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Editorial on the Research Topic

Hearing Loss and Cognitive Disorders

Overall, 466 million people worldwide are estimated to be living with hearing loss. Most
sensorineural hearing loss is caused by degeneration and loss of hair cells in the cochlea of the inner
ear. Hair cells are specialized mechanoreceptors which transduce mechanical forces transmitted
by sound to electrical activities (Hudspeth, 2014; Fettiplace, 2017). Hair cells in adult mammals
are terminally differentiated and unable to regenerate once they are lost due to aging (Liu et al.,
2022) or exposure to noise and ototoxic drugs (Garinis et al., 2021). Loss of hearing hinders the
exchange of information, thus significantly impacting daily life and leading to social isolation and
depression (Li et al., 2014). A case-control study first reported that hearing impairment in older
adults was strongly associated with the likelihood of having dementia—raising the hypothesis that
hearing impairment may contribute to dementia risk (Uhlmann et al., 1989). Recent epidemiologic
and clinical research studies using both auditory and non-auditory cognitive tests have showed
that hearing impairment is associated with a 30–40% rate of accelerated cognitive decline (Lin
et al., 2013) and with a substantially increased risk of incident all-cause dementia (Lin et al., 2011;
Gallacher et al., 2012). Compared to individuals with normal hearing, those people with a mild,
moderate, and severe hearing impairment, respectively, had a 2-, 3-, and 5-fold increased risk of
incident all-cause dementia over >10 years of follow-up (Lin et al., 2011). Neuroimaging studies
have also demonstrated independent associations of hearing impairment with reduced cortical
volumes in the auditory cortex (Peelle et al., 2011) and accelerated rates of lateral temporal lobe
and whole brain atrophy (Lin et al., 2014).

Key challenges going forward pertain to both basic research on potential mechanisms as well
as clinical issues to manage hearing loss. Several interesting questions need to be explored: (1)
If hearing capacity of an individual has been deprived entirely since birth, how will this affect
cognitive function? (2) If hearing is only partially deprived, will this still affect cognitive ability?
(3) Will restoring hearing by wearing hearing aids or cochlear implants (CIs) also improve
cognitive capacity? And (4)What is the neural basis underlying cognitive deficits caused by hearing
impairment? In this Research Topic, 17 studies were accepted to address the questions above, at
least partially. Thus, this Research Topic could provide new insights of the link between hearing
loss and cognitive disorders and offer new evidence that supports the hypothesis that reduced sound
input leads to impaired cognitive ability.

CIs are one of the most exciting auditory technological advancements which has brought
great benefits to people with profound hearing loss. It remains unclear whether a CI can bring
a significant change in cognition after hearing restoration. Several papers in this section focused
on CI and cognition. Gao Q. et al. reviewed the literature on the developmental factors affecting
speech perception of Mandarin-speaking children with CIs. The paper suggests that, compared
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with continuous improvements in speech perception in bilateral
CI recipients, the outcome of speech perception in children with
unilateral CIs is still not clear and requires more attention on
their cognitive development. In this Research Topic, the study
has investigated the mechanisms underlying visual-induced
auditory interaction in pre-lingually deaf children (Wang J. et al.).
Mirror mechanism can be considered as an activation of the
mirror neuron which refers to a combined process of perception
and execution. Their study examined the reliability of the visual-
auditory interaction in pre-lingually deaf children with CIs and
demonstrated that the CI-induced activation of mirror neurons
could explain deficiencies in the classical cross-modal interaction.

Functional near-infrared spectroscopy imaging was used to
assess the changes in neural activity in different brain regions
after a CI. The study conducted by Wang Y. et al. shows that
the cortical responses elicited by vocal emotional stimulation
on the left pre-motor and supplementary motor area, the right
middle temporal gyrus, and the right superior temporal gyrus
are significantly different between preoperative and postoperative
tests. Tian et al. reported that altered neural processing was
associated with vocal emotional stimulation after CIs in a
different study. Functional near-infrared spectroscopy imaging
was used to investigate the cerebral representation of different
sound sources. This study shows that the oxyhemoglobin
response displays a different pattern of neural activities between
the lateral and front sources in the auditory cortex and
dorsolateral prefrontal cortex. Although CIs can restore and
improve audibility in deaf children, it is not clear if children
with CIs have impaired auditory sensory gating. Chen et al.
carried out an investigation and showed that auditory sensory
gating can develop during the early phase in children with CIs,
however, long-term auditory deprivation may have a negative
effect on sensory gating and attentional performance. Wang
Q. et al. conducted a prospective cohort study on normal-
hearing young adults who experiencedmeasurable high-intensity
noise exposure during a 1-day outdoor music festival. They
show that the wave I amplitude of the auditory brainstem
response decreases significantly after noise exposure. Their study
provides evidence that cochlear synaptopathy may impair speech
perception under a noise background.

Fu et al. conducted a study on the relationship between
hearing loss and cognitive impairment in the elderly Chinese
population. The study indicates that untreated age-related
hearing loss (ARHL) can influence participants’ performance
during cognitive assessments. Xu et al. assessed the association
of hearing acuity and cognitive function among a low-income
elderly population in rural China. A total of 737 residents
aged over 60 years were enrolled in this cross-sectional study.
The study showed that hearing is associated with cognitive
decline among older individuals. Another study by Diao et al.
reported the correlation between hearing loss and cognitive
decline in the elderly population. Gao J. et al. examined if
middle ear surgery can affect cognitive ability and quality of
life in patients with ARHL and chronic otitis media (COM).
Interestingly, both the cognitive capacity and quality of life are
improved after middle ear surgery. Guo P. et al. performed an
functional MRI (fMRI) study on 45 children with congenital
sensorineural hearing loss (CSNHL) to study the alteration of

regional homogeneity. They found that children with CSNHL
display regional homogeneity (ReHo) alterations in the auditory,
visual, motor, and other related brain regions, suggesting a strong
relationship between ReHo values and age involved in informatic
integration and processing.

Animal models are a crucial tool to examine the mechanisms
underlying cognitive disorders caused by hearing loss. This
Research Topic also includes a number of papers that explored
the connection of hearing loss with cognitive disorders using
animal models. Liu et al. investigated how binaural cues of the
primary auditory cortex are developed and affected by early
reversible unilateral conductive hearing loss. They show that (1)
the monaural response type, the binaural interaction type, and
the distributions of the best interaural level differences (ILDs)
in the auditory cortex display adult-like patterns shortly after
hearing onset; (2) the developmental refinement of binaural
processing can be disrupted by unilateral conductive hearing
loss even in adulthood. These findings reveal the neuronal
mechanism of the developmental refinements and plasticity
in the perception of sound spatial location. To investigate
the mechanism underlying ARHL and cognitive dysfunction,
Deng et al. used the hippocampal transcriptome to study the
correlations between impaired glutamatergic synapse pathway
and ARHL. Their study shows that an impaired hippocampal
glutamatergic synapse pathway is correlated with ARHL and
cognitive dysfunction, and glutamine synthetase can serve as a
crucial regulator in this process.

In this Research Topic, two studies provide some answers
to the two questions we asked in the first paragraph. Li et al.
examined time-dependent dynamic alterations in microglial
activation and hippocampal neurogenesis after C57BL/6J mice
were exposed to a single dose of broadband noise at 123 dB
SPL. They show that the stress response and hearing loss may
contribute to the alterations of microglia and hippocampal
neurogenesis. In a different study, Guo R. et al. examined
social memory in mice after complete elimination of peripheral
auditory input before onset of hearing. They used a mouse
model with complete hearing deprivation by deleting Otof. Their
study reported a significant impaired social memory in the
Otof knockout mice, suggesting that hearing is required for the
formation of social memory. The illustration below shows the
work of their study (Figure 1): wild-type mice exhibit normal
behavioral features of social novelty, however, the mice with
complete deprivation of hearing display impaired characteristics
of social novelty; the diagram also provides a hypothesis of
the behavioral impairment. Interestingly, their study shows that
hearing loss may not affect the function of learning and memory.
The authors excluded the possible influence of Otof deletion
on the learning using immunostaining detection of otoferlin
expression in the hippocampus.

The serotonin transporter (SERT) greatly affects the activity
of serotonergic neurons in the central nervous system. In this
Research Topic, Pan et al. reported that SERT plays a key role
in development and functional maintenance of auditory cortical
neurons. Kwok Susanna et al. (2021) performed a review on
pure tone audiometry and hearing loss in Alzheimer’s disease.
Based on the analysis of 248 published studies, they confirm the
presence of poorer hearing ability in subjects with Alzheimer’s
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FIGURE 1 | Complete elimination of peripheral auditory input before onset of hearing causes long-lasting impaired social memory in mice. Compared with the

wild-type C57 mice (left panel, normal hearing), the otof−/− mice spent significant reduced time in navigating the novelty (middle panel), suggesting an impaired

social memory. Right panel, A possible neuronal circuit responsible for the impaired social memory in deaf mice; both medial geniculate body (MGB) and auditory

cortex (ACx) may have direct projection to amygdale (red dash lines), the projections can be blocked via complete hearing deprivation. CA1, field CA1 of

hippocampus; CA2, field CA2 of hippocampus; mPFC, medial prefrontal cortex; NAc, accumbens nucleus; IC, inferior colliculus.

disease. These data also suggest that ameliorating hearing loss
could be an approach tomitigate the effects of Alzheimer’s disease
(Kwok et al.).

In summary, the 17 studies published in this Research Topic
provide evidence on the connection between hearing loss and
cognitive disorders. We are looking forward to seeing more
evidence from prospective large-sample clinical trials on this
topic, especially on the studies to test if hearing restoration
via hearing aids and CIs could improve cognitive ability. In
addition, we would also like to see more exciting basic science
studies to elucidate the neuronal circuits that are responsible for
cognitive disorders.
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Objectives: The objective of the study was to identify the acute high-intensity
recreational noise-induced effects on auditory function, especially the cochlear
synaptopathy-related audiological metrics, in humans with normal hearing.

Methods: This prospective cohort study enrolled 32 young adults (14 males and 18
females); the mean age was 24.1 ± 2.4 years (ranging from 20 to 29). All participants
with normal hearing (audiometric thresholds ≤25 dB HL at frequencies of 0.25, 0.5,
1, 2, 3, 4, 6, and 8 kHz for both ears) had already decided to participate in the
outdoor music festival. Participants were asked to measure the noise exposure dose
and complete auditory examinations, including the air-conduction pure-tone audiometry
(PTA), distortion product otoacoustic emission (DPOAE), contralateral suppression (CS)
on transient evoked otoacoustic emission (TEOAE), auditory brainstem response (ABR)
test and Mandarin Hearing in Noise Test (MHINT), at baseline and 1 day and 14 days
after music festival noise exposure.

Results: The mean time of attending the music festival was 7.34 ± 0.63 h (ranging
from 6.4 to 9.5), the mean time-weighted average (TWA) of noise exposure dose
was 93.2 ± 2.39 dB(A) (ranging from 87.9 to 97.7). At neither 1 day nor 14 days
post exposure, there were no statistically significant effects on PTA thresholds, DPOAE
amplitudes, CS on TEOAEs, or MHINT signal-to-noise ratios (SNRs) of acute outdoor
music festival noise exposure, regardless of sex. While the ABR wave I amplitudes
significantly decreased at 1 day after exposure and recovered at 14 days after exposure,
the exposed/unexposed ABR wave I amplitude ratio was significantly correlated with
MHINT SNR change at 1 day after exposure, although it was not correlated with the
noise exposure dose.

Conclusion: In young adults with normal hearing, we found the self-compared
decrement of ABR wave I amplitudes at 1 day post acute recreational noise exposure at
high intensity, which also contributes to the change in speech perceptual ability in noisy
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backgrounds. This study indicated that auditory electrophysiological metric changes
might be a more sensitive and efficient indicator of noise-induced cochlear synaptic
dysfunction in humans. More attention should be paid to the recreational noise-induced
cochlear synaptopathy and auditory perceptual disorder.

Keywords: noise-induced hearing loss, acute recreational noise exposure, hidden hearing loss, cochlear
synaptopathy, auditory brainstem response, speech recognition in noise

INTRODUCTION

According to the United States Centers for Disease Control and
Prevention, 14% of adults aged 20–69 years have hearing loss
(Hoffman et al., 2017). Noise exposure is the most common
environmental factor causing hearing loss in adults; noise-
induced hearing loss (NIHL) may occur even due to daily
noise exposure, such as loud music at concerts (Eichwald et al.,
2018), portable media players and earphones (le Clercq et al.,
2018), and public transport (Yao et al., 2017). There have been
many concerns about the trend of increasing incidence of NIHL
since noise exposure is unexpectedly pervasive in modern life,
especially in younger populations (Murphy et al., 2018).

A recent mouse study demonstrated that even moderate
noise exposure that induces a “temporary” hearing threshold
shift (TTS) could result in permanent loss of ribbon synapses
accompanied with abnormal suprathreshold auditory brainstem
response (ABR), which was known as the cochlear synaptopathy
(Kujawa and Liberman, 2009). Several studies further indicated
that the cochlear synaptopathy might be the primary cause of
hearing difficulties in individuals with normal hearing thresholds,
which has been referred to as “hidden hearing loss” (HHL)
(Kujawa and Liberman, 2009; Mehraei et al., 2016; Lobarinas
et al., 2017). Recent surveys reported that approximately 12–
15% of the population with normal hearing thresholds might
have the HHL (Kohrman et al., 2020), which also contribute to
tinnitus (Schaette and McAlpine, 2011; Gu et al., 2012) and age-
related hearing loss (Sergeyenko et al., 2013; Fernandez et al.,
2015; Liberman et al., 2015). However, it remains unknown
whether daily loud recreational noise exposure could induce
the irreversible HHL. Although many studies have made efforts
in the identification of the noise-induced HHL-related auditory
function changes in humans, this topic remains controversial,
mainly due to the difficulty in controlling of the noise exposure
and self-comparison data before and after noise exposure.

Most noise-induced HHL studies are based on retrospective
design, and conclusions of which are inconsistent. A number of
studies have suggested that individuals with experiences of loud
noise exposure have greater difficulties in complex listening tasks
under noisy background environments (Liberman et al., 2016)
and decreased suprathreshold stimulating peak I amplitudes
of ABR and electrocochleogram (Stamper and Johnson,
2015; Liberman et al., 2016), despite the normal audiological
thresholds. In contrast, some studies failed to associate the noise
exposure experience with audiological electrophysiology or
perception measures in humans (Prendergast et al., 2017a,b).

To date, there are still very few prospective studies on
recreational noise-induced HHL. The only self-comparison

evidence from 26 young adults with normal hearing found
no permanent auditory function changes after the recreational
noise exposure, suggesting little risk of HHL (Grinn et al.,
2017). However, in that study, recreational events included
movie, bar music, concert, and dance at noise exposure level
of mean 92.7 ± 7.7 dB(A) (ranging from 73.1 to 104.2) for
3.3 ± 0.9 h (ranging 1.5–4.5 h). It is still unknown whether louder
recreational events would cause the cochlear synaptopathy or
HHL in consistent with animal studies.

Outdoor music festivals, which include multiple concerts and
often last for several hours, have recently become increasingly
popular and should be a considerable source of recreational noise
exposure. A recent study including 51 young adults observed the
TTS after an outdoor music festival lasting 4.5 h at approximately
100 dB(A) noise exposure (Kraaijenga et al., 2018). Here, we
conducted a prospective cohort study including 32 normal-
hearing young adults who participated in the outdoor music
festival with personal sound level measurements, in order to
identify whether the acute recreational noise exposure at high
intensity would contribute to cochlear synaptopathy or auditory
perceptual disorder.

MATERIALS AND METHODS

Subjects
We recruited volunteers from young adults who had already
decided to participate in the outdoor music festival in eastern
China. There were 47 healthy participants aged 20–29 years
initially recruited, and 32 (14 males and 18 females, sex was
self-reported) with normal hearing were included based on the
following criteria: (1) no family history of hearing loss, no history
of otological injuries or diseases, no history of occupational noise
exposure, and no history of outdoor music festival noise exposure
within 2 months before participation in this study; (2) both ears
show normal external ear canal and tympanic membrane with
otoscope, type A tympanogram with 226 Hz probe tone, and
air-conduction pure tone audiometric thresholds ≤25 dB HL
at frequencies of 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz; and (3)
have enough language ability for the mandarin Chinese speech
recognition test.

Procedure
Subjects were requested to complete the basic information
collection (including age, previous visits of music
festival/concert/night club, earphone use, and self-reported
hearing difficulty) and baseline auditory function examinations
within 1 week before participation in the outdoor music festival.
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Participants with self-reported tinnitus were asked to complete
the mandarin Tinnitus Handicap Inventory (THI) (Meng et al.,
2012). The noise exposure dose during the festival was measured
for each subject. Follow-up auditory function examinations were
performed at 1 day post exposure (follow-up 1) and 14 days
post exposure (follow-up 2) of the outdoor music festival. The
noise exposure dose received by each subject during the outdoor
music festival was measured using a personal sound exposure
meter (ASV 5910 type, Hangzhou Aihua, China). Subjects were
requested to wear the instrument on their shoulders (near the
auricle level), and the duration of festival visits, time-weighted
average (TWA), and the C-weighted peak level (LCpeak) of the
noise exposure from the beginning to the end of attendance of
the music festival were recorded.

Figure 1 shows the flowchart of this cohort study. All
protocols and procedures were approved by the ethics committee
of the Ninth People’s Hospital affiliated with Shanghai Jiao Tong
University School of Medicine. All participants signed written
informed consent forms and were informed that participation
can be withdrawn at any time. Subjects were offered a 600 (China
Yuan) stipend after completion of the study.

Auditory Function Examinations
Auditory function examinations at unexposed baseline and
follow-up included the air-conduction pure-tone audiometry
(PTA), distortion product otoacoustic emissions (DPOAEs), and
contralateral suppression (CS) on transient evoked otoacoustic
emissions (TEOAEs), the ABR test and the Mandarin Hearing
in Noise Test (MHINT), which were performed by certified
audiological technicians in a soundproof and electromagnetic
shielding booth [background noise level <25 dB(A)].

Pure-tone audiometry at frequencies of 0.25, 0.5, 1, 2, 3, 4,
6, and 8 kHz in both ears was performed using an audiometer
(Madsen Astera, GN Otometrics, Denmark) with inserted
earphones in accordance with the regulations of ISO 8253-1:2010.

FIGURE 1 | Flowchart of this study. Among 47 initial volunteers, 32 young
participants with normal hearing were enrolled and completed this two-stage
follow-up study.

Distortion product otoacoustic emission tests were performed
using a cochlear emission analyzer (Capella, GN Otometrics,
Denmark), which were considered valid when the emission
amplitude exceeded the noise by at least 3 dB. DPOAEs were
elicited by two tones [L1 = 65 dB sound pressure level (SPL),
L2 = 55 dB SPL]; the determined f2/f1 ratio was equal to 1.22, and
the 2f1–f2 cubic distortion product (DP1) component for each
pair of stimuli was recorded at frequencies of 1, 2, 3, 4, 6, and
8 kHz. The probe fitting check and the two-tone adjustments were
performed before each measurement session.

Contralateral suppression on TEOAEs is a reliable measure
to monitor the medial olivocochlear (MOC) efferent reflex status
over time (Stuart and Cobb, 2015). In this study, TEOAEs were
evoked with 60 dB peak equivalent SPL (peSPL) linear click
stimuli at a rate of 19.3/s with and without a contralateral
50 dB SL white noise suppressor (delivered by the audiometer
and insert earphone) without probe removal. The intensity of
this suppressor stimulus was well below the threshold of the
stapedial muscle reflex for all the subjects. Responses were
averaged to 2,080 sweeps, and the stimulus stability was at least
90%. Suppression was calculated by subtracting the TEOAE
amplitude with contralateral stimulation from those without
contralateral stimulation. The frequency bands measured were
centered at frequencies of 1, 2, 3, 4, and 5 kHz, and all
frequencies were averaged.

Auditory brainstem response tests were performed using
SmartEP (InteIIegent Hearing System, United States). The
recording electrode was placed on the high forehead, the
reference electrode was placed on the mastoid, and the grounding
electrode was placed on the low forehead. Electrode impedance
was less than 5 k�. Stimuli were presented using 100-µs clicks
at 90 dB normal hearing level (nHL) with alternating polarity at
a rate of 11.1/s via insert earphones (ER-3C, Etymotic Research,
United States). Waveforms were collected, passed through a
bandpass filter from 100 to 3,000 Hz, and averaged across 1,024
stimulus presentations. Two replications of each waveform were
obtained, and the peak amplitude of wave I was calculated
according to a previous study (Stamper and Johnson, 2015).

We used MHINT (Wong et al., 2007) consisting of 12 lists,
each containing 20 sentences, and each sentence contained 10
Chinese characters. The BLIMP software (version 1.3, House
Ear Institute, United States) was used to present the sentences
at various signal-to-noise ratio (SNR) controls via a personal
computer and headphones (HD200, Sennheiser, Germany). The
test followed an adaptive procedure as previously described
(Zhang et al., 2010). During the test, the ipsilateral white noise
level was fixed at 65 dB(A), and the first sentence was presented
at 0 dB SNR; the conventional rule required that the entire
sentence be repeated accurately. SNR was finally calculated at
the presentation level necessary for a listener to recognize the
sentence materials correctly 50% of the time.

Statistical Analysis
Data analysis was performed using IBM SPSS software (version
24.0, SPSS Inc., United States) and Prism (version 8.0, GraphPad
Software, United States). Continuous variables are presented
as the mean ± SD, and categorical variables are presented
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as percentages [n (%)]. The normality of continuous variables
was assessed by the Kolmogorov–Smirnov test. Characteristics,
MHINT SNRs and ABR wave I amplitudes at baseline
between males and females were compared using unpaired
t-tests or χ2 tests. Differences in PTA thresholds, DPOAE
amplitudes, and CS on TEOAEs between males and females
were analyzed using the two-way repeated measures ANOVA
with sexes and frequencies as dependent variables. Differences
in PTA thresholds, DPOAE amplitudes, and CS on TEOAEs
between the baseline, follow-up 1, and follow-up 2 groups
were analyzed using the two-way repeated measures ANOVA
with noise exposure and frequencies as dependent variables.
MHINT SNRs and ABR wave I amplitudes between baseline,
follow-up 1, and follow-up 2 groups were analyzed using
the two-way repeated measures ANOVA with noise exposure
and sexes as dependent variables. Pearson correlation analysis
was used to screen the significant association between the
TWA and auditory function changes; then correlations of
the TWA, exposed/unexposed ABR wave I amplitudes ratio,
and MHINT SNR changes were determined using linear
regression analysis. A two-tailed P < 0.05 was considered
statistically significant.

RESULTS

Characteristics of Subjects
A total of 32 participants aged 20–29 years [14 males (43.8%),
18 females (56.2%), mean age: 24.1 ± 2.4 years] who completed
this study were included in the analyses. The distributions
of characteristics at baseline (age, previous visits of music
festival/concert/night club, earphone use, and self-reported
hearing difficulty) and during the outdoor music festival
(duration of festival visit and TWA of noise exposure) were not
significantly different between males and females, while the mean
LCpeak of females was slightly higher than that of males (shown
in Table 1). We noticed that nine participants (three males and
six females) experienced at least one self-reported tinnitus, but
none of them was indeed troubled from tinnitus according to THI
scores. Among all the participants, the mean duration of festival
visits was 7.34 ± 0.63 h (ranging from 6.4 to 9.5), the mean TWA
was 93.2 ± 2.39 dB(A) (ranging from 87.9 to 97.7), and the mean
LCpeak was 135.4 ± 4.1 dB (ranging from 129.9 to 139.6). None of
the participants used hearing protective devices such as earplugs
during the festival visit.

Although all the participants showed normal hearing at
baseline with PTA thresholds ≤25 dB HL, females showed a
lower PTA threshold at a 1-kHz frequency for both the left ear
(Figure 2A, P = 0.003) and the right ear (Figure 2B, P = 0.021)
and a higher DPOAE DP1 amplitude at a 2-kHz frequency for
the left ear (Figure 2D, P = 0.011) than males. We did not
observe significant differences in DPOAE DP1 amplitudes for
the right ear (P = 0.058), CS on TEOAEs (see Table 2) for both
left (P = 0.841) and right (P = 0.608) ears, MHINT SNRs (see
Figure 2E) for both left (P = 0.999) and right (P = 0.916) ears,
or ABR wave I peak amplitudes (see Figure 2F) for both left
(P = 0.999) and right (P = 0.197) ears between males and females.

TABLE 1 | Participant characteristics at baseline and during the music festival.

Characteristics Males
(n = 14)

Females
(n = 18)

t/χ2 P

Age, mean (SD) 25 (2.9) 23 (1.7) 1.888 0.069

Previous visits to music
festivals/concerts/nightclubs

4.092 0.129

≤once/year, n (%) 5 (35.7) 2 (11.1)

≥2 times/year, n (%) 7 (50) 15 (83.3)

≥2 times/month, n (%) 2 (14.3) 1 (5.6)

Tinnitus history 0.552 0.759

Almost never, n (%) 11 (78.6) 12 (66.7)

Yes, spontaneously, n (%) 2 (14.3) 4 (22.2)

Yes, after exposure to noise,
n (%)

1 (7.1) 2 (11.1)

Previous use of personal
earphones

1.169 0.557

Almost never, n (%) 2 (14.3) 5 (27.8)

0–2 h/day, n (%) 8 (57.1) 10 (55.6)

2–5 h/day, n (%) 4 (28.6) 3 (16.7)

Previous use of earplugs 0.803 0.370

Almost never, n (%) 14 (100) 17 (94.4)

Yes, n (%) 0 (0) 1 (5.6)

Self-reported hearing difficulty 3.418 0.181

Almost never, n (%) 5 (35.7) 2 (11.1)

Yes, only amid noise, n (%) 6 (42.9) 13 (72.2)

Yes, in daily life, n (%) 3 (21.3) 3 (16.7)

During festival

Duration of visit, mean (SD),
hours

7.2 (0.9) 7.4 (0.4) −0.750 0.463

TWA, mean (SD), dB(A) 93.8 (1.6) 93.4 (1.8) 0.769 0.448

LCpeak , mean (SD), dB 136.7 (4.0) 133.8 (3.7) −2.074 0.047

SD, standard deviation; TWA, time-weighted average. There were no statistically
significant differences in most characteristics except for the LCpeak between male
and female participants. Analyses were performed by the unpaired t-test or χ2 test.

Auditory Function Changes Caused by
Outdoor Music Festivals
Overall, in this study, PTA thresholds (total: P = 0.699 for left ear,
P = 0.591 for right ear; males: P = 0.775 for left ear, P = 0.509 for
right ear; females: P = 0.816 for left ear, P = 0.931 for right ear;
see Figure 3), DPOAE DP1 amplitudes (total: P = 0.955 for left
ear, P = 0.997 for right ear; males: P = 0.947 for left ear, P = 0.984
for right ear; females: P = 0.974 for left ear, P = 0.997 for right
ear; see Figure 4), CS on TEOAEs (total: P = 0.936 for left ear,
P = 0.560 for right ear; males: P = 0.248 for left ear, P = 0.161
for right ear; females: P = 0.333 for left ear, P = 0.576 for right
ear; see Table 2), and MHINT SNRs (total: P = 0.999 for left ear,
P = 0.999 for right ear; males: P = 0.999 for left ear, P = 0.583 for
right ear; females: P = 0.859 for left ear, P = 0.598 for right ear; see
Figure 5) at 1 day or 14 days after the outdoor music festival noise
exposure were comparable with those at unexposed baseline for
both ears, despite sex.

Notably, we observed that the peak amplitudes of ABR wave
I significantly decreased at 1 day after exposure (Figure 6A
for left ear, Figure 6B for right ear), with a recovery at
14 days after exposure among all the participants (both
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FIGURE 2 | Comparison of auditory function between males and females at baseline. Females (pink) show a lower pure-tone audiometry (PTA) threshold at a 1 kHz
frequency than males (blue) for the left ear (A) and the right ear (B). Females show higher distortion product otoacoustic emission (DPOAE) amplitudes at a 1 kHz
frequency than males for the left ear (C) but not the right ear (D), analyses were performed by the two-way repeated measures ANOVA. There were no statistically
significant differences in signal-to-noise ratios (SNRs) of Mandarin Hearing in Noise Test (MHINT) (E) and auditory brainstem response (ABR) wave I amplitudes (F)
between males and females for either ear, analyses were performed by the unpaired t-test. *P < 0.05, **P < 0.01.

P-values < 0.001). For females, the peak amplitudes at
1 day after exposure were significantly lower than baseline
for both the left ear (P < 0.001) and the right ear

(P = 0.008). For males, the decrement of peak amplitudes
1 day after exposure was significantly different from baseline
only for the left ear (P = 0.002) but not the right ear
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TABLE 2 | Effects of noise exposure on contralateral suppression (CS) on transient evoked otoacoustic emissions (TEOAEs).

CS on
TEOAEs
(dB)

Males (n = 14) Females (n = 18)

Left ear Right ear Left ear Right ear

Before 1 day post 14 days
post

Before 1 day post 14 days
post

Before 1 day post 14 days
post

Before 1 day post 14 days
post

1 kHz 1.10 (3.22) 1.84 (2.26) 1.11 (3.41) 2.09 (1.99) 2.22 (2.27) 2.31 (2.54) 2.43 (2.36) 1.35 (2.79) 2.06 (2.66) 2.82 (2.74) 2.00 (2.29) 2.38 (2.19)

2 kHz 1.21 (3.22) 1.33 (2.76) 1.68 (2.97) 1.41 (2.28) 1.52 (1.57) 2.15 (2.43) 2.57 (2.75) 1.85 (2.16) 2.03 (2.87) 2.99 (3.14) 2.37 (2.26) 2.67 (3.04)

3 kHz 1.86 (2.33) 1.34 (1.74) 1.14 (2.58) 1.40 (2.49) 1.24 (3.28) 1.11 (1.98) 1.68 (3.02) 0.73 (1.79) 1.57 (1.77) 2.26 (2.55) 2.24 (2.48) 2.68 (2.10)

4 kHz 1.21 (2.56) 1.64 (2.81) 1.19 (2.14) 1.01 (2.15) 1.11 (1.76) 1.85 (1.65) 1.73 (1.33) 1.10 (1.70) 1.43 (1.45) 1.38 (2.16) 1.13 (1.81) 1.24 (1.53)

5 kHz 1.15 (2.18) 0.87 (1.73) 1.04 (1.99) 0.54 (1.29) 1.00 (1.71) 0.14 (1.6) 0.64 (2.16) 0.74 (1.86) 0.85 (2.05) 1.11 (2.81) 0.80 (2.78) 1.47 (1.85)

All 1.99 (2.31) 1.91 (1.69) 1.63 (2.69) 1.86 (1.82) 1.91 (0.95) 2.05 (1.49) 2.16 (1.97) 1.34 (1.79) 2.24 (1.86) 2.45 (2.49) 1.82 (1.95) 2.77 (1.65)

There are no statistically significant differences in CS on TEOAEs over 1–5 kHz frequencies and average value between males and females at baseline (before noise
exposure) for the left ear (P = 0.841) and right ear (P = 0.608). There are no statistically significant differences in CS on TEOAEs over 1–5 kHz frequencies and average
value of males (P = 0.248 for left ear, P = 0.161 for right ear) or females (P = 0.333 for left ear, P = 0.576 for left ear) between the baseline, 1 day and 14 days post the
outdoor music festival noise exposure. Analyses were performed by the two-way repeated measures ANOVA.

(P = 0.055). The mean ABR waveforms are shown in
Supplementary Figure 1.

Relationship Between Noise Exposure
Dose and Auditory Function
To further explore the association between the acute outdoor
music festival noise exposure dose and auditory function changes,
we performed Pearson correlation analysis but did not observe
any statistically significant correlation (see Supplementary
Figure 2). However, only the normalized exposed/unexposed
ABR wave I amplitude changes (ratio of amplitude at 1 day
post exposure to amplitude at baseline) seems to show a
decreasing tendency with higher noise exposure doses for both
ears (Figure 7A for the left ear, P = 0.14; Figure 7B for the
right ear, P = 0.35). Correlation analyses were also performed
to explore the relationship between several auditory function
changes in this study. We found that the exposed/unexposed ABR
wave I amplitude ratio was significantly associated with MHINT
SNR changes at 1 day after the outdoor music festival noise
exposure (see Figure 7C for the left ear, P = 0.010; Figure 7D
for the right ear, P = 0.021), although it was not significantly
correlated with the noise exposure dose (see Figure 7E for the
left ear, P = 0.92; Figure 7F for the right ear, P = 0.75).

