 Corpus callosum L
RD 103 0.016 115 134 31 IFOF L
81 0.037 109 126 86 Anterior thalamic radiation L

JHU, Johns Hopkins University; L, Left; R, Right.

DISCUSSION

In this study, we found higher AD and RD values in the children
with CSNHL, compared to the healthy children with normal
hearing. These differences were present in several WM tracts,
including the left anterior thalamic radiation, right corticospinal
tract, corpus callosum, and left IFOF. The higher AD values
indicated the presence of WM microstructural alterations in
axonal formation, and the higher RD values indicated altered
myelination in the children with CSNHL. To the best of our
knowledge, our study was the first to report differences in the
AD and RD values in children with CSNHL between 4.1 and
13.5 years of age. Moreover, our ROI analysis focusing on the
auditory cortex showed lower FA values in the HG and negative
correlation between the FA values and age up to 7 years in the
children born deaf.

Tract-based spatial statistics is a commonly used program
for comparing groups on a voxel-by-voxel basis to identify
differences in FA and other DTI parameters (Maller et al,
2014). Using TBSS, we performed a whole-brain analysis of
normalized brain to evaluate the WM microstructure. Our
TBSS approach allowed for a broad characterization of between-
group differences with stringent statistical corrections (Smith
and Nichols, 2009). FA and MD are the two common diffusion
indicators for DTI data, and they have been used to evaluate WM
properties in various diseases, such as prelingual deafness and
traumatic brain injury (Le Bihan et al., 2001; Hribar et al., 2014;
Park et al., 2018). FA values are related to the WM microstructural
integrity and directionality of axonal fibers within a voxel (Assaf
and Pasternak, 2008). MD is the mathematical combination of

TABLE 3 | DTI parameters for the region of interest (ROI) analysis focusing on the
Heschl’'s gyrus (HG) while using the forceps major (FM) as an internal control.

CSNHL Group Control Group P
n=23 n=18
Mean (SD) Mean (SD)

FA HG* 0.24 (0.01) 0.27 (0.03) <0.01
FM** 0.27 (0.02) 0.29 (0.02) <0.01

RD HG 0.87 (0.02) 0.85 (0.03) 0.08
FM 0.98 (0.03) 0.99 (0.04) 0.66

AD HG 0.98 (0.03) 0.97 (0.03) 0.15
FM 1.13 (0.04) 1.15(0.04) 0.32

*p =0.0015: when comparing the mean FA value of HG between the CSNHL group
and the Control Group. **p = 0.0033: when comparing the mean FA value in the
FM between the CSNHL group and the Control Group. Values indicate the mean
values in each parameter. FA: fractional anisotropy, RD: radial diffusivity, AD: axial
diffusivity.

0.32
Groups
0.31 N CSNHL
= Control
0.30 p* =0.0033
0.29
p™ =0.0015

0.28 I I
<
[

0.27

0.26

0.25

0.24

0.23

HG FM

FIGURE 4 | The mean FA values for the HG and the FM in both the CSNHL
group and the control group.

RD and AD. Nevertheless, assessing the diffusion properties
such as AD and RD in regions parallel to and perpendicular
to WM tracts may provide additional information about brain
microstructure such as axonal formation and the presence of
myelin (Song et al., 2002, 2005; Counsell et al., 2006; Sun
et al., 2006), reflecting distinct aspects of WM microstructure.
Directional diffusivity shows great potential to be specific
biomarkers for injury to the axons and myelin (Xu et al,
2008), and DTI makes it possible to evaluate microstructural
diffusivity (Hribar et al., 2014). In our study, we evaluated WM
microstructural properties by analyzing RD and AD along with
FA and MD. Although we found no significant differences in
FA or MD values between the CSNHL group and the control
group in the whole-brain TBSS analysis, our finding of higher
RD and AD values in specific WM regions indicated the presence
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FIGURE 5 | Correlation analysis between the mean FA values and age. The mean FA values on the Y-axis indicate the differences between the Heschl's gyrus (HG)
and the forceps major (FM). (A) Correlation between the mean FA values and age in the CSNHL group < 7 years of age. (B) Correlation between the mean FA values

and age in the CSNHL group > 7 years of age.
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of WM microstructural differences in the children with CSNHL
compared to the children with normal hearing.

The published literature is conflicting regarding the WM
microstructural properties in the congenital deaf people. Various
inconsistent structural differences in both auditory and non-
auditory areas have been reported in the literature. This might
be due to different analytical approaches with some studies using
a whole-brain voxel-wise TBSS approach while others focusing
on the specific regions of interests such as the auditory cortex.
In addition, some studies adopted a combined approach using
both the whole-brain TBSS and ROI methods, and some used a
volumetric method to analyze the volumes of the auditory cortex
(Emmorey et al., 2003; Park et al., 2018). For instance, a human
study using a volumetric approach showed less WM in the
HG leading to larger gray matter-WM ratio in the congenitally
deaf adults compared to the hearing adults (Emmorey et al.,
2003). Their findings suggest that lack of auditory stimuli
from birth may lead to less myelination and possibly fewer
fibers connected to the auditory cortices. A study with cortical
cytoarchitectural analysis showed morphological changes in the
auditory cortex with thinner auditory fields in a deaf animal
research (Berger et al., 2017).

Non-auditory effects of congenital deafness have also been
reported including the visual cortex, somatosensory projections,
and motor tracts (Hribar et al., 2014; Kral et al., 2019). We
speculate the non-auditory changes found in our whole-brain
TBSS voxel-wise analysis might be due to the following reasons.
First, neuroplasticity may occur in the children with CSNHL.
The developing brain may exert compensatory cross-modal
plasticity with reorganization of other sensory modalities such
as visual ability, thus demonstrating a phenomena described in
the literature as a visual “take over” of auditory areas in deaf
children (Kral et al, 2019). In addition, sensory and motor
inputs are linked to each other during development, and motor

cortices may mediate the increased auditory-evoked activity
to sounds in humans (Reznik et al., 2015). Therefore, it is
not surprising to find motor tracts such as the corticospinal
tracts showing higher AD and RD values in our cohort with
CSNHL compared to the hearing children. Second, our relatively
small sample size consisted of the children ranging from 4.1
to 13.5 years of age, which was different from some studies in
the literature (Miao et al., 2013; Park et al., 2018). In addition,
our study was limited by the fact that our two study groups
were not matched by age with the CSNHL group being younger
than the control group. All these factors may decrease the
sensitivity of detecting subtle differences in the DTI measures.
Third, heterogenous FA images are commonly seen in children’s
developing brains. Therefore, there is an increased risk for false-
positive results, which have been noted in the published literature
(Smith et al., 2006). Nevertheless, our additional analysis with
the ROI approach focusing on the auditory cortex showed the
HG was affected in the CSNHL group with lower FA values
compared to the hearing children. As for our future study, we
will perform volumetric analysis of the auditory cortex and
resting-state functional connectivity to further understand the
brain structural and functional differences between the children
with CSHNL and the children with normal hearing.

Some of our study results were consistent with the published
literature, while some were divergent from prior reports. We
found no significant differences for FA or MD values between
the CSNHL group and the control group in the whole-brain
TBSS analysis. One prior study showed reduced FA values but
unchanged MD values along the auditory pathways of patients
with sensorineural hearing loss when compared to the controls.
Another study, which used TBSS to study prelingually deaf
children, found no significant differences between the FA maps
of patients and controls, but positive correlations between FA
values and age for the deaf children in almost all WM tracts.
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Differences in age may partially explain the differences between
our study results and those of the studies by Chang et al. (2004)
and Park et al. (2018). The study by Park et al. (2018) included
patients from 1 to 7 years old, while our study participants with
CSNHL were between 4.1 and 13.5 years old. In their additional
analysis focusing on children over 4 years old, they found no
significant differences between the deaf and control children for
the DTT parameters, which was generally in line with our finding.
Our study enrolled the children with CSNHL over 3.5 years old
for two reasons. First, prior studies have shown that the brain
changes the fastest from 1 to 3 years of age (Hermoye et al., 2006;
Tierney and Nelson, 2009). Studying the developing brain during
this period is challenging because the brain is small but rapidly
growing. The regional topology and myelination also change
during this period. Furthermore, brain function might not match
the anatomy precisely at this stage of brain development (Fan
et al,, 2011). In addition, although 3.5 years of age is an optimal
time for language function and brain development (Sharma
et al,, 2002, 2015), it is challenging to enroll study participants
at this age. Some families did not seek medical treatment such
as cochlear implant until the children were older enough for
kindergarten or elementary school. In our experience, this delay
in treatment was more commonly seen in rural areas with limited
social and financial support. We therefore designed our study
targeting the children with CSNHL between 3.5 and 18 years
because this age group was particularly vulnerable and was at a
disadvantage for learning in school due to hearing impairment.
Because of the children’s ages in our study cohort, it was expected
to see our study results different from others targeting different
ages of children with hearing loss.

Our additional analysis of age relationships in the WM
microstructure showed significant correlation between the mean
FA values and the age in the deaf children younger than 7 years.
These findings implicate the WM microstructural alterations
occur in younger children but may be compensated in older
children with CSNHL. WM maturation occurs mostly in the
first 12 months of life and plateaus after 24 months of age
(Muftuler et al., 2012). Our study participants were all older than
2 years, and therefore, most of the major developmental changes
should have already occurred in our cohort. Nevertheless, we
assumed that some minor WM alterations may still be ongoing
in our cohort. This assumption was supported by prior reports
indicating gradual increases of FA values in various WM tracts as
the brain matures from childhood to adulthood (Muftuler et al.,
2012). However, we did not detect the expected age effect in
our study with the whole-brain TBSS analysis. We believe this
study result might be due to the wide age range in our study
cohort, the two groups not age matched, and the relatively small
sample size. Nevertheless, our additional ROI analysis focusing
on the auditory cortex showed an age effect in the CSNHL
group with significant negative correlation between the mean
FA values in the HG and age in the subgroup of deaf children
younger than 7 years.

We found that the WM microstructural differences were
located predominantly in the frontal brain, including the
anterior thalamic radiation connecting the anterior thalamus
with prefrontal areas, and IFOF connecting the occipital lobe to

the temporal lobe and frontal lobe. Frontal brain is associated
with cognitive function such as executive function, speech,
and language development. There are positive correlations
between cognitive function and refined fiber organization
of WM tracts (Muftuler et al., 2012). In addition, studies
have shown an association between trajectories of brain
WM maturation and intellectual performance (Tamnes et al.,
2010). Therefore, our study findings of WM differences in
the frontal brain implicate potential association between WM
microstructural properties and cognitive function in children
with CSNHL. We hypothesize that the detrimental effects
on the WM microstructures as reflected by lower FA in
young deaf children may represent potential neural correlates
of cognitive development in the children with CSNHL and
may contribute to their developmental delay. We recognize
that this hypothesis was based on our speculation since
we did not collect data to assess developmental delay or
cognitive development for the current study. Nevertheless, our
study has clinical relevance indicating preferential frontal WM
involvement in the vulnerable children with hearing loss, which
may serve as preliminary data for hypothesis generating for
future large-scale studies of CSNHL, cognitive functioning, and
developmental delay.

Our study showed higher values for AD and RD in the
left anterior thalamic radiation in the children with CSNHL
compared to the hearing children. The acoustic radiation is a
component of the anterior thalamic radiation, and it is critical
for hearing. This fiber tract originates in the medial geniculate
nucleus and terminates in the primary auditory cortex, i.e., the
HG (Wakana et al., 2004). Our study finding of significantly
higher values in both AD and RD indicates loss of WM
microstructural integrity of the acoustic radiation, as reported
in another study (Husain et al., 2011). The higher value in AD
implicates axonal abnormalities, intrinsic neuronal degradation,
and morphologic differences in neuronal fibers (Lin et al., 2008;
Profant et al., 2014). The higher value in RD may reflect abnormal
myelination such as demyelination or dysmyelination (Song et al.,
2002, 2005; Hasan et al., 2008), or it could reflect a higher number
of crossing fibers, as shown in a study of congenital deafness in
adults (Karns et al., 2017). For the children with CSNHL in our
study, we speculate that the higher AD values may be due to
abnormal axonal maturity such as less axonal density and caliber,
while the higher RD might be due to abnormal myelination such
as loss of myelin integrity.

Our study showed higher AD and RD in the corticospinal
tract, corpus callosum, and IFOF in children with CSHNL
as compared to the hearing children. These brain structures
regulate motor, language, and visual function (Vanderah, 2016;
Wu et al., 2016). The corticospinal tract is a collection of axons
that carry motor-related information from the cerebral cortex to
the spinal cord (Vanderah, 2016). Prior studies have found that
hearing-impaired children with sensory organizational deficits
have poor balance and have presented with motor problems
(Crowe and Horak, 1988; Hartman et al., 2011). Our study
findings of higher AD in the corpus callosum of the children with
CSNHL is in agreement with prior studies of deaf individuals
(Kim et al., 2009). The corpus callosum is responsible for
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transmitting neural messages between the right and left
hemispheres and plays an important role in transmitting
auditory, visual, and linguistic signals. Therefore, it is not
surprising to see different diffusivity values in the corpus
callosum in the children with CSNHL compared to the hearing
children in our cohort, who may undergo brain reorganization
from the lack of sound stimuli.

There are several limitations to our study. First, our study
cohort of patients with CSNHL had a wide age range, from 4.1
to 13.5 years of age, and were not age matched with the control
group, which may confound the findings in our study. Moreover,
we did not evaluate the CSNHL patients younger than 4 years,
which may limit the generalizability of our study results to all
children with CSHNL. Second, our sample size was not large
enough to stratify the patients based on their clinical and lifestyle
factors, such as knowledge of sign language and the extent of
special education for the hearing impaired, which may alter brain
structure and function. Third, our TBSS method involved whole-
brain analysis with stringent statistical comparisons, which
may limit the power to detect subtle differences in specific
brain regions between the two groups. Other methods, such
as the ROI approach, may help us to evaluate differences in
the DTI parameters in the particular regions of WM that are
relevant to the auditory pathway (Karns et al., 2017). Therefore,
we performed additional ROI analysis focusing on the auditory
cortex. Fourth, although DTI is commonly used to study the
WM microstructure, it has its own inherent limitations as an
imaging method. For instance, the tensor model only represents
one major fiber direction in a voxel, so DTI analysis could
potentially be confused by cross-fiber regions (Behrens et al.,
2007). Last, our study was limited due to the lack of analysis
on the sedation effect. We used chloral hydrate to induce a
light-sedated state because it was easy to use as a liquid for
oral intake for children, and it had a low adverse respiratory
effect. However, all children in our study were sedated during
the MRI scans. We therefore could not perform an analysis of
sedation effect by comparing the group with sedation with the
group without sedation. Nevertheless, we recognize that sedation
may affect brain structure and function. A brain connectivity
analysis of resting-state functional MRI study examined the effect
of chloral hydrate-induced light sedation in school-aged children
(Wei et al., 2013). Their study showed a global detrimental effect
of sedation on the functional interactions of the brain, especially
on the information-processing properties. We will incorporate
the sedation effect in our future studies of brain structure and
function in children with CSNHL.
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Deprived of sensory input, as in deafness, the brain tends to reorganize. Cross-modal
reorganization occurs when cortices associated with deficient sensory modalities are
recruited by other, intact senses for processing of the latter’s sensory input. Studies
have shown that this type of reorganization may affect outcomes when sensory
stimulation is later introduced via intervention devices. One such device is the cochlear
implant (Cl). Hundreds of thousands of Cls have been fitted on people with hearing
impairment worldwide, many of them children. Factors such as age of implantation
have proven useful in predicting speech perception outcome with these devices in
children. However, a portion of the variance in speech understanding ability remains
unexplained. It is possible that the degree of cross-modal reorganization may explain
additional variability in listening outcomes. Thus, the current study aimed to examine
possible somatosensory cross-modal reorganization of the auditory cortices. To this
end we used high density EEG to record cortical responses to vibrotactile stimuli in
children with normal hearing (NH) and those with Cls. We first investigated cortical
somatosensory evoked potentials (CSEP) in NH children, in order to establish normal
patterns of CSEP waveform morphology and sources of cortical activity. We then
compared CSEP waveforms and estimations of cortical sources between NH children
and those with Cls to assess the degree of somatosensory cross-modal reorganization.
Results showed that NH children showed expected patterns of CSEP and current
density reconstructions, such that postcentral cortices were activated contralaterally
to the side of stimulation. Participants with Cls also showed this pattern of activity.
However, in addition, they showed activation of auditory cortical areas in response
to somatosensory stimulation. Additionally, certain CSEP waveform components were
significantly earlier in the Cl group than the children with NH. These results are taken
as evidence of cross-modal reorganization by the somatosensory modality in children
with Cls. Speech perception in noise scores were negatively associated with CSEP
waveform components latencies in the Cl group, suggesting that the degree of cross-
modal reorganization is related to speech perception outcomes. These findings may
have implications for clinical rehabilitation in children with cochlear implants.