DISCUSSION

In this study, to identify whether acute high-level recreational
noise exposure would induce HHL or other audiological
impairments in humans, we followed up on the temporary
and sustained changes in auditory function in 32 normal-
hearing young adults who attended the outdoor music festival.
To our knowledge, this is the first prospective cohort study
that identified that the auditory electrophysiological indicator
of suprathreshold stimulating ABR wave I amplitude decreased
transiently with subsequent recovery after acute loud recreational
noise exposure, without other significant auditory functional

changes in humans. In addition, we found that the ABR
wave I amplitude changed in relation to speech recognition
ability in noisy environments after noise exposure, although
the correlations between auditory function changes and noise
exposure dose were not significant.

In consideration of the sex differences in auditory
characteristics and susceptibility to NIHL (Wang et al., 2021),
we compared auditory function between males and females at
baseline. Generally, consistent with previous studies (Delhez
et al., 2020), females showed a slightly better PTA threshold
and DPOAE amplitude (see Figure 2) than males at baseline,
which would not affect the efficiency of conclusion in this study,
since we analyzed the auditory function changes not only in
participants overall but also in males and females separately.

Acute Recreational Noise-Induced
Auditory Effects Depend on Exposure
Doses
Numerous recent studies have indicated that long-term exposure
to high-intensity recreational and professional music potentially
increases the risk of hearing loss (Schink et al., 2014;
Pouryaghoub et al., 2017; le Clercq et al., 2018). Several previous
studies that had well-quantified exposure doses demonstrated
that short-term music exposure at high intensity has the potential
to induce a TTS. According to a randomized clinical trial in
Amsterdam to assess the effectiveness of earplugs in preventing
TTSs following music exposure, 22 of 52 ears (42%) among the
normal-hearing adult volunteers who experienced unprotected
outdoor music exposure [TWA approximately 100 dB(A) during
the festival] showed a TTS over frequencies of 3 and 4 kHz and
a significant decrement in DPOAE amplitude over frequencies of
2–8 kHz (Ramakers et al., 2016). Le Prell et al. (2012) described
the effects of carefully controlled 4-h digital audio player use
for three different music listening levels [at 93–95, 98–100,
and 100–102 dB(A)] on audiometric threshold changes of 33
normal-hearing young adult college students. The largest TTS
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FIGURE 3 | Effects of noise exposure on PTA. There were no statistically significant differences in the PTA hearing thresholds of either ear at frequencies of
0.25–8 kHz in the overall sample (A,B), in males specifically (C,D), or in females specifically (E,F) among baseline (black), 1 day after outdoor music festival noise
exposure (orange) and 14 days (blue) after exposure. Analyses were performed by the two-way repeated measures ANOVA.

was observed at a 4-kHz frequency (averaged 6.3 ± 3.9 dB,
ranging from 0 to 13 dB) 15 min after higher levels of sound
exposure, which almost recovered completely within the first
4 h after exposure. In contrast, in another study on young
participants with a normal hearing threshold, there were no
statistically significant correlations between noise exposure and
changes in audiometric threshold or DPOAE amplitude either
the day after the loud event [based on noise exposure level of
92.7 ± 7.7 dB(A), range 73.1−104.2 dB(A) for 3.3 ± 0.9 h (range
1.5−4.5 h)] or 1 week later (Grinn et al., 2017).

In our study, the sound exposure dose during the outdoor
music festival was measured for each individual, and the dose
of TWA was averaged 93.2 ± 2.39 dB(A), ranging from 87.9 to
97.7 dB(A). Our results of TWA were comparable with the noise
exposure measurements at a Norwegian outdoor music festival
(Tronstad and Gelderblom, 2016) and outdistanced the limit
dose of daily noise exposure in most countries and the World
Health Organization’s recommendations (Neitzel and Fligor,
2019). Since the effect on auditory function are associated with
the duration and intensity of sound exposure (Peng et al., 2007;
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FIGURE 4 | Effects of noise exposure on DPOAE. There were no statistically significant differences in the DPOAE amplitudes of either ear at frequencies of 1–8 kHz
in the overall sample (A,B), in males specifically (C,D), or in females specifically (E,F) among baseline (black), 1 day after outdoor music festival noise exposure
(orange) and 14 days (blue) after exposure. Analyses were performed by the two-way repeated measures ANOVA.

Le Prell et al., 2012), in this study, we did not detect any
audiometric TTS, DPOAE amplitude decrement (a reflection of
hair cell function), or alteration in MOC efferent nerve function
or speech recognition ability amid noise for either males or
females after outdoor festival noise exposure (see Figures 3–5
and Table 2). The only significant changes were the reversible
decrement of ABR wave I amplitude at 1 day after exposure
(see Figure 6).

The inconsistent effects on auditory function among studies
with quantified exposure doses are probably due to the following

reasons: (1) the different timepoints after noise exposure to
follow-up auditory examinations, as Le Prell et al. (2012) showed
that most TTSs recovered within 4 h after exposure; (2) the
different doses of acute noise exposure between studies, since
TTSs were detected in studies with higher noise exposure doses
[approximately 100 dB(A) TWA] (Ramakers et al., 2016) but
not with approximately 90 dB(A) TWA exposure (Grinn et al.,
2017); (3) these data also provided important insight into the
high variability across individuals in vulnerability to TTSs after
music exposure. Thus, it is necessary to conduct more prospective
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FIGURE 5 | Effects of noise exposure on MHINT. There were no statistically significant differences in the SNRs of MHINT in the overall sample, in males specifically,
or in females specifically among baseline (black), 1 day after outdoor music festival noise exposure (orange) and 14 days (blue) after exposure for the left ear (A) or
the right ear (B). Analyses were performed by the two-way repeated measures ANOVA.

FIGURE 6 | Effects of noise exposure on ABR wave I amplitudes. The peak amplitude of wave I significantly decreased at 1 day after outdoor music festival noise
exposure (orange) and recovered to the baseline level (black) at 14 days after exposure (blue) in the left (A) and right (B) ears of total participants and of females
specifically, as well as in the left ear of males, but not in the right ear of males. Analyses were performed by the two-way repeated measures ANOVA. NS, no
significance. **P < 0.01, ***P < 0.001.

studies with measurable exposure doses to determine which level
of recreational noise exposure doses would induce the temporary
or permanent auditory impairment.

Optimal Metrics for the Assessment of
Cochlear Synaptopathy and “Hidden
Hearing Loss” in Humans
Numerous recent animal studies in mice (Kujawa and Liberman,
2009), rats (Lobarinas et al., 2017), guinea pigs (Shi et al., 2016),
and rhesus monkeys (Valero et al., 2017) have demonstrated
that moderate noise exposure that does not induce a PTS or
hair cell death could result in cochlear synaptopathy, manifested
as loss of a subset of synaptic connections between inner hair
cells and afferent nerves and decreased ABR wave I amplitude
in response to suprathreshold stimulus (Lobarinas et al., 2017),
which is widely accepted as the primary cause of HHL. In

humans, direct evidence of cochlear synaptopathy is based
on extraction of the temporal bones (Viana et al., 2015; Wu
et al., 2019); however, noise exposure history and auditory
examination data are not always available for these tissues.
To date, it is still unclear whether noise-induced cochlear
synaptopathy occurs in humans and whether there are optimal
audiological measurements to assess cochlear synaptopathy
and HHL. According to previous studies, candidate metrics
include ABR, the middle-ear muscle reflex (MEMR), envelope-
following responses (EFR), and extended high-frequency (EHF)
audiograms (Bramhall et al., 2019).

Most human studies used the amplitudes of ABR wave I or
electrocochleogram peak I to indicate cochlear synaptopathy.
Some previous studies on normal-hearing young veterans
(Bramhall et al., 2017) and college music students (Liberman
et al., 2016) have suggested that individuals with high doses
of reported noise exposure may have a reduction in ABR
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FIGURE 7 | Correlations of noise exposure, ABR wave I, and MHINT. Neither the exposed/unexposed ABR wave I amplitude ratio (A,B) nor the SNR changes
(1SNR) of the MHINT (E,F) significantly correlated with time-weighted average (TWA) noise exposure, whereas the exposed/unexposed ABR wave I amplitude ratio
significantly correlated with the 1SNR of MHINT (C,D) for the left ear and right ear. Males are in blue, females are in pink, and lines of fit for the overall sample are in
black.

wave I amplitude or ratio of the summating potential to the
action potential; however, other recent studies did not find
significant correlations between noise exposure history and
electrophysiological metrics related to cochlear synaptopathy
(Grinn et al., 2017; Prendergast et al., 2017a; Guest et al., 2018).

Many factors may underlie the discordant conclusion of those
studies, including the difficulty in quantification of self-reported
lifetime noise exposure and the large individual variability of
ABR wave I amplitudes in humans (Bharadwaj et al., 2019;
Bramhall et al., 2019).
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Benefiting from the perspective design of our study, we
were able to perform a self-comparison by normalizing the
post exposure ABR wave I amplitude to the baseline amplitude
within each individual, as most animal studies did (Kujawa
and Liberman, 2009). We were surprised to find a transient
reduction in ABR wave I amplitude at 1 day after exposure with
almost complete recovery at 14 days after exposure (see Figure 6
except for the right ear of male participants), which appears
to be the temporary functional alteration of cochlear synapses
and AN fibers, rather than the permanent loss of synaptic
connections in previous animal studies. An explanation might
be that humans are more resistant to noise-induced cochlear
damage than experimental animals. Cochlear synaptopathy was
observed in mice, rats, and guinea pigs at levels of approximately
100, 106, and 109 dB SPL octave band exposure for 2 h
(Kujawa and Liberman, 2009; Shi et al., 2016; Lobarinas et al.,
2017), while rhesus monkeys were more resistant to cochlear
synaptopathy than rodents (Valero et al., 2017), resulting in
predictions that the human ear is quite “robust” and resistant
to damage from daily noise exposure. In contrast, another
perspective study did not detect electrophysiological deficits at
1 day after acute recreational noise exposure (Grinn et al., 2017).
The inconsistence might be due to the lower exposure doses
[92.7 ± 7.7 dB(A) for 3.3 ± 0.9 h] in their study than those in
our study (TWA range 93.2 ± 2.4 dB(A) for 7.34 ± 0.63 h).

In general, our results indicated that suprathreshold ABR wave
I amplitude might be a proper auditory electrophysiology metric
to detect the cochlear synaptic dysfunction. However, we failed
to find a significant correlation between the sound exposure
doses and any temporary or sustainable auditory function
changes, although the ABR wave I amplitude alteration showed
a trend of correlation with TWA without statistical significance
(see Figures 7A,B). A potential explanation was the variable
susceptibility of cochlear synaptopathy among individuals, since
a previous study in mice suggested that decreasing sound levels
by 3 dB can eliminate synaptic injury (Fernandez et al., 2015).

The Risk of Recreational Noise-Induced Cochlear
Synaptopathy and Auditory Perceptual Disorder
Noise-induced cochlear synaptopathy was expected to induce not
only neural deficits but also suprathreshold speech-processing
abilities, especially in noisy environments (Skoe et al., 2019;
Washnik et al., 2020). Previous animal studies indicated that
AN fibers with lower spontaneous rates and higher response
thresholds seemed to be more vulnerable to noise damage
(Furman et al., 2013; Liberman and Kujawa, 2017). Thus,
speech recognition in noise tests has been used to research
cochlear synaptopathy in many human studies. Liberman
et al. (2016) assessed the word recognition performance of 34
normal-hearing participants aged 18–41 years and found that
participants with high risk of noise damage performed more
poorly in the presence of ipsilateral noise. In contrast, a number
of recent studies failed to reveal the significant association
between noise exposure and auditory behavioral function in
humans. A study including 138 normal-hearing participants
aged 18–36 years reported little relation between lifetime
noise exposure and a series of perceptual behavioral measures

(Prendergast et al., 2017b). Several other studies reported no
relation between noise exposure, ABR wave I amplitude, and
speech recognition in noise in humans with clinically normal
hearing (Grinn et al., 2017; Yeend et al., 2017; Guest et al., 2018).
However, it is necessary to note that the different procedures
of speech-in-noise tests used in various studies might have
different degrees of listening task difficulty, which makes it
complicated to compare performances in speech perception from
one study to another.

In our study, we used the MHINT SNR changes after noise
exposure to assess the alterations of speech recognition ability
in noise for each individual. Although our results provide no
evidence that acute noise exposure induces any speech perceptual
deficit in noisy environments for normal-hearing young adults,
we found that even minor alterations in speech recognition
ability in noise were associated with transient ABR wave I
amplitude changes after noise exposure (see Figures 7C,D).
There might be some explanations for these results: (1) speech-
in-noise performances could not directly represent the cochlear
synaptic or AN function as the ABR wave I, (2) the speech-in-
noise ability might be influenced by confounding central factors
such as attention, working memory, and language in addition
to peripheral effects (Yeend et al., 2017), and (3) the large
individual variability of SNRs changes among subjects in this
study. Thus, our findings indicated that the recreational noise-
induced cochlear synaptic dysfunction could probably contribute
to at least a bit of change in auditory perception ability in noisy
background in humans.

Strengths and Limitations
The main strength of this study was that prospective design and
self-comparison make the data reliable. To our knowledge, this
current study is one of the very few prospective studies that
focused on the recreational noise-induced cochlear synaptopathy
or HHL in humans. Another strength was the well-measured
noise exposure level for each participant using the individual
sound dosimeter in this study, which provides the accurate noise
exposure doses. Moreover, we attempted to detect the effect on
MOC efferent functional changes of acute recreational noise
exposure, though no significance was found. Here we chose the
CS on TEOAEs to evaluate the MOC efferent reflex because of
its reliability (Stuart and Cobb, 2015). Since TEOAE is biased to
low frequencies while DPOAE to high frequencies, DPOAE could
be a choice in future noise-induced HHL studies. There are some
other limitations. We did not perform the EHF audiograms in
this study, which might be more sensitive to NIHL (Mehrparvar
et al., 2011). We did not exclude participants with self-reported
tinnitus in this study, while attenuated wave I amplitudes have
been observed in normal human listeners with tinnitus compared
with non-tinnitus controls (Schaette and McAlpine, 2011; Gu
et al., 2012). The extent to which tinnitus is a symptomatic
manifestation of noise-induced synaptopathy remains unclear.

In general, larger sample sizes and additional candidate
cochlear synaptopathy-related metrics such as the compound
action potential wave AP, ABR wave V amplitudes, EHF
audiograms, EFRs, MEMR, and more auditory processing tests
are needed to investigate the correlations in the future.
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CONCLUSION

Benefiting from the prospective design of this study, we were able
to catch the transient ABR wave I amplitude decrement at 1 day
post acute recreational noise exposure in normal hearing young
adults. Our results indicated that the ABR wave I amplitude
might be a sensitive metric to detect the noise-induced cochlear
synaptopathy in humans, which also contributes to speech
recognition ability in noise. Nevertheless, it should be noted that,
although wave I of the ABR is the most direct non-invasive
measure of cochlear synaptic and AN fidelity in humans, one
of the obstacles for the use of the ABR to identify synaptopathy
in humans is that wave I amplitude is highly variable across
individuals. Overall, our study provides an insight into the
potential recreational noise-induced cochlear synaptopathy and
auditory speech perceptual difficulty in noisy backgrounds. With
the increased prevalence of HHL, more attention should be paid
to the prevention of recreational noise exposure-induced hearing
impairment in humans.
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Complete Elimination of Peripheral
Auditory Input Before Onset of
Hearing Causes Long-Lasting
Impaired Social Memory in Mice
Rui Guo†, Yang Li†, Jiao Liu, Shusheng Gong* and Ke Liu*

Department of Otolaryngology Head and Neck Surgery, Beijing Friendship Hospital, Capital Medical University, Beijing, China

Hearing is one of the most important senses needed for survival, and its loss is an
independent risk factor for dementia. Hearing loss (HL) can lead to communication
difficulties, social isolation, and cognitive dysfunction. The hippocampus is a critical
brain region being greatly involved in the formation of learning and memory and is
critical not only for declarative memory but also for social memory. However, until today,
whether HL can affect learning and memory is poorly understood. This study aimed
to identify the relationship between HL and hippocampal-associated cognitive function.
Mice with complete auditory input elimination before the onset of hearing were used
as the animal model. They were first examined via auditory brainstem response (ABR)
to confirm hearing elimination, and behavior estimations were applied to detect social
memory capacity. We found significant impairment of social memory in mice with HL
compared with the controls (p < 0.05); however, no significant differences were seen
in the tests of novel object recognition, Morris water maze (MWM), and locomotion in
the open field (p > 0.05). Therefore, our study firstly demonstrates that hearing input is
required for the formation of social memory, and hearing stimuli play an important role in
the development of normal cognitive ability.

Keywords: hearing, hearing loss, congenital, learning memory, social memory, hippocampus

INTRODUCTION

Hearing is one of the most important senses needed for survival, and its loss is a highly prevalent
sensory deficit in humans. Approximately 1.57 billion people in the world have hearing loss (HL),
with increasing prevalence over the years (Haile et al., 2021). HL can lead to communication
difficulties, social isolation, and cognitive dysfunction. A series of epidemiological studies have
shown that HL may be an independent risk factor for dementia (Taljaard et al., 2016; Livingston
et al., 2017; Loughrey et al., 2018; Griffiths et al., 2020). However, the underlying mechanism
is still unclear.
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The hippocampus serves as a critical brain region in the
formation and maturation of learning and memory. A recent
human study proposed that midlife HL can lead to atrophy
of the hippocampus and entorhinal cortex (Armstrong et al.,
2019), suggesting that HL may have negative effects on the
hippocampus. Previous animal studies also showed that HL
is able to disrupt the function of the hippocampus and lead
to memory decline. The hippocampus is involved not only in
declarative memory but also in social memory, which is the
ability to remember and discriminate novel conspecifics from
familiar ones in social activities (Barbara and Contreras, 1985).
Although HL has been reported to negatively affect the quality of
social interactions in patients (Hughes et al., 2018), these types
of studies are usually limited because the patient samples are not
quite uniform for precise analyses. Therefore, an animal model
with diminished peripheral hearing input is necessary to verify
the association between HL and social memory.

In this study, we created Otof mutation mice which are
functionally equivalent to the otoferlin knockout mice (Otof−/−)
via genetic manipulations. In this congenital deaf mouse model,
the peripheral hearing input has been totally eliminated before
hearing onset due to the complete loss of exocytosis in the
cochlear ribbon synapses (Roux et al., 2006). Auditory brainstem
response (ABR) examinations were used to confirm elimination
of hearing, and the behavior estimations including three-chamber
social interaction assay, novel object recognition, open field,
and Morris water maze (MWM) were applied to detect the
cognition and locomotion in this mouse model. We also
found that mice with auditory input elimination before hearing
onset have impaired social novelty memory, coupling with
unimpaired locomotor activity and sociability. Thus, our study
may firstly demonstrate that hearing input is required to establish
social memory in mice.

MATERIALS AND METHODS

Animals
Otof knockout mice were constructed by the CRISPR–Cas9
system. In brief, a frameshift mutation was introduced into the
conserved domain (14 exon) of otoferlin using the AAV loading
Cas9 protein and sgRNA (GTGAAAATTTACCGAGCAGA),
respectively. The mutation site was identified by Sanger
sequencing. The heterozygous animals were interbred to generate
Otof+/+\u0001, Otof±, and Otof−/− mice. C57BL/6J mice served
as the control group and were purchased from the Vital
River Laboratory (Beijing, China). All mice were bred in
the Experimental Animal Department of the Capital Medical
University at 22–25◦C, 50% humidity, and 12 h light–dark
cycle, with food and water available ad libitum. Only male
mice were used in this study. The animal study was reviewed
and approved by the Animal Ethics Committee of the Capital
Medical University.

Assessment of Auditory Function
Auditory brainstem response detection was performed at the
ages of P14, P56, and P168. Mice were anesthetized with an

intraperitoneal injection of ketamine (100 mg/kg, Sigma, Saint
Louis, MO, United States) plus xylazine (10 mg/kg, Sigma),
and then placed in an electrically shielded and soundproofed
audiometric chamber (Shanghai Shengnuo Acoustic Equipment,
Shanghai, China). Meanwhile, body temperature was maintained
with a constant temperature heating pad. The needle electrodes
were placed subcutaneously, with a reference electrode beneath
the pinna of the tested ear, a recording electrode (+) at the
junction of anterior edges of both auricles and the midline of
the cranial apex, and a ground electrode in the contralateral
ear. Acoustic stimuli were delivered monaurally by an earphone
attached to a customized plastic speculum inserted into the
ear canal. Calibrated tone bursts with 5 ms duration and
0.5 ms rise–fall time were synthesized and presented using TDT
System 3 hardware and SigGen/BioSig software (Tucker-Davis
Technologies, Alachua, FL, United States). ABRs were measured
at click and tong burst. A total of 1,024 responses were averaged
near the threshold at various intensities with 5 dB intervals. The
lowest level at which ABR waves could be clearly detected was
defined as the threshold.

Immunostaining and Confocal
Microscopy
Cochleas of the mice were perfused with 4% paraformaldehyde
(PFA) in PBS (pH 7.4) and incubated in the same fixative
at 4◦C, overnight. The cochleas were rinsed three times with
PBS and decalcified by incubation with 10% ethylenediamine
tetraacetic acid (EDTA) for 4–6 h. The organ of Corti was
dissected into a surface preparation, preincubated in 0.3%
Triton X-100 and 5% normal goat serum in PBS at room
temperature for 1 h, and incubated overnight at 4◦C, with
the primary antibody:mouse anti-otoferlin antibody (1:300,
Abcam, Cambridge, MA, United States, ab53233). The samples
were rinsed three times in PBS buffer and incubated at
room temperature for 2 h with the appropriate secondary
antibody:goat anti-mouse Alexa Fluor 488. The samples were
washed three times in PBS and mounted on a glass slide using
a fluorescent mounting medium with DAPI (ZSGB-BIO, ZLI-
9557). Fluorescence confocal z stacks of the organ of Corti
were obtained with a Leica scanning laser confocal microscope
(model TCS SP8 II, Leica, Wetzlar, Germany), equipped with a
high-resolution objective (numerical aperture of 1.18, × 63 oil-
immersion objective). Images were acquired in a 1,024 × 512
(pixel size = 0.036 µm in x and y) from top to bottom with an
interval of 0.5 µm/layer.

For otoferlin staining on hippocampal slices, after anesthesia
and cardiac perfusion with precooling PBS, the mouse brain
was quickly removed and fixed in 4% PFA at 4◦C, for 24 h,
and then transferred into 30% sucrose for cryoprotection. After
that, the brain was subjected to OCT embedding (Tissue-Tek,
Torrance, CA, United States, 4853) and sliced into 40 µm
coronal sections by a cryostat microtome (Leica CM3050S,
Wetzlar, Germany) at −20◦C,. The floating brain sections
were washed in PBS three times for 10 min and blocked
in 10% goat serum diluted in 0.3% Triton X-100 for 1 h
at room temperature. After the block, the brain sections
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were incubated with primary antibody overnight at 4◦C, and
then incubated with secondary antibody for 2 h at room
temperature. After three times washing with PBS, the sections
were mounted on the glass slides with mounting medium
with DAPI. Primary antibodies used in this study were rabbit
anti-MAP2 (1:500, Abcam, ab32454) and mouse anti-otoferlin
(1:100, Abcam, ab53233). Secondary antibodies used were goat
anti-mouse Alexa Fluor 488 (1:500, Invitrogen, Waltham, MA,
United States, A11029) and goat anti-rabbit Alexa Fluor 594
(1:500, Invitrogen, A11037). Images were taken by a confocal
microscope (Leica TCS SP8).

Three-Chamber Social Interaction
Experiment
The three-chamber social interaction test was adapted from
previous research (Wang et al., 2018). The three-chamber
apparatus (Xinruan, Shanghai, China) was divided into
three compartments (each compartment L × W × H:
20 cm × 40 cm × 22 cm). Mice can freely explore the three
chambers through two doors (W× H: 5 cm× 8 cm). Briefly, the
social interaction experiment included three continuous phases
with two small wire cages (15 cm height with a diameter of 7 cm)
in the left and right chamber. In the first phase, two empty wire
cages were placed in the left and right chamber, respectively,
and the WT or Otof−/− mouse was introduced into the middle
chamber and allowed to explore the apparatus freely for 10 min.
In the second phase (social interaction test), an age-matched
C57BL/6J male mouse (stranger 1, S1) was restricted into
one of the wire cages randomly. The WT or Otof−/− mouse
was allowed to explore the apparatus freely for 10 min. After
the second 10 min, in the third phase (social novelty test),
another age-matched C57BL/6J male mouse (stranger 2, S2) was
restricted into the previously empty wire cage, and the subject
mouse was allowed to explore for 10 min. The close interaction
area was defined as the surrounding area (20 cm × 17.5 cm)
containing the wire cage. Time spent in each chamber by the
subject mouse was recorded by SuperMaze software (Xinruan).

Morris Water Maze
The MWM test was adapted from previous research (Hunt et al.,
2013). The core device for MWM is a circular pool (120 cm in
diameter) filled with non-toxic paint mixed with water. A circular
platform (10 cm in diameter) was located in one quadrant of
the pool above or beneath the water surface. Briefly, mice were
trained to find and land a visible platform on day 1, and the escape
latency (first time to land the platform) and swimming speed
were evaluated to exclude those mice with visual impairment or
dyskinesia. Then, the platform was fixed in another quadrant and
beneath the water surface 0.5–1 cm. Mice were trained to learn
and remember the location of the platform according to spatial
cues around the pool for five sessions (days 2–4). Two daily
sessions were ∼3.5 h interval. Each session included four trials,
and mice were introduced into the water from four different
start points and were allowed to swim for 60 s. Once the mouse
landed the platform or did not find the platform within 60 s, it
was allowed to stay on the platform for 30 s to remember the

platform position. The probe was performed 24 h after the last
training in session 5. The platform was removed and the mice
were allowed to swim in the pool for 60 s. The percent time (%)
in the platform quadrant and the first time to the platform by
subject mice were recorded and used in the statistical analysis.
The software used in this test was Smart v3.0 (Panlab Harvard
Apparatus, Barcelona, Spain).

Novel Object Recognition
Novel object recognition (Wang et al., 2020) was performed in
the open arena (L × W × H: 50 cm × 50 cm × 50 cm). The
task included two phases: acquisition phase and retrieval phase.
In the acquisition phase, two similar objects (object A and A′)
were placed in two corners of the arena; the mouse was gently
placed into the open field and was allowed to explore for 10 min,
and then the mouse came back to its home cage. Four hours
later, in the retrieval phase, one of the objects (A) was replaced
by a novel object (object B). The mouse was put back to the
arena for another 10 min. The exploration time of each object
in the retrieval phase was recorded by the SuperMaze software
(Xinruan). The discrimination index (DI) was time with (object
B - object A)/(object B+ object A).

Open Field
The open field test was performed as described previously
(Wang et al., 2020) to test the spontaneous motor activity.
The mouse was placed in the open field (L × W × H:
50 cm× 50 cm× 50 cm) for 5 min. The speed and distance of the
test mouse was recorded by the SuperMaze software (Xinruan).

Statistical Analysis
Statistical analysis was performed by GraphPad Prism 8.0.1
software. For two groups, data were analyzed by unpaired t-test.
One-/two-way ANOVA was used for the comparison of more
than two groups.

RESULTS

Auditory Detection Confirms Complete
Elimination of Hearing Input in Mice
To confirm the complete elimination of hearing function in
Otof−/− mice in this study, we then detected the ABR thresholds
at ages of P14, 56, and 168, respectively. No visible ABR
waveforms were detected at any point (Otof−/−, Figure 1A),
and normal waveforms were detected in the control mice (WT,
Figure 1A). This shows that peripheral hearing input was
eliminated, and no hearing information was being delivered
from the ear to the brain in these deaf mice. In addition, we
estimated the ABR threshold across frequencies in both Otof−/−

and WT mice. No ABR thresholds could be identified in Otof−/−

mice across all frequencies, whereas normal thresholds were
observed in the control ones (Table 1). Otof−/−mice can serve as
complete deaf models without peripheral hearing input, similar
to those previously reported (Roux et al., 2006). Furthermore, we
detected otoferlin expression in the cochlear hair cells of Otof−/−
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FIGURE 1 | Complete elimination of hearing input presented before and after hearing onset in Otof−/− mice. (A) No visible ABR waveforms (click) were found at
P14, P56, and P168 in Otof−/− mice, respectively; also, no ABR waveforms (click) were seen at P14 in WT mice. However, there are normal ABR waveforms (click)
at P56 and P168 in WT mice. (B) Normal otoferlin expressions were seen in cochlear inner hair cells (IHCs) at P14, P56, and P168 in WT mice (green). (C) No positive
immunostaining signals were found at P14, P56, and P168 in Otof−/− mice. Bar = 10 µm; WT, wild-type mice; Otof−/−, otoferlin knockout mice; dB, decibel.

and WT mice at P14, P56, and P168. There were no positive
immunostaining signals in Otof−/− mice (Figure 1C), whereas
normal expression was observed in the control ones (Figure 1B),
confirming complete hearing elimination.

Elimination of Hearing Input Causes
Impaired Social Memory
To explore whether HL can alter the hippocampal-dependent
social interaction, a three-chamber social interaction experiment
was used to sequentially test sociability and social novelty
(Figure 2A). In this test, 2-month-old mice were allowed to
explore either a chamber containing a stranger mouse (stranger
1, S1) restrained in a wire cage or the other chamber with
an empty wire cage for 10 min. Both WT and deaf mice
spent more time interacting with the S1 than the empty cage
according to bilateral chambers (WT: 313.189 ± 22.303 vs.
91.147 ± 13.700 s, n = 20, ∗∗∗∗p < 0.0001, t-test; Otof−/−:
268.093 ± 17.306 vs. 147.071 ± 16.959 s, n = 21, ∗∗∗∗p < 0.0001,
t-test; Figures 2B, C) and close interaction measurements (WT:
281.170 ± 24.467 vs. 55.398 ± 7.569 s, n = 20, ∗∗∗∗p < 0.0001,
t-test; Otof−/−: 191.996 ± 15.949 vs. 100.990 ± 16.590 s, n = 21,
∗∗∗p < 0.001, t-test; Figures 2B, C), indicating that deaf mice
also have similar sociability as WT mice. Immediately after the
social interaction test, we placed another novel mouse (stranger
2, S2) into the previously empty cage. The subject mouse was
allowed to explore the three chambers for another 10 min. Taking
advantage of the natural novelty instincts in rodents, both in

bilateral chambers and close interaction measurements, WT mice
spent more time exploring the S2 than S1 (time in compartment:
244.259 ± 13.968 vs. 163.984 ± 13.008 s, ∗∗∗p < 0.001, t-test;
time in close interaction: 202.713± 15.540 vs. 123.043± 9.475 s,

TABLE 1 | Click and tone burst examinations in both WT and Otof−/− mice.