Keywords: cochlear implants, cross-modal reorganization, somatosensory, vibrotactile, cortical somatosensory
evoked potential, high density EEG, independent components analysis, SLORETA

Frontiers in Neuroscience | www.frontiersin.org 37

June 2019 | Volume 13 | Article 469


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2019.00469
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2019.00469
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2019.00469&domain=pdf&date_stamp=2019-06-26
https://www.frontiersin.org/articles/10.3389/fnins.2019.00469/full
http://loop.frontiersin.org/people/445658/overview
http://loop.frontiersin.org/people/77383/overview
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Cardon and Sharma

Somatosensory Cross-Modal Reorganization in Children With Cls

INTRODUCTION

Permanent hearing loss in children is a common condition
that is found in 2-3 of every 1,000 live births (Centers for
Disease Control and Prevention [CDC], 2010). Children who are
identified with more severe cases of hearing loss (i.e., >70 dBHL),
are often candidates for treatment with a cochlear implant (CI).
ClIs are devices that restore hearing to deaf individuals via direct
electrical stimulation of the auditory (VIII) nerve. As of 2013,
approximately 324,200 CIs had been fitted worldwide (Food
and Drug Administration [FDA], 2012). These devices have
proven extremely useful in restoring auditory function to many
children born with hearing loss. However, many other implant
recipients have had relatively little success in behavioral speech
understanding (Harrison et al., 2005; Nicholas and Geers, 2007;
Holt and Svirsky, 2008). Despite ongoing improvement in Cls
and implantation procedures, there remains a high degree of
variability in the behavioral outcomes (e.g., speech and language
development) of children with CIs (Svirsky et al., 2000; Sarant
et al,, 2001, 2014; Tobey et al., 2003; Harrison et al., 2005; Geers,
2006; Nicholas and Geers, 2007; Holt and Svirsky, 2008; Geers
et al., 2009; Lund, 2016; Szagun and Schramm, 2016). Given
this variability, it is difficult to predict the level of benefit an
implant will provide a given patient. Recent investigation has
been aimed at discovering the underlying factors associated with
this variability (Svirsky et al., 2000; Sarant et al., 2001; Tobey
et al., 2003; Geers, 2006; Geers et al., 2009; Szagun and Schramm,
2016). However, despite these efforts, only these factors explain
on a portion of the variability (i.e., approximately 35-62%; Fink
et al, 2007), though one that seems to stand out is age at
implantation - earlier implantation appears to lead to greater
chances for favorable outcome (Sharma et al., 2002a,b; Svirsky
et al., 2004; Geers, 2006; Geers et al., 2009; Niparko et al., 2010).
Sensory loss (ie., blindness and deafness) can lead to
reorganization of the cerebral cortex. In deafness, this
reorganization manifests itself when sensory modalities that are
intact recruit auditory cortices for their own processing — termed
cross-modal reorganization (see Bavelier and Neville, 2002;
Merabet and Pascual-Leone, 2010 for reviews). In conjunction
with age of implantation, it is likely that cortical development
and neuroplastic processes, such as cross-modal reorganization,
play a role in outcomes for children with CIs. Though most of the
work that characterizes this type of plastic change has examined
cross-modal reorganization of auditory cortex by vision (e.g.,
Rebillard et al., 1977; Neville et al., 1983; Finney et al., 2001,
2003; Fine et al., 2005; Sadato, 2005; Doucet et al., 2006; Bavelier
and Hirshorn, 2010; Lomber et al., 2010; Meredith and Lomber,
2011; Campbell and Sharma, 2014, 2016; Clemo et al., 2014;
Kok et al., 2014; Scott et al., 2014), a number of studies have
also shown evidence of cross-modal reorganization between
the somatosensory and auditory cortices in both animals and
humans (Levinen et al., 1998; Baldwin, 2002; Auer et al., 2007;
Sharma et al., 2007; Allman et al., 2009; Meredith and Lomber,
2011; Meredith and Allman, 2012; Karns et al., 2012). However,
while such investigations have been carried out in adults, no
study has examined somatosensory cross-modal reorganization
of auditory cortical areas in pediatric CI recipients. Thus,

the goal of this study was to examine possible cross-modal
reorganization between the somatosensory and auditory systems
in children with CIs (relative to age-matched NH controls) and
its relationship to behavioral speech perception.

MATERIALS AND METHODS

Participants

Participants for the current study consisted of two groups of
individuals: those with NH and children with CI. Children with
CIs were limited to those with sensorineural hearing loss (SNHL).
All participants were recruited and tested in accordance with
the Institutional Review Board of the University of Colorado at
Boulder. As such, signed informed consent was obtained from
parents or guardians of all subjects in the current study. We
recruited 35 NH children between the ages of 5 and 17 years of age
(17 female). The overall group was divided into three age groups
for recruiting and analysis. These groups were: (1) 5-7-year-old
children (n = 9; mean age = 6.95 years; SD = +0.53 years);
(2) 8-10-year-old children (n = 11; mean age = 9.81 years;
SD = £0.97 years); (3) 1l-year-old and older children and
adolescents (n = 15; mean age = 12.9 years; £SD = 1.45 years).
All of these individuals had NH, which was defined as auditory
thresholds at or below 20 dBHL at 250, 500, 1,000, 2,000, 4,000,
and 8,000 Hz. These thresholds were obtained in each participant
by a certified clinical audiologist. Additionally, none of the
participants had any history of neurological disorder.

We recruited children with CIs (CI group; n = 12; mean age
at test = 12.42 years; S.D. = £:4.16 years). A subset of the above
NH group was formed for comparison with CI children (NH
group; n = 17; mean age at test = 12.29 years; S.D. = £:2.46 years).
These 17 children were selected, rather than 12, to increase
statistical power, while still maintaining similarity in age between
the CI and NH groups. Statistical comparison of the ages of the
NH and CI groups confirmed that they were not significantly
different (p > 0.05). Ten out of 12 CI participants were bilaterally
implanted, while the remaining two subjects had unilateral CIs.
All bilateral CI recipients were implanted sequentially — seven
of ten received their first implant in the right ear. The mean
age of first implantation for the CI group as a whole was
3.90 years (S.D. = :4.03 years), while the average age of second
implantation for bilaterally implanted children was 7.33 years
(S.D. = £4.47 years). The average duration of first CI use at the
time of testing (i.e., time between first CI fitting and testing) was
8.51 years (S.D. = +4.09 years), while the duration of 2nd CI
use was 5.65 years (S.D. = £2.31 years). Make and model of CI
and speech processing strategy was not accounted for given the
limited sample size of the CI group.

Stimuli

250 Hz tones, each 90 ms in duration, with 10 ms linear ramps
at onset and offset, were used to elicit cortical somatosensory
evoked potentials (CSEP). These stimuli were presented to
each participant via a standard clinical bone oscillator (Sensory
Systems d.b.a. Radioear Inc., B71 Bone Transducer), which was
electrically shielded with copper mesh so that any electrical
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noise produced by the device would not be registered by the
EEG electrodes. During testing, this transducer was temporarily
affixed to the participant’s right or left index finger using
medical tape. For consistency, all participants underwent testing
with right finger stimulation. Additional testing with left finger
stimulation was achieved in a subset of the study participants
(n = 6), though, due to time constraints and subject cooperation,
this was not done in all children. Stimulus presentation timing
was controlled by E-Prime® 2.0 software (Psychology Software
Tools, Inc.). All stimuli were presented at a level of 55 dBHL
on the audiometer, which resulted in vibrotactile sensation
in all participants (approximately 0.122 g or 1.2 m/s* of
acceleration output) that was sufficient to elicit CSEPs, but
never uncomfortable (Weinstein, 1968). For all CI participants,
CIs were turned off during CSEP recording to ensure that the
vibrotactile stimuli were only felt and not heard. Continuous
white noise was played via a loudspeaker at a level of 50 dBHL
on the side of stimulation in order to mask any auditory
artifact of vibrotactile stimulation for all participants. Procedures
were similar to those described previously in studies from our
laboratory and others (Yamaguchi and Knight, 1991; Sharma
et al., 2015, 2016; Cardon and Sharma, 2018). All participants
reported that they could feel, but not hear, the stimulus.

EEG Recording and Analysis

During testing, each participant was seated in a comfortable
chair situated in a sound treated room. They were fitted
with a 128-channel EEG recording net (Electrical Geodesics,
Inc.) that had been soaked in a solution of water, baby
shampoo, and sodium chloride. EEG recordings were sampled
at 1 kHz and band-pass filtered online between 0.1 and
200 Hz. Following recording, EEG data were initially high-
pass filtered offline at 1 Hz. These data were then segmented
into epochs that consisted of 100 ms pre- and 495 ms post-
stimulus intervals. Then, data were exported for further
analysis in the EEGLAB toolbox (Delorme and Makeig,
2004) running within the Matlab® software package (The
MathWorks®2014). Once imported, channels containing
excessive amounts of noise were rejected. Then, epochs that
presented with data exceeding +100 uV in amplitude were also
eliminated. The sampling rate of the data was then changed
to 250 Hz to allow for subsequent processing efficiency.
Data then underwent re-referencing to a common average
reference. Finally, rejected channels’ data were replaced via
spherical interpolation, which was necessary to appropriately
address highly noisy channels and remove their effects on
subsequent analyses.

The region of interest (ROI) employed for initial CSEP
analysis in the large NH group consisted of 24 electrodes that
covered the parietal and temporal areas of the left hemisphere
of the scalp (Hamaildinen et al., 1990). Waveforms from the
designated electrodes from this ROI were averaged together to
form a composite waveform. Peak latencies and absolute and
peak-to-peak amplitudes for the P50, N70, P100, N140a, and
N140b CSEP waveform components were then extracted from
waveforms from the ROI for each participant. These were later
used for statistical comparison.

For CI children (and smaller age-matched group of NH
children) electrodes were divided into more specific ROIs in
the temporal and parietal regions of both hemispheres in order
to evaluate possible effects of cross-modal reorganization on
CSEP responses. ROI selection was based on a combination
of visual inspection of the 128-channel data and optimal
recording locations of CSEPs reported in Hidmadldinen et al.
(1990) and Cardon and Sharma (2018). ROIs included:
(1) Left Temporal ROI (LTemp ROIL electrodes: TP7,
T9, P9, TP9, T5-P7); (2) Left Parietal ROI (LPar ROI;
electrodes: P3, P5, CP1, P1, PO7, PO3); (3) Right Parietal
ROI (RPar ROI; electrodes: P4, P6, CP2, P2, POS8, PO4);
(4) Right Temporal ROI (RTemp; electrodes: TP8, T10,
P10, TP10, T6-P8). These electrode positions represent
approximate 10-20 system electrode locations, as reported in
Luu and Ferree (2000), since EGI uses a geodesic electrode
organization system.

Average CSEPs were calculated for each participant for all
ROIs. Then, each participant’s ROI CSEP waveform component
latencies and absolute and peak-to-peak amplitudes were noted
(i.e., the difference between the amplitude of the CSEP peak of
interest and the preceding peak were calculated). We measured
peak-to-peak amplitudes due to the larger inherent variability
in measurement of absolute amplitudes (e.g., Johnson et al.,
1975). Statistical comparisons were then performed with these
CSEP peak latency and amplitude values between the CI and
NH groups using non-parametric Mann-Whitney U Tests for
each ROI. CSEP latencies and amplitudes for the CI group were
also correlated (Spearman’s Rank correlations) with behavioral
speech perception in noise scores (see “Speech Perception in
Noise” section) to evaluate potential relationships between neural
activity and behavioral speech perception in noise. Correction
for multiple comparisons was performed on both between group
statistics and correlations using the False Discovery Rate method
presented by Benjamini and Hochberg (1995; g < 0.1).

Current Density Reconstruction

In preparation for current density reconstruction (CDR), each
subject’s data epochs were concatenated and subjected to
independent components analysis (ICA). One application of
ICA is artifact rejection. Thus, independent components (ICs)
containing eye blinks or movement, electrical noise, or muscle
artifact were removed from each participant’s dataset. After ICA
artifact rejection, ICs that accounted for the highest portion
of the variance around each peak of the CSEP were saved for
inclusion in CDR. Data were then transferred to the Curry® Scan
7 Neuroimaging suite (Compumedics Neuroscan™) for cortical
source estimation. Initial processing steps toward CDR included
baseline correction, noise estimation using the pre-stimulus
interval, averaging of participants individual CSEP waveforms to
for grand average waveforms, and additional ICA.

Modeling of the head was accomplished using the
Boundary Element Method (BEM; e.g., Fuchs et al, 2002;
Hallez et al., 2007). Within this head model, white matter
volumes were adjusted to match age-related values (Wilke
et al, 2006; Gilley et al, 2008). CDR were then performed
for each CSEP waveform component (P50, N70, P100,
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N140a, N140b) using the sLORETA algorithm (Pascual-
Marqui, 2002; see Grech et al.,, 2008 for a review). The results
of this method appear as color gradients that represent
the F-distribution of the data, which were overlaid using
the Montreal Neurologic Institute (MNI) average brain
(Evans et al., 1993).