Intensity level (dB SPL) Click 4 kHz 8 kHz 16 kHz 24 kHz

WT

90 Y Y Y Y Y

80 Y Y Y Y Y

70 Y Y Y Y Y

60 Y Y Y Y Y

50 Y Y Y Y Y

40 Y Y Y Y Y

30 Y Y Y Y Y

25 Y Y Y Y Y

20 N N Y Y Y

15 Y Y Y

10 Y Y Y

Otof−/−

90 N N N N N

85 N N N N N

80 N N N N N

In WT mice, the thresholds of click and 4, 8, 16, and 32 kHz are 25, 25, 10, 10,
and 10 dB SPL, respectively. In Otof−/− mice, no detectable thresholds are found
at click, 4, 8, 16, and 32 kHz. Y means “Yes”; N means “No.”
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FIGURE 2 | Otof−/− mice showed impaired social memory in a three-chamber social interaction experiment at 2 months old. (A) The schematic diagram of a
three-chamber social interaction experiment. (B) Both WT and Otof−/− mice showed normal sociability in the social interaction test: the subject mouse spent more
time interacting with stranger 1 (S1) than the empty wire cage E. (C) Representative tracks of WT and Otof−/− mice in the social interaction test. (D) Otof−/− mice
showed impaired social memory in the social novelty test compared with WT mice. (E) Representative tracks of WT and Otof−/− mice in the social novelty test. The
starting point and the ending point of tracks in (C,E) were represented by a red dot and a green dot, respectively. All values are presented as mean ± SEM and
analyzed by unpaired t-test for (B) and (D). ***p < 0.001, ****p < 0.0001 vs. WT. WT: n = 20; Otof−/−: n = 21. WT, wild-type mice; Otof−/−, otoferlin knockout
mice; E, empty; S1, stranger 1; S2, stranger 2; ns, not significant.

∗∗∗∗p < 0.0001, t-test; n = 20, Figures 2D, E). However,
deaf mice spent comparable time between S1 and S2 without
significant differences (time in compartment: 197.645 ± 12.500
vs. 178.459 ± 15.198 s, p > 0.05, t-test; time in close interaction:
124.299 ± 10.728 vs. 107.609 ± 11.491 s, p > 0.05, t-test; n = 21,
Figures 2D, E). Thus, our study indicated that the social memory
in deaf mice was significantly impaired.

Elimination of Hearing Input Causes
Long-Lasting Impaired Social Memory
Although we have found the impaired social memory in this
study, however, we still do not know whether the impairment of
social memory is transient or long-lasting. We then performed a

three-chamber test in both deaf and control mice at 6 months
of age. Consistent with the previous results at 2 months, the
deaf mice showed normal sociability in bilateral chambers (WT:
250.302 ± 6.883 vs. 160.178 ± 6.490 s, n = 10, ∗∗∗∗p < 0.0001,
t-test; Otof−/−: 261.633 ± 17.249 vs. 143.451 ± 13.093 s, n = 10,
∗∗∗∗p < 0.0001, t-test; Figures 3A, B) and close interaction (WT:
160.269 ± 9.927 vs. 88.121 ± 4.935 s, n = 10, ∗∗∗∗p < 0.0001,
t-test; Otof−/−: 202.845 ± 19.163 vs. 74.424 ± 8.319 s, n = 10,
∗∗∗∗p < 0.0001, t-test; Figures 3A, B). In the social novelty test,
although WT mice were unable to display a time preference in
bilateral chambers (time in compartment: 216.517 ± 16.661 vs.
177.134 ± 11.296 s, n = 10, p > 0.05, t-test; Figures 3C, D),
they had a distinct preference for close social interaction (time in
close interaction: 124.593 ± 12.547 vs. 89.195 ± 11.004 s, n = 10,
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∗p < 0.05, t-test; Figures 3C, D). However, in this study, the deaf
mice (age: 6 months) were still unable to distinguish the S2 from
S1 in bilateral chambers (time in compartment: 202.872± 10.463
vs. 205.414 ± 18.567 s, n = 10, p > 0.05, t-test; Figures 3C, D)
and close interaction (time in close interaction: 123.763± 11.396
vs. 128.570 ± 15.194 s, n = 10, p > 0.05, t-test; Figures 3C,D),
suggesting a long-lasting impaired social memory in deaf mice.

Elimination of Hearing Input Is Unable to
Affect Novel Object Recognition
To examine whether the HL affects the ability of object novelty,
we carried out a novel object recognition test in both deaf and
control mice at 2 months of age (Figure 4A). In this study,
the DI showed that there is no significant difference between
the groups. Deaf mice exhibited normal hippocampal-dependent
object recognition capacity (5.771 ± 4.702 vs. 14.09 ± 6.346%,
p > 0.05, t-test, WT: n = 10, Otof−/−: n = 14; Figure 4B).

Elimination of Hearing Input Does Not
Disrupt Spatial Learning and Memory
To explore whether the HL affects the capacity of spatial
learning and memory, here, we use classic assessment of the
MWM to estimate hippocampal-dependent spatial learning and
memory in both deaf and control mice at 2 months of age.
No significant differences in the visible platform test of escape
latency (44.27 ± 2.868 vs. 41.42 ± 3.518 s, p > 0.05, t-test,
WT: n = 12, Otof−/−: n = 17; Figure 5E) and swimming speed
(17.91 ± 0.3840 vs. 19.13 ± 0.5327 cm/s, p > 0.05, t-test,
WT: n = 12, Otof−/−: n = 17; Figure 5F) were found between
both groups. Furthermore, no differences were found in escape
latency in hidden platform training (Figures 5A,B). In the probe
test after withdrawing platform, no significant differences were
identified in the first-time arriving platform (31.03 ± 3.989
vs. 26.32 ± 5.092 s, p > 0.05, t-test, WT: n = 12, Otof−/−:
n = 17; Figure 5C) and the percentage of platform quadrant
(22.01 ± 1.150 vs. 22.74 ± 1.409%, p > 0.05, t-test, WT: n = 12,
Otof−/−: n = 17; Figure 5D) between the two groups.

Elimination of Hearing Input Is Unable to
Disrupt Locomotion in the Open Field
To exclude the possibility of motor alteration between the deaf
and control mice groups, in this study, the open field testing
was carried out to detect the locomotion distance (cm) and
speed (cm/s) during a 5-min free exploration (Figure 6). No
significant differences were found in the distance between the
two groups, irrespective of age (2 months: 2,692 ± 163.2 vs.
2,597 ± 103.0 cm, p > 0.05, t-test, WT: n = 15, Otof−/−:
n = 17; 6 months: 2,672 ± 197.1 vs. 2,169 ± 159.8 cm, p > 0.05,
t-test, WT: n = 10, Otof−/−: n = 10; Figures 6A, D). Similarly,
there was no significant difference in the mean speed (2 months:
9.897 ± 0.6342 vs. 10.44 ± 0.4822 cm/s, p > 0.05, t-test,
WT: n = 15, Otof−/−: n = 17; 6 months: 9.446 ± 0.7823 vs.
7.871 ± 0.4931 cm/s, p > 0.05, t-test, WT: n = 10, Otof−/−:
n = 10; Figures 6B, E), suggesting that HL is unable to affect
spontaneous locomotor activity.

Otoferlin Expression Is Nearly
Undetectable in the Hippocampus of WT
Mouse Brain
It has been once reported that otoferlin could be expressed in
the brain (Wu et al., 2015). In order to exclude the possible
effects on the cognitive function that otoferlin may have, we then
investigated the expression level of otoferlin in the hippocampus.
We performed otoferlin staining on hippocampal slices, and we
did not identify clear positive signals of otoferlin expression in
both WT and Otof−/− mice (Figure 7), suggesting an excluded
effect of hippocampal otoferlin expression on social memory.

DISCUSSION

In this study, we found that mice with auditory input elimination
before hearing onset have impaired social memory and
unimpaired sociability, novel object recognition, spatial learning,
memory, and locomotor activity. This result shows that hearing
input might be necessary to establish social memory in mice.

A significant number of studies have proposed that HL
can lead to cognitive impairment, especially in the aspects
of learning and memory (Beckmann et al., 2020; Griffiths
et al., 2020; Slade et al., 2020). Under the impoverished
auditory environments, HL patients have fewer chances to access
normal social interactions. In addition, poor long-term social
interactions are also risk factors for dementia (Kuiper et al., 2015).
However, an investigation has been carried out to explore the
relationships between HL and social memory; particularly, until
today, no study has investigated the potential links between them
using animal models. Therefore, to the best of our knowledge,
this is the first study that focused on the relationship between the
two via a congenital deaf mouse model, in which the peripheral
hearing input was eliminated before its onset.

It has been fully reported that otoferlin is a critical synaptic
protein, which specifically expresses in the inner hair cells (IHCs)
of a mature cochlea (Roux et al., 2006). It interacts with SNARE
to form a functional complex to account for neurotransmitter
exocytosis at the ribbon synapses (Roux et al., 2006). Otof
knockout or equivalent genetic manipulations can completely
abolish neurotransmitter exocytosis, leading to profound HL
(Yasunaga et al., 1999). In this study, we created a mouse strain
with profound HL (the equivalent of Otof−/−) through a point
mutation approach (frameshift mutation). The Otof−/− mice
were detected by ABR testing at the ages of P14, P56, and P168,
respectively, and there were no visual ABR waveforms at any
checking points. On the other hand, normal waveforms were seen
in the control mice (Figure 1A). It is consistent with the hearing
detection above; there are no positive immunostaining signals of
otoferlin in the cochlear hair cells of Otof−/− mice (Figure 1C),
compared with normal expression in control mice (Figure 1B),
indicating that we obtained a suitable mice model for eliminating
peripheral sound signal input before the onset of hearing. It
has been reported that otoferlin could have an expression in
the brain (Wu et al., 2015); however, we performed otoferlin
immunostaining on hippocampal slices of WT mice, and we
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FIGURE 3 | Otof−/− mice showed impaired social memory in a three-chamber social interaction experiment at 6 months old. (A) WT and Otof−/− mice showed
normal sociability in the social interaction test. (B) Representative tracks of WT and Otof−/− mice in the social interaction test. (C) Otof−/− mice showed impaired
social memory in the social novelty test. (D) Representative tracks of WT and Otof−/− mice in the social novelty test. The starting point and the ending point of
tracks in (B,D) were represented by a red dot and a green dot, respectively. All values are presented as mean ± SEM and analyzed by unpaired t-test for panels
(A,C). *p < 0.05, ****p < 0.0001 vs. WT. WT: n = 10; Otof−/−: n = 10. WT, wild-type mice; Otof−/−, otoferlin knockout mice; E, empty; S1, stranger 1; S2, stranger
2; ns, not significant.

FIGURE 4 | Otof−/− mice showed unimpaired novel object recognition. (A) Experiment diagram of the novel object recognition test. (B) Compared with WT mice,
Otof−/− mice showed a comparable object discrimination index (DI). All values are presented as mean ± SEM and analyzed by unpaired t-test. WT: n = 11;
Otof−/−: n = 14. WT, wild-type mice; Otof−/−, otoferlin knockout mice; ns, not significant.

did not identify clear positive signals of otoferlin expression.
In addition, it was reported that in an in vitro experiment, a
deficiency of otoferlin in hippocampal neurons does not impair
its presynaptic exocytosis function (Reisinger et al., 2011). Thus,
our study excluded the possible effect that otof knockout in
hippocampal neurons could disrupt social memory.

Social communication in rodents primarily depends on
auditory, olfactory, and tactile feedback. Deprivation of
sound information reduces the communication capacity and
attenuates social memory. Somatosensory experiences can
reorganize the cortical neural plasticity; similarly, cortical
plasticity could be disrupted by long-term sensory deprivation
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FIGURE 5 | Otof−/− mice showed normal spatial learning and memory in the Morris water maze (MWM). (A) The escape latency (time to find the hidden platform)
recorded in training sessions. (B) Representative swimming trace of WT and Otof−/− mice in session 5. (C) The escape latency (s) in the probe. (D) The percent
time (%) in the platform quadrant in the probe. (E) The escape latency (s) in the visible platform period. (F) The average swimming speed (cm/s) in the visible platform
period. All values are presented as mean ± SEM and analyzed by unpaired t-test for (C–F) and two-way ANOVA for panel (A) vs. WT. WT: n = 12; Otof−/−: n = 17.
WT, wild-type mice; Otof−/−, otoferlin knockout mice; ns, not significant.

(Merabet and Pascual-Leone, 2010). Our previous study showed
that aberrant neural activity in the central auditory pathway is
often accompanied by abnormal neural activity in the limbic
system, especially in the hippocampus and amygdala. Therefore,
it could have a functional connectivity between the central
auditory pathway and the limbic system (Qu et al., 2019). It has
been proposed that neuropsychiatric disorders may have social
memory deficits, such as schizophrenia and autism (Meltzer
et al., 1996). Thus, HL can induce alterations in social circuit
neuroplasticity.

The hippocampal dorsal CA2 (dCA2) has been proved as
an essential subfield in social memory (Hitti and Siegelbaum,
2014). The CA2 is highly expressed with the vasopressin 1b
(Avpr1b) receptor (Young et al., 2006), and the knockout of
Avpr1b results in social memory impairment (Wersinger et al.,
2002; DeVito et al., 2009), whereas targeted activation of CA2
Avpr 1b during the acquisition period could enhance social
memory (Smith et al., 2016), demonstrating their association.
Dorsal CA2 projects to ventral CA1 (vCA1) (Meira et al.,
2018), which then projects to the nucleus accumbens (NAc)
also contributing to social memory storage, and vCA1 neurons
greatly respond to familiar conspecifics than a novel mouse in
the social memory test (Okuyama et al., 2016). Social isolation
was shown to decrease the number of parvalbumin interneurons
in the vCA1 and then disrupt social memory retrieval in mice

(Deng et al., 2019). vCA1 projection to the medial prefrontal
cortex (mPFC) and the NAc also play a critical role in social
memory recall (Phillips et al., 2019; Xing et al., 2021). However,
little is known about the underlying mechanism of how hearing
deprivation disrupts neural circuits engaged in social memory.
In this study, we completely eliminated hearing input from
the cochlea to the brain and demonstrated that hearing input
is truly necessary for the development of social memory. We
hypothesize that hearing deprivation may reorganize functional
connectivity between the auditory pathway and social memory
circuit, resulting in negative effects on associated brain regions,
such as the hippocampus (dCA2, vCA1), mPFC, NAc, and
amygdala (Kwon et al., 2021). Also, HL can partially induce
chronic inactivation of social memory-related networks, which
in turn leads to discrimination failure between familiar and novel
conspecifics in deaf mice. However, the underlying mechanism
requires further investigation.

In our study, the deaf mice showed normal hippocampal-
dependent spatial memory and novel object recognition,
indicating that HL may have no significant effects on these
targeted functions. However, some studies have shown that
hearing impairment in adult rodents, induced by noise exposure,
can impair hippocampal-dependent spatial learning and memory
through decreased neurogenesis (Kraus et al., 2010; Liu et al.,
2016, 2018; Zhuang et al., 2020). A possible explanation is
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FIGURE 6 | Otof−/− mice showed normal motor ability in the open field (L × W: 50 × 50 cm) at the ages of 2 and 6 months. (A,D) In the open field, there was no
significant difference in the exploration distance (cm) between WT and Otof−/− mice group. (B,E) WT and Otof−/− mice showed no significant difference of speed
(cm/s). (C,F) Representative exploration traces of WT mice and Otof−/− mice. The starting point and ending point of tracks in panels (C,F) were represented by a
red dot and a green dot, respectively. All values are presented as mean ± SEM and analyzed by unpaired t-test for panels (A,B,D,E). 2-month-old: WT, n = 15;
Otof−/−, n = 17. 6-month-old: WT, n = 10; Otof−/−, n = 10. WT, wild-type mice; Otof−/−, otoferlin knockout mice; ns, not significant.

FIGURE 7 | Otoferlin staining in the hippocampus of WT and Otof−/− mice. Immunofluorescence of WT and Otof−/− hippocampus slices with otoferlin (green),
MAP2 (red), and DAPI (blue). WT, wild-type mice; Otof−/−, otoferlin knockout mice. Scale bars: 100 µm.

that, in our study, auditory input has been entirely eliminated
before the onset of hearing through genetic manipulation, and
the reorganization of neural circuits occurred in its critical
period in early development and thus exhibited normal general
hippocampus functions by employing more cognitive resources
during development. By contrast, noise trauma only reduced

or destroyed hearing function in adult mice, which could have
greatly disrupted the development of hippocampal-dependent
spatial learning and memory in mice. Moreover, before the noise
exposure, these mice still had the capacity to sense and deliver
hearing input from the cochlea to the brain. Nonetheless, our
results are consistent with those of a previous study indicating
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that HL in middle age is more likely to induce dementia (Griffiths
et al., 2020). Our study has a significant limitation of not
identifying the neural mechanism that is responsible for the
association between HL and social memory impairment, and
further studies addressing this issue need to be conducted.

CONCLUSION

Our study found through a three-chamber social interaction
assay that deprivation of peripheral auditory input before
the onset of hearing can lead to social memory impairment
in mice. Furthermore, we verified the relationship between
hearing stimuli and hippocampal-associated cognitive function.
Taken together, our findings demonstrated that hearing input
is required for social memory since the initial development of
hearing function in mice. In this study, we have established a
mouse model with complete elimination of hearing input in
the early stage of development. Prospectively, different types of
mouse model with a distinct degree of HL might be applied
to investigate the mechanisms underlying the associations of
hearing input and memory.
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As elucidated by prior research, children with hearing loss have impaired vocal emotion
recognition compared with their normal-hearing peers. Cochlear implants (CIs) have
achieved significant success in facilitating hearing and speech abilities for people with
severe-to-profound sensorineural hearing loss. However, due to the current limitations
in neuroimaging tools, existing research has been unable to detail the neural processing
for perception and the recognition of vocal emotions during early stage CI use in infant
and toddler CI users (ITCI). In the present study, functional near-infrared spectroscopy
(fNIRS) imaging was employed during preoperative and postoperative tests to describe
the early neural processing of perception in prelingual deaf ITCIs and their recognition
of four vocal emotions (fear, anger, happiness, and neutral). The results revealed that
the cortical response elicited by vocal emotional stimulation on the left pre-motor and
supplementary motor area (pre-SMA), right middle temporal gyrus (MTG), and right
superior temporal gyrus (STG) were significantly different between preoperative and
postoperative tests. These findings indicate differences between the preoperative and
postoperative neural processing associated with vocal emotional stimulation. Further
results revealed that the recognition of vocal emotional stimuli appeared in the right
supramarginal gyrus (SMG) after CI implantation, and the response elicited by fear was
significantly greater than the response elicited by anger, indicating a negative bias.
These findings indicate that the development of emotional bias and the development
of emotional perception and recognition capabilities in ITCIs occur on a different
timeline and involve different neural processing from those in normal-hearing peers. To
assess the speech perception and production abilities, the Infant-Toddler Meaningful
Auditory Integration Scale (IT-MAIS) and Speech Intelligibility Rating (SIR) were used.
The results revealed no significant differences between preoperative and postoperative
tests. Finally, the correlates of the neurobehavioral results were investigated, and
the results demonstrated that the preoperative response of the right SMG to anger
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stimuli was significantly and positively correlated with the evaluation of postoperative
behavioral outcomes. And the postoperative response of the right SMG to anger
stimuli was significantly and negatively correlated with the evaluation of postoperative
behavioral outcomes.

Keywords: vocal emotion, cochlear implant, prelingual deaf, infant and toddler, functional near-infrared
spectroscopy

INTRODUCTION

Emotional communication is a universal form of expression
that enables people to overcome language and cultural barriers
(Thompson and Balkwill, 2006; Bryant and Barrett, 2008;
Pell et al., 2009). Deficits in vocal emotion perception (facial
expressions are not always visible in many environments) not
only affect the quality of life and social interactions among adults
but also potentially affect the cognitive and social development
of infants and toddlers (Denham et al., 1990). Responding to
emotional stimuli is one of the first developmental milestones,
and has higher credibility in infants and toddlers, who have
immaturely perception and cognition. Meanwhile, in other
research, newborns have been shown to have a preference for the
infant-directed speech of female voices, which can be attributed
to infant-directed speech generally conveying more emotion and
information, compared with the suppressed emotion expression
in most adult communication (Glenn and Cunningham, 1983;
Cooper and Aslin, 1989; Pegg et al., 1992). These findings
revealed that the perception and recognition of vocal emotions
are significant factors during cognition and communication in
early life. Numerous studies have shown that establishing a strong
emotional connection with adults is crucial for the physical
and intellectual development of infants and toddlers (Ainsworth
and Bell, 1970; Drotar and Sturm, 1988). The perception of
vocal emotion is likely to be a more significant factor during
early infant development because the auditory system develops
earlier than the visual system (Gottlieb, 1971; Kasatkin, 1972).
However, infants and toddlers with hearing loss face difficulties
in emotional communications (Ludlow et al., 2010; Most and
Michaelis, 2012).

Many studies have examined the neural processing for vocal
emotions in infants with normal hearing, which may provide
a reference for the neural processing associated with hearing
loss. Information regarding the neural processing mechanism
of vocal emotion was also reported in neonates (Zhang et al.,
2017, 2019; Zhao et al., 2019). The results showed that vocal
emotions enhance the activation of the right superior temporal
gyrus (STG), the left superior frontal gyrus (SFG), and the
left angular gyrus, which may indicate the regions associated
with the neural processing of vocal emotional perception during
neonatal development. Moreover, happiness elicited increased
neural responses in the right STG and the right inferior
frontal gyrus (IFG) as compared to fear and anger, and these
results also indicate that neonates’ response to positive vocal
emotions takes precedence over negative vocal emotions, which
is contrary to the negative biases observed in adult studies.
Up to now, very little is known about the neural processes

of vocal emotion in infants and toddlers with normal hearing.
Studies have shown that infants younger than 6 months
show a preferential response to positive emotions received
through vocal emotional stimuli (Farroni et al., 2007; Vaish
et al., 2008; Rigato et al., 2010). This result is supported
by Trainor et al. (2000), who demonstrated that infants are
more inclined to listen to infant-directed speech associated
with positive emotions than to infant-direct speech associated
with negative emotions. Conversely, negative bias refers to the
priority processing of negative information in the brain, which
typically appears in infants between 6 and 12 months of age
(Peltola et al., 2009; Grossmann et al., 2010; Hoehl and Striano,
2010). The findings of these previous studies seem to indicate
that emotional preferences are different at different stages of
human development.

Emotions are expressed through a combination of numerous
acoustic cues (Linnankoski et al., 2005; Sauter et al., 2010).
Hearing loss will affect the perception and recognition of
emotions in speech, including cochlear implant (CI) users
(Most et al., 1993; Ludlow et al., 2010; Wiefferink et al., 2013;
Chatterjee et al., 2015), because the reduction of acquired acoustic
cues makes it difficult to distinguish acoustic emotions. Speech
processing and adaptive behaviors in the social environment
depend on the effective decoding of vocal emotions (Fruhholz
and Grandjean, 2013), especially for deaf infants and toddlers
who cannot recognize words and sentences (Eisenberg et al.,
2010). Therefore, hearing loss in infants and toddlers can have
long-term impacts on language learning, social functioning
and psychological development (Wauters and Knoors, 2008;
Schorr et al., 2009; Eisenberg et al., 2010; Geers et al., 2013).
Previous studies have concluded that the auditory emotion
recognition of children with severe-to-profound hearing loss is
significantly worse than that of chronological- and mental-age-
matched normal hearing children (Ludlow et al., 2010). However,
no significant difference in auditory emotion recognition has
been observed between children with mild-to-moderate hearing
loss relative to their normal-hearing peers (Cannon and
Chatterjee, 2019). Infants and toddlers with congenital severe-
to-profound hearing loss represent good models for studying
emotional recognition processes after hearing reconstruction.
Observing differences in the perception and recognition of
vocal emotion between children with congenital severe-to-
profound hearing loss and normal-hearing children will help
us to better understand the development of vocal emotion
recognition during the early stages of life. However, little is
known about the effects of severe-to-profound hearing loss and
hearing reconstruction on the neural processing of vocal emotion
in infants and toddlers.
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To investigate these phenomena, neural data from early
life stages should be included. To date, no brain imaging
studies have focused on the vocal emotion processing that
occurs in infants and toddlers with severe-to-profound hearing
loss who received few vocal emotional cues from the social
environment. The auditory perception of infants and toddlers
with hearing loss can be reconstructed through the use of
cochlear implants (CIs) (Zeng et al., 2008). The use of
CIs is a world-recognized method for hearing reconstruction
in individuals with severe-to-profound sensorineural hearing
loss. The use of CI has significantly benefited children
with severe to profound hearing loss in acoustic emotion
recognition (Chatterjee et al., 2015). However there are still
some imperfections in the sound collection, information
processing and transmission of existing cochlear implant
systems, such as the transmission of spectro-temporal fine
structure information are degraded (Xu et al., 2009; Kang
et al., 2010; Kong et al., 2011). The acoustic information
received by CI users is decreased. Therefore, perceiving prosodic
information is difficult for CI users compared to people with
normal hearing (such as vocal emotion, music appreciation)
(Jiam and Limb, 2020). And prosodic limitation will bring
adverse consequences to the decoding and communication of
vocal emotions for CI users (Planalp, 1996). But the neural
mechanism of how CI users processing this severely reduced
acoustic information after auditory cortex deprivation and
remodeling remains unclear. For example, if the incomplete
acoustic information can enable a specific emotional state
to reproduce the experience in the sensory-motor system,
this may involve embodied cognition theory (Damasio, 1989;
Wilson, 2002; Niedenthal, 2007). In addition, the correlation
between cortical activation elicited by these vocal emotional
stimuli and postoperative behavioral outcomes remains to be
studied. Part of the problem is the lack of neuroimaging
tools suitable for early, repeatable measurements. Prelingual
deaf infant and toddler CI users (ITCIs) represent a unique
group of people who have experienced hearing loss and
reconstruction, with limited hearing experience. Research on
this group will bring new perspectives and supplement existing
knowledge in this field.

In this study, we used functional near-infrared spectroscopy
(fNIRS) to observe changes between the preoperative and
early postoperative neural response to four vocal emotions
in prelingual deaf ITCIs. The primary advantages of fNIRS
include low invasiveness and the characteristics of optical
principles, which are compatible with ITCI and allow for the
safe and repeated use of fNIRS. In addition, the ability to
use fNIRS without generating additional noise makes this a
compatible evaluation modality for auditory tasks. fNIRS also
offers higher spatial resolution than event-related potentials
and can be easily adapted to accommodate the test subject’s
head and body movements (Piper et al., 2014; Saliba et al.,
2016). The ability to collect data from low-attention and
active infants and toddlers was further enhanced by the use
of fNIRS. We tested the participants within 1 week prior
to the CI operation (preoperative test) and within 1 week
after turning the CI on (postoperative test). We presented

four vocal emotional stimuli for the subjects, including fear
(negative), anger (negative), happiness (positive), and neutral.
The Infant-Toddler Meaningful Auditory Integration Scale (IT-
MAIS)/MAIS (Zimmerman-Phillips et al., 1997) and Speech
Intelligibility Rating (SIR) scales (Allen et al., 1998) were used
to evaluate the participants’ speech perception and expression
abilities. This design allowed for three critical questions to be
addressed. (1). How the neural processing (regions and intensity
of cortical activation) for vocal emotional stimuli in prelingual
deaf ITCI differ between preoperative and postoperative tests.
(2). Whether vocal emotion recognition and bias exist in the
processing of prelingual deaf ITCIs during preoperative and
postoperative tests and whether these change following CI use
(see Zhang et al., 2017, 2019). (3). Whether any correlations
exist between the neural responses to vocal emotional stimuli
and speech perception in prelingual deaf children and their
expression abilities and how these differ between the preoperative
and postoperative tests.

Although we make hypotheses based on the results of studies
performed in people with normal hearing, our research is
exploratory due to the lack of existing brain imaging studies
evaluating the effects of severe-to-profound hearing loss on vocal
emotional processing patterns. We hypothesized that the neural
responses to the four vocal emotions in the preoperative test
results of prelingual deaf ITCIs would not differ significantly due
to the impacts of hearing loss, whereas the neural processing
will differ from that observed for normal-hearing infants (Zhang
et al., 2019). That is, the region and intensity of cortical
activation should be different. The correlation between neural
and behavioral results will be difficult to observe at this time due
to the lack of sufficiently mature auditory cortex development.
The hypothesis for postoperative test results was that differences
would be observed in vocal emotion recognition ability and
neural processing relative to those in the preoperative test.
After the hearing is reconstructed, the auditory cortex receives
better auditory stimulation. Because emotion recognition and
positive bias could be observed in neonates as early as 0–4
days after birth in previous studies (Zhang et al., 2019), we
expected that ITCIs would respond to the four vocal emotional
stimuli in 0–7 days after the CI is activated, and a stronger
neural response will be observed in the right temporal area,
with a positive bias. That is, happiness will cause stronger
activation of the cortex than other vocal emotions. However,
fewer emotions will be recognized due to the limitation of
CI itself, and the cortical activation region elicited by vocal
emotional stimulation will be different from that of neonates
with normal hearing, and the activating intensity will be weaker.
We don’t expect to find significant differences in preoperative
and postoperative behavioral tests, but that overall performance
on these assessments was being examined to determine if these
common clinical assessments would be correlated with cortical
activation. And we expected to observe a correlation between
the neural response elicited by vocal emotional stimuli in
the right temporal region and behavioral results at this time
because the correlation between cortical activation elicited by
auditory and visual stimulation and behavioral results has been
observed in previous deaf adult studies (Anderson et al., 2019).
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We hope that these results can establish a baseline for future
research in this field.

MATERIALS AND METHODS

Participants
Twenty-two prelingual deaf infants and toddlers with bilateral
severe-to-profound sensorineural hearing loss (10 girls; age: 13–
38 months, mean: 22.5 ± 6.43 months) participated in this
study (see Table 1 for detailed information). All participants
failed the first hearing screening of the otoacoustic emissions
test combined with automatic auditory brainstem response 3–
5 days after birth and failed the second hearing screening
performed within 42 days of birth. All participants met the
Chinese national guidelines for cochlear implantation (Editorial
Board of Chinese Journal of Otorhinolaryngology Head and
Neck Surgery et al., 2014). Before implantation, all participants
were evaluated for auditory ability: The click auditory brainstem
response thresholds for both ears were above 90 dB nHL;
and the auditory steady-state response was above 90 dB nHL
in response to frequency thresholds of 2 kHz and above.
Cooperating with a pure tone audiometry test or auditory
word recognition test is difficult for the participants in this
study because our participants lack sufficient auditory and
speech skills and attention to understand and perform the
test procedure. Therefore, they were assessed by unaided
pediatric behavioral auditory testing (PBA), using thresholds
above 80 dB HL, and aided pediatric behavioral auditory testing,
using thresholds above 60 dB HL, for both ears. Participants
also met the following criteria: (A) except for hearing, other
physiological development was normal (including vision); (B)
imaging examinations showed no deformities of the inner ear;
(C) the postoperative X-ray examination did not reveal any
abnormalities, and implanted electrodes were correctly located
in the cochlea; (D) all impedances for all electrodes after surgery
are within the normal range; (E) the clinical team evaluated the
comfort and threshold levels of each electrode position according
to standard clinical protocols; and (F) the participants were
clinically asymptomatic (No abnormality or discomfort) at the
two times of fNIRS recording.

Behavioral Measurements
At every visit, participants’ auditory perception was assessed
by the IT-MAIS/MAIS (Zimmerman-Phillips et al., 1997), and
speech production was assessed by the SIR (Allen et al., 1998).
These two tests reported by caregiver were widely used tools for
screening and monitoring the hearing and speech development
of infants and toddlers (Cavicchiolo et al., 2018; Lu and Qin,
2018; Yang et al., 2020). The IT-MAIS/MAIS assessment of
auditory perception in infants and young children includes three
dimensions: Adaptability to CI, auditory perception ability, and
auditory recognition ability. The use of the IT-MAIS/MAIS
enabled us to perform a more comprehensive assessment and
monitoring of auditory development in infants and toddlers at
earlier stages. To better measure the participant’s hearing and
speech abilities, we converted the scores of all assessments to a

0–100 scale. The total score of ITMAIS/MAIS is 40 points. We
multiply the score by 2.5. There are 5 levels of SIR, and each level
counts as 20 points.

fNIRS Experimental Stimuli and
Procedure
The auditory stimuli program presented to ITCI users was
generated by E-Prime (version 2.0, Psychology Software Tools,
United States). Vocal emotional stimulation included four types:
Fear, anger, happiness, and neutral. The vocal stimulation
materials used in this study were obtained from the Chinese
vocal emotional stimulation material database (Liu and Pell,
2012). We used infant-directed vocal emotional stimulation as
the stimulus material because this stimulus does not require
substantial auditory experience, and vocal emotional perception
develops earlier than speech perception capabilities and has been
shown to be effective even in neonates (Zhang et al., 2017,
2019). These vocal emotional stimuli are composed of pseudo-
sentences, which are non-semantic but contain grammatical
information and deliver vocal emotional information at the
same time. Stimulation materials were read in infant-directed
speech prosody by a native Chinese female. The recognition
rate and emotional intensity of vocal emotional stimuli have
been confirmed in our previous research (Zhang et al., 2019).
Vocal emotional stimulation is presented in a block design, with
15-s sound presentation blocks interleaved with silent blocks
of varying durations between 14 and 15 s. The four types of
emotional prosodies were presented in random order. Each type
of emotional prosody was repeated 10 times, and the entire
stimulation program lasts approximately 20 min (Figure 1A).