Speech Perception in Noise

Speech perception ability was assessed in each participant in
the CI group using the BKB-SIN™ test (Bench et al., 1979;
Etymotic Research, 2005). During this testing, participants sat
facing a loudspeaker at 0° azimuth with his or her CI on
and functioning as it normally would. Sentences - two lists
of six sentences each — were then presented to the participant
via the loudspeaker at 65 dBHL. As the sentences progressed,
background noise (multi-talker babble) level was increased with
each sentence. This noise increase occurred in five steps, each
of 5 dB increments, or from 25 dB SNR (least challenging)
to 0 dB SNR (most challenging). The participant was asked to
repeat the words of the sentence he or she heard. The tester
marked key words from each sentence as correct or incorrect
and computed a score for each list, based on the number of
words repeated correctly. Participants received an SNR score,
representing the level at which they could perceive and repeat
50% of key words — lower scores indicated better performance.
Scores from the two presented lists were then averaged together
to obtain a composite BKB-SIN score for each participant.
In addition, age corrections were applied to participants’
composite scores to normalize results for comparison across
subjects (Etymotic Research, 2005). Finally, BKB-SIN scores were
correlated with CSEP component peak latencies from each ROI
to assess the relationship between speech perception in noise and
cross-modal reorganization.

RESULTS

Normal Hearing Children (n = 35)

Cortical Somatosensory Evoked Potentials

Plots of the grand average CSEP waveforms for each of the
age groups (i.e., 5-7-, 8-1-, and 11-17-year-olds) from the
temporo-parietal ROI are shown in Figure 1. Across all ages,
all of the components of the CSEP (i.e., P50, N70, P100, N140)
can be reliably identified. In the majority of subjects, regardless
of their age, the N140 appeared as a bifid negative going
peak. Given this pattern, we classified the first of the N140
peaks as the N140a, while the second was called the N140b.
Thus, CSEP waveform morphology appears to be stable (with
respect to presence of peak components) across the age range
examined in this study.

In order to determine more detailed differences between
the age groups CSEP waveforms, both peak latency and
peak-to-peak amplitude results from the aforementioned ROI
were subjected to statistical comparison. One latency difference
was found following multiple comparisons correction. That
is, there was a main effect of age for the NI140a CSEP
latency (p = 0.00; F = 8.05). Post hoc analysis revealed

P50 P100
5-7 year old children
(n=9)

N140b

8-10 year old children
(n=11)

P50
N140b 11-17 year old children
P100 <n =1

N140b
N140a

FIGURE 1 | Cortical somatosensory evoked potentials (CSEP) waveforms for
children 5-7 (n = 9), 8-10 (h = 11), and 11-17 (n = 15) years old show
consistent morphology across age. CSEP waveforms from the temporo-
parietal ROI for each of the three age groups of children with normal hearing in
the study: (1) 5-7-year-old children (top); (2) 8-10-year-old children (middle);
(8) 11-17-year-old children (bottom). Each waveform shows all CSEP
waveform components of interest — P50, N70, P100, N140a, and N140b.

that the youngest group (5-7-year-old) showed significantly
shorter latencies compared with the 8-10-year-old group for
the latency of the N140a CSEP peak (p = 0.00). The 5-7-
year-old children also exhibited significantly larger CSEP peak-
to-peak amplitudes for the N70 (p = 0.003; F = 7.26), P100
(p = 0.004; F = 6.66), and N140b (p = 0.002; F = 7.483)
CSEP components relative to the two older groups. The latency
finding is reflective of expected developmental patterns and
consistent with previous studies (e.g., Allison et al., 1984;
Sitzoglou and Fotiou, 1985; Pihko et al., 2009). However,
no previous studies have reported on the maturation of
amplitude of CSEPs recorded to vibrotactile stimuli in the
literature possibly reflecting the inherent variability in absolute
amplitude measurements.

Current Density Reconstructions
Results from cortical source localization analysis for NH children
(n = 35) are shown in Figure 2. Initially, sources were
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FIGURE 2 | Current density reconstructions for cortical somatosensory evoked potentials (CSEP) waveform components in children with normal hearing (NH) show
expected activation of parietal cortices contralateral to the side of stimulation. (A) Cortical activations in response to vibrotactile stimulation of the right index finger in
children with NH. Activations are organized in rows corresponding to each CSEP waveform component. Sagittal (left) and coronal (right) slices are presented for each
of these components. Three-dimensional Montreal Neurological Institute coordinates for each activation are listed below each row of slices. The F-distribution scale
presents the color gradient associated with the maximum (yellow) through the minimum (black) likelihood for activation as calculated by sLORETA. (B) A table listing
all areas of significant activation for each CSEP waveform component. Brodmann areas are indicated in parentheses.

computed for each age group separately. However, it was
found that all groups’ source estimations were comparable.
Thus, all participants were combined for final cortical source
analysis. Visual inspection and computer-aided determination
of the areas of significant activation yielded by sLORETA
analysis revealed the following: (1) the P50, N70, and P100
CSEP waveform components presented with virtually the same
areas of activation of the left hemisphere. These included,
post-central gyrus (BA 2, 3, 5, 40), pre-central gyrus (BA
4, 6), inferior parietal lobule (BA 40), and superior parietal
lobule (BA 7); 2) the N140a and N140b generators were also
very similar. In addition to all of the previously mentioned
activated areas (i.e., for the P50-P100 CSEP components),
medial and superior frontal gyri were also activated for the
N140a and N140b.

Due to the constancy in peak CSEP components and
CDR across the 5-17-year-old age range found in the
NH group (n = 35) and to increase power for this study,
we grouped all CI participants CSEP data for analysis

and comparison against a
children (n = 17).

subset of age-matched NH

Cochlear Implanted Children (n = 12) and
Age-Matched NH Children (n = 17)

Cortical Somatosensory Evoked Potentials

Both CI and NH children presented with CSEP waveform
morphology that was typical of somatosensory evoked responses
elicited via vibrotactile stimulation of the finger (Hamildinen
et al, 1990), especially in the parietal ROI contralateral to
the side of stimulation. Figure 3 (left panel) shows grand
average results for both groups of children from the LPar
ROI during right index finger stimulation. Both groups’ results
show the characteristic CSEP waveform peaks - P50, N70,
P100, N140a, and N140b. While there were no significant
differences found in the latencies and amplitudes of the
CSEP peaks from this ROI, it is shown here for reference.
In contrast, the RTemp ROI waveforms showed a significant
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Left Parietal ROI

U = 177.00; indicated by double asterisks).

= Children with Cochlear Implants
= = Children with Normal Hearing

FIGURE 3 | Grand average cortical somatosensory evoked potentials (CSEP) waveforms from the LPar and RTemp ROls for both the Cl (solid lines) and NH (dashed
lines) groups. The latency of the P50 CSEP waveform component from the RTemp ROl was significantly earlier in the Cl participants than the NH group (o = 0.00;

Right Temporal ROI

difference between the latency of the P50 CSEP component
between groups (Figure 3, right panel; p = 0.00; U = 177.00)
(see also Table 1), such that the CI group’s latencies were
significantly earlier (mean = 49.00 ms; S.D. = 7.5 ms)
than the NH group (mean = 65.18 ms; S.D. = 13.17 ms).
Additionally, the morphology of the CSEP waveforms differed
somewhat between groups and ROIs. For instance, the CI
group’s grand average waveform shows more robust peaks
than those of the NH group. Additionally, the morphology
of the CI group’s waveform includes a small positivity
at approximately 50 ms, followed by a large negativity

around 100 ms, and then another positivity between 150
and 200 ms. This waveform morphology pattern may be
more characteristic of the cortical auditory evoked potential,
as observed in older children, than the CSEP (e.g., Sharma
et al,, 1997; Gilley et al.,, 2005). A shorter P50 latency in the
RTemp ROI of the CI children, in response to vibrotactile
stimulation, may be a marker of cross-modal reorganization
of temporal cortices by the somatosensory system. In addition,
somatosensory evoked potentials originating from the auditory
cortices may maintain some aspects of auditory evoked
potential morphology.

TABLE 1 | Mean latency, standard deviation, 95% confidence intervals, and significance statistics for all CSEP latencies from the LPar and RTemp ROls.