Preoperative brain imaging using fNIRS was performed after
the participant agreed to receive CI but before the operation
when the participant was asleep. During the preoperative
test, participants wore hearing aids on both sides during the
test. Participants visited the hospital approximately 4 weeks
after surgery to activate the CI, and fNIRS brain imaging
was performed within 0–7 days after CI activation (mean:
5.727 ± 2.700 days). fNIRS were conducted in the hearing room
of the Department of Otolaryngology Head and Neck Surgery,
Peking University First Hospital. During the postoperative test,
participants wore both CI and hearing aids. The sound was
passively presented through a pair of speakers (Edifier R26T,
Edifier, China). The speakers were placed 10 cm from the left
and right ears of the participants (Figure 1B). To reflect the
typical level of conversational speech, the sound pressure level
was maintained at 60–65 dB SPL. To ensure the collection of
fNIRS data, extra optical and acoustic signals were excluded to the
greatest extent possible during the experiment, and the average
background noise intensity was measured near 30 dB SPL. These
data were measured in the listening position using a sound level
meter (HS5633T, Hengsheng, China) during the experiment and
in a quiet state, with participants absent. The fNIRS recording was
performed with the participants in a quiet sleeping state, or in a
quiet state of alert (see Cheng et al., 2012; Gomez et al., 2014;
Zhang et al., 2019; Figure 1B). We recruited 30 ITCIs. ITCIs
who started crying or were too active during fNIRS recording
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TABLE 1 | Demographic and clinical information of participants.

Subject Gender Implanted-age
(months)

Implantation
side

Cochlear implant Preoperative aided
thresholds (Implanted side)

Preoperative aided thresholds
(contralateral side)

1 Girl 23 Right Nucleus CI-512 80 90

2 Girl 17 Right Nucleus CI-512 70 60

3 Boy 21 Right Nucleus CI-512 66 94

4 Girl 30 Right Nucleus CI-512 100 100

5 Boy 34 Right Nucleus CI-512 70 70

6 Boy 17 Right Nucleus CI-512 65 65

7 Boy 16 Right Nucleus CI-512 90 100

8 Boy 27 Right Nucleus CI-512 70 80

9 Girl 16 Right Nucleus CI-512 95 95

10 Boy 22 Right Nucleus CI-512 98 98

11 Girl 23 Right Nucleus CI-512 96 99

12 Girl 28 Right Nucleus CI-512 94 96

13 Boy 15 Right Nucleus CI-512 79 65

14 Boy 13 Right Nucleus CI-512 71 86

15 Girl 16 Right Nucleus CI-512 95 95

16 Girl 16 Right Nucleus CI-512 100 100

17 Boy 38 Left Nucleus CI-512 70 65

18 Girl 27 Left Nucleus CI-512 70 75

19 Boy 25 Right Nucleus CI-512 80 80

20 Boy 25 Right Nucleus CI-512 90 90

21 Boy 26 Right Nucleus CI-512 100 100

22 Girl 20 Right Nucleus CI-512 60 60

Mean (SD) 22.5(6.43) 82.23(13.66) 84.68(14.70)

were not included in the analysis. Therefore, the final analysis was
performed on a data set that included 22 participants.

fNIRS Data Recording
fNIRS was performed using a multichannel continuous-wave
near-infrared optical imaging system (Nirsmart, Huichuang,
China) to record fNIRS data in continuous-wave mode, as
described in previous studies (Bu et al., 2018; Li et al.,
2020). fNIRS recordings were generated using NIRScan software
(Version 2.3.5.1a, Huichuang, China). Based on the results
reported by previous studies on vocal emotions in infants
(Benavides-Varela et al., 2011; Minagawa-Kawai et al., 2011; Sato
et al., 2012) and adults (Bruck et al., 2011; Fruhholz et al.,
2016) with normal hearing, as well as the remodeling known to
occur in the cortex after cochlear implantation, we placed the
optodes over the temporal, frontal, and central regions of the
brain, using an elastic cap with a 46–50 cm diameter (Huichuang,
China), using the international 10–20 system (Okamoto et al.,
2004; Figures 2A,B). We used 20 optical emitters (intensity
greater than 50 mW/wavelength) and 16 two-wavelength (760
and 850 nm) detectors to form 52 available channels (26 per
hemisphere), with the optical source and detector at a distance
of approximately 2.50 cm (see Table 2 and Figures 2C,D).

fNIRS Data Preprocessing
Data preprocessing uses the Nirspark software package (version
6.12, Huichuang, China), run in MATLAB (R2017b, The
MathWorks, United States). The following steps were used to

preprocess the signal. (1) The task-unrelated time intervals were
removed. (2) The task-unrelated artifacts were removed. (3) The
light intensity was converted into optical density. (4) The data
were band-pass filtered between 0.01 and 0.2 Hz to remove the
task-unrelated effects of low-frequency drift and high-frequency
neurophysiological noise. (5) Based on the Beer–Lambert law,
the optical density was converted into oxyhemoglobin and
deoxyhemoglobin concentrations. The hemodynamic response
function initial time was set to -2 s, and the end time was
set to 20 s (with “-2–0 s” as the reserved baseline state and
“0–20 s” as the time for a single block paradigm). (6) With
the “fear, angry, happy, neutral” duration set to 15 s, the
oxyhemoglobin concentrations for each block paradigm were
superimposed and averaged to generate a block average result.
Because oxyhemoglobin is more sensitive to changes between
conditions than deoxyhemoglobin and is typically associated
with a better signal-to-noise ratio (Strangman et al., 2002), the
subsequent statistical analysis only used oxyhemoglobin.

Statistical Analyses
The preprocessed fNIRS data and behavioral data were counted
using SPSS software (version 21.0, SPSS company, United States).
We conducted vocal emotional stimulation (fearful, angry,
happy, and neutral) by time (preoperative and postoperative)
repeated-measures analysis of variance for each channel. To
investigate the specific period during which the vocal emotion
recognition ability was generated, a one-way analysis of variance
was performed on those channels with significant main effects.
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FIGURE 1 | fNIRS test procedures and environment. (A) A schematic representation of the block design used for the vocal emotional stimulation experimental
procedure. (B) An example of the positioning of the participants during the fNIRS test. The test was conducted in a dark environment, and the lights in the room
were switched off.

Levene’s test was performed to detect the homogeneity of
variance. When p > 0.05, variance was considered homogeneous.
Follow-up analyses involved pairwise comparisons between
the four emotional conditions, and the Bonferroni corrected
method was used to correct for multiple comparisons between
pairs. Pearson’s correlational analysis was used to measure
the correlation between cortical responses to vocal emotional
stimuli and behavioral results. For all analyses, p < 0.05 was
considered significant.

RESULTS

Behavioral Outcomes
We performed a one-way analysis of variance on the two
behavioral outcomes, the IT-MAIS/MAIS and SIR tests,
comparing the preoperative and postoperative performance.
In the preoperative test, the participants’ average score for the
IT-MAIS/MAIS was 23.00, with a standard deviation of 17.41,
and the average score for the SIR was 20, with a standard
deviation of 0. In the postoperative test, the average score for the
IT-MAIS/MAIS was 29.09, with a standard deviation of 24.00,

and the average score for the SIR was 20.01, with a standard
deviation of 4.26. No significant difference was identified
between the behavioral results for either test (p > 0.05; Figure 3).

fNIRS
We analyzed changes in the oxyhemoglobin response for
each channel in response to four types of vocal emotional
stimuli during two periods using a repeated-measures analysis
of variance. The results showed that the main effect of the
period factor (preoperative and postoperative) was significant for
channels 21 (F = 5.970, p = 0.017, η2 = 0.066), 22 (F = 5.217,
p = 0.025, η2 = 0.058), 40 (F = 4.829, p = 0.031, η2 = 0.054), 42
(F = 4.885, p = 0.030, η2 = 0.055), and 47 (F = 4.361, p = 0.040,
η2 = 0.049; Figures 4A–E), whereas the main effect of vocal
emotional stimulation (fearful, angry, happy, and neutral) was
not significant (F < 0.792, p > 0.502, η2 < 0.028), and the
interaction between vocal emotional stimulation and period was
not significant (F < 1.418, p > 0.243, η2 < 0.048). However,
in channel 30, the main effect of vocal emotional stimulation
was significant (F = 3.122, p = 0.030, η2 = 0.100), whereas
the main effect of the period was not significant (F = 0.220,
p = 0.640, η2 = 0.003), and the interaction between vocal
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FIGURE 2 | The arrangement of the light sources and detectors and the positions of the detection channels. (A) The position of the light sources and detectors,
arranged according to the 10–20 system, with red indicating a light source and blue indicating a detector. (B) A schematic representation of the positions of the
detection channels (indicated by the green line) formed by the light sources and the detectors. (C,D) Schematic representations of the channel positions in the left
(C) and right (D) hemispheres during fNIRS. Each gray dot represents the center of the detection channel.

emotional stimulation and period was not significant (F = 2.072,
p = 0.110, η2 = 0.069). Further pairwise comparison results
showed that a significant difference between fear and anger
(p = 0.038, Bonferroni corrected), and the cortical response
when hearing a fear stimulus was greater than that hearing and
anger stimulus (Figure 4F). The results of the one-way analysis
of variance showed no significant difference in the response of
channel 30 to the four vocal emotional stimuli in the preoperative
test (F = 1.689, p = 0.176, η2 = 0.057), whereas a significant
difference was identified in the postoperative test (F = 3.051,
p = 0.033, η2 = 0.098). The cortical response to a fear stimulus
was greater than that in response to an anger stimulus (p = 0.022,

Bonferroni corrected). All statistical results were reported in
Table 3.

Neuro-Behavioral Correction
Significant differences in the cortical response to different vocal
emotional stimuli were identified in channel 30; therefore, the
cortical data from channel 30 in response to the four vocal
emotional stimuli were used to perform correlation analysis
with the behavioral outcomes. The results showed that changes
in the neural response to anger observed in channel 30
were significantly correlated with the IT-MAIS/MAIS results.
A positive correlation was identified between the preoperative
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TABLE 2 | Channels and corresponding brain regions.

Channel Brodmann area P Channel Brodmann area P

1 Middle temporal gyrus 0.825 27 Pre-motor and supplementary motor cortex 0.858

2 Inferior prefrontal gyrus 0.987 28 Dorsolateral prefrontal cortex 0.579

3 Middle temporal gyrus 0.791 29 Supramarginal gyrus part of Wernicke’s area 0.291

4 Inferior prefrontal gyrus 1 30 Supramarginal gyrus part of Wernicke’s area 1

5 Middle temporal gyrus 0.796 31 Dorsolateral prefrontal cortex 0.451

6 Pars triangularis Broca’s area 0.441 32 Dorsolateral prefrontal cortex 0.843

7 Middle temporal gyrus 0.822 33 Supramarginal gyrus part of Wernicke’s area 0.645

8 Pre-motor and supplementary motor cortex 0.473 34 Angular gyrus, part of Wernicke’s area 0.608

9 Fusiform gyrus 0.665 35 Pre-motor and supplementary motor cortex 0.315

10 Middle temporal gyrus 0.619 36 Pre-motor and supplementary motor cortex 0.739

11 Visual association cortex 3 0.487 37 Supramarginal gyrus part of Wernicke’s area 0.927

12 Supramarginal gyrus part of Wernicke’s area 0.399 38 Primary and auditory association cortex 0.616

13 Visual association cortex 3 0.579 39 Inferior prefrontal gyrus 0.886

14 Visual association cortex 3 0.732 40 Middle temporal gyrus 0.592

15 Dorsolateral prefrontal cortex 0.946 41 Inferior prefrontal gyrus 1

16 Dorsolateral prefrontal cortex 0.824 42 Middle temporal gyrus 0.806

17 Primary and auditory association cortex 0.396 43 Pars opercularis, part of Broca’s area 0.505

18 Pre-motor and supplementary motor cortex 0.706 44 Inferior prefrontal gyrus 0.8

19 Supramarginal gyrus part of Wernicke’s area 0.951 45 Middle temporal gyrus 1

20 Primary somatosensory cortex 0.318 46 Middle temporal gyrus 0.822

21 Pre-motor and supplementary motor cortex 0.656 47 Superior temporal Gyrus 0.816

22 Pre-motor and supplementary motor cortex 0.713 48 Middle temporal gyrus 0.876

23 Angular gyrus, part of Wernicke’s area 0.718 49 Fusiform gyrus 0.611

24 Angular gyrus, part of Wernicke’s area 0.508 50 Fusiform gyrus 0.526

25 Supramarginal gyrus part of Wernicke’s area 1 51 Visual association cortex 3 0.746

26 Primary somatosensory cortex 0.303 52 Fusiform gyrus 0.814

cortical activation elicited by anger and the postoperative IT-
MAIS/MAIS results (r = 0.455, p = 0.033, n = 22; Figure 5A).
The results also showed a negative correlation between the
postoperative cortical activation elicited by anger and the
postoperative IT-MAIS/MAIS results (r = −0.576, p = 0.005,
n = 22; Figure 5B). However, in response to other vocal emotional
stimuli, no significant correlations with behavioral results were
found (p > 0.05).

DISCUSSION

Although the perception and recognition of vocal emotions in
neonates have been reported previously (Zhang et al., 2019),
the present study is the first to focus on the perception and
recognition of vocal emotions during the early period following
CI operations in prelingual deaf infants and toddlers. We
expected to describe the neural processing used in prelingual deaf
infants and toddlers with vocal emotional stimuli and compared
these before and early after surgery.

Regional Differences in Cortical
Activation Elicited by Vocal Emotions
Before and After Hearing Reconstruction
The neural responses to vocal emotional stimuli in the
preoperative and postoperative fNIRS tests were significantly

FIGURE 3 | Behavioral outcomes. The vertical axis is the score, and the
horizontal axis is the test type. Red represents the preoperative test score,
and blue represents the postoperative test score. The scores of the two tests
did not differ significantly between the two periods.

different for the left channels 21 and 22 [located in (pre-)SMA]
and the right channels 40, 42, and 47 (located in STG and
MTG) in the present study (Figures 4A–E). The neural response
of the left (pre-)SMA to vocal emotional stimulation changed
from preoperative activation to postoperative inhibition. By
contrast, the neural responses of the right MTG and STG to
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FIGURE 4 | Changes in the responses of cortical oxyhemoglobin to four vocal emotional stimuli (the white grid pattern represents fearful emotion, the gray grid
pattern represents angry emotion, the white diagonal pattern represents happy emotion, and the gray diagonal pattern represents neutral emotion) in the two-period
test (red represents the preoperative test, blue represents the postoperative test). The six subplots show channels 21, 22 (located in the left pre-motor and
supplementary motor cortex), 30 (located in the right supramarginal gyrus of Wernicke’s area), 40, 42 (located in the middle temporal gyrus), and 47 (located in the
superior temporal gyrus). (A,B) In channels 21 and 22 (located in the left pre-motor and supplementary motor cortex), there is a significant difference in cortical
activation elicited by vocal emotional stimulation in the preoperative and postoperative tests. (C,D) In channels 40 and 42 (located in the right middle temporal
gyrus), there is a significant difference in cortical activation elicited by vocal emotional stimulation in the preoperative and postoperative tests. (E) In channel 47
(located in the right superior temporal gyrus), there is a significant difference in cortical activation elicited by vocal emotional stimulation in the preoperative and
postoperative tests. (F) In channel 30 (located in the right supramarginal gyrus of Wernicke’ s area), cortical activation elicited by fear is significantly different than that
elicited by anger. ∗p < 0.05.
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TABLE 3 | Statistical results of fNIRS test.

Channel Emotion Pre- and post-operation Interaction

F p η2 F p η2 F p η2

1 0.096 0.962 0.003 3.461 0.066 0.040 0.680 0.567 0.024

2 0.814 0.490 0.028 0.287 0.594 0.003 0.378 0.769 0.013

3 1.016 0.390 0.035 0.003 0.955 <0.001 0.526 0.666 0.018

4 0.648 0.586 0.023 1.232 0.270 0.014 0.868 0.461 0.030

5 0.066 0.978 0.002 1.251 0.267 0.015 0.268 0.848 0.009

6 1.142 0.337 0.039 1.600 0.209 0.019 0.483 0.695 0.017

7 1.407 0.246 0.048 0.685 0.410 0.008 1.047 0.376 0.036

8 1.536 0.211 0.052 1.008 0.318 0.012 1.875 0.140 0.063

9 0.599 0.617 0.021 0.203 0.653 0.002 0.353 0.787 0.012

10 0.986 0.404 0.034 0.265 0.608 0.003 0.936 0.427 0.032

11 0.559 0.644 0.020 0.422 0.518 0.005 0.316 0.814 0.011

12 2.278 0.085 0.075 1.282 0.261 0.015 0.912 0.439 0.032

13 2.149 0.100 0.071 0.087 0.769 0.001 0.231 0.874 0.008

14 0.613 0.608 0.021 0.033 0.857 <0.001 0.516 0.673 0.018

15 1.979 0.123 0.066 0.267 0.607 0.003 0.566 0.639 0.020

16 1.593 0.197 0.054 2.023 0.159 0.024 1.301 0.280 0.044

17 1.137 0.339 0.039 0.144 0.705 0.002 0.815 0.489 0.028

18 0.545 0.653 0.019 0.093 0.762 0.001 0.542 0.655 0.019

19 0.686 0.563 0.024 1.199 0.277 0.014 2.236 0.090 0.074

20 0.653 0.583 0.023 0.262 0.610 0.003 0.476 0.700 0.017

21 0.545 0.653 0.019 5.970 0.017 0.066 0.454 0.715 0.016

22 0.264 0.851 0.009 5.217 0.025 0.058 0.575 0.633 0.020

23 0.218 0.884 0.008 0.471 0.494 0.006 0.375 0.772 0.013

24 1.862 0.142 0.062 0.071 0.791 0.001 0.343 0.795 0.012

25 0.810 0.492 0.028 0.082 0.775 0.001 0.167 0.918 0.006

26 0.398 0.755 0.014 2.188 0.143 0.025 0.593 0.621 0.021

27 0.863 0.464 0.030 0.651 0.422 0.008 0.516 0.673 0.018

28 0.340 0.796 0.012 0.031 0.862 <0.001 0.584 0.627 0.020

29 1.176 0.324 0.040 0.154 0.696 0.002 0.839 0.476 0.029

30 3.122 0.030 0.100 0.220 0.640 0.003 2.072 0.110 0.069

31 1.454 0.233 0.049 2.582 0.112 0.030 1.197 0.316 0.041

32 0.033 0.992 0.001 2.580 0.112 0.030 0.571 0.636 0.020

33 2.083 0.109 0.069 <0.001 0.988 <0.001 1.495 0.222 0.051

34 2.528 0.063 0.083 0.012 0.915 <0.001 0.615 0.607 0.021

35 2.175 0.097 0.072 1.220 0.273 0.014 0.643 0.589 0.022

36 1.954 0.127 0.065 0.383 0.538 0.005 0.465 0.708 0.016

37 2.351 0.078 0.077 0.319 0.574 0.004 0.291 0.832 0.010

38 0.140 0.936 0.005 0.326 0.569 0.004 0.195 0.899 0.007

39 1.319 0.274 0.045 0.753 0.388 0.009 0.526 0.666 0.018

40 0.792 0.502 0.028 4.829 0.031 0.054 0.338 0.798 0.012

41 0.690 0.561 0.024 0.032 0.858 <0.001 0.477 0.699 0.017

42 0.270 0.847 0.010 4.885 0.030 0.055 0.028 0.994 0.001

43 0.130 0.942 0.005 0.385 0.537 0.005 0.685 0.564 0.024

44 1.431 0.240 0.049 1.013 0.317 0.012 0.906 0.442 0.031

45 1.109 0.350 0.038 0.330 0.567 0.004 1.048 0.376 0.036

46 1.343 0.266 0.046 1.950 0.166 0.023 0.498 0.685 0.017

47 0.107 0.956 0.004 4.361 0.040 0.049 1.418 0.243 0.048

48 0.258 0.856 0.009 0.153 0.697 0.002 0.878 0.456 0.030

49 1.859 0.143 0.062 0.066 0.797 0.001 2.405 0.073 0.079

50 1.898 0.136 0.063 0.062 0.804 0.001 2.020 0.117 0.067

51 0.120 0.948 0.004 2.624 0.109 0.030 0.624 0.601 0.022

52 0.436 0.728 0.015 0.031 0.860 <0.001 0.965 0.413 0.033
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FIGURE 5 | Correlation between the changes in the cortical oxyhemoglobin response to angry vocal emotions in channel 30 (located in the right supramarginal
gyrus of Wernicke’s area) and the changes in the IT-MAIS/MAIS score. (A) A positive correlation was observed between preoperative neural responses to
postoperative behavioral outcomes (Pearson’s correlation coefficient, r = 0.455, p = 0.033, n = 22). (B) A negative correlation was observed between the
postoperative neural responses to postoperative behavioral outcomes (Pearson’s correlation coefficient, r = −0.576, p = 0.005, n = 22).

vocal emotional stimuli changed from preoperative inhibition
to postoperative activation. To our best knowledge, this is the
first observation to describe the neural processing of vocal
emotional stimulation in prelingual deaf infants and toddlers,
which revealed changes from the abnormal neural processing
under hearing loss conditions to temporal auditory cortex
processing after hearing reconstruction, which more closely
resembled the normal processing locations. Previous studies
have shown that the activity of the (pre-)SMA participates
in emotional regulation initiated by the frontal lobe region
and can affect the subcortical structures related to emotional
regulation. The function of the (pre-)SMA is to reconceptualize
and express information, which depends on language processing,
memory tasks and embodied cognition (Kohn et al., 2014).
The theory of embodied cognition and embodied emotion
processing can help understand this result. The perceptual,
motor, and emotional nervous systems are highly interconnected.
The neuronal response of a system can reconnect neurons that
were active during the initial experience through a cascade
effect, reproducing the experience in multiple modes (Damasio,
1989; Wilson, 2002; Niedenthal, 2007). This theory suggests that
the preoperative auditory emotional cognitive task processing
is achieved by recruiting the SMA to reconceptualize the
limited auditory perception information and activate the original
neural state (obtained through a variety of channels, such as
facial expressions, movements, and limited vocal emotional
information) of the emotional information in memory. When
postoperative hearing is reconstructed, the right MTG and
STG will be recruited for the processing of vocal emotional
cognitive tasks, which is in line with the lateralization theory
of the brain, in which the right temporal area is the
dominant area of emotion and prosody (Arimitsu et al., 2011;

Güntürkün et al., 2020. Previous studies in people with normal
hearing also observed a strong response for the right MTG and
STG under vocal emotional stimulation (Zhang et al., 2017,
2019). These results show that the neural processing for vocal
emotional stimulation in ITCIs gradually developed into a model
similar to that observed in people with normal hearing. However,
CI users have been described as having difficulty with the
perception and recognition of vocal emotions compared with
normal-hearing peers, which would impact the quality of life
(Schorr et al., 2009).

Differences in Vocal Emotion
Recognition and Bias Before and After
Hearing Reconstruction
In the preoperative fNIRS test, no significant difference in the
neural response was identified for any area in response to
the four vocal emotional stimuli. In the postoperative test, a
significant difference was identified between the neural responses
to fear and anger stimuli in channel 30 (located in the right
SMG), and the response of fear was stronger than that of
anger (Figure 4F). The activities of the SMG are related to
the enhancement of the auditory perception of vocal emotion
(Kochel et al., 2015). The results of previous studies on neonates
with normal hearing also indicated that the right SMG responds
strongly to fear (Zhang et al., 2017, 2019). Our results are
not completely consistent with previous studies on neonates
with normal hearing. Specifically, in our study, prelingual deaf
ITCIs recognized fewer types of emotions than normal-hearing
neonates, and differences in emotional neural responses only
appeared in the right SMG, not in the right MTG or STG.
Previous results have shown that at this very early stage, the
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participants are still in the process of remodeling from the
abnormal neural processing to normal neural processing, similar
to that observed in people with normal hearing. This also
may be due to the limitations of CI itself, or the difference
in vocal cues of anger and fear (Jiam et al., 2017). Under
these conditions, ITCI’s still developing auditory system and
brain may encounter greater difficulties in completing vocal
emotional neural processing. Interestingly, although prelingual
deaf ITCIs appear to be less well-developed than normal-
hearing neonates in terms of vocal emotion recognition, they
showed a negative bias toward vocal emotional stimuli. Previous
studies performed in people with normal hearing suggested
that the development of negative bias occurred at 6 months
after birth (Farroni et al., 2007; Vaish et al., 2008; Peltola
et al., 2009; Grossmann et al., 2010; Hoehl and Striano, 2010;
Rigato et al., 2010). The result of this study may indicate that
the development of emotional bias occurs independent of any
specific sensory systems. The development of emotional bias
in this study may benefit from facial or physical emotional
stimulation, and multiple perception modalities might promote
the development of emotional bias. This result supports the view
of human infants’ differential treatment of environmental threats,
which is considered to be a mechanism conducive to evolution
(Vaish et al., 2008).

Differences in Correlation Between
Cortical Activation Elicited by Vocal
Emotions Before and After Hearing
Reconstruction and Behavioral
Outcomes
Finally, we tested the correlation between the preoperative and
postoperative neural response levels to the four emotions in
channel 30 (located in the right SMG) and the preoperative
and postoperative IT-MAIS/MAIS and SIR scores (Figure 5).
We found that among the four emotions, only the neural
response elicited by anger was significantly correlated with
hearing ability (measured by IT-MAIS/MAIS which is reported
by caregiver). The preoperative neural response was positively
correlated with the postoperative hearing ability, whereas the
postoperative neural response was negatively correlated with
the postoperative hearing ability. We found that postoperative
emotion recognition was elicited by an increased neural
response to fear emotions and the inhibition of the neural
response to anger emotions. This finding indicates that in
the preoperative abnormal vocal emotional neural processing
when the cortex is less strongly inhibited by anger stimuli, the
abnormal processing is less well-developed, which improves the
postoperative auditory ability. In the relatively normal vocal
emotion neural processing after surgery, the enhanced inhibition
of cortical response elicited by anger correlated with the better
development of vocal emotion recognition abilities and better
auditory function.

In this study, fNIRS was used to compare the differences
between preoperative and postoperative vocal emotion
discrimination ability and related neural mechanisms in
prelingual deaf infants and toddlers. In addition, huge individual

differences in the effects of CI were observed. Although the
current preoperative examination can provide a basis for
identifying CI candidates, no objective examination method
exists to provide a reliable basis for how much these candidates
can benefit from CI (Zhao et al., 2020). We also explored
the possibility of using fNIRS as an objective, preoperative
neuroimaging tool to monitor the early postoperative effects of
CI prelingual deaf infants and toddlers.

LIMITATIONS

This study has some limitations. First, the sample size
included in this study was small, which makes studying
the influences of differences in patient fixed factors that
may exist within the group difficult to perform. In future
studies, larger sample sizes are necessary to confirm our
conclusions. Second, the detection range of fNIRS only
includes the cortical areas and cannot show changes in activity
among deeper structures. In future research, combinations of
other neuroimaging methods that are suitable for repeated
measurement will be necessary to study the origins of changes
throughout the entire vocal emotional cognitive network both
before and after CI implantation in prelingual deaf ITCIs. To
observe the initial changes after cochlear implantation, this
study selected vocal emotional stimulation, which requires less
auditory experience and develops earlier than other auditory
processing systems. Although studies have confirmed that the
cognitive abilities of vocal emotional stimulation are related to
future speech abilities, whether this correlation is stable remains
unclear, and more long-term follow-up studies remain necessary
to confirm this.

CONCLUSION

In this study, we used fNIRS to monitor changes in neural
processing for vocal emotional stimulation in prelingual deaf
ITCIs before and after surgery. In addition, we explored
the correlation between neural responses to vocal emotional
stimulation and postoperative effects. The behavioral assessment
showed no difference between the postoperative scores and the
preoperative scores. However, significant differences between
the preoperative and postoperative neural processing of the
vocal emotional cognitive task were found during the neural
assessment. A changing trend from the recruitment of the left
(pre-)SMA during preoperative hearing loss to the recruitment
of the right MTG and STG after hearing reconstruction was
observed. We also found no significant difference in the response
of each area to each emotional stimulus before the operation,
whereas a negative bias was found in the right SMG after the
operation. And there is a significantly stronger cortical response
elicited by fear relative to anger that was identified after the
operation. Finally, we found that the cortical response to anger
in the right SMG was significantly correlated with the early
CI behavioral results. Our research supplements the early stage
data regarding the vocal emotion perception and recognition
differences in CI users and broadens our horizons for future
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research in this field. This study provides more meaningful
consultation suggestions for CI candidates and provides a basis
for early and personalized rehabilitation strategies for CI users.
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Hearing loss is a modifiable risk factor for dementia and cognitive decline. However, the
association between cognition and hearing acuity at different frequencies is unknown.
We aimed to assess the relationships between hearing acuity at different frequencies
with global cognitive function and five domains of cognition among a low-income
elderly population in northern rural China. A population-based cross-sectional study
was conducted to collect basic information from elderly residents aged 60 years and
older in rural areas of Tianjin, China from April 2012 to November 2013. Pure tone
averages (PTAs) at different frequencies in the ear with better hearing and Mini-Mental
State Examination (MMSE) scores were measured, and the relationships between these
variables were assessed. A total of 737 residents aged 60 years or more were enrolled
in this study, and the prevalence of hearing impairment was 60.7%. After adjusting for
sex, age, education, income, smoking, drinking, systolic blood pressure (SBP), total
cholesterol (TC), and low-density lipoprotein cholesterol level (LDL-C), MMSE score
and immediate recall score were negatively associated with overall PTA (OPTA) at four
frequencies (0.5, 1, 2, and 4 kHz), PTA at low frequencies (LPTA; 0.5, 1, and 2 kHz), and
PTA at high frequencies (HPTA; 3, 4, and 8 kHz) in the ear with better hearing. Moreover,
orientation score was negatively associated with OPTA and LPTA, and the attention
and calculation scores were negatively associated with OPTA and HPTA. Each 10-dB
increase in OPTA was associated with a MMSE score decrease of 0.464. Each 10-dB
increase in LPTA or HPTA was associated with a MMSE score decrease of 0.441 (95%
CI: −0.795, −0.086) and 0.351 (95% CI: −0.592, −0.110), respectively. The present
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study demonstrated significant but weak relationships between OPTA, LPTA, and HPTA
with global cognitive function, as defined using MMSE scores; these relationships were
independent of age, education, lifestyle factors, and laboratory test values. These results
indicated that hearing was associated with cognitive decline among older individuals,
who should be screened routinely to identify risk for cognitive decline.

Keywords: cognitive function, hearing loss, pure tone average, low-frequency pure tone average, aging

INTRODUCTION

Cognitive impairment is the leading cause of disability and a
global public health priority for aging populations (Wortmann,
2012; GBD 2017 DALYs and HALE Collaborators, 2018). The
World Alzheimer Report estimated there were over 50 million
people living with dementia globally, and this number was
estimated to increase to more than 152 million by 2050 (Wimo
et al., 2013). Moreover, most people with dementia live in
developing countries, and the number of people living with
dementia in China accounts for approximately 25% of total
dementia population worldwide, posing a substantial economic
and social burden (GBD 2016 Neurology Collaborators, 2019).