ROI and Waveform Group Mean Latency (ms) Std. Deviation 95% Confidence Interval p-value; Mann-Whitney

Component (Upper - Lower Bound) U statistic

LPar P50 Cl 59.4 7.3 54.8 —64.1 0.39; 121.5
NH 61.7 6.9 58.1 —65.3

LPar N70 Cl 87.3 9.6 81.2 —93.4 0.19; 72.0
NH 82.8 8.3 78.5 —87.1

LPar P100 Cl 117.3 14.3 108.2 —126.4 0.37;81.0
NH 112.9 14.1 105.7 —=120.2

LPar N140a Cl 152.0 25.3 135.9 —168.0 0.21;131.0
NH 161.9 18.2 1625 -171.3

LPar N140b Cl 204.7 28.7 186.4 —222.9 0.59; 114.5
NH 215.3 22.5 203.7 —226.8

**RTemp P50L Cl 49.0 7.5 44.3 - 53.7 0.00; 177.0
NH 65.2 13.2 58.4-71.9

RTemp N70L Cl 83.3 17.5 72.2 —-94.4 0.15; 135.0
NH 94.6 15.9 86.4 —102.7

RTemp P100L Cl 122.7 24.8 106.9 —138.4 0.37;81.5
NH 113.6 18.7 104.0 —123.3

RTemp N140a Cl 148.3 24.9 132.5 —-164.2 0.40; 82.0
NH 141.4 20.6 130.8 —151.9

RTemp N140b Cl 216.0 26.1 199.4 —232.6 0.36; 81.5
NH 204.5 25.7 191.2 -217.7

Bold type indicates a significant difference between the Cl and NH groups. **p < 0.00.
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FIGURE 4 | Current density reconstructions (CDR) for cortical somatosensory evoked potentials (CSEP) in normal hearing and cochlear-implanted children.

(A) Cortical activations in response to vibrotactile stimulation of the right index finger in children with normal hearing (NH — left panel; n = 35) and cochlear implants
(Cl — middle panel; n = 12). Additionally, cortical activations in response to stimulation of the left finger in a subset of CI children who received their initial Cls in the
right ear are shown in the right-most panel (n = 6). Activations are organized in rows corresponding to each CSEP waveform component (P50, N70, P100, N140a,
N140b). CDRs are presented on coronal slices for each of these components. Three-dimensional Montreal Neurological Institute coordinates for each activation are
listed below each MRl slice. The F-distribution scale (bottom) presents the color gradient associated with the maximum (yellow) through the minimum (black)
likelihood for activation as calculated by sLORETA. (B) A table listing all areas of significant activation for each CSEP waveform component. Brodmann areas are

Current Density Reconstructions

Current Density Reconstructions were performed for each of
the CSEP waveform components. Figure 4 shows CDR results
for vibrotactile stimulation of the right finger in both the CI
group and NH group. In addition, cortical activations in response
to left finger stimulation in a subgroup of CI children who
received their first implant on the right side are shown in
Figure 4. In response to vibrotactile stimulation of the right finger
(Figure 4 - middle panel), CI children, as a group, show clear
activation of the left (i.e., contralateral to the side of stimulation)
somatosensory cortices (i.e., post-central gyrus; BA 3, 2, 5), as
well as pre-central gyrus (BA 4, 6), inferior and superior parietal
lobules (BA 40 and 7), respectively. Contralateral activations in
these areas were expected (i.e., due to the crossover of ascending

somatosensory pathways) and consistent with those calculated
for the NH group (Figure 4 - left panel). However, the CI
group also showed robust activation of the left temporal cortex -
superior temporal gyrus (BA 29, 41, 42); transverse temporal
gyrus (BA 41, 42); supramarginal gyrus (BA 40); Angular gyrus
(BA 39); superior frontal gyrus (BA 6); paracentral lobule (BA
6); and insula (BA 13). This pattern of activation was consistent
for the P50, N70, and P100 CSEP waveform components
(Figure 3). Both the N140a and N140b presented with CDRs
that matched the above CSEP components. However, in addition,
frontal cortices contributed to these later components in the
CI group. CDR analysis showed that another portion of the
superior frontal gyrus contributed to these components (i.e., BA
10; see Figure 3).
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In a subset of CI participants (n = 6), the left index finger was
stimulated in addition to the right (separate conditions). All of
these children received implants in their right ears first (mean
age at first implantation = 2.89 years; S.D. = £2.67 years). Five
out of six of these participants were also implanted in the left ear
at a later date (mean age at second implantation = 7.47 years;
S.D. = £2.91 years). Figure 4 (right panel) shows the CDR for
the right and left index finger stimulation in these children.
Interestingly, the cortical activations to the left finger stimulation
in the subgroup of children who had received their first
CI in the right ear appeared to be centered primarily in
auditory cortical areas, with some activity evident in known
somatosensory cortical regions. These activated areas included:
Superior temporal gyrus (39, 22); Middle temporal gyrus (39,
22); Post-central gyrus (3, 5, 7); Pre-central gyrus (4, 6); Inferior
parietal lobule (40); Superior parietal lobule (7); Angular gyrus
(39); Supramarginal gyrus (40). These areas of activation were
largely found in the right hemisphere, though in the P100 and
N140b CSEP components, post-central gyrus (i.e., somatosensory
cortex) activations were partially located in the left hemisphere.
Activation of auditory processing areas (BA 39, 22) in response
to vibrotactile stimulation of the left finger suggests additional
cross-modal reorganization of the auditory cortex ipsilateral to
the side of first implantation.

CSEP Correlation With Speech Perception in Noise
Cortical somatosensory evoked potentials peak measurements
from the LTemp, LPar, RPar, and RTemp ROIs were correlated
with results on the BKB-SIN for the CI group to assess the
relationship between neurophysiological activity and behavioral
speech perception in noise. The latencies of the P50, P100,
and N140a from the RTemp ROI all showed significant
negative correlations with BKB-SIN score (Figures 5A-C;
r = -0.679, p = 0.015 r = -0.72, p = 0.008; r = -0.756,
p = 0.004, respectively). That is, as latency decreased, BKB-
SIN score worsened (see Figure 5). That decreased behavioral
performance was related to earlier CSEP latencies from the
right temporal region of the scalp may suggest that children
who have trouble with speech perception in noise, show
more evidence of cross-modal reorganization consistent with
previous studies (Doucet et al., 2006; Sandmann et al., 2012;
Campbell and Sharma, 2016).

DISCUSSION

The objective of the current study was to determine whether
cochlear-implanted ~ children would show evidence of
cross-modal reorganization of the auditory cortex by the
somatosensory system, and if this reorganization would
be correlated with behavioral outcomes in these children.
Using high-density EEG recorded in response to vibrotactile
stimulation of the right and left index finger, we found the
following main results: (i) NH children showed expected
small age-related variations in CSEP waveform component
latencies between 5-7 and 8-10 years of age. However, the
generators of cortical somatosensory activation localized to

A
12 . r=-0.675
. p=0.015
10+ L)
L L]
2 .
3
g 8 e
]
H
o
3 .
2]
z .
g ¢ . .
X
@
.
L]
o
T T T T T T
40 45 50 55 60 65
Right Temporal SSEP P50 Latency (ms)
B 12 r=-0.72
®
=
3
o
2
H
H
3
e
g
12
z
7
]
X
o
N
L]
o
T T T T T
80 100 120 140 160
Right Temporal SSEP P100 Latency (ms)
C
H
3
o
@
H
H
S
e
H
]
z
7
']
X
o
.
L]
o
T T T T T
100 120 140 160 180
Right Temporal SSEP N140a Latency (ms)
FIGURE 5 | Scatter plots describing significant relationships between scores
on the BKB-SIN and the CSEP P50 (A), P100 (B), and N140a (C) waveform
components in the CI group.

the post-central gyrus, association cortices of the parietal lobe,
and pre-central gyrus contralateral to the side of stimulation
across the age span; (ii) CSEP morphology and latencies were
consistent between CI and NH children in the LPar ROI,
but not the RTemp ROI - the latter exhibiting significantly
earlier CSEP latencies in the CI group, (iii) CDR of right
finger vibrotactile stimulation revealed expected activation of
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the left somatosensory cortices in both NH and CI children.
However, CI participants showed activation of auditory
processing areas in the left temporal and parietal association
cortex by vibrotactile stimulation; (iv) In a subset of children
who received their first Cls in the right ear, we saw significant
cross-modal activation in the right hemisphere, suggesting
that the cortex ipsilateral to the first CI (i.e., the cortex less
activated by the first implant) is highly susceptible to cross-
modal activation; (v) CSEP latencies from the RTemp ROI
were significantly correlated with speech perception in noise
results, which may be an indication that poorer behavioral
outcomes with the CI are associated with greater degrees of
cross-modal reorganization.