Hearing impairment is the third most prevalent chronic
condition in older age (Yueh et al., 2003). According to the
Global Burden of Disease study, there were 1.4 billion people
living with hearing impairment in 2017, and approximately 90%
of people with moderate to severe hearing impairment reside in
developing countries (GBD 2017 Disease and Injury Incidence
and Prevalence Collaborators, 2018). Hearing impairment has
also been recognized as the largest potentially modifiable risk
factor for dementia and cognitive decline (Livingston et al., 2017;
Loughrey et al., 2018). Numerous epidemiological studies have
demonstrated hearing impairment at older age was associated
with cognitive decline (Lin et al., 2013; Gurgel et al., 2014;
Deal et al., 2017; Pabst et al., 2021; Saji et al., 2021). For
example, the Health, Aging and Body Composition Study
found that hearing impairment at baseline was related to a
24% increased risk of dementia over a 6-year period (Lin
et al., 2013). Hearing loss at older age usually impacts high-
frequency hearing long before low-frequency hearing (Panza
et al., 2015). Thus, it is important to determine whether
hearing loss at high frequencies is associated with impaired
cognitive function. However, studies exploring significant
association between hearing acuity and cognition have used
the pure tone average (PTA) threshold at overall or low
frequencies (Bush et al., 2015; Golub et al., 2020). To
our knowledge, only one cross-sectional study enrolling 307
elderly demonstrated PTA at low frequencies, but not high
frequencies, was related to cognitive performance among older
individuals (Mukari et al., 2017). The association between
PTA at different frequencies and cognitive function is not as
well established.

Moreover, socioeconomic inequality is related to the risk
of hearing loss (Emmett and Francis, 2015; Ping et al., 2018),
and low income is associated with poor auditory function, with
approximately 90% residents living in low- and middle-income
countries having moderate to profound hearing impairment

(Davis and Hoffman, 2019). There is a high burden of hearing
impairment in northern China, where the prevalence of hearing
impairment is 49.3% among the low-income rural population
aged over 45 years (Yang et al., 2021). Only four studies in
China have focused on the mediating role of social isolation,
cognitive reserve, and leisure activities between self-reported
hearing impairment and cognitive decline (Chen and Lu, 2019;
Chen and Zhou, 2020; Gao et al., 2020; Chen, 2021). However, the
relationship between cognitive performance and PTA at different
frequencies as measured using standardized audiometric tests in
an older population has not been reported in China, especially in
low-income rural areas.

Thus, the aim of this study was to evaluate the relationships
between cognitive function and hearing acuity at different
frequencies among a low-income elderly population in
northern rural China.

MATERIALS AND METHODS

Study Population
This population-based, cross-sectional study recruited older
individuals from 18 administrative villages in rural areas of
Tianjin, China from April 2012 to November 2013 based on
the Tianjin Brain Study (Wang et al., 2014; Hu et al., 2016).
Owing to the national health policy, all residents aged 60 years
and older visit the health center for free physical examinations
annually. From this population, all older residents (≥ 60 years
old) with previous diagnosis of total hearing loss (over 120 dB)
and blindness (best-corrected distance visual acuity < 3/60 or
visual field < 10 central degrees) in the better ear/eye were
excluded (Martin, 1986; World Health Organization (WHO),
2020).

The study was approved by the ethics committee at the Tianjin
Medical University General Hospital, and written informed
consent was obtained from all participants.

Risk Factors and Physical Examinations
This study was conducted through face-to-face interviews by
trained researchers. Demographic information (including name,
sex, date of birth, income, and educational level), individual
medical history (including the presence of hypertension, diabetes
mellitus, stroke, and coronary heart disease), and lifestyle factors
(including smoking, drinking, and exercise) were collected
using a pre-designed questionnaire; data regarding exercise was
missing for six individuals. The participants were categorized
into three age groups (60–64, 65–69, and ≥ 70 years), three
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educational groups (0–5, 6–8, and ≥ 9 years), and three groups of
annual per capita income (< 300 USD, 300–650 USD, and > 650
USD). Smoking was defined as smoking ≥ 1 cigarette daily for
more than 1 year. Drinking was defined as drinking > 50 mL of
alcohol at least once per week for more than 6 months.

Body height, weight, waist circumference, systolic blood
pressure (SBP), and diastolic blood pressure (DBP) were obtained
by local general practitioners with the participant wearing
thin clothing. The levels of fasting blood glucose (FBG), total
cholesterol (TC), triglycerides (TG), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) were tested in the central laboratory of the Tianjin
Ji County People’s Hospital. Hypertension was defined as a
SBP ≥ 140 mm Hg, DBP ≥ 90 mm Hg, the use of antihypertensive
drugs, or a history of hypertension. Diabetes was defined as
a FBG ≥ 7.0 mmol/L, taking medication for diabetes, or a
self-reported history of diabetes. Body mass index (BMI) was
calculated as the individual’s weight (kg) divided by the square of
the individual’s height (m2) and was classified into four categories
(low-weight, < 18.5 kg/m2; normal, 18.5–23.9 kg/m2; overweight,
24.0–27.9 kg/m2; and obese, ≥ 28.0 kg/m2; Zhou, 2002).

Cognitive Impairment
Cognitive function was measured using the Chinese version of
the Mini-Mental State Examination (MMSE) owing to its high
sensitivity and specificity of screening for cognitive impairment
(Li et al., 1989; Canadian Task Force on Preventive Health Care
et al., 2016). The diagnostic criteria of cognitive impairment
were based on MMSE score according to educational levels. The
MMSE is a 30-point scale that assesses five different cognitive
domains including orientation, immediate recall, attention and
calculation, recall, and language. Cognitive impairment was
defined as an MMSE score < 17 points in the illiterate group,
< 22 points in the primary school group, and < 26 points in the
junior school and above group (Nunes et al., 2010).

Hearing Test
Audiometric assessments in each ear were performed at seven
frequencies (0.5, 1, 2, 3, 4, 6, and 8 kHz) in a quiet, soundproof
room using the Denmark XETA Audiometer (Xeta EN60645-1
type:3 REF:8-04-12207 GN Otometrics A/S Hoerskaetten 92360
Taastrup DENMARK) and TDH 50P transducer (Telephonics,
Huntington, NY). Audiometric thresholds were measured at 5-
dB increments in decibels of hearing level (dB HL). Outcome
variables reported in this study were overall PTA (OPTA) at four
frequencies (0.5, 1, 2, and 4 kHz), PTA at low frequencies (LPTA;
0.5, 1, and 2 kHz), and PTA at high frequencies (HPTA; 3, 4,
and 8 kHz) in the ear with better hearing. Hearing impairment
was defined as OPTA > 25 dB of the better ear according to the
World Health Organization’s definition of impairment [World
Health Organization (WHO), 1997]. Participants suspected of
having hearing impairment were referred to audiologists for
final diagnoses.

Statistical Analysis
Continuous variables (age, BMI, waist circumference, SBP,
DBP, FBG, TC, TG, LDL-C, HDL-C, and PTA) are described
as means and standard deviations. Categorical variables

(binary variables: sex, smoking, drinking, physical exercise,
hypertension, diabetes, stroke, hearing impairment, and
MMSE group; multi-categorical variables: age, education,
income, and BMI groups) are presented as numbers with
frequencies. The Student t-test was used to compare MMSE
score differences between binary variables; the ANOVA test
was used to compare MMSE score differences between multi-
categorical variables. Univariate linear analyses were used to
evaluate the relationship between each continuous variable
and the MMSE score. Multiple linear regression analyses were
used to evaluate the relationship between PTA and MMSE
score after adjusting for independent variables that were
statistically significant in the univariate analyses. The univariate
analysis results are shown as unadjusted β-values and 95%
confidence intervals (CIs); the multivariate analysis results are
shown as adjusted β-values and 95% CIs after adjusting for
covariates.

All statistical analyses were performed with SPSS version
19.0 statistical software (SPSS Inc., Chicago, IL, United States),
and a two-sided P-value ≤ 0.05 was considered statistically
significant.

RESULTS

Demographic Characteristics
A total of 737 residents aged more than 60 years (mean age,
68.95 years) were enrolled in this study, including 324 men
(44.0%; mean age, 69.65 years) and 413 women (56.0%; mean
age, 68.39 years). In this rural population, the prevalence of
hearing impairment was 60.7% overall, 64.2% in men, and 57.9%
in women. The mean OPTA of all residents was 30.27 dB HL, with
28.99 dB in LPTA, and 35.44 dB in HPTA. The average education
level of the participants was low: 41.7% were illiterate. Moreover,
733 (99.5%) participants had annual per capita incomes of < 650
USD (Table 1).

Factors Associated With MMSE Score in
the Univariate Analysis
The MMSE score was higher among participants with female sex,
older age, high education, high income, smoking, and drinking,
compared with other groups (all, P < 0.001). Compared with
individuals with normal hearing, MMSE score of those with
hearing impairment did not approached statistical significance
(P = 0.872; Table 2).

In the linear regression analysis, MMSE score was negatively
associated with SBP, TC, and LDL-C (all, P < 0.05; Table 3).

Association of MMSE Score and Its
Domains With PTA in the Univariate
Analysis
Linear regression analysis showed that MMSE score
and its domains, immediate recall, and attention and
calculation, were negatively correlated with OPTA, LPTA,
and HPTA (all, P < 0.05). Orientation was negatively
correlated with OPTA and LPTA in the univariate analysis
(Table 4).
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TABLE 1 | Demographic characteristics and risk factors for all participants by sex
group.

Risk factors Men Women Total

Total, n (%) 324 (44.0) 413 (56.0) 737 (100.0)

Age group, n (%)

60–64 years 84 (25.9) 133 (32.2) 217 (29.4)

65–69 years 97 (29.9) 130 (31.5) 227 (30.8)

70–74 years 63 (19.4) 77 (18.6) 140 (19.0)

≥ 75 years 80 (24.7) 73 (17.7) 153 (20.8)

Education, n (%)

0–6 years 57 (17.6) 250 (60.5) 307 (41.7)

6–8 years 190 (58.6) 125 (30.3) 315 (42.7)

≥ 9 years 77 (23.8) 38 (9.2) 115 (15.6)

Annual per-capital income

< 300 USD 262 (80.9) 392 (94.9) 654 (88.7)

300–650 USD 60 (18.5) 19 (4.6) 79 (10.7)

> 650 USD 2 (0.6) 2 (0.5) 4 (0.5)

Smoking, n (%)

No 181 (55.9) 386 (93.5) 567 (76.9)

Yes 143 (44.1) 27 (6.5) 170 (23.1)

Drinking, n (%)

No 194 (59.9) 397 (96.1) 591 (80.2)

Yes 130 (40.1) 16 (3.9) 146 (19.8)

Physical exercise, n (%)

No 231 (72.9) 295 (73.0) 526 (73.0)

Yes 86 (27.1) 109 (27.0) 195 (27.0)

Hypertension, n (%)

No 174 (53.7) 214 (51.8) 388 (52.6)

Yes 150 (46.3) 199 (48.2) 349 (47.4)

Diabetes, n (%)

No 296 (91.4) 361 (87.4) 657 (89.1)

Yes 28 (8.6) 52 (12.6) 80 (10.9)

CHD, n (%)

No 271 (83.6) 330 (79.9) 601 (81.5)

Yes 53 (16.4) 83 (20.1) 136 (18.5)

Stroke, n (%)

No 311 (96.0) 396 (95.9) 707 (95.9)

Yes 13 (4.0) 17 (4.1) 30 (4.1)

Hearing impairment, n (%)

No 116 (35.8) 174 (42.1) 290 (39.3)

Yes 208 (64.2) 239 (57.9) 447 (60.7)

BMI category, n (%)

Low-weight 13 (4.0) 9 (2.2) 22 (3.0)

Normal 150 (46.3) 178 (43.1) 328 (44.5)

Overweight 120 (37.0) 161 (39.0) 281 (38.1)

Obese 41 (12.7) 65 (15.7) 106 (14.4)

MMSE group, n (%)

Non-CI 59 (18.2) 31 (7.5) 90 (12.2)

CI 265 (81.8) 382 (92.5) 647 (87.8)

Age, means (SD) 69.65 (6.45) 68.39 (6.10) 68.95 (6.28)

BMI (kg/m2 ), mean (SD) 24.10 (3.31) 24.66 (3.51) 24.42 (3.43)

Waist (cm), mean (SD) 86.90 (9.65) 86.53 (9.22) 86.69 (9.41)

SBP, mean (SD) 5.48 (1.24) 5.55 (1.35) 5.52 (1.30)

DBP, mean (SD) 4.34 (0.86) 4.89 (0.94) 4.65 (0.94)

FBG, mean (SD) 1.19 (0.72) 1.56 (0.90) 1.40 (0.84)

TC, mean (SD) 1.36 (0.43) 1.43 (0.53) 1.40 (0.49)

TG, mean (SD) 2.27 (0.98) 2.74 (1.00) 2.53 (1.02)

HDL-C, mean (SD) 157.85 (23.80) 159.76 (23.83) 158.92 (23.82)

LDL-C, mean (SD) 92.38 (12.28) 91.44 (12.62) 91.85 (12.47)

MMSE score, mean (SD) 22.45 (4.55) 19.18 (5.31) 20.62 (5.24)

OPTA, mean (SD), dB HL 31.30 (10.54) 29.46 (8.59) 30.27 (9.54)

LPTA, mean (SD), dB HL 29.07 (9.44) 28.91 (8.48) 28.99 (8.91)

HPTA, mean (SD), dB HL 38.69 (15.61) 32.87 (11.61) 35.43 (13.81)

SD, standard deviation; CHD, coronary heart disease; BMI, body mass index;
MMSE, Mini-Mental state examination; CI: cognitive impairment; SBP, systolic
blood pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; TC,
total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; OPTA, overall pure tone average; LPTA,
low-frequency pure tone average; HPTA, high-frequency pure tone average.

TABLE 2 | Differences in mean MMSE score, according to demographic
characteristics and risk factors groups.

Characteristics Mean MMSE F/t P

Sex 9.015 < 0.001

Men 22.45 (4.55)

Women 19.18 (5.31)

Age group 21.077 < 0.001

60–64 years 21.64 (4.63)

65–69 years 21.70 (4.78)

70–74 years 20.21 (5.28)

≥ 75 years 17.94 (5.71)

Education 138.452 < 0.001

0–5 years 17.54 (4.98)

6–8 years 22.13 (4.38)

≥ 9 years 24.70 (3.09)

Annual per-capital income 10.266 < 0.001

< 300 USD 20.31 (5.31)

300–650 USD 22.95 (3.95)

> 650 USD 24.50 (3.11)

Smoking −4.224 < 0.001

No 20.20 (5.33)

Yes 22.00 (4.72)

Drinking −5.347 < 0.001

No 20.15 (5.30)

Yes 22.49 (4.58)

Hypertension −0.317 0.751

No 20.56 (5.23)

Yes 20.68 (5.27)

Diabetes −0.082 0.935

No 20.61 (5.25)

Yes 20.66 (5.23)

CHD −1.438 0.152

No 20.49 (5.32)

Yes 21.17 (4.87)

Stroke −0.728 0.462

No 20.59 (5.25)

Yes 21.30 (5.12)

Hearing impairment 0.162 0.872

No 20.66 (4.91)

Yes 20.59 (5.45)

CHD, coronary heart disease.

Association of MMSE Score and Its
Domains With PTA in the Multiple Linear
Regression Analysis
Mini-Mental State Examination score and immediate recall score
were negatively associated with OPTA, LPTA, and HPTA in
multiple linear regression analyses after adjusting for sex, age,
education, income, smoking, drinking, SBP, TC, and LDL-C
(all, P < 0.05). Moreover, orientation score was negatively
associated with OPTA and LPTA (all, P < 0.05), and attention
and calculation score were negatively associated with OPTA and
HPTA after adjusting for sex, age, education, income, smoking,
drinking, SBP, TC, and LDL-C (all, P < 0.05; Table 5). The R2

value in linear regression was similar between LPTA and HPTA
(adjusted R2 0.332 vs. 0.334).

DISCUSSION

This study evaluated the associations between peripheral hearing
with global cognitive function and five domains of cognition
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TABLE 3 | Association of MMSE score with measured parameters in the linear
regression analysis.

Characteristics β (95% CI) P

SBP −0.020 (−0.036, −0.004) 0.012

DBP 0.020 (−0.010, 0.050) 0.197

FBG 0.042 (−0.250, 0.333) 0.779

TC −0.762 (−1.160, −0.363) < 0.001

TG −0.211 (−0.663, 0.241) 0.359

HDL-C −0.635 (−.411, 0.140) 0.108

LDL-C −0.611 (−0.982, −0.241) 0.001

SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG: fasting blood
glucose; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol.

TABLE 4 | Association of MMSE and its domains with pure tone average in the
linear regression analysis.

Parameters β SE 95% CI P

OPTA

MMSE score −0.520 0.202 −0.917, −0.124 0.010

Orientation −0.126 0.057 −0.238, −0.015 0.026

Immediate recall −0.127 0.035 −0.196, −0.058 < 0.001

Attention and calculation −0.157 0.068 −0.291, −0.023 0.022

Recall 0.072 0.048 −0.022, 0.166 0.133

Language −0.087 0.079 −0.242, 0.068 0.269

LPTA

MMSE score −0.601 0.216 −1.025, −0.177 0.006

Orientation −0.157 0.061 −0.276, −0.038 0.010

Immediate recall −0.129 0.038 −0.203, −0.055 0.001

Attention and calculation −0.155 0.073 −0.298, −0.011 0.035

Recall 0.089 0.051 −0.011, 0.189 0.082

Language −0.137 0.084 −0.303, 0.028 0.104

HPTA

MMSE score −0.347 0.140 −0.621, −0.073 0.013

Orientation −0.065 0.039 −0.142, 0.012 0.096

Immediate recall −0.092 0.024 −0.140, −0.044 < 0.001

Attention and calculation −0.130 0.047 −0.222, −0.037 0.006

Recall 0.023 0.033 −0.042, 0.088 0.695

Language −0.034 0.054 −0.141, 0.073 0.532

β, regression coefficient; SE, standard error; CI, confidence interval; OPTA,
overall pure tone audiometry; LPTA, low-frequency pure tone average; HPTA,
high-frequency pure tone average.

among low-income elderly individuals in northern rural China.
The prevalence of hearing impairment was 60.7% in this low-
income rural population. LPTA and HPTA were negatively
and independently related to MMSE score and its domains;
this association was independent of age, education, lifestyle
factors, and laboratory test values. In multiple linear regression
analysis, both LPTA and HPTA accounted for a minimal

proportion variance of MMSE score after adjusting for other
covariates. There was a 0.441-point and 0.351-point MMSE
score decrease associated with each 10-dB increase in LPTA and
HPTA, respectively.

Hearing loss is prevalent among older adults and associated
with a high prevalence of cognitive decline, apathy, and poor
functional status (Sugawara et al., 2011; Miyake et al., 2020).
In the present study, four-frequency PTA in the ear with better
hearing was an independent risk factor for global cognitive status
(MMSE score) and its domains; these findings are consistent with
most previous studies. For instance, a longitudinal community-
dwelling study found that hearing loss was related to accelerated
cognitive decline and dementia among older adults, and
individuals with hearing impairment at baseline was related to
a 24% increased risk of dementia after a 6-year follow-up (Lin
et al., 2013). Two American epidemiologic studies also found
an independent association between cognitive performance and
subclinical hearing loss; there was a 0.97-point decrease in
the Digit Symbol Substitution Test score associated with a 10-
dB increase of the PTA (Golub et al., 2020). Furthermore, a
systematic review and meta-analysis demonstrated that hearing
impairment was associated with a decline of global cognition,
cognitive domains of executive function, and episodic memory,
as well as increased risk of incident dementia and cognitive
impairment (Loughrey et al., 2018). Other studies found stronger
associations between hearing decline and lower episodic memory
levels (Maharani et al., 2018b; Guglielmi et al., 2020). As a
proxy measurement for episodic memory, immediate recall was
strongly associated with worse hearing acuity in present study.
Moreover, hearing aids use helps to slow down cognitive decline
and improve functional status of older individuals (Maharani
et al., 2018a; Sarant et al., 2020). However, a prospective cohort
study in four American metropolitan areas demonstrated that
vision, but not hearing impairment, was associated with cognitive
decline (Lin et al., 2004). Another longitudinal study found that
hearing loss did not accelerate cognitive decline over time after
adjusting for the non-linear effects of age (Croll et al., 2021). In
the present study, PTA was negatively and independently related
to MMSE score and its domains independent of age, education,
lifestyle factors, and laboratory test values.

Additionally, we found an independent association of both
LPTA and HPTA with MMSE score. To our knowledge, only
one study has assessed the association between PTA of different
frequencies and cognitive performance; this prior study reported
that LPTA, but not HPTA, was significantly and independently
related to the MMSE score (Mukari et al., 2017). Studies

TABLE 5 | Association of MMSE and its domains with pure tone average in the multiple linear analysis.

Parameters β (95% CI)

OPTA LPTA HPTA

MMSE score −0.464 (−0.798, −0.130)** −0.441 (−0.795, −0.086)* −0.351 (−0.592, −0.110)**

Orientation −0.114 (−0.218, −0.009)* −0.122 (−0.232, −0.012)* –

Immediate recall −0.107 (−0.175, −0.040)** −0.100 (−0.171, −0.028)** −0.082 (−0.131, −0.034)**

Attention and calculation −0.130 (−0.253, −0.007)* −0.101 (−0.232, 0.029) −0.121 (−0.210, −0.033)**

*P < 0.05. ** P < 0.01. Adjusted for sex, age, education, income, smoking, drinking, TC, LDL-C, and SBP.
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have consistently confirmed that PTA is highly correlated with
speech recognition (Coren and Hakstian, 1994; Vermiglio et al.,
2012). In addition, a cross-section study demonstrated that
PTA at low frequency exhibited the highest effect on speech
recognition threshold compared to PTA at full range and
high frequencies (Coren and Hakstian, 1994). High LPTA was
more associated with poor speech recognition, which resulted
in difficulty in communicating and maintaining interpersonal
relationships (Lindenberger and Baltes, 1994; Maharani et al.,
2019). These reasons will further cause social isolation, loneliness,
and cognitive decline.

Three hypotheses have been proposed to explain the
association between hearing and cognitive function (Wayne and
Johnsrude, 2015; Uchida et al., 2019). In the cognitive load
hypothesis, auditory signals are degraded among individuals
with hearing loss (Lavie, 1995). Consequently, greater cognitive
resource is required to understand speech, which affects other
cognitive tasks and results in cognitive reserve depletion (Tun
et al., 2009). Excessive cognitive load in daily life would cause
neurodegeneration and structural changes in the brain, which
subsequently impairs cognitive function (Martini et al., 2014).
In addition, according to the common cause hypothesis, hearing
impairment usually occurs simultaneously with cognitive decline
at older ages; both hearing impairment and cognitive decline are
results of neuropathological cause without direction of causality
(Stahl, 2017). Finally, the sensory deprivation hypothesis suggests
that sensory impairment, like hearing and vision impairment,
could prevent older adults from communicating, resulting in
social isolation, loneliness, and poor cognitive status (Rutherford
et al., 2018). Some studies have reported the mediating effect
of social isolation and loneliness between hearing and cognition
(Rutherford et al., 2018; Maharani et al., 2019).

This was a population-based real-world study. Although
studies have shown that hearing impairment increases the risk
of cognitive decline, the relationship between hearing acuity and
cognition remains inconclusive, especially in studies of large-
scale low-income people. Moreover, many factors including age,
sex, education, income, blood pressure, serum lipids, diabetes,
smoking, and drinking can affect cognitive function (Yaffe et al.,
2021). In the present study, both LPTA and HPTA accounted
for a minimal proportion variance of the MMSE score; this
association was independent of age, education, lifestyle factors,
and laboratory test values. Moreover, due to earlier hearing loss at
high frequencies, it is of great importance to discover and manage
hearing loss to reduce risk for cognitive decline on the early stage.

There are several limitations in this study. First, cognitive
function was evaluated using MMSE scores rather than a
cognitive test battery; therefore, cognitive domain deficit could
not be further diagnosed. Second, the speech-in-noise test
could better simulate communication environments of daily
living. The Mandarin Quick Speech-in-Noise test (M-Quick
SIN) is quick and reliable with high clinical feasibility (Zhou
et al., 2014) in population-based study. As M-Quick SIN
was not established until 2014, it was not included in the
present study. In the future, we plan to conduct a study
including the speech-in-noise test. Third, the study population
was from a low-income, low-education, rural population in

northern China, thus its representativeness and generalizability
are limited. Fourth, other confounding factors, including APOE4
genotype and diet, are important factors for cognitive decline
and were not excluded in this study (Davies et al., 2018;
Kivipelto et al., 2018). Fifth, asymmetrical hearing can be
detrimental to cognitive function (Brännström et al., 2018) but
was not included in the present study. Our follow-up research
will further focus on asymmetrical hearing. Last, this was a
cross-sectional study, and therefore causal relationships could
not be identified.

CONCLUSION

The present study demonstrated significant but weak
relationships between OPTA, LPTA, and HPTA with global
cognitive function, as defined using MMSE scores, independent
of age, education, lifestyle factors, and laboratory test values.
These results indicate that hearing was associated with cognitive
decline among older individuals, who should be screened
routinely to identify risk for cognitive decline.
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The mechanism underlying visual-induced auditory interaction is still under discussion.
Here, we provide evidence that the mirror mechanism underlies visual–auditory
interactions. In this study, visual stimuli were divided into two major groups—mirror
stimuli that were able to activate mirror neurons and non-mirror stimuli that were not
able to activate mirror neurons. The two groups were further divided into six subgroups
as follows: visual speech-related mirror stimuli, visual speech-irrelevant mirror stimuli,
and non-mirror stimuli with four different luminance levels. Participants were 25 children
with cochlear implants (CIs) who underwent an event-related potential (ERP) and
speech recognition task. The main results were as follows: (1) there were significant
differences in P1, N1, and P2 ERPs between mirror stimuli and non-mirror stimuli;
(2) these ERP differences between mirror and non-mirror stimuli were partly driven
by Brodmann areas 41 and 42 in the superior temporal gyrus; (3) ERP component
differences between visual speech-related mirror and non-mirror stimuli were partly
driven by Brodmann area 39 (visual speech area), which was not observed when
comparing the visual speech-irrelevant stimulus and non-mirror groups; and (4) ERPs
evoked by visual speech-related mirror stimuli had more components correlated with
speech recognition than ERPs evoked by non-mirror stimuli, while ERPs evoked by
speech-irrelevant mirror stimuli were not significantly different to those induced by the
non-mirror stimuli. These results indicate the following: (1) mirror and non-mirror stimuli
differ in their associated neural activation; (2) the visual–auditory interaction possibly
led to ERP differences, as Brodmann areas 41 and 42 constitute the primary auditory
cortex; (3) mirror neurons could be responsible for the ERP differences, considering
that Brodmann area 39 is associated with processing information about speech-related
mirror stimuli; and (4) ERPs evoked by visual speech-related mirror stimuli could better
reflect speech recognition ability. These results support the hypothesis that a mirror
mechanism underlies visual–auditory interactions.

Keywords: mirror mechanism, event-related potential, cochlear implant, hearing loss, speech performance, visual
auditory
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INTRODUCTION

Visual–auditory interactions represent the interference between
the visual system and the auditory system (Bulkin and Groh,
2006). A classic example of a visual–auditory interaction is
the McGurk effect, in which video lip movements for [ga],
dubbed by syllable sound [ba], lead to the auditory illusion of
the fused syllable [da] (McGurk and MacDonald, 1976). This
indicates that the visual system interferes with the auditory
system. Another example is that pictures containing auditory
information, such as “playing the violin” or “welding,” can
activate the primary auditory cortex Brodmann area 41, while
other pictures without auditory information do not (Proverbio
et al., 2011). Furthermore, people with hearing loss show
greater activation in the auditory cortex than normal-hearing
controls during these kinds of stimuli; this suggests that the
visual cortex compensates for hearing loss and could explain
the basis of visual–auditory interactions (Finney et al., 2001;
Liang et al., 2017).

Neuroimaging evidence has suggested that cross-modal
plasticity might underlie visual–auditory interactions in patients
with hearing loss (Finney et al., 2001; Mao and Pallas, 2013;
Stropahl and Debener, 2017). This could indicate that a loss of
auditory input causes the visual cortex to “take up” the auditory
cortex via cross-modal plasticity and causes an interference of the
visual system on the auditory system.

However, there are still some questions under discussion. For
example, the McGurk effect is seen not only in patients with
hearing loss but also in normal-hearing people, whose sensory
tendency (a preference for visual or auditory interference) is no
different to patients with hearing loss (Rosemann et al., 2020).
Considering that cross-modal plasticity differs between these
two groups while they showed no difference in visual–auditory
interaction, there might be other mechanisms underlying
visual–auditory interactions. We hypothesized that the mirror
mechanism is one such mechanism underlying this visual–
auditory interaction.

First, neurons that discharge in response to both observation
and execution are called mirror neurons, and the theory to
explain their functions is called mirror mechanism. For example,
it has been reported that a large proportion of a monkey’s
premotor cortical neurons discharge not only while performing
specific actions but also when hearing associated sounds or
observing the same actions (Keysers et al., 2002); thus, in
observational processes, mirror neurons imitate what they do in
executional processes. Incidentally, visual–auditory interactions
are associated with a similar phenomenon, whereby the auditory
cortex imitates what it does in response to auditory stimuli during
the presentation of visual stimuli.

Second, mirror mechanism allows “hearing” to be an
executional process. One ongoing issue is that hearing is
a feeling rather an executable action and thus cannot be
classified as a “motor action,” which refers to the executional
process of the mirror mechanism. However, some researchers
have argued that “motor actions” encoded by the mirror
mechanism are actually “action goals” rather than muscle
contractions or joint displacement (Rizzolatti et al., 2001;

Rizzolatti and Sinigaglia, 2016). For example, mirror mechanism
has been related with empathy (Gazzola et al., 2006) and
animal sounds that were mistakenly recognized as tool sounds,
thus activating similar cortical areas as the tool sounds
(Brefczynski et al., 2005); empathy and sound recognition are
not muscle contractions or joint displacement. Currently, mirror
mechanism has been defined as “a basic brain mechanism
that transforms sensory representations of others’ behavior into
one’s own motor or visceromotor representations concerning
that behavior and, depending on the location, can fulfill a
range of cognitive functions, including action and emotion
understanding”; furthermore, “motor actions” usually refer to the
outcomes induced by actions rather than the actions themselves
(Rizzolatti and Sinigaglia, 2016). Thus, mirror mechanism might
allow “hearing” to be an executional process.

Third, we have consistency of activated nerve localization in
visual–auditory interaction and mirror neurons. One experiment
reported that visual–auditory stimuli can activate mirror neurons
(Proverbio et al., 2011), but has not been further discussed. This
might be due to limitations that are inherent to the study design,
whereby pictures with no auditory information are complex and
may therefore cause activation of mirror neurons.

To conclude, it is reasonable to suspect that the mirror
mechanism might underlie visual–auditory interactions. In this
study, we measured event-related potentials (ERPs) and speech
recognition ability in children with cochlear implants (CIs)
during mirror neuron-activated and mirror neuron-silent visual–
auditory interaction tasks. We aimed to determine the role of this
mirror mechanism in visual–auditory interactions.

MATERIALS AND METHODS

Participants
Twenty-five prelingually deaf children fitted with a CI for at
least 4 years were recruited. These included 12 boys and 13
girls aged between 5 and 18 years (mean: 9.86; SD: 3.80).
Table 1 presents the detailed demographic information. All
participants were right-handed and had normal or corrected-
to-normal vision. Ethical approval was obtained from the
Institutional Review Board at Sun Yat-sen Memorial Hospital
at Sun Yat-sen University. Detailed information was provided
to the parents, and written consent was obtained before
proceeding with the study.

Speech-Related Behavioral Tests
Of the 25 participants, 11 took part in the behavioral experiment.
The behavioral experiment comprised six tasks as follows:
easy tone, difficult tone, easy vowel, difficult vowel, easy
consonant, and difficult consonant. For the experimental
materials and classification standards, we referred to Research on
the Spectrogram Similarity Standardization of Phonetic Stimulus
for Children (Xibin, 2006). Vowels were classified according to
the opening characteristics and internal structural characteristics
of the first sound. As a result, vowel recognition can be divided
into four groups according to these two dimensions, namely, the
same structure with different openings, the same opening with
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TABLE 1 | Information of all participants in this study.

Number Gender Age at
experiment(y)

CI side Age at
CI(y)

Age at
hearing
loss(y)

Speech
test

1 Male 7 Right 1 0 No

2 Male 8 Left 3 2 No

3 Male 13 Right 5 0 No

4 Female 16 Right 3 0 No

5 Male 11 Right 2 0 Yes

6 Female 9 Right 5 4 Yes

7 Male 13 Right 10 1 No

8 Female 7 Right 3 0 Yes

9 Female 8 Right 4 2 Yes

10 Male 7 Right 2 0 Yes

11 Male 7 Right 2 0 Yes

12 Female 10 Both 4 1 No

13 Male 7 Right 1 0 Yes

14 Female 18 Right 6 1.5 No

15 Male 7 Right 2 6 No

16 Female 6 Right 1 0 No

17 Female 9 Right 3 1.4 No

18 Female 9 Right 3 2 No

19 Male 10 Right 2 0 No

20 Female 17 Right 3 0 Yes

21 Female 6 Right 2 0 No

22 Female 18 Right 13 4 Yes

23 Male 9 Left 2 1 Yes

24 Male 9 Right 2 Unknown No

25 Female 7 Right 1 0 Yes

different structures, the same opening with the same structure,
and the compound vowels of the front nose and the rear nose.
Consonants can be classified into six groups according to the
two dimensions of pronunciation position and pronunciation
mode, namely, fricative/non-fricative recognition, voiced
consonant/clear consonant recognition, aspirated/non-aspirated
consonant recognition, same position/different consonant
recognition, rolled tongue/non-rolled tongue sound recognition,
and same position/different consonant recognition (Note: The
recognition of/z/zh/,/c/ch/, and/s/sh/fall under the recognition
groups of flat tongue sound and crooked tongue sound. Given
that the stimulation is very close to the pronunciation part, it
is also very difficult for the normal-hearing population, so it is
classified as a separate group as the most difficult content.).

Using the syllable as the task unit, recognition difficulty was
defined to control for its different effects between consonants and
vowels, in the tone discrimination task, and consonants within
syllables of the same category, and pure in the plosives. Vowels
only included the monophonies of/a/,/e/,/i/,/o/, and/u/. In the
easy tone task, subjects were asked to distinguish between the
first tone and the fourth tone, which are evidently different; in
the difficult tone task, subjects were asked to distinguish between
the third tone and the fourth tone, which are more similar to
each other. There were 80 syllable pairs presented in the easy and
difficult tone discrimination conditions, and the task contained
32 “same” and 48 “different” trials.

In the consonant recognition task, as mentioned above,
we divided consonants into six groups according to the
two dimensions. To reduce the effect of the syllable and
vowel, the syllables in each group contained four tones,
and the vowels in each group were monosyllabic. The
difficulty of a consonant discrimination task was determined
by the similarity of the two consonants. Those with a large
difference in consonant type were classified as easy, while
those with a small difference were classified as difficult.
For example,/h/and/m/are different in pronunciation position
and pronunciation mode, while/h/and/k/are only different in
pronunciation mode; thus,/h/and/m/are classified as belonging
to the easy recognition group, while/h/and/k/are classified as
belonging to the difficult recognition group. There were a total
of 100 syllable pairs in the consonant recognition task, with 40
“same” and 60 “different” trials.

In the vowel recognition task, vowels were divided into
four groups according to the two dimensions. The syllables
of each group contained four tones. Easy vowel recognition
trials contained vowels from different vowel groups, and difficult
vowel recognition trials included compound vowels with more
similarity, thus making it harder to distinguish syllables. The
vowel discrimination task included 60 easy trials, namely, 36
different stimulus pairs and 24 same stimulus pairs. There were
100 trials, which included 40 “same” stimulus pairs and 60
“different” stimulus pairs.

ERP Measurement
Non-mirror Stimuli
All children underwent ERP measurements. We adopted visual
stimuli consisting of reversing displays of circular checkerboard
patterns created by Sandmann et al. (2012), which have been used
to examine cross-modal reorganization in the auditory cortex
of CI users. There were four different pairs of checkerboard
patterns, which systematically varied by the luminance ratio. The
proportions of white pixels in the stimulus patterns were 12.5%
(Level 1), 25% (Level 2), 37.5% (Level 3), and 50% (Level 4)
(Supplementary Figure 1). The contrast between white and black
pixels was identical in all images used.

Subjects were seated comfortably in front of a high-resolution
19-inch VGA computer monitor at a viewing distance of
approximately 1 m, in a soundproof and electromagnetically
shielded room. All stimuli were presented via E-prime 2.0,
and stimulus software was compatible with Net Station 4
(Electrical Geodesics, Inc.). The checkerboard stimulus remained
on the monitor for 500 ms and was immediately followed by
blank-screen with an inter-stimulus interval of 500 ms. Each
presented blank stimulus image included a fixation point (a
white cross) at the center of the screen. Participants performed
four experimental blocks (i.e., conditions), in which they were
presented with one of the four image pairs. The block order was
counterbalanced across participants. During the experimental
session, each checkerboard image was repeated 60 times,
resulting in a total of 480 stimuli (4 conditions × 2 images × 60
repetitions). Participants were instructed to keep their eyes on
the pictures before each condition and could rest for over
1 min between blocks.
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Mirror Stimuli
In this study, the mirror stimulus is a visual stimulus with
certain behavioral information, thus they are able to active mirror
neurons. Based on the relationship of behavioral information to
speech, mirror stimulus could be further divided into speech-
related mirror stimulus (i.e., a photograph of the action of
reading) and speech-irrelevant stimulus (i.e., a photograph of
the action of singing). Considering that current CIs cannot
faithfully relay musical rhythm (Kong et al., 2004; Galvin et al.,
2007; Limb and Roy, 2014), the picture of singing might just
mean the movement of mouth to CI children. However, we
will still use the term “singing” to describe the action in this
paper. Visual stimuli were presented in a similar way to those
in the study by Proverbio (Proverbio et al., 2011). These stimuli
have been found to induce visual–auditory interactions in a
previous study (Liang et al., 2017). Photographs that most of
the children were familiar with and the content of which was
understood were chosen. Supplementary Figure 2 shows the
experimental block design, which consisted of an intermittent
stimulus mode using speech-related mirror stimuli and speech-
irrelevant mirror stimuli. To measure ERPs elicited by speech-
related mirror stimuli, the experiment consisted of 85 trials of
the “reading” photo stimuli and 15 trials of the “singing” photo
stimuli as deviant stimuli. In contrast, to measure ERPs elicited by
speech-irrelevant mirror stimuli, the experiment consisted of 85
trials of the “singing” photo stimuli and 15 trials of the “reading”
photo stimuli as deviant stimuli. As shown in Supplementary
Figure 2, each stimulus was presented for 1 s, followed by a blank
screen (1.7–1.9 s in duration) as the inter-stimulus. To ensure that
participants remained focused on the stimuli, one novel trial of
15 photographs was presented after 5–10 trials, in response to
which children were asked to press a button when they saw the
deviant photograph.

EEG Recording
Electroencephalography (EEG) data were continuously recorded
using a 128-channel EEG electrode recording system (Electrical
Geodesics, Inc.). The sampling rate for the EEG recording was
1 kHz, and electrode impedances were kept below 50 k�. For
ERP analyses, the data of individual participants were band-
pass filtered offline at 0.3–30 Hz and segmented into epochs of
100 ms pre-stimulus and 600 ms post-stimulus. Artifact rejection
set at 200 mV was applied to visual EEG, and epochs were
rejected if they contained any eye blinking (eye channel exceeded
140 mV) or eye movement (eye channel exceeded 55 mV). Bad
channels were removed from the recording. Data were then re-
referenced using a common average reference. The data were
baseline-corrected to the pre-stimulus time of−100 to 0 ms.

Amplitudes and latencies of the P1–N1–P2 complex on the
75(Oz) electrode for individual participants were analyzed. The
time window was set to 90–180 ms for the P1, 110–320 ms for the
N1, and 220–400 ms for the P2. The amplitudes of the P1, N1,
and P2 were measured as the baseline to peak value. Individual
subject latencies were defined using the highest peak amplitude
for each visually evoked potential. Individual waveform averages
were averaged together for each group to compute a grand-
average waveform.

Statistical Analysis
For statistical analysis, groups were divided by the various types
of stimuli as follows: speech-related mirror stimuli, speech-
irrelevant mirror stimuli, non-mirror stimuli level 1, non-mirror
stimuli level 2, non-mirror stimuli level 3, and non-mirror
stimuli level 4. An ANOVA was applied to examine between-
group differences in ERP components. The Least Significant
Difference test was then used to determine from which group–
group comparison the significant difference originated.

Applying standardized low-resolution brain electromagnetic
tomography (sLORETA) (Fuchs et al., 2002; Pascual-Marqui,
2002; Jurcak et al., 2007), a source location analysis was
performed for the ERP components (P1, N1, and P2). The point
in ERP (such as group A vs. group B) we chose to measure the
difference in latency was calculated from the mean of group A
and group B {[Latency (A) + Latency (B)]/2}. The top five brain
regions in which there was a difference were revealed.

The assumption of a normal distribution was not satisfied,
and so Spearman’s correlation coefficient was used to test the
correlations between ERP components (amplitude and latency
included) and speech behavior. For all tests, a p-value < 0.05 was
taken to indicate significance.

RESULTS

Event-Related Potentials
Between-Group Differences
Event-Related Potentials results are summarized in Figure 1.
Significant differences were observed in the P1, N1, and P2
components between ERPs evoked by mirror stimuli and those
evoked by non-mirror stimuli (Figure 1C). The data from
normal-hearing controls are shown in Supplementary Figure 1.
In a word, in the two major stimulus groups, ERPs elicited by the
mirror stimuli differed significantly to the non-mirror stimuli.
However, in subgroups, no significant difference in ERPs was
found between the speech-related mirror stimuli and speech-
irrelevant mirror stimuli, nor between the four types of non-
mirror stimuli. Data for the normal-hearing control group are
shown in Supplementary Data.

Source Location of ERP Differences
An sLORETA analysis was applied to the ERP data to assess
between-group differences, and the results are shown in Figure 2.

On comparing ERPs between the non-mirror and mirror
stimuli groups, the primary auditory cortex in the superior
temporal gyrus, including Brodmann area 41 (B41) and BA42,
was strongly activated for the mirror stimuli, which indicates
the presence of a visual–auditory interaction. Furthermore, the
precentral gyrus, including BA4 and BA6, was more strongly
activated in the mirror stimuli vs. the non-mirror stimuli groups.
Moreover, compared with ERPs elicited by the non-mirror
stimuli, BA39, the visual speech area in the angular gyrus was
strongly activated only for the speech-related mirror group. This
was not observed when comparing ERPs between the non-mirror
stimuli and speech-irrelevant mirror groups.
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FIGURE 1 | ERP results. (A) ERP traces for the different groups. Stimuli were
delivered at 0 ms, and a P1–N1–P2 complex was observed after 100 ms.
MVSR: mirror and visual speech-related, MVSI: mirror and visual
speech-irrelevant, NM: no-mirror. Delta: mean value. (B) Values used to
describe ERP components. (C) An ANOVA showed that the difference
between groups was mainly caused by differences in ERP amplitudes.
∗p < 0.05. (D) Multiple comparisons post-ANOVA. “Boldface number” means
p < 0.05, indicating that significant differences in the ANOVA were mainly
caused by the difference between the mirror stimulus group (including
speech-related mirror stimuli and speech-irrelevant stimuli) and the non-mirror
stimulus group (including the four types of non-mirror stimuli).

Correlation Between ERP Component and Speech
Recognition
Correlation analysis showed that the combination of stimulus
ERP peak–task RT performance enriches most significant
correlations (Figures 3A,B, left). Further crosstab analysis
revealed that the combination of ERP peak in mirror and visual

speech-related (MVSR)–task reaction time performance includes
most significant correlations within the combination of ERP
peak–task RT performance. This indicates that, compared with
the “mirror: visual speech-irrelevant” and “no-mirror” stimuli,
the “mirror: visual speech-irrelevant” stimuli induced ERPs that
better reflected speech task performance.

DISCUSSION

Explanation for the Results
We hypothesized that the mirror mechanism underlies
visual–auditory interactions. Concerning the visual–auditory
interaction element, mirror stimuli denoting reading and singing
actions were able to induce visual–auditory interactions, while
the non-mirror stimuli did not. People with hearing loss tend
to receive speech-related information indirectly, such as via lip
reading (Geers et al., 2003; Burden and Campbell, 2011). Also,
rehabilitation training in those with hearing loss encourages
reading loudly; while the sounds may not be accurate, this may
activate the auditory cortex. Singing is obviously sound-related,
while a black–white checkerboard is not related to sound. This
could explain why the two major stimulus groups (mirror vs.
non-mirror groups) induced different ERPs, which was driven by
the primary auditory cortex (BA41and BA42).

Concerning the element of the mirror mechanism, mirror
stimuli showing reading and singing might activate mirror
neurons, unlike non-mirror stimuli. Since mirror stimuli that
evoke this mirror mechanism should have the same action
goal while both observing and executing the process, stimuli
with an imitable action are likely to activate mirror neurons;
this interpretation is consistent with previous studies (Kohler
et al., 2002; Vogt et al., 2004; Michael et al., 2014). In contrast,
a checkerboard image is much less likely to activate mirror
neurons, as the function of mirror mechanism is to benefit
the individual by imitating actions, comprehending actions,
and understanding feelings; a meaningless geometric figure fits
none of these functions. This could explain why the two major
stimulus groups evoked different neural activities, reflected in
ERP differences.

Spatial source of ERP difference is located in mirror neurons.
According to the mirror mechanism theory, a mirror neuron can
be activated during both execution and observation of an action.
In this context, both the action and perception of reading will
activate the visual speech area (BA39). To be classified as a mirror
neuron, the neuron needs to be activated in both the observation
and execution of reading. For singing, our region of interest was
the motor cortex, including BA4 and BA6.

Previous works have noted that visual–auditory interactions
differ between normal-hearing people and those with hearing
loss (Stropahl and Debener, 2017; Rosemann et al., 2020),
and that visual–auditory interactions might be related to
speech performance in children with a CI (Liang et al.,
2017). This indicates that visual–auditory interactions are
related to speech comprehension in people with hearing
loss. Considering the ability of mirror neurons to encode
motor actions (di Pellegrino et al., 1992; Gallese et al., 1996;
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FIGURE 2 | Source location of ERP differences. (A) sLORETA for ERP differences between groups. Colorful regions indicate the source of ERP differences. (B) Red:
BA39 (left), which is the visual speech cortex. Green: BA41 and BA42, which make up the primary auditory cortex. Yellow: BA4 and BA6, which make up the
precentral gyrus. Only speech-related stimuli activated BA39 differently, compared with non-mirror stimuli.
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FIGURE 3 | Correlation between ERP component and speech recognition. (A) Heatmaps of Spearman’s correlation coefficient (–1, +1). ACC, accuracy; RT, reaction
time; MVSR, mirror and visual speech-related; MVSI, mirror and visual speech-irrelevant; S, stimulus peak; L, latency; ∗p < 0.05. (B) As the heatmap is a
combination of ERP components and speech measures, we tried to find which type of combination (for example: ERP latency–task RT performance vs. ERP
peak–task RT performance) resulted in stronger correlations by calculating the percentage of cells with “∗” in all cells of specific combination. Left: four quadrants as
four combinations; right: in II quadrant, MSR/MSI/NM peak–RT performance as three combinations. (I, II, III, IV: quadrant of the heatmap, I: latency–task RT
performance, II: peak–task RT performance, III: peak–task ACC performance, IV: latency–task ACC performance. a, b, c, d, e, f: in analysis of crosstab, the same
character indicates no significant difference, while a different character indicates a significant difference).

Rizzolatti et al., 1996), the relationship between visual–auditory
interactions and speech recognition ability might be related to
this ability. This could explain why the speech-related stimuli
evoked stronger visual–auditory interactions that are reflected by
speech recognition ability.

ERP Results
First, ERP results revealed that visual–auditory interactions were
induced in the mirror stimuli groups, whether the stimuli were

speech-related or irrelevant, with the strongest activation in
the primary auditory cortex (Figure 2). Our finding of the
primary auditory cortex activation is consistent with those of
a previous study, in which the primary auditory cortex (BA41)
was activated by sound-related photos at around 200 ms after
stimulus presentation (Proverbio et al., 2011).

Second, on comparing the ERPs elicited by the mirror
stimuli and non-mirror stimuli, the results indicated that the
mirror neurons were more strongly activated in the “motor
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action” condition than in the functional cortex. More precisely,
an image of reading evoked a stronger activation in the
visual speech area (left BA39; Figure 2), while the image
of singing induced a stronger activation in the precentral
gyrus (BA4 and BA6), where the mouth and hand areas are
located (Figure 2).

Third, we found that that difference in the degree of
checkerboard lightness did not significantly affect ERPs.
However, a trend was found in the effect of luminance on ERPs,
which is consistent with a previous study (Sandmann et al., 2012).
Given that we only used four luminance (lightness-value of the
ERP component), a correlation analysis was not possible. Even
if differences in ERPs between mirror and non-mirror stimuli
partly originated from other differences between stimuli, such as
lightness or color, these differences do not convincingly explain
the activation in response to a “motor action” corresponding to
activity of the functional cortex.

Finally, the activated BA39, BA41, and BA42 regions are
spatially close to each other and may be involved in the function
of the left inferior parietal lobe in social cognition, language,
and other comprehension tasks (Hauk et al., 2005; Jefferies and
Lambon, 2006; Binder and Desai, 2011; Ishibashi et al., 2011;
Bzdok et al., 2016). This finding supports the idea that the
mirror mechanism is one of the mechanisms underlying visual–
auditory interactions.

Behavioral Results and Correlation
Analysis
The significant correlation found between ERP features
and speech recognition ability indicates that visual speech-
related mirror stimuli better reflect the ability of speech
recognition than non-mirror stimuli and visual speech-
irrelevant mirror stimuli. Considering that the function of
the mirror mechanism is to comprehend motor actions, this
indicates that the function of visual–auditory interactions
to reflect speech behavior is one function of the mirror
mechanism.

Above all, the behavioral results and correlation analysis
indicate that the function of visual–auditory interactions to
reflect speech behavior is one function of the mirror mechanism,
but that the primary cortex also participates in this function of
visual–auditory interaction.

Cross-Modal Plasticity and the Mirror
Mechanism
Cross-modal plasticity is a double-edged sword in the auditory
cortex regeneration of post-CI deaf people who regain auditory
input. On the one hand, in the early period, cross-modal
plasticity allows the visual cortex to take over the auditory cortex
for functional compensation, which weakens auditory function
(Finney et al., 2001; Hauk et al., 2005). On the other hand, cross-
modal plasticity allows the occupied auditory cortex to regain
its auditory function under auditory input via a CI (Anderson
et al., 2017; Liang et al., 2017). Thus, it is controversial to include
speech-related visual stimuli into rehabilitation training of post-
CI children.

In the context of the mirror mechanism, we can also give
an explanation to the dual effect to auditory function of
cross-modal plasticity. In normal-hearing people, there is a
balance between the executing and observing processes of
a visual–auditory interaction, since they can verify whether
executing (such as reading/speaking) and observing processes
(such as seeing/hearing) share the same outcome of action
goal (Rizzolatti et al., 2001), and auditory information
benefits this process.

However, in people with hearing loss, especially those with
prelingual deafness, the observing process (hearing) is absent,
which causes an imbalance between executing and observing
processes. This means that the patient uses the visual input (such
as reading lips) as the observing process to compensate for the
imbalance, which changes the outcome of the action goal into
certain movements of a muscle or joint (such as lip movement).
Some mirror neurons in the auditory cortex change the input
of the observing process from auditory input into visual input
to compensate for the absence of the observing process, which
leads to a “takeover” or “inhibition” phenomenon, according
to the theory of cross-modal plasticity (Finney et al., 2001;
Rizzolatti et al., 2001).

Considering that the mirror mechanism is also sensitive to
mastery, whereby skilled individuals have greater mirror neuron
activation (Glaser et al., 2005; Calvo-Merino et al., 2006; Cross
et al., 2006), the departure of auditory information and body
movement (such as lip language) will be strengthened in the
hearing loss period of prelingually deaf patients through repeated
“training” of “comprehending” the meaning of some speech-
related movements, such as lip movement (Geers et al., 2003;
Burden and Campbell, 2011), for survival. Even when they
regain auditory input after cochlear implantation (Giraud et al.,
2001), the misleading departure is still strong. Considering the
mirror mechanism sensitivity to mastery, proper rehabilitation
training may change input mirror neurons to the auditory
cortex from those sensitive to the observing process into an
auditory input. Learning allows the auditory cortex to regain its
auditory function, which leads to the phenomenon of auditory
cortex recovery (weakened activation of cross-modal regions is
related to improved speech performance) (Sandmann et al., 2012;
Liang et al., 2017), according to cross-modal plasticity theory.

Implications for Rehabilitation Training
For post-CI children, in the observing process, body movements
to produce speech that are related to sound, such as lip reading,
should be limited, since they will strengthen the misleading
departure of action goal as mentioned above (Cooper and
Craddock, 2006; Oba et al., 2013). However, abstract visual input
to produce speech-related sound, such as words and sentences,
should be promoted, since associating words or text with
speech for speech comprehension is an ability of normal-hearing
people and mirror neurons contribute to the comprehension
of motor actions.

In the executing process, children should be trained to verify
whether what they say is consistent with what they hear, which
calls for the cochlear to promote the quality of auditory input and
the correct of speech from others.
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CONCLUSION

Compared with non-mirror stimuli, mirror stimuli activated
the primary auditory cortex, including BA41 and BA42, which
prompted a visual–auditory interaction. Speech-related mirror
stimuli (reading) activated BA39, the visual speech area, which
implies the activation of mirror neurons. ERPs of the speech-
related mirror stimuli group could best reflect the speech
recognition ability of participants. Cross-modal plasticity is
considered to underlie the correlation between visual–auditory
interactions and speech recognition performance, and we
hypothesized that the mirror mechanism is related to cross-
modal plasticity and underlies visual–auditory interactions.
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Background: Brain functional alterations have been observed in children with
congenital sensorineural hearing loss (CSNHL). The purpose of this study was to assess
the alterations of regional homogeneity in children with CSNHL.

Methods: Forty-five children with CSNHL and 20 healthy controls were enrolled into this
study. Brain resting-state functional MRI (rs-fMRI) for regional homogeneity including
the Kendall coefficient consistency (KCC-ReHo) and the coherence-based parameter
(Cohe-ReHo) was analyzed and compared between the two groups, i.e., the CSNHL
group and the healthy control group.

Results: Compared to the healthy controls, children with CSNHL showed increased
Cohe-ReHo values in left calcarine and decreased values in bilateral ventrolateral
prefrontal cortex (VLPFC) and right dorsolateral prefrontal cortex (DLPFC). Children with
CSNHL also had increased KCC-ReHo values in the left calcarine, cuneus, precentral
gyrus, and right superior parietal lobule (SPL) and decreased values in the left VLPFC
and right DLPFC. Correlations were detected between the ReHo values and age of the
children with CSNHL. There were positive correlations between ReHo values in the pre-
cuneus/pre-frontal cortex and age (p < 0.05). There were negative correlations between
ReHo values in bilateral temporal lobes, fusiform gyrus, parahippocampal gyrus and
precentral gyrus, and age (p < 0.05).

Conclusion: Children with CSNHL had RoHo alterations in the auditory, visual,
motor, and other related brain cortices as compared to the healthy controls with
normal hearing. There were significant correlations between ReHo values and age in
brain regions involved in information integration and processing. Our study showed
promising data using rs-fMRI ReHo parameters to assess brain functional alterations
in children with CSNHL.

Keywords: congenital sensorineural hearing loss, kendall coefficient consistency, coherence-based regional
homogeneity, functional magnetic resonance imaging, neuroimaging
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INTRODUCTION

Congenital sensorineural hearing loss (CSNHL) is a disabling
disease characterized by lack of sound stimulation and hearing
loss at birth (Harlor and Bower, 2009; Tan et al., 2013). Hearing
loss not only affects language but also causes changes to motor
function and cognition (Lin et al., 2013). Cross-modal plasticity
with enhanced sensory modes such as vision has been implicated
in the effort to compensate for the hearing loss (Lee et al., 2001;
Bavelier and Neville, 2002; Lomber et al., 2010). As a result,
auditory cortex in both humans and animals with congenital
deafness may remain relatively normal without degeneration or
atrophy through non-sound stimulus from vision, movement,
and perception (Stanton and Harrison, 2000). Nevertheless, it is
unclear how brain function may be altered due to hearing loss
and how brain neuroplasticity with other sensory modes may
compensate for hearing deprivation in children with CSNHL.

Advanced neuroimaging has made possible for assessing
in vivo brain structure and function (Mayer and Trezek, 2018).
Resting-state functional brain MRI (rs-fMRI) is a functional
imaging technique based on the blood-oxygen-level-dependent
(BOLD) method to assess brain regional alterations when not
performing a task (Mirzaei and Adeli, 2016). BOLD-fMRI
indirectly reflects the intrinsic brain activity in the infraslow
frequency band (< 0.1 Hz) (Biswal et al., 1995). Compared to
the task-based fMRI, rs-fMRI can detect brain functional changes
and core brain networks (Buckner, 2013). Therefore, rs-fMRI has
been used to study various conditions including attention deficit
disorder, social anxiety disorder, epilepsy, and blindness (Plichta
et al., 2009; Fair et al., 2010; Bedny et al., 2011; Liu et al., 2015,
2017) for functional connectivity between the whole brain and
certain preset regions of interest (Calamante et al., 2013). However,
the connectivity analysis does not usually reflect brain regional
changes that are specific to the conditions under scrutiny such
as hearing loss (Greicius et al., 2007). These is an unmet need to
assess specific brain regions involved in hearing, vision, motor,
and cognition in order to understand the effect of hearing loss on
brain structure and function in children with CSNHL.

Regional homogeneity (ReHo) can be calculated based on
the Kendall coefficient consistency (KCC-ReHo) from rs-fMRI,
which measures the similarity of the time series of a given voxel
to those of its nearest neighbors (Zang et al., 2004; Zuo et al.,
2013). A prior study by Wolak et al. (2019) found that hearing
development and language processing were affected by hearing
loss as indicated by changes in the KCC-ReHo values. However,
KCC-ReHo is known to be susceptible to random noise caused by
phase delay in the time span (Ou et al., 2018). A similar method,
i.e., the coherent-based ReHo (Cohe-ReHo) method, has been
used to detect the regional synchronization of rs-fMRI signals.
Compared to KCC-ReHo, Cohe-ReHo is not sensitive to noise (Liu
et al., 2010) and has been successfully utilized to detect brain
regional alterations for various disorders (Guo et al., 2012; Liu
et al., 2012, 2018; Zhou et al., 2019). Therefore, both KCC-ReHo
and Cohe-ReHo are useful parameters and are complimentary for
assessing brain functional alterations.

In this study, we analyzed rs-fMRI for both KCC-ReHo and
Cohe-ReHo to assess the differences in brain regional activity
between the children with CSNHL and the healthy controls with

normal hearing. We used the rs-fMRI approach because it was
feasible and practical for children with CSNHL who may not
be able to perform any tasks in the MRI scanner while under
sedation. We hypothesized that children with CSNHL would have
alterations of ReHo values, especially in specific brain regions
associated with hearing, vision, motor, and executive control,
when compared to the healthy controls.

MATERIALS AND METHODS

Participants
Children with CSNHL who were right-handed and who had no
treatment for hearing loss were recruited from our outpatient
subspecialty clinic for hearing loss from January 2017 to October
2019. Children with normal hearing serving as healthy controls
were recruited from the community. Part of this cohort was
included in our previously published study of white matter
microstructural analysis of diffusion tensor imaging (Jiang et al.,
2019). However, we have not published any rs-fMRI data
from this cohort.

Inclusion criteria included right-handed children with
CSNHL diagnosed by both hearing screening tests at 3 and
42 days after birth and bilateral auditory brainstem response
(ABR) > 91 db. Exclusion criteria included the following:
severe neurological disorders such as epilepsy and congenital
leukodystrophy, conditions with impaired cognition such as
autism and severe hyperactivity syndrome, history of treatment
for ear-related diseases such as infection, history of using
hearing aids, and history of contraindications for MRI such as
having a cardiac pacer and orbital metal. For rs-fMRI scans, all
participants were sedated with 10% oral chloral hydrate in a
dosage of 0.3–0.5 ml per kg of body weight with the maximal
dosage of 80 ml. All children were under the care of a pediatrician
or a pediatric nurse practitioner while under sedation for the
brain MRI scan. No adverse effect was noted from the oral
sedation in our cohort. The study was approved by the local
ethics committee and institutional review board for research in
our hospital. Informed consent was signed by all participants’
legal guardians.

Resting-State Functional Brain MRI
Acquisition
Rs-fMRI scans were obtained on the same Siemens Verio 3T
scanner (Siemens Healthcare, Erlangen, Germany). Soft earplugs
and foam pads were used to reduce the scanner noise and head
motion. The rs-fMRI scans were obtained when the children
were asleep after oral sedation. Gradient-echo planar imaging
sequence for rs-fMRI was acquired for all participants with the
following parameters: repetition time/echo time = 2,000/30 ms,
30 slices, 64 × 64 matrix, 90◦ flip angle, 24 cm field of view (FOV),
4 mm slice thickness, 0.4 mm gap, and 250 volumes (500 s).

Resting-State Functional Brain MRI Data
Processing
Rs-fMRI data were preprocessed with DPARSF package based
on the MATLAB platform (Chao-Gan and Yu-Feng, 2010).
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Briefly, the first 10 volumes were discarded for signal stabilization
and subject adaptation, which was followed by slice timing
and spatial realignment. Subjects with excessive head motion
(translational and rotational displacement exceeded 2.0 mm or
2.0◦) were excluded.

All images were normalized to the standard space on the
Montreal Neurological Institute (MNI) template and were
resampled to 3 × 3 × 3 mm3. The MNI template has been known
to be appropriate for normalizing brains from young children
to adolescence (Chen et al., 2017, 2018). Subsequently, linear
trend, white matter signal, cerebrospinal fluid signal, and Friston
24 motion parameters were used as regressors to reduce effects of
head movement and non-neuronal information (Yan et al., 2013).
Band-pass (0.01–0.08 Hz) filtering was then conducted.

The KCC-ReHo values of the pre-defined band time series of
each voxel in the entire brain relative to the nearest 27 voxels
were calculated with the REST plus software.1 The resulting
data were further spatially smoothed using a 6-mm isotropic
full width at half maximum (FWHM) Gaussian kernel to
generate the ReHo map.

In addition to the KCC-ReHo values, a second set of ReHo
values, i.e., the Cohe-ReHo, were calculated with the following
three steps in the REST plus software (Liu et al., 2010). First, the
power spectrum of time series in each voxel was estimated with
the Welch’s modified periodogram averaging method. Second,
the coherences between time series in each voxel and its nearest
27 voxels were estimated. Third, the 27 coherence values were
averaged to represent the Cohe-ReHo of the center voxel. To
eliminate the differences in the overall level of the whole brain
ReHo value among the individuals, the ReHo value of each
voxel was divided by the mean value of the whole brain signal
amplitude. The resulting data were further spatially smoothed
using a 6-mm isotropic FWHM Gaussian kernel to generate the
ReHo maps for statistical analysis.

Statistical Analysis
The demographic data were analyzed with SPSS Version 16
(SPSS, Inc., Chicago, IL, United States). Two-sample T-test
was performed to detect the differences in ReHo values
between the CSNHL group and the healthy control group using
REST plus. Age, gender, and mean framewise displacement
(Mean FD) were considered as covariates for estimating
their effects on group difference independently. Alphasim
correction was used for multiple comparisons with voxel-level
significance set at p < 0.01 and cluster-level significance set
at p < 0.05 (Zhou et al., 2019). We chose more lenient
p-values for multiple comparison because of our intent to
identify preliminary results for hypothesis generating, to balance
α and β errors in statistical analysis, and to verify the results
with two ReHo indices. All significant clusters were reported
on the MNI coordinates, and the T-values of the peak voxel
were determined.