CSEP Development in Typical Children

The morphological aspects of the participants CSEP data
(Figure 1) were consistent with previous reports. For instance,
one study (Hédméldinen et al., 1990) used vibrotactile stimuli
applied to the middle finger to evoke potentials from the primary
and secondary somatosensory cortex and showed P50, N70,
P100, and N140 CSEP components. The CSEP waveforms in the
current study consistently showed all peak components across
the age range. This pattern of stability of peak components
across age differs from the developmental progression of cortical
evoked potentials recorded to visual and auditory stimuli,
which changes significantly throughout the age range studied
here (e.g., Placzek et al, 1985; Ellingson, 1986; Ponton et al.,
2000; Gilley et al., 2005). In fact, we have observed that the
CSEP waveforms of adults (ranging in age from 21 to 71) are
morphologically comparable to the CSEP waveforms presented
in the current study (Cardon and Sharma, 2018). Thus, it
appears that the CSEP may be unique among modalities, in
that major peak components are present and remain constant
from school age through adulthood. More significant changes
in the CSEP waveform likely occur earlier in life (ie., by
age 4) and afterward slow considerably (e.g., Desmedt et al.,
1976; Allison et al.,, 1984; Sitzoglou and Fotiou, 1985; Fagan
et al, 1987; Eggermont, 1988; Pihko et al, 2009). Our data
seem to support the above notion in that any differences
that were seen in amplitude or latency of CSEP components
were noted between the youngest and two older groups. These
findings may exhibit the ending of the early childhood phase
of development of the CSEP (i.e., slowing after age 4 years).
Given the age range of the current study, the participants
may have been too mature for observation of more robust
developmental effects.

Current density reconstructions yielded results that matched
both our hypothesis and previously reported findings. Numerous
investigations have outlined the generators of the various
CSEP components. For instance, previous studies have found
that the P50 CSEP component is generated in the post-
central gyrus of the cerebral hemisphere contralateral to the
side of stimulation in primary somatosensory cortex (SI; e.g.,
Mauguiére et al., 1983). The N70 also appears to be generated
in contralateral SI (Michie et al, 1987). Himildinen et al.
(1990) proposed, based on both animal and human studies
(e.g, Hari et al, 1983, 1984; Hiamaildinen et al., 1990),

that the P100 originates from a combination of ipsi- and
contralateral SII cortex. The N140 CSEP component seems
to have a number of generators, which are likely distributed
throughout the posterior parietal regions of the cortex, with
the strongest contributions coming from cortices contralateral
to the stimuli. Specifically, some have proposed that the N140
is influenced by generators in contralateral SII (Hari et al,
1983, 1984, 1993) and also contains activity from Brodmann
are 46 and other frontal cortices (Desmedt and Tomberg, 1989;
Hamaildinen et al, 1990). The current results mirror these
reports’ descriptions of the sources of cortical activity that
contribute to the CSEP. That is, all CSEP components from
the current study were localized to the primary, secondary,
and association somatosensory cortices (BA 3, 2, 1, 5, and
7) in the hemisphere contralateral to the side of stimulation.
In addition, pre-central gyrus was activated in the CDRs for
each of the CSEP components. This activity may be mediated
by connections between the pre- and post-central gyrus (e.g.,
Pandya and Kuypers, 1969). Finally, it may be interesting
to note that the N140a and N140b CSEP components show
activation of medial and superior frontal cortices (i.e., Brodmann
area 6), which is consistent with the characterization of the
generators for these components offered by Hamildinen et al.
(1990) that indicate frontal cortex involvement in the generation
of the N140 CSEP.

Evidence and Possible Mechanisms of
Somatosensory Cross-Modal
Reorganization in Cl Children

In CI children, we saw at least two types of evidence
for somatosensory cross-modal reorganization: earlier CSEP
latencies in the RTemp ROI and activation in auditory processing
areas in superior and transverse temporal cortices, as well as
cortical regions important to language processing (i.e., parts
of Wernicke’s area), in response to somatosensory stimuli (see
Figures 1, 2). A number of previous studies have reported
similar findings in both animals and humans (Neville and
Lawson, 1987; Levénen et al., 1998; Baldwin, 2002; Auer et al,,
2007; Sharma et al., 2007; Shore et al, 2008; Karns et al,
2012; Sandmann et al, 2012; Campbell and Sharma, 2014,
2016; Sharma and Glick, 2016). For instance, a recent study
from our lab showed a similar pattern of earlier latencies
of cortical visual evoked potentials, as well as activation
of auditory processing areas in response to visual stimuli,
in CI children (Campbell and Sharma, 2016). In contrast,
one study in the literature appears to present conflicting
evidence to the present results. That is, Hickok et al. (1997)
used MEG to study possible cross-modal reorganization in
one deaf young adult. These investigators reported that they
found no evidence of somatosensory-to-auditory cross-modal
reorganization in this subject. However, these investigators
used a tapping stimulus applied to the finger, instead of a
vibrotactile stimulus. Because of the similarity between sound
and vibration, the auditory cortex may be better suited to
process vibrotactile input, while this may not be the case with
other types of stimuli (i.e., tapping). Additionally, this study
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only assessed these factors in one subject. Thus, the Hickok
et al. (1997) study may not be directly comparable to this,
and other, studies that do show evidence of somatosensory
cross-modal reorganization. Overall, the majority of studies
in the literature submit that cross-modal reorganization of
the auditory cortex by the somatosensory system can occur
in deaf individuals. We add our findings as another piece
of converging evidence that supports this notion in CI
children. Future studies should endeavor to replicate these
initial findings given the limited sample of CI children in
the current study.

The current CI participants presented with robust activity
in response to vibrotactile stimuli in primary and secondary
auditory cortices, as well as supramarginal and angular
gyri, which make up part of Wernicke’s area, important in
receptive language processing. Such findings were not the
case in NH participants, despite the presence of continuous
auditory masking noise. While some have shown cross-modal
reorganization primarily in higher order auditory cortices
in deaf individuals (Kral, 2007), there is a precedent for
primary auditory cortical reorganization. That is, Auer et al.
(2007) presented evidence of activity arising from primary
auditory cortices in response to vibrotactile stimulation in
six deaf young adults using fMRI. Additionally, MEG source
analysis performed by Levinen et al. (1998) showed bilateral
activation of superior temporal gyrus (STG) in one adult with
congenital deafness. It is possible that normally unisensory
areas are taken over by other sensory modalities (Auer et al,
2007). Numerous studies have established a precedent for
both intracortical, thalamocortical, and subcortical anatomical
(e.g., Foxe et al, 2000; Schroeder et al, 2001; Gobbelé
et al., 2003; Kayser et al., 2005; Caetano and Jousméki, 2006;
Hackett et al., 2007), as well as functional (Jousmiki and
Hari, 1998; Lakatos et al, 2007; Brett-Green et al., 2008),
connections between the somatosensory and auditory systems.
Subcortically driven cross-modal reorganization of the primary
and secondary auditory cortices appears to be a distinct
possibility, especially in congenitally deafened individuals
whose deprivation was a factor during the development of
subcortical-cortical pathways (Soto-Faraco and Deco, 2009;
Zeng et al, 2012). These findings are also in agreement
with previous data from MEG recordings performed by
our group (Sharma et al, 2007), which showed auditory
and multimodal association (i.e., Wernicke’s area) activity in
response to vibrotactile stimulation of the hands in one
deaf adult. In addition to subcortical contributions, given
the multimodal nature of these areas, it is possible that
unmasking and enhancement of latent multisensory connections
when one modality is deprived may contribute to cross-modal
reorganization in these cortical regions (Levinen et al.,, 1998;
Auer et al., 2007). Such enhancement could lead to both
shorter CSEP latencies - via improved synaptic efficiency - and
cross-modal activation.