We conducted Pearson correlation analysis between ReHo
values and age with REST plus software. Focusing on the
positive and negative correlation peaks, the signals in the spheres

1http://restfmri.net/forum/restplus

with a radius of 6 mm were extracted, and age-related scatter
plots were presented.

RESULTS

A total of 45 children with CSNHL and 20 healthy controls
were recruited into this study. The participants ranged from
0.5 to 16 years of age. There were no significant differences in
gender (p = 0.60), age (p = 0.33), or head movement parameters
(p = 0.11) between the CSNHL group and the healthy control
group (Table 1).

Regional Homogeneity Results
There were significantly increased Cohe-ReHo values in left
calcarine and decreased values in bilateral ventrolateral prefrontal
cortex (VLPFC) and right dorsolateral prefrontal cortex (DLPFC)
in the CSNHL group when compared to the healthy control
group with corrected p < 0.05 for all clusters (Table 2 and
Figure 1A).

There were significantly increased KCC-ReHo values in the
left calcarine, left cuneus, left precentral, and right superior
parietal lobule (SPL) and decreased values in left VLPFC and
right DLPFC in the CSNHL group when compared to the healthy
control group with corrected p < 0.05 for all clusters (Table 2 and
Figure 1B).

Correlation Between Regional
Homogeneity Values and Age
Significant correlations were detected between ReHo values in
certain brain regions and the age of children with CSNHL with
Alphasim- corrected p < 0.01 at the voxel level and p < 0.05 at the
cluster level. There was no correlation between the ReHo values
and age in the healthy control group after Alphasim correction
(p > 0.05).

The correlation between the KCC-ReHo values and age
and the correlation between the Cohe-ReHo and age were
similar in the children with CSNHL. There were significant
correlations between ReHo values and age in the following
brain regions: prefrontal cortex (PFC), posterior cingulate cortex
(PCC)/precuneus, bilateral fusiform/parahippocampal gyrus,

TABLE 1 | Participant information.

CSNHL (n = 45) HC (n = 20) p

Age (years ± SD) 4.82 ± 2.64(range 1.5–13) 5.66 ± 3.36
(range 0.5–16)

0.33

Gender (Male/Female) 25/20 13/7 0.60

Handedness 45 right-handed 19
right-handed

Mean FD 0.15 ± 0.07 0.19 ± 0.10 0.11

dB HL

Left ear (dB) 105.01 ± 8.13 (97–120)

Right ear (dB) 99.91 ± 8.74 (92–120)

CSNHL, congenital sensorineural hearing loss; HL, hearing loss; dB, decibel; HC,
healthy control; Mean FD, mean framewise displacement.
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TABLE 2 | Differences in regional homogeneity (ReHo) values between the
congenital sensorineural hearing loss (CSNHL) group and the healthy
control (HC) group.

Index Breakpoint cluster
region (BCR)

Cluster size Coordinate (mm) t-value

X Y Z

Cohe-ReHo CSNHL > HC

Left calcarine 190 −15 −57 9 4.96

CSNHL < HC

Left VLPFC 737 −12 36 −6 −4.30

Right VLPFC 352 30 48 6 −3.90

Right DLPFC 222 12 51 30 −4.38

KCC-ReHo CSNHL > HC

Left calcarine 146 −15 −57 9 4.88

Left cuneus 164 −9 −78 30 3.62

Left precentral 158 −48 −3 48 5.30

Right SPL 196 48 −45 63 4.36

CSNHL < HC

Left VLPFC 661 −36 36 9 −5.40

Right DLPFC 702 12 54 24 −4.68

VLPFC, ventrolateral prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; SPL,
superior parietal lobule. All clusters were corrected with p < 0.05.

FIGURE 1 | Comparison of regional homogeneity (ReHo) values between the
patient group with CSNHL and the healthy control (HC) group.
(A) Comparison of coherence-based regional homogeneity (Cohe-ReHo)
values between the CSNHL group and the HC group. (B) Comparison of
Kendall coefficient consistency (KCC-ReHo) values between the CSNHL
group and the HC group.

and precentral gyrus. Among them, PFC and PCC/precuneus
were positively correlated with age, with the strongest point
located at the right VLPFC. Bilateral temporal lobe fusiform

gyrus/parahippocampal gyrus and precentral gyrus were
negatively correlated with age, with the strongest point located in
the right fusiform gyrus (Table 3 and Figure 2). The mean ReHo
values in each of the brain regions were extracted for both the
CSNHL group and the healthy control group. Their relationships
with age were presented in Figure 3.

DISCUSSION

To the best of our knowledge, our study was the first to assess
brain regional Cohe-ReHo alterations in children with CSNHL.
We found de-synchronization of brain regional activity showing
different ReHo values in different brain regions of the deaf
children. In addition, we also found significant correlations
between the ReHo values and age in children with CSNHL.

Our findings of increased KCC-ReHo values in left calcarine
and left cuneus in the CSNHL group as compared to the healthy
control group were generally in line with literature. Calcarine
and cuneus as parts of occipital lobe belong to the visual cortex
and are involved in visual processing. Bavelier et al. (2006)
reported that deaf patients had better visual performance than
those with normal hearing, especially in tasks requiring higher
attention. A higher KCC-ReHo value in the right occipital lobe
has been found by Xia et al. (2017) in children with CSNHL.
Shiell et al. (2015) suggested that early auditory deprivation may
lead to functional reorganization of the auditory cortex and may
enhance interactions between auditory and visual brain regions.
Converging evidence from our data and other’s observations
supports the notion for cross-modal reorganization of auditory-
related brain regions for the hearing impaired. Audio-visual

TABLE 3 | Correlation between regional homogeneity (ReHo) values and age in
children with congenital sensorineural hearing loss (CSNHL).

Index Breakpoint cluster
region (BCR)

Cluster
size

Coordinate (mm) t-value

X Y Z

Cohe-ReHo

PFC 6,189 48 36 33 7.13

PCC/precuneus 707 15 −75 60 4.81

Right
fusiform/parahippocampal

519 39 −33 −21 −4.76

Left
fusiform/parahippocampal

632 −18 −27 −18 −4.58

Precentral gyrus 1,218 21 −27 69 −4.64

KCC-ReHo

PFC 5,230 −48 33 −12 7.11

PCC/precuneus 449 15 −75 60 4.64

Right
fusiform/parahippocampal

401 39 −36 −18 −5.46

Left
fusiform/parahippocampal

358 −39 −21 −18 −4.58

Precentral gyrus 1,480 18 −30 66 −5.43

PFC, prefrontal cortex; PCC, posterior cingulate cortex: KCC-ReHo, Kendall
coefficient consistency; Cohe-ReHo, coherence-based regional homogeneity.
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FIGURE 2 | Correlation between regional homogeneity (ReHo) values and age
in children with congenital sensorineural hearing loss (CSNHL). Positive
correlations were indicated in red color, and negative correlations were
indicated in blue color. (A) Correlation between coherence-based regional
homogeneity (Cohe-ReHo) values and age. (B) Correlation between Kendall
coefficient consistency (KCC-ReHo) values and age.

modal reorganization is one type of the cross-modal patterns for
which the deaf children may mobilize more visual resources to
compensate for deprivation of sound stimuli (Bavelier et al., 2006;
Xia et al., 2017).

Precentral gyrus is the primary motor cortex, and it is
an important structure for autonomous movement (Rivara
et al., 2003). Westermann and Reck Miranda (2004) and
Shi et al. (2016) showed that infants learn language by
learning the connections between sounds and actions needed
for pronunciation, indicating that the synchronicity between
the auditory and motor cortex may be critical in language
development. For children with CSNHL, deprivation of sound
and desynchronization of cortex may motivate and enhance
additional sensory and motor stimuli. Therefore, it was not
surprising to see our data showing increased brain activity in the
motor-related cortex, i.e., precentral gyrus, which may be part of
the efforts to compensate for the hearing loss.

SPL is a brain region important for cognitive and motion-
related process operating as a transmitter of somatosensory,
visual motor integration, and visual spatial attention (Corbetta
et al., 1995; Parks and Madden, 2013). Iacoboni et al. (1999)

reported that SPL could encode motion perception such as finger
movements. Sign language has been used by school-age children
with CSNHL for communication, and these children may activate
their motor cortex through hand and finger movement (Hari
et al., 1998). In line with the abovementioned studies, our results
of showing increased ReHo values in the SPL may reflect the
brain functional neuroplasticity to integrate the visual function
and motor function through sign language.

Our study showed decreased ReHo in bilateral VLPFC and
right DLPFC, which were components of the executive control
network implicated in initiating and modulating cognitive
function. These brain regions contain multi-sensory cells that
can receive various types of afferent stimuli (Sugihara et al.,
2006). Published literature has suggested that DLPFC is related
to auditory spatial processing (Klaus and Schutter, 2018), while
VLPFC is responsible for receiving the input of auditory cortex
for non-spatial acoustic processing (Romanski et al., 1999).
A prior study of amnestic mild cognitive impairment showed
decreased ReHo in DLPFC and decreased local connectivity
(Zhen et al., 2018). We speculated that the lack of sound
stimulation may have weakened the functional integration of
VLPFC and DLPFC as reflected by reduced ReHo values in
these brain regions.

Our study showed both similarities and differences in the
ReHo alterations between the Cohe-ReHo and the KCC-ReHo
methods. For instances, both methods showed increased values
in the left calcarine and decreased values in VLPFC and DLPFC.
However, the KCC-ReHo method identified increased values in
additional brain regions such as cuneus, precentral gyrus, and
SPL, which are related to motor cortex and neuroplasticity. The
mechanism underlying these results is not clear. We speculate
that it might be due to the subtle variations in these two methods,
such as calculation accuracy or threshold selection. Nevertheless,
our pilot study identified these intriguing results, which should
motivate more research to understand the implications of ReHo
alterations from these two methods on functional adaptation and
cross-modal plasticity for the children with hearing impairment.

We found a positive correlation between the ReHo value of
PFC and PCC/precuneus with age in children with CSNHL.
For our cohort, hearing deprivation became apparent at birth.
Therefore, their age indicated the duration of their hearing loss
and older children suffered from longer duration of hearing loss
than the younger ones. We speculate that the positive correlation
between ReHo and age may imply the occurrence of more
brain alterations in older children due to the longer duration of
their hearing loss.

Prior studies have shown that prefrontal cortex is essential
in auditory cognition because it receives information from a
wide range of auditory regions (Rowe et al., 2008). On the other
hand, as a node in the default mode network, PCC/precuneus
can simultaneously communicate with various brain networks
involved in multiple brain functions such as cognition and motor
(Rolls, 2019) while receiving sensory input from brain auditory
regions (Rowe et al., 2008; Tanabe and Sadato, 2009). Conway
et al. (2011) considered that the lack of auditory input may
have reduced auditory-frontal connectivity, which may affect
the development of cognitive function and motor skills for
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FIGURE 3 | Correlation between regional homogeneity (ReHo) values and age. The strongest positive correlation was located in the right ventrolateral prefrontal
cortex (VLPFC), and the most negative correlation was located in the right fusiform gyrus.

the hearing impaired. In our study, with increasing age of the
children with CSNHL along with longer duration of hearing loss,
we should not be surprised to see increasing ReHo values as the
children grow older, thus having a positive correlation between
ReHo and age. We speculate that PFC and PCC/precuneus may
need stronger information integration with more brain activity to
cope with disruption of the normal physiological status in some
brain regions due to prolonged hearing loss.

Our study showed that the ReHo values of bilateral temporal
lobe fusiform gyrus/parahippocampal gyrus and precentral gyrus
were negatively correlated with age. Temporal lobe fusiform
gyrus and parahippocampal gyrus participate in language
decoding and semantic processing during auditory stimulus
(Kravitz et al., 2011; Forseth et al., 2018). A prior study has
suggested that preoperative cortical stimulation would impair
the performance of reading and hearing comprehension tasks,
reflecting the important role of these brain regions for completing
these tasks (Binder et al., 1997). As the severity of deafness
increases, these brain regions may need to increase activity to
compensate for the lack of sound stimulus.

There has been extensive literature on hearing loss and rs-
fMRI methodology. For instance, a study by Xia et al. (2017)
enrolled infants with CSNHL and matched normal hearing
controls and analyzed rs-fMRI data. They found alterations
of ReHo in brain areas for language, auditory, and visual
information processing in infants with CSNHL. On the other
hand, our study focused on ReHo analysis with estimates of
two ReHo parameters, i.e., KCC-ReHo and Cohe-ReHo. Similar
to their study, we found ReHo alterations in auditory and
visual brain areas. However, we also identified additional ReHo

alterations in brain regions related to motor and cognitive
function in children with CSNHL. Although a large range of age
in our cohort was recognized as a limitation to our study, this
cohort did enable us to obtain pilot ReHo data in older children
beyond 4 years of age as the Xia et al. (2017) study only enrolled
children up to 4 years of age.

In addition to the rs-fMRI approach, other fMRI methods
have been used to study hearing loss, which has generated
promising results. For example, a study by Zhang et al.
(2006) used a block-design fMRI paradigm with pure tones
and found differences in brain activations in subjects with
sensorineural hearing loss as compared to the controls. In
addition, they also found differences in audio-evoked fields on
magnetoencephalography between the patient group and the
control group. It should be noted that the rs-fMRI method
is robust and has been used extensively to study various
disorders and conditions. A study by Ni et al. (2016) used
resting-state fMRI approach and found differences in ReHo
values between the subjects with mild cognitive impairment
with and without lacunar infarctions. Nevertheless, our study
has merits and we contributed to the hearing research through
assessment of the underlying brain functional neuroplasticity in
children with CSNHL.

There were several limitations to this study. First, the sample
size was small, which may limit our ability to detect subtle
alterations in the ReHo values in our children with CSNHL. In
addition, our cohort included children with a large range of age
and we did not have a sufficient sample size to separate this
cohort into different age groups. We understand that brain fMRI
parameters may be varied with age along the course of brain
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development. However, we believe that this variation should
be balanced off in our cohort since there was no significant
difference in age between the CSNHL group and the healthy
control group. Second, our analysis of brain activity did not take
into consideration the severity of deafness in this cohort with
CSNHL. Third, this study was cross-sectional in design, limiting
our assessment for recovery or additional alterations of ReHo
parameters over time. In addition, our study was limited due
to our inability to incorporate education situation as a covariate
in data analysis. It was because we could not definitively gauge
the educational levels for our children with CSNHL due to their
various educational backgrounds and socioeconomic status. Our
study was also limited by other aspects of potential differences
such as emotional stress between the two groups. Lastly, sign
language was not considered as a confounding variable in our
data analysis. We did not include the history of using sign
language in our analysis because of the discrepancy in sign
language use among the participants. Some children in our cohort
learned and practiced sign language, while some did not. We
did not have the statistical power in this small cohort to assess
the effect of sign language use on the brain changes. In the
future, we will enroll a larger cohort to tease out the effect of the
potential confounding variables such as the severity and duration
of deafness, different age groups, sign language use, and history
of treatment for hearing loss on brain function.

CONCLUSION

In summary, we found brain functional alterations as indicated
by rs-fMRI ReHo values in the brain regions related to
auditory, visual, motor, and cognitive function in children with
CSNHL. We also observed a significant correlation between
brain functional changes and age. Our study results implicated
neuroplasticity and compensatory changes in children with
CSNHL to adapt for hearing deprivation. Our study showed
promising data for using an imaging approach to uncover the
neural correlates of hearing loss and to improve the care of our
vulnerable children with CSNHL.
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Serotonin transporter (SERT) modulates the level of 5-HT and significantly affects the
activity of serotonergic neurons in the central nervous system. The manipulation of SERT
has lasting neurobiological and behavioral consequences, including developmental
dysfunction, depression, and anxiety. Auditory disorders have been widely reported
as the adverse events of these mental diseases. It is unclear how SERT impacts
neuronal connections/interactions and what mechanism(s) may elicit the disruption
of normal neural network functions in auditory cortex. In the present study, we
report on the neuronal morphology and function of auditory cortex in SERT knockout
(KO) mice. We show that the dendritic length of the fourth layer (L-IV) pyramidal
neurons and the second-to-third layer (L-II/III) interneurons were reduced in the auditory
cortex of the SERT KO mice. The number and density of dendritic spines of these
neurons were significantly less than those of wild-type neurons. Also, the frequency-
tonotopic organization of primary auditory cortex was disrupted in SERT KO mice.
The auditory neurons of SERT KO mice exhibited border frequency tuning with high-
intensity thresholds. These findings indicate that SERT plays a key role in development
and functional maintenance of auditory cortical neurons. Auditory function should be
examined when SERT is selected as a target in the treatment for psychiatric disorders.

Keywords: serotonin transporter, auditory cortex, dendritic spines, tonotopic map, hearing disorder

INTRODUCTION

Serotonin, one of the most widely spread neurotransmitters in the central nervous system, has been
known to play a critical role in brain morphogenesis and functions (Azmitia, 2001; Gaspar et al.,
2004). The defects of serotonergic neurons are related to many psychiatric disorders, including
depression, anxiety, and autism spectrum disorder (ASD) (Simpson et al., 2011). Acting as a key
regulator of serotonergic activity, the serotonin transporter (SERT) is usually selected as the target
of antidepressant treatments. SERT represents a potential mediator for anxiety- and depression-
related behaviors. However, chronic exposure to selective serotonin reuptake inhibitors (SSRIs)
was reported to elicit hearing disorders, such as tinnitus (Kehrle et al., 2015; Pattyn et al., 2016),
auditory hallucinations (Kogoj, 2014), and hearing loss (Blazer and Tucci, 2018).
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However, how the functions of SERT affect the auditory
system remains unclear. Both increases and decreases in
serotonin levels during early development have been found to
impair the formation and function of the primary somatosensory
cortex of rodents (Cases et al., 1996; Persico et al., 2000;
Jennings et al., 2006). Pre- and post-natal exposure to the SSRI
disturbed the chemoarchitecture of the mouse auditory cortex
(AC) and resulted in ASD-like behavior (Simpson et al., 2011).
Our previous study found that both SSRI treatment and SERT
knockout (KO) did not change the auditory brain responses but
abolished the auditory mismatch negativity in adult animals (Pan
et al., 2020). These investigations suggest that SERT may affect
the auditory functions by manipulating the serotonin level and
serotonergic neurons of AC.

In rodents, 2 weeks after birth, layer IV afferent neurons
in the primary visual, auditory, and somatosensory cortex
are innervated by aggregates of serotonin-containing processes
(D’Amato et al., 1987; Blue et al., 1991). At present, the
morphological and especially the functional implications of SERT
in AC remain unclear. In the present study, we examined the
fine dendritic structure of the neurons in primary AC. We
found that although expression of SERT is low in the AC,
both pyramidal neurons and interneurons in SERT KO mice
showed significant reductions in dendritic length, the number,
and density of dendritic spines than did wild-type (WT) mice.
The electrophysiological features of AC were also impaired by
the SERT deficit. These results suggest that SERT plays a key
role in development and functional maintenance of AC. This
may explain the observed hearing disorders in patients utilizing
drugs that target SERT, such as SSRIs, in the treatment for
psychiatric disorders.

MATERIALS AND METHODS

All the animal experiments involved in this study were approved
by the Institutional Animal Care and Use Committee (IACUC) of
Southern Medical University. The principles formulated by the
Animal Care Committee of Southern Medical University were
followed throughout the experiment.

Subjects
SERT KO mice were derived from the Jackson Laboratory (Stock
No. 008,355) and backcrossed with C57BL/6J background mice
(Bengel et al., 1998). Polymerase chain reaction (PCR) protocol
used for genotyping SERT KO mice has been reported in our
previous literature (Pan et al., 2020). Male and female mice aged
2–4 months and weighting 20–26 g were employed in our test.
Animals were housed in a room maintained at 22◦C (±2◦C) and
kept on a 12:12 light/dark cycle with lights on at 8:00 a.m.

Immunohistochemistry
In this study, adult C57BL/6J mice were deeply sedated
with pentobarbital sodium (50 mg/kg) administered via
intraperitoneal injection. The mice were perfused intravascularly
via the left ventricle with phosphate-buffered saline (PBS; pH
7.4), followed by a fixative, viz., 4% (w/v) paraformaldehyde. The

mice were decapitated; the brain and cochleae were harvested
and fully fixed in 4% paraformaldehyde, at 4◦C overnight. Then
the brain was sectioned on a freezing microtome to a thickness
of 50 µm. The cochleae were washed in PBS, then placed
into 10% ethylenediaminetetraacetic acid (EDTA) decalcifying
solution, and replaced with fresh decalcifying solution every day
for 6–8 days. Decalcification is terminated when the cochleae
were transparent and elastic. Then the cochleae were sliced up
parallel to the modiolar plane of the cochlea, and thickness of
the slices was 10 µm. Brain and cochleae tissue samples were
permeabilized in 0.3% Triton X-100 (Gibco, Grand Island, NY,
United States) for 1 h and immunoblocked with a solution of
10% goat serum albumin for an additional hour. The specimens
were incubated overnight at 4◦C with SERT antibody (Millipore,
Billerica, MA, United States; cat. no. 2828614) diluted in 10%
goat serum albumin. After several washes in PBS, the specimens
were then incubated with the Alexa-Fluor-488-conjugated
secondary antibody at a concentration of 1:1,000 for 1 h at room
temperature. To assign neurons, sections were counterstained for
20 min at room temperature with a fluorescent dye NeuroTrace
530/615 (1:100, Invitrogen, Carlsbad, CA, United States).
Samples were then washed with PBS for three times and
examined by using a Nikon confocal microscope (Nikon
Instruments Inc., Melville, NY, United States).

Golgi Staining
Golgi staining was used to visualize the dendritic branching
complexity and spines of the neurons in the mice. Mice
were anesthetized with 10% chloral hydrate. The brains were
taken after being fully infused with 0.9% saline and 4%
paraformaldehyde, successively. Then, the brains were immersed
in Golgi–Cox solution (Glaser and Loos, 1981) and stored at
room temperature for 2 weeks in the dark. Next, the brains were
transferred to a 30% sucrose solution and dehydrated at 4◦C
for 2–5 days, avoiding light. The brain tissues were completely
coated with OCT embedding agent (Tissue-Tek 4583; Sakura
Finetek United States, Inc., Torrance, CA, United States). The
100-µm-thick sections were prepared on gelatin-coated slides
in a coronal plane parallel to the base and left to air-dry away
from light for 2 days before being processed for Golgi–Cox
impregnation. The brain slides were put into a special opaque
staining box, and Golgi–Cox staining was performed as the
literature (Zhang et al., 2009).

Sholl’s Analysis
Dendrites in each of the selected neurons were quantitatively
analyzed using Sholl’s concentric circle method (Sholl, 1953). The
neurons were selected from layers IV and II/III in AC using
the following criteria: (1) the cell body was in the subregion
of interest, (2) the staining of the branches was efficient and
complete throughout the length, and (3) the branches were
isolated from their neighbors. A series of concentric rings, spaced
20 µm apart, were placed over the neuron and centered on the cell
body, and the number of dendrites intersecting each circle in the
series of concentric circles was counted blind to the experimental
conditions to estimate the total dendritic length, branch points,
and dendritic complexity.
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Dendritic Spine Density Analysis
Spine analyses were conducted blind to the experimental
conditions on coded Golgi impregnated brain sections containing
the AC. Spines were examined on dendrites of pyramidal
neurons and inter neurons. Briefly, all protruding dendritic
spines were counted on per 25-µm dendritic segments. Spine
density was expressed as the number of spines per 25 µm. Two
to three dendritic segments were analyzed per neuron. Only
intact, properly stained, and unbranched dendritic segments were
included in the analyses. To acquire images for spine analysis, the
dendritic segments were imaged under bright field illumination
on a Zeiss Axioimager microscope (Carl Zeiss, Oberkochen,
Germany) with a 63× oil immersion objective.

Recording in the Primary Auditory
Cortex (AI)
WT and SERT KO mice weighing 20–26 g were anesthetized
by pentobarbital sodium (30 mg/kg, i.p.), followed by atropine
sulfate (0.25 mg/kg, i.h.) to prevent asphyxia. The level of
anesthesia was maintained by additional dosages of sodium
pentobarbital (30 mg/kg, i.p.) administered approximately every
40 min throughout the physiological experiments. Under
anesthesia, the mouse’s head was fixed in a head holder by rigidly
clamping on a nail about 1.5 cm long fixed on the surface of the
skull vertically with dental cement (Tang et al., 2008; Tang and
Suga, 2009).

The scalp, muscles, and soft tissues of the skull were then
removed; an opening above the left AC was made using a
dental driller; and the dura was gently removed. The anatomical
location of AI in AC was marked according to the brain map
(bregma −2.7 mm, left/right of the midline 3.5 mm) (Umbricht
et al., 2005), and the size of the parietal open window was
0.2 × 0.2 mm2. The cortex was maintained under artificial
cerebrospinal fluid to prevent desiccation. The mouse was placed
on a feedback-controlled heating pad to maintain its body
temperature at 37◦C. All electrophysiological experiments were
performed in a soundproof and echo-attenuated chamber.

Microelectrodes with a ∼1-µm tip diameter (7–12 M�, filled
with 3 mol/L of KCl) were used for recordings. At every recording
site, the microelectrode was lowered orthogonally into the cortex
to depths of 200–375 µm (layers II/III) or 475–600 µm (layers
IV/V), where the evoked spikes of a neuron or a small cluster
of neurons were collected. After the best frequency (BF) of
neurons was found at a recording point once, the electrode
was moved toward the rostral or caudal side to the next point
200–300 µm away from the previous recording point, and the
same measurement was repeated. Complete examinations were
repeated in this way until no response at the two adjacent voice-
induced recording sites was observed in any direction.

Pure tones were generated and played with a TDT 3 system
(Tucker-Davis Technologies, Alachua, FL, United States) for
auditory mapping. A real-time processor (RP2.1) and a program
written in RPvdsEx software were used to synthesize the sound
signals. Sound intensity was adjusted by an attenuator (PA5).
The synthesized sound signal was amplified by an electric driver
(ED1) with an open-field speaker (ES1). Before the OpenEx

software (sampling rate = 25 kHz) recording, the speakers were
calibrated with 1/8- and 1/4-inch microphones (Brüel and Kjaer
4138, 4135, Naerum, Denmark). Neural signals were amplified
10,000× using a digital amplifier (RA16) with a 0.3- to 3-kHz
filter and monitored online by a software Brainware (Tucker-
Davis Technologies). Frequency–intensity receptive fields (RFs)
were reconstructed in detail by presenting pure tones (50-ms
duration, 5-ms ramps) of six frequencies (2–32 kHz) at nine
sound intensities [0–90 dB sound pressure level (SPL), in 10-dB
increments] at a rate of two stimuli per second. The tones were
presented in a random, interleaved sequence.

To generate the cortical map, we used Matlab functions to
create colored polygons, constructed by connecting a record
point and intermediate points between four and six adjacent
record points (Bao et al., 2003). The electrode penetration point
was located in its center, and each polygon was the BF with
responsive neurons at this point. In the topological diagram, the
RF of auditory neurons in area AI was continuous, single-peaked,
and V-shaped. Moreover, the BF of the neurons in this region was
tonotopically organized, with high frequencies in the rostrally
and low frequencies in the caudally.

Data Processing and Statistical Analysis
We defined the minimum threshold (MT) and BF to enable
neurons to respond to the minimum stimulus sound intensity
at the corresponding sound frequency when firing maximum
number of spikes at this site. The BF of the cortical region AI was
defined as the frequency at the tip of the tuning curve, that is, the
sound frequency corresponding to the MT of the neuron at this
place. The sharpness of the frequency-tuning curve, defined for
all recording sites, was represented by the value Q30 (Tang et al.,
2012). Q30 was equal to the BF divided by the bandwidth value
of 30 dB above the MT within the frequency–intensity RF range.
The larger the Q30, the sharper the tuning curve representing
the neurons, and the better the frequency selectivity of the
neurons. A customized MatLab program (MathWorks, Natick,
MA, United States) was used to analyze and plot tonotopic map
of A1. Tonotopic index (TI) was used to evaluate the tonotopic
organization by following the methods described in previous
studies (Zhang et al., 2001; Bao et al., 2004).

We used SPSS 20 software (IBM, Armonk, NY, United States)
to perform statistical analysis. The two-tailed t-tests (for
unpaired comparisons) and two-way ANOVA (for multiple-
group comparisons) were used to test for significant differences
between groups. Statistical significance was defined as p < 0.05.
GraphPad Prism 7 (GraphPad Software, San Diego, CA,
United States) was used for plotting.

RESULTS

By using immunostaining, the expression of SERT in the
auditory neural system was examined systematically. As shown
in Figure 1, no robust SERT expression was detected in
the cochlea (spiral ganglion neurons; Figure 1A), auditory
brainstem (cochlear nuclei, superior olivary complex, and
inferior colliculus; Figures 1B–D), or auditory thalamus (medial
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FIGURE 1 | Representative images show the serotonin transporter (SERT)
expression in different regions of auditory system. (A–G) Confocal images
show the SERT (green) expression in the spiral ganglion neurons (SGN),
cochlear nuclei (CN), superior olivary complex (SOC), inferior colliculus (IC),
medial geniculate body (MGB), auditory cortex (AC), and raphe nuclear
complex (RN). Insets are the magnified images of the boxes in (F,G). The soma
and nucleus of neurons are colored in red (Nissl) and blue (DAPI), respectively.
SERT is colored in green. Scale bars: 50 µm for (A–G) and 10 µm for insets.

geniculate body; Figure 1E). Hence, we examined the SERT
expression in the primary AC. Our data from AC exhibit sporadic
spread of SERT immunoreactive puncta, which represents the
SERT immunoreactive fibers (Figure 1F). However, the SERT
immunoreactive puncta was usually detected around the soma of
cortical neurons (inset of Figure 1F) with a much lower density
than the expression in the raphe nuclear complex (Figure 1G).
This result suggests that AC neurons receive sparse serotonergic
projections, if any.

To determine the roles of these serotonergic projections, the
morphology of AC neurons from SERT KO mice was examined
in comparison with that of WT mice. Our data show that for
pyramidal cells in layer IV, the number of intersections and the
total length of dendrites were significantly reduced in both apical
and basal dendrites of the SERT KO AC neurons (Figure 2).
Moreover, the reduction of dendrites was also found in layer II/III
interneurons of SERT KO AC (Figures 2F,G).

Most excitatory synaptic connections occur on dendritic
spines. Spines can individually detect the temporal coincidence of
pre- and post-synaptic activities and thus serve as basic functional
units of neuronal integration (Gray, 1959; Yuste and Denk,
1995; Spacek and Harris, 1998; Arellano et al., 2007). To further
determine whether synaptic function at neuronal junctions was
altered in SERT KO mice, we looked at the morphologic structure
of the dendritic spines of AC neurons. We measured the number
and density of total dendritic spines in layer IV pyramidal cells

and layer II/III interneurons from the AC of WT and SERT
KO mice (Figure 3A). In apical dendrites, the total number of
dendritic spines of layer IV pyramidal cells was less in SERT
KO mice [vs. WT, F(1,159) = 252.5, p < 0.0001, two-way
ANOVA]. Significant reduction was observed at a distance of
25–125 µm from cell bodies (vs. WT, p < 0.001, two-tailed
t-test; Figure 3B). The mean density of apical dendritic spines
reduced significantly in SERT KO mice (vs. WT, p < 0.0001,
two-tailed t-test; Figure 3E). The total number of basal dendritic
spines of layer IV pyramidal cells was also reduced in SERT KO
mice [vs. WT, F(1,356) = 109.6, p < 0.0001, two-way ANOVA]
and significantly reduced at a distance of 25–150 µm from
cell bodies (vs. WT, p < 0.001, two-tailed t-test; Figure 3C).
Meanwhile, the mean density of basal dendritic spines reduced
significantly in SERT KO mice (vs. WT, p < 0.0001, two-
tailed t-test; Figure 3F). However, the total number of dendritic
spines in layer II/III interneurons in SERT KO mice was not
significantly different [vs. WT, F(1,292) = 10.93, p = 0.011, two-
way ANOVA]. The density was only found reduced at a distance
of 25–75 µm from cell bodies (vs. WT, p < 0.05, two-tailed
t-tests; Figure 3D). The mean density of dendritic spines was
also significantly reduced in SERT KO mice (vs. WT, p < 0.0001,
two-tailed t-test; Figure 3G). Together with the results of our
Sholl’s analysis, these morphological data implied that synaptic
transmission between the subcortical and cortical neurons, as
well as the neurons within the AC, might be weakened in the
auditory system of SERT KO mice. These defects may affect the
functions of SERT KO AC neurons.