It may be interesting to note that in all of the previous studies
examining cross-modal reorganization in deaf individuals, the
duration of deafness was extensive (i.e., into adulthood). For
example, the subject recruited for study in Levinen et al.

(1998) was 77 years of age and had been deaf for all or
most of his life. Though the duration of deafness in the
current participants was lower than many of the previous
studies — the average age of implantation of children in the
current study was 3.9 years - it was beyond the sensitive
period for auditory cortical development (i.e., 3.5 years; Sharma
et al., 2002a,b). Given that many more children receive their
implants around the FDA approved age of 1 year currently,
future studies should investigate cross-modal reorganization
in children who were fitted with CIs at early ages in order
to determine if cross-modal reorganization takes place when
the duration of deafness is very short in childhood (see
Meredith and Allman, 2012).

Bilateral Implantation and
Somatosensory Cross-Modal

Reorganization

In the current results, children who received their CIs in
the right ear first and who later received a second CI in
the left ear showed differing patterns of cortical activation
between the right and left cortical hemispheres in response
to somatosensory stimulation of the right and left index
fingers. Stimulation of the right index finger lead to activity
patterns that, for the most part, were consistent with typical
somatosensory responses (post- and pre-central gyri, BA 3, 5;
and 4, respectively) and activation of auditory areas (BA 39, 22;
consistent with our overall finding of cross-modal recruitment
for the CI group as a whole). Results from the stimulation of
the left finger were, however, quite distinct. That is, instead of
the most robust activations being localized to pre- and post-
central gyri, cortical generators were estimated to be in the
right temporal areas, especially for the P50 and N70 CSEP
components. This finding is suggestive of a higher degree of
cross-modal reorganization. Our results agree with the results
of a study performed by Kral et al. (2002) in congenitally
deaf white cats. These investigators reported that cats who
had received their implants late (ie., >5 months) showed
decreased activations in the auditory cortex ipsilateral to the
implanted ear, while responses coming from the contralateral
auditory cortex did not show the same pattern. Additionally,
Gordon and Papsin (2009) reported that longer durations of
unilateral CI use in humans (i.e., >2 years) lead to abnormally
high lateralization of EEG signals to the auditory cortex
contralateral to the CI. In contrast, the auditory cortex ipsilateral
to the implant showed very low activation (Gordon et al,
2013). The participants who received their CI in the right ear
first were fitted with their first implant around the age of
2.89 years (£2.67 years), which is under the sensitive period
for auditory cortical maturation (i.e., 3.5 years) reported by
Sharma et al. (2002a,b). Consistent stimulation of the left
auditory cortex via a CI placed in the right ear during the
sensitive period may have contributed to the results from
right finger stimulation that suggest near normal somatosensory
activation in children who received their first CI in the right
ear and some activation of auditory areas (Figure 4, right
panel). In contrast to right finger stimulation, left finger
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stimulation lead to robust activation of right auditory cortices in
these children (Figure 4, left panel) suggesting that the “weaker;’
ipsilateral cortex is highly amenable to cross-modal recruitment
by the somatosensory modality. Overall, these children spent
years without optimal auditory input to the right auditory
cortices, which may have allowed cross-modal reorganization
of these cortical areas in the cortex ipsilateral to the CI (e.g.,
Kral et al.,, 2013; Jiwani et al., 2016). Unfortunately, the present
sample of bilaterally implanted children in which left finger
stimulation was performed only amounted to six participants.
Thus, the above results should be interpreted with caution.
Additional studies should be carried out to further investigate
the potential effects of unilateral cochlear implantation and
hemispheric differences in cross-modal reorganization.

Connections Between Somatosensory
Cross-Modal Reorganization in Cl
Children and Speech Perception

The current findings suggest a relationship between
somatosensory  cross-modal reorganization and speech
perception in noise in CI children. This relationship was such
that children who had poorer speech perception in noise with
their implant showed more cross-modal re-organization. This
suggests that these individuals may have been activating the
somatosensory system to help disambiguate the impoverished
signal input from the CI. There are numerous reports in the
literature that support the notion of the somatosensory system
being involved in speech perception (Liberman et al, 1967;
Liberman and Mattingly, 1985; Fadiga et al., 2002; Watkins et al.,
2003; Galantucci et al., 2006; Meister et al., 2007; Skipper et al.,
2007; Tto et al., 2009; Russo et al., 2012; Ammirante et al., 2013;
Hubka et al., 2015). For example, Gick and Derrick (2009) tested
NH participants’ phoneme perception (e.g., “p” vs. “b”) while
simultaneously presenting inaudible puffs of air to their skin.
Interestingly, these participants more often perceived a phoneme
as being aspirated when the air puff was presented, reflecting
speech-related auditory-tactile integration. Deaf individuals have
also shown evidence that they differentiate same-sex talkers and
musical instruments solely by using vibrotactile information
(Russo et al., 2012; Ammirante et al., 2013). These abilities
suggest that the somatosensory system can decipher information
that is highly relevant to speech perception, such as frequency
and timbre. Furthermore, Ito et al. (2009) showed evidence
that stretching the facial skin affected the perception of an
auditory phoneme. They reasoned that, since the somatosensory
receptors responsible for stretching and orientation of the
skin are constantly and systematically being activated during
speech production, somatosensory input may also be a vital
part of speech perception. Animal studies have also presented
evidence that the somatosensory system may be involved in
vocalization behavior. For instance, Hubka et al. (2015) showed
that vocalizations in deaf cats may be (partially) influenced by
an auditory feedback loop that is mediated by somatosensory
perception. These findings are paralleled by studies that have
demonstrated that the motor cortices thought to be related to
speech production may be activated during speech perception

(Fadiga et al., 2002; Watkins et al., 2003; Meister et al., 2007).
Thus, it is reasonable to believe that CI users may rely on
vibrotactile input to improve understanding (Gick and Derrick,
2009; Huang et al., 2017), especially under challenging listening
conditions, such as speech presented in background noise. As
such, future research efforts should be devoted to exploring
the potential benefits of tactile stimulation for aiding CI users
(Huang et al., 2017).

CONCLUSION

The current study examined cross-modal reorganization between
the somatosensory and auditory systems in children with
CIs. CDRs secondary to stimulation of the right index finger
revealed cortical activation in somatosensory cortices in both
NH and CI groups, while the CI group also presented with
cortical activity localized to auditory cortical areas suggestive
of cross-moral re-organization. Our results also suggest that
the cortex ipsilateral to the first implanted ear (which
receives weaker auditory input than the contralateral cortex)
is highly susceptible to cross-modal reorganization. Finally,
children who have difficulty perceiving speech with the CI are
more likely to show cross-modal re-organization, likely as a
compensatory adaptation.
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