Electrophysiological experiments were conducted to
investigate the functional alteration of auditory neurons in
primary AC (AI) of SERT KO mice. Previous studies have found
that neurons at different locations within the same layer of AI
respond to different frequencies (Kelly and Sally, 1988; Kaas
et al., 1999; Zhang et al., 2001; de Villers-Sidani et al., 2007).
Therefore, we measured the “frequency-tonotopic map” of
neurons in the AI region of cortex. A total 246 sites and 243 sites
were recorded from the auditory cortical area of WT and SERT
KO mice, respectively. Normally in WT mice, high-frequency
sensitive neurons are located in the rostral sites of the AI region,
and low-frequency sensitive neurons are located in caudal side
(Stiebler et al., 1997).

As shown in the representative data in Figure 4A, the BFs
of AC neurons were distributed regularly from the rostral to
caudal sites, forming a compact and ordered “tonotopic map”
in WT mice. However, for AC neurons of SERT KO mice, their
frequency selectivity did not show a systematic organization,
although the neurons that respond to high frequencies were
still mostly located to the rostral side. We further analyzed
the frequency range and the total area of the AI region. No
statistical difference was found between SERT KO and WT mice
(p> 0.05, two-tailed t-test; Figures 4B,C). The BFs of all recorded
sites were plotted against a normalized AC axis (Figure 4D).
The distribution of BFs was quantified with the TI, which was
significantly increased in SERT KO mice (p < 0.01, two-tailed
t-test). These results showed that a disrupted tonotopic map was
found in the AC of SERT KO mice, suggesting that SERT may
mainly affect the neuron’s tuning property.
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FIGURE 2 | Serotonin transporter (SERT) knockout (KO) degrades the dendrites of layer IV pyramidal neurons and layer II/III interneurons in auditory cortex.
(A) Representative dendritic morphology of layer IV pyramidal cells in auditory cortex from wild-type (WT) and SERT KO mice. Scale bar: 20 µm. (B,C) Comparing
the number of intersections and the total length of the apical dendrites of layer IV pyramidal cells in WT mice with SERT KO mice. (D,E) Comparing the number of
intersections and the total length of the basal dendrites of layer IV pyramidal cells in WT mice with SERT KO mice. (F,G) The number of intersections and the total
length of the dendrites of layer II/III interneurons were significantly reduced in SERT KO mice, compared with WT mice. The number of intersections of dendrites was
measured with 20-µm concentric spheres centered on the soma by Sholl’s analysis. The numbers in the column indicate the numbers of neurons/numbers of
animals analyzed. Data are presented as means ± SD. * p < 0.05; *** p < 0.001, Student’s t-tests and two-way ANOVA.
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FIGURE 3 | Dendritic spines density decreased in serotonin transporter (SERT) knockout (KO) mice. (A) Representative photomicrographs of dendritic spines of
basal dendrites in layer IV pyramidal neurons from wild-type (WT) and SERT KO mice. (B,C) Comparing the total number of apical and basal dendritic spines at a
distance of per 25 µm from the cell body of layer IV pyramidal cells in WT mice with SERT KO mice, respectively. (D) Comparing the total number of dendritic spines
at a distance of per 25 µm from the cell body of layer II/III interneurons in WT mice with SERT KO mice. (E–G) The dendritic spine densities of apical and basal
dendrites in layer IV pyramidal neurons and in layer II/III interneurons of the auditory cortex. Data are presented as means ± SD. n = 6 for each group. * p < 0.05,
*** p < 0.001, Student’s t-test and two-way ANOVA. Scale bar: 5 µm.

We then measured the BF and the MT of AC neurons recorded
from SERT KO and WT mice, by which the frequency selectivity
and sound sensitivity of neurons were compared. The BFs and
MTs of SERT KO and WT neurons were pooled in Figures 5A,B,
respectively. Interestingly, although no change was found in
BFs, the MTs of SERT KO neurons were significantly elevated.
The MTs of WT neurons were generally below 40 dB SPL with
an average of 27.09 ± 12.81 dB SPL. However, the MTs of
SERT KO neurons were significantly higher with an average of
53.85 ± 11.33 dB SPL (p < 0.0001, two-tailed t-test; Figure 5C).
These data suggest that individual neurons in SERT KO mice
were significantly less sensitive to sound stimulation.

Auditory neurons respond not only to their most sensitive
frequency (i.e., BF) but also to other frequencies of sound.
One of the most important functions of auditory neurons is
that they can selectively respond to sound within a range of
frequencies. In WT mice, individual neurons respond to sound
frequencies in addition to the BF at sound levels above MT.
These frequency-threshold intensity points formed a “V-shaped”

frequency-tuning curve (Figure 6A). In SERT KO mice, the
frequency-tuning curves of cortical neurons have much wider
bandwidth (Figure 6B). To evaluate the frequency selectivity of
a single neuron, we used “Q30” value to analyze the changes
in frequency selectivity of AC neurons. The higher the value
of Q30, the sharper the frequency-tuning curve of the neuron,
and the better the frequency selectivity. For AC neurons of
WT mice, their Q30 values mostly ranged from 1 to 2.5,
with an average of 1.78 ± 0.91 (Figures 6C,D). But in SERT
KO mice, Q30 values of most AC neurons were below 1
(0.65 ± 0.27, mean ± SD; Figures 6C,D). This result suggested
that AC neurons in SERT KO mice have less selectivity to
sound frequency.

DISCUSSION

Our results of immunohistochemical study in the whole auditory
system showed that SERT was rarely expressed in the auditory
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FIGURE 4 | Disturbed tonotopic organization of primary auditory cortex in serotonin transporter (SERT) knockout (KO) mice. (A) Representative A1
characteristic-frequency map from a wild-type (WT) mouse (left) and a SERT KO mouse (right). Scale bar: 0.5 mm. X, unresponsive cortical site; O, non-A1 cortical
site (see section “Materials and Methods”). (B) Plotting accumulated response areas at best frequency for neurons of primary auditory cortex in WT and SERT KO
mice. (C) The total areas of primary auditory cortex in WT mice and SERT KO mice. (D) The best frequencies of all recorded sites in WT and SERT KO mice were
plotted against a normalized tonotopic axis. The tonotopic index (TI) represents the increased scatter of best frequencies around the ideal tonotopic axis (black
diagonal line) (see section “Materials and Methods”). Data are presented as means ± SD. ns, no statistical difference, p > 0.05. Student’s t-test.

neurons, including those in the AC, of adult WT mice (Figure 1).
These data suggest that the morphological and functional
defects observed in AC neurons of SERT KO mice may not

FIGURE 5 | Serotonin transporter (SERT) knockout (KO) elevates the
threshold of neurons in primary auditory cortex. Pooled data show minimum
thresholds at the best frequency of auditory neurons recorded from the A1
region of wild-type (WT) (A) and SERT KO mice (B). WT: n = 6, recording
site = 246. SERT KO: n = 6, recording site = 243. (C) The average minimum
threshold (MT) of neurons in SERT KO mice was significantly higher than that
in WT mice. Data are means ± SD. *** p < 0.001. Student’s t-test.

due to the disruption of serotonergic innervations directly but
more likely related to the effects of SERT deficit on cortical
circuit development.

As the staining results showed, the length of basal dendrites
of pyramidal cells was significantly shortened (Figure 2), and
the number and density of dendritic spines were significantly
reduced in SERT KO mice (Figure 3), suggesting that the ability
of pyramidal cells to receive input information was decreased,
which might cause less sensitivity to sound response (Figure 5).
Moreover, the reduction of the length, the number, and density
of dendritic spines in inhibitory interneurons of SERT KO
mice suggests that the reduced inhibitory of the interneurons
might cause less frequency selectivity of neurons (Figure 6).
However, deficient SERT may change the neural morphology
in different ways in different brain regions. The length of
dendrite and the density of dendritic spines were increased in the
infralimbic cortex of SERT KO mice. Meanwhile, SERT KO has
little effects on the morphology of basolateral amygdala neurons
(Wellman et al., 2007). These different results suggest that the
morphology of neurons was also specifically determined by their
circuits; even the SERT was abolished in the early stage of the
development. Interestingly, many evidences have suggested that
SERT is expressed not only on serotonin neurons but also on
other neurons such glutamatergic neurons during development.
The loss of SERT in these neurons may affect the neural circuit
in the cortex during development (Chen et al., 2015). This may
explain why the morphology of AC neurons was altered by SERT
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FIGURE 6 | Broader frequency tuning for primary auditory cortical neurons in serotonin transporter (SERT) knockout (KO) mice. Pooled data show the
frequency-tuning curves of cortical neurons in wild-type (WT) (A) and SERT KO (B) AI. (C) The distribution of the Q30 values for cortical neurons in WT (top panel)
and SERT KO (bottom panel) AI. The lines in the panels represent the cumulative percentage of the Q30 value. (D) The mean Q30 value of all auditory neurons
recorded from WT mice and SERT KO AI. Data are presented as means ± SD. n = 6 for each group. *** p < 0.001. Student’s t-test.

KO, although few direct serotonergic projections were detected
in AC of WT animals.

SERT is a target of SSRIs treatments and regulates the activity
of serotonergic system (Kalueff et al., 2009). In the present study,
we examined the role of SERT function in primary AC by using
SERT KO mice. In WT mice, the primary AC formed a compact
and ordered “tonotopic map”; the optimal response frequencies
from the rostral to caudal side was regularly distributed.
But in SERT KO mice, the primary AC formed a distorted
tonotopic organization (Figure 4). However, in SERT KO mice,
the disordered frequency topology did not show a systematic
decrease in frequency, although the neurons that respond to
high frequencies were still mostly medial to the rostral side, and
the neurons that respond to low frequencies were still mostly
lateral to the caudal. Next, we further analyzed the total area
of the tonotopic map in the AI region and the frequency range
of the response to sound (Figure 4B). There was no statistical
difference between SERT KO mice and WT mice (Figure 4B).
It suggests that SERT may mainly affect the orderliness of
the neuron’s frequency response. Similarly, manipulations of
rodent brain serotonin levels during early development, through
either increases (produced in SERT or monoamine oxidase KO
mice) or decreases (produced by parachlorophenylalanine or
other treatments), alter the formation of the whisker (barrel)
representation in the primary somatosensory cortex and promote
aggressive and/or anxiety-related behaviors (Cases et al., 1995,
1996; Persico et al., 2000; Persico et al., 2001; Holmes et al.,
2003; Jennings et al., 2006). In our previous study, auditory

mismatch negativity response was found abolished by SERT KO,
indicating the low ability in frequency discrimination (Pan et al.,
2020). This finding was supported by the functional changes of
AC observed in the present study. Under the administration of
SSRIs, the animal showed anxiety-related and ASD-like behavior
(Simpson et al., 2011; Pan et al., 2020). Although the abnormal
behavior and auditory function were quite consistent in SERT KO
and SSRI-administered animals, the direct evidence is still very
limited for us to understand the effects of SSRIs on development
and function of cortical circuits. However, the SERT KO mouse
model used in the present study is constitutive and global. To
investigate the role of SERT and SSRI in the development of ASD
and anxiety, a knock-in SERT mouse model, such as SERT Ala56,
should be expected in future studies (Siemann et al., 2017).

One of previous findings related to serotonin and early
cortical organization found that the primary sensory cortex
of mice, especially the layer IV neurons of visual, auditory,
and somatosensory cortex, is transiently innervated with
dense 5-HT-containing projection (D’Amato et al., 1987; Blue
et al., 1991; Bennett-Clarke et al., 1994). Moreover, in early
brain development, 5-HT is taken up into glutamatergic
thalamocortical terminals (Bennett-Clarke et al., 1996; Lebrand,
1996) and used in combination with the 5-HT 1B receptor
on layer IV afferents (Salichon et al., 2001). Serotonin plays a
trophic role in brain morphogenesis, including cell proliferation,
migration, and differentiation. It is also one of the first
neurotransmitters to appear in the central nervous system
(Azmitia, 2001; Gaspar et al., 2004). We found that the typical
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dendritic morphology was shortened (Figure 2) and that the
density of dendritic spines was lower in SERT KO mice compared
with WT mice (Figure 3). In SERT KO mice, the deficit
of SERT may alter neural morphology and distort tonotopic
organization in primary AC.

The structure and arborization of dendrites have a profound
impact on the processing of neuronal information because they
determine the extent of a neuron’s synaptic field. Thousands
of spines stud the pyramidal cell’s apical and basal dendritic
branches, increasing the neuron’s receptive surface area and
allowing for integration of thousands of excitatory signals to
influence the output (Spruston, 2008). Obviously, dendritic
spines receive most of the excitatory impulses of a pyramidal
cell, consistent with the information processing capacity of the
neuron. A cell with spiny processes in homologous nuclei has
more spines, the higher level of the subject in the animal series.
Thus, as an example in vertebrates, the Purkinje cell of birds
shows fewer spines than that of mammals.

Since neural circuits are defined by inter-neuronal
communications, output precision in individual cells becomes
essential to network function. Cortical interneurons use rhythmic
inhibition to create narrow windows for effective excitation,
entraining excitatory pyramidal cells to fire certain oscillatory
patterns (Beierlein et al., 2000; Uhlhaas and Singer, 2010).
Moreover, optogenetic manipulation of specific excitatory and
inhibitory circuits directly caused changes in social and cognitive
behaviors in mice (Yizhar et al., 2011). Thus, circuits tend to
be malleable but vulnerable during post-natal development.
Notably, several neurodevelopmental disorders, such as ASD
and schizophrenia (SCZ), manifest during this plasticity period
(Zoghbi, 2003; Hossein and Folsom, 2009).

Interestingly, in our results, the neuron functions altered;
especially, the MT for a BF of SERT KO mice was significantly
higher than 40 dB (Figure 5). It suggested that absent
SERT reduced the neurons’ intensity sensitivity to response.
Moreover, in SERT KO mice, Q30 values were mostly below
1 (Figure 6). Meanwhile, the frequency-tuning curve was dull,
and the frequency selectivity of neurons was significantly worse
(Figure 6). It suggested that neurons in SERT KO mice showed
less frequency selectivity to response.

All of these results may be related to shortened typical
dendritic morphology of neurons (Figure 2) and the lower
density of dendritic spines of primary AC in SERT KO mice
(Figure 3), which may result in weakened synaptic information
transmission between the cortical pyramidal cells and the
interneurons of AC in SERT KO mice. The altered function of
the primary AC suggests that SERT plays a critical role in circuit
development and function.
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Objective: The relation between cognition and hearing loss has been increasingly paid
high attention, however, few studies have focused on the role of high-frequency hearing
loss in cognitive decline. This study is oriented to role of hearing loss especially high-
frequency hearing loss in cognitive impairment among elderly people (age ≥ 60 years).

Methods: The Montreal Cognitive Assessment Scale (MoCA) and pure tone audiometry
were used to investigate the hearing loss and cognitive function of 201 elderly people
older than 60 years. Factors possibly related to cognitive impairment including age,
years of education, occupation, living conditions, history of otologic diseases, and high
blood pressure were registered. This study consisted of two parts. First, univariate
analysis and multiple linear regressions were performed to analyze the possible
influencing factors of cognitive function among the 201 elderly people. Second, average
hearing thresholds of low frequencies (250, 500 Hz), intermediate frequencies (1 k,
2 kHz), and high frequencies (4 k, 8 kHz) were calculated to screen out 40 cases with
high-frequency hearing loss alone and 18 cases with normal hearing. Univariate analysis
was used to compare the general condition, cognitive function, and each cognitive
domain between the two groups, analyzing the relation between high-frequency hearing
loss and cognitive function.

Result: We found that age, years of education, pure tone average (PTA), occupation,
living condition, history of otologic diseases, years of self-reported hearing loss, and
hypertension history were related to cognitive function. Furthermore, age, education
experience, duration of self-reported hearing loss, and hypertension were independent
factors (p < 0.05). PTA was negatively related with attention, orientation, and general
cognition (p < 0.05). There were only 18 cases (9.0%) with normal hearing, and 40 cases
(19.9%) with abnormal high-frequency hearing alone. The overall cognitive function
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showed no significant difference between them (p > 0.05); in contrast, the speech and
abstract ability were significantly decreased in cases with high-frequency hearing loss
(p < 0.05).

Conclusion: The increase of PTA among the elderly may affect the overall cognition
by reducing attention and orientation. High-frequency hearing loss alone can affect the
language and abstract ability to a certain extent, which is worthy of more attention.

Keywords: hearing loss, high-frequency hearing loss, cognition, language ability, abstract ability

INTRODUCTION

Hearing loss has become the third leading disability factor
in the worldwide according to the latest researches, which
is an important factor affecting human health, especially
the health of the elderly (GBD 2016 Disease and Injury
Incidence and Prevalence Collaborators, 2017). In recent years,
the correlation between hearing loss and cognitive decline
has attracted more and more attention. Numerous studies,
including several systematic review articles and meta-analyses,
have shown that hearing loss is remarkably related with
cognitive dysfunction, impaired performance of various cognitive
domains, and the occurrence of dementia (Thomson et al., 2017;
Zheng et al., 2017; Ford et al., 2018; Loughrey et al., 2018).
Cognitive impairment includes memory, learning, orientation,
comprehension, judgment, calculation, language, visuospatial,
analysis and problem-solving ability and is often accompanied
by mental, behavioral, and personality abnormalities at a certain
stage of the disease process (Arlington, 2013). A meta-analysis
conducted by Loughrey et al. (2018) found that there was a
significant association between age-related hearing loss (ARHL)
and cognitive impairment [odds ratio, 1.22; 95% confidence
interval (CI), 1.09–1.36] among the prospective cohort studies
and a small but statistically significant association between ARHL
and seven cognitive domains, such as episodic memory and
processing speed, among the cohort studies (Loughrey et al.,
2018). Meanwhile, a novel lifespan-based model of dementia
risk was reported by the Lancet Commission on Dementia
Prevention, Intervention, and Care and simultaneously published
in Lancet at the 2017 Alzheimer’s Association International
Conference in London (Livingston et al., 2017). Hearing loss was
positioned as the largest potentially modifiable risk factor for
dementia among nine health and lifestyle factors. The Lancet
Commission found that midlife hearing loss, if eliminated,
might reduce the risk of dementia by 9%. The underlying
causal mechanisms leading to the connection between the two
are not well understood. Several possible relationships have
been postulated. (1) cognitive load on perception hypothesis
(cognitive decline may reduce the cognitive resources that are
available for auditory perception, manifesting as hearing loss)
(Lin et al., 2013); (2) sensory-deprivation hypothesis (hearing loss
causes cognitive decline that is permanent) (Lindenberger and
Baltes, 1994); (3) information-degradation hypothesis (hearing
loss causes cognitive decline which is potentially remediable)
(Pichora-Fuller, 2003); and (4) common cause hypothesis (a third
factor causes both declines) (Baltes and Lindenberger, 1997).

However, most previous studies have focused on the
correlation between speech-frequency hearing loss and cognitive
function, while ignoring the importance of high-frequency
hearing loss. Studies have shown that the incidence of high-
frequency hearing loss is significantly higher than that of
speech frequency (REF). Among people aged 20 to 29 years,
the proportion of combined speech-frequency hearing loss is
only 2.2%, whereas the proportion of high-frequency hearing
loss can be as high as 7% (Hoffman et al., 2017). And this
difference is more obvious in the elderly group. Among people
aged 60 to 69 years, the incidence of speech-frequency hearing
loss is 39.3%, and the proportion of high-frequency hearing
loss can be as high as 68% (Hoffman et al., 2017). These data
indicate that high-frequency hearing tends to decline earlier than
speech-frequency hearing. Previously, it was believed that high-
frequency hearing loss would not affect the daily life of the
patients significantly. However, with the introduction of hidden
hearing loss, the important role of high-frequency hearing in
the speech recognition has attracted more and more attention
(Monson et al., 2019). Some studies have already shown that
high-frequency hearing is key for speech recognition, especially
speech perception in noise (George et al., 2007; Motlagh Zadeh
et al., 2019; Varnet et al., 2019). However, there is no study
that has focused on the correlation between pure high-frequency
hearing loss and cognitive function except for speech perception.
This study chose the elderly as the subjects and studied the
correlation between average of hearing loss, especially the degree
of pure high-frequency hearing loss, and cognitive function
to explore the relationship between hearing loss and cognitive
decline and the underline mechanism, providing a theoretical
basis for early detection and prevention of senile cognitive decline
in clinical practice.

MATERIALS AND METHODS

Participants
A total of 201 elderly volunteers were enrolled in this study
from the free clinic of 2019 Ear Day at Peking University
People’s Hospital. The detailed inclusion criteria were as follows:
(1) age ≥ 60 years, (2) sensorineural hearing loss, and no
significant difference in hearing threshold between two ears, (3)
no history of otitis media, sudden deafness history, and acoustic
neuroma, and (4) no mental illness history and could cooperate
with the whole study process. All study subjects underwent
pure tone audiometry test, otoscope examination, and cognitive
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function assessment. The basic information including sex, age,
living condition, years of education, occupation, self-reported
hearing loss, tinnitus, ear diseases history, and some chronic
disease history (hypertension, diabetes, and hyperlipidemia)
was collected by face-to-face survey with questionnaires. All
included subjects and (or) their family members were asked
to fill the questionnaire under the supervision of the same
experienced physician.

Study Design
A questionnaire on cognitive function and influencing factors
was designed according to previous study (Hugo and Ganguli,
2014). All the elderly participants were examined during the
Ear Day free clinic. When the survey was completed, the
questionnaires and related examination data were returned.

Cognitive Function Assessment
The cognitive function assessments of all participants were
completed with a unified Montreal Cognitive Assessment
Scale (MoCA) questionnaire survey, which was administered
to assess the global cognitive level by the same neurologist.
The MoCA scale consisted of eight several subtasks to assess
different cognitive domains, of which the immediate memory
subdomain is not scored. The other seven cognitive domains and
corresponding scores were visuospatial and executive function
for 5 points, language ability for 3 points, attention for 6 points,
orientation for 6 points, delayed memory for 5 points, naming
for 3 points, and abstract ability for 2 points (Nasreddine et al.,
2005). Moreover, existing studies have shown that the scores
of different cognitive domains of MoCA assessment result may
represent the different cognitive function (Faria et al., 2020;
Rossetto et al., 2020).

Auditory and Otoscope Tests
The pure tone audiometry and the otoscope examination were all
completed in the ENT departments of Peking University People’s
Hospital. According to the World Health Organization criteria
(1997), the average value of 500−, 1, 000−, 2, 000−, and 4,000-Hz
air conduction pure tone average (PTA) hearing thresholds was
used for defining the hearing loss degree, including normal
hearing (≤25 dB), mild (26–40 dB), moderate (41–60 dB),
severe (61–80 dB), and profound hearing loss (>80 dB). On the
other hand, the average hearing thresholds of low frequencies
(250, 500 Hz), intermediate frequencies (1 k, 2 kHz), and high
frequencies (4 k, 8 kHz) were all calculated separately to select a
group of subjects with hearing loss at only high frequencies (4 k,
8 kHz) (HHL group). Except for average hearing threshold of 4
and 8 k is greater than 25 dB, the hearing thresholds of other
frequencies (250 Hz, 500 Hz, 1 k, 2 k) of patients in the HHL
group are all not higher than 25 dB (HHL group).

Ethics Statement
The Peking University People’s Hospital Ethical permission
committee approved study (2019PHB084-01), and all subjects
provided their informed consents.

TABLE 1 | Factors related to cognitive function among the elderly.

Univariable analysis

Variable Number
(percentage)

Cognitive function
(x ± µ)

p

Sex (female) 101/201 (50.2%) 24.30 ± 3.80 0.139

Age (years) 201 −0.116 (−0.201,
−0.030)

0.008*

Occupation 0.027*

Physical 137/201 (68.16%) 23.797 ± 4.0832

Mental 64/201 (31.84%) 25.029 ± 3.4170

Education experience
(years)

201 0.417 (0.262, 0.572) 0.000*

Living situation

Living with spouse 158/201 (78.61%) 25.006 ± 3.2644 0.028*

Others 43/201 (21.39%) 23.279 ± 4.7073

Ear disease history 153/201 (76.1%) 24.3 ± 3.9

No 37/201 (18.4%) 25.8 ± 2.8 0.044*

Otitis media 11/201 (5.5%) 25.7 ± 2.4

Sudden deafness

Hypertension 96/201 (47.8%) 24.000 ± 3.8906 0.022*

Diabetes 64/201 (31.84%) 24.094 ± 4.0147 0.153

Hyperlipidemia 99/201 (49.25%) 24.354 ± 3.5637 0.283

PTA

≤25 dBHL 39/201 (19.40%) 39 25.051 ± 2.5950

26–40 dBHL 65/201 (32.34%) 65 25.292 ± 3.7279

41–60 dBHL 80/201 (39.80%) 80 24.375 ± 3.8397 0.016*

61–80 dBHL 17/201 (8.46%) 17 22.235 ± 4.0083

Self-reported hearing loss 169/201 (84.08%) 24.497 ± 3.7783 0.270

Duration of self-reported
hearing loss (years)

≤5 y 153/201 (76.12%) 24.908 ± 3.4724 0.048*

>5 y 48/201 (23.88%) 23.708 ± 4.1767

Multivariable analysis

Variable B 95% CI p

Age −0.191 (−0.271, −0.111) 0.000*

Education experience
(years)

0.512 (0.361, 0.663) 0.000*

Duration of self-reported
hearing loss (years)

−1.164 (−2.218, −0.111) 0.030*

Hypertension −0.990 (−1.895, −0.086) 0.032*

* Statistical significance.

Statistical Analysis
Statistical analyses in this study were performed with SPSS
24.0 software package (IBM, Armonk, NY, United States).
This study consisted of two parts. First, univariate analysis
and multiple linear regressions were performed to analyze the
possible influencing factors of cognitive function among the
201 elderly people. Second, average hearing thresholds of low
frequencies (250, 500 Hz), intermediate frequencies (1 k, 2 kHz),
and high frequencies (4 k, 8 kHz) were calculated to screen out
40 cases with high-frequency hearing loss alone (HHL) and 18
cases with absolutely normal hearing (NH). Univariate analysis
was used to compare the general condition, cognitive function,
and each cognitive domain between the two groups, analyzing
the relation between high-frequency hearing loss and cognitive
function. All the statistical significances were at the level p< 0.05.
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RESULTS

Epidemiology and Clinical
Characteristics of All the Participants
There were 201 participants (101 females, 50.2%; 100 males,
49.8%). The overall average age was 72.06 ± 5.90 years, with a
range of 60 to 90 years. According to PTA values, the number
of participants with normal hearing, mild, moderate, severe, and
profound hearing loss were 39 (19.4%), 65 (32.3%), 80 (39.8%),
17 (8.5%), and 0 (0%), respectively. The overall average score of
MoCA scale assessment was 24.64 ± 3.68, with a range of 11 to 30.

Factors Related to Cognitive Function in
the Elderly
As shown in Table 1, the univariate analysis showed that
age, education experience, occupation, living conditions, ear
diseases history, hypertension, PTA, and years of self-reported
hearing loss remarkably correlated with the results of cognitive
assessment (p < 0.05). The above factors were all included
in a multivariate analysis, which indicated that age, years of
education, years of self-reported hearing loss, and hypertension
were independent factors related to cognitive function (p< 0.05).
The elderly with older age, shorter years of education, longer time
of self-conscious hearing loss, and high blood pressure were more
likely to be associated with cognitive dysfunction.

Correlation Between Pure Tone Average
and Different Cognitive Domains Among
the Elderly
Among the elderly people with different hearing levels, the
comparisons of cognitive functions suggested that abstract and
orientation abilities, and overall cognitive function all deteriorate
with the increasing hearing loss degrees (p < 0.05). No other
cognitive domains showed significant differences between these
groups (p > 0.05) (Table 2).

Clinical Characteristics and Cognitive
Function of Subjects in HHL Group
There were only 18 subjects (9.0%) with completely normal
hearing levels (<25 dB) at all frequencies tested, including 0.25,
0.5, 1.0, 2.0, 3.0, 4.0, and 8.0 kHz (normal hearing group, NH
group). On the other hand, the number of subjects with hearing
loss (>25 dB) at only high frequencies (4.0 k and 8.0 kHz) was
40 (19.9%) (high-frequency hearing loss group, HHL group).
As shown in Table 3, the overall PTA and the PTA at high
frequencies (PTA-HF) were both significantly higher in the HHL
group than in the NH group (p = 0.013 vs. p< 0.001). Meanwhile,
no other basic information we studied showed significant
differences between these two groups (p > 0.05). As shown in
Table 4 and Figures 1, 2, the comparisons of cognitive function
between these two groups suggested that the language and
abstract ability scores were both significantly lower in the HHL
group than in the NH group (p = 0.027 vs. p = 0.005). Meanwhile,
no significant differences were found in other cognitive domains
and overall cognitive function (p > 0.05).

DISCUSSION

As the aging problem increasing worldwide, hearing loss as one
of the most common problems among the elderly has drawn
more and more attention. Studies have shown that hearing
loss is a modifiable age-associated condition linked to dementia
(Livingston et al., 2017); however, the underlying mechanism
of the association between hearing loss and cognitive decline
remains unclear. Of all the 201 elderly participants in this
study, only 18 had completely normal hearing. Among the
remaining 183 participants, 143 had speech-frequency hearing
loss (78.14%), and 40 had only high-frequency hearing loss
(21.86%). In this study, we found that the hearing loss is related
but not independent influencing factor of cognitive decline,
which mainly affects cognitive function by affecting abstract and
orientation ability. The age, years of education, years of self-
reported hearing loss, and hypertension are independent factors
related to the cognitive function of the elderly. In addition,
although pure high-frequency hearing loss had no remarkable
relevance with general cognitive function, it affected abstract
and speech ability.

Related Factors of Cognitive Function
Among the Elderly
The results of this study indicated that among the elderly,
occupation, living conditions, ear diseases history, and PTA
were the influencing but not independent influencing factors
of cognitive function, whereas age, educational experience,
years of self-reported hearing loss, and whether accompanied
by hypertension were independent related factors of cognitive
function. Among them, age is unchangeable, hypertension can be
regulated by tertiary prevention, the years of education requires
the joint efforts of the whole society, whereas the years of self-
reported hearing loss is the only factor that can be changed by
early hearing interventions.

As early as 2001, a clinical study conducted by
Gomez et al. (2001) proposed that the degree of self-conscious
hearing loss could be used as a simple way to self-evaluation
of hearing level. Amieva et al. (2015) also proposed that
self-reported hearing loss was an independent factor of the
cognitive decline among the elderly, and the use of hearing
aids can slow down the process of cognitive decline. From
the behavior perspective, a number of elderly people with
hearing loss often choose to avoid social activities because of the
impact of hearing loss on communication, which leads to social
isolation and coexistence of the decrease in communication
between family and friends eventually leading to depression or
cognitive impairment (Brink and Stones, 2007; Mick et al., 2014;
Pichora-Fuller et al., 2015). From the neurological perspective,
on the one hand, chronic hearing loss will lead to a decrease
in the activity of the central auditory system, trigger the
compensation mechanism, and ultimately lead to the associated
disorder of the auditory center-limbic system and the disuse
atrophy of the frontal lobe. On the other hand, hearing loss
will cause the reduction of the cognitive capacity, which mainly
represents the ability to minimize pathological damage by

Frontiers in Neuroscience | www.frontiersin.org 4 November 2021 | Volume 15 | Article 75087487

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


fnins-15-750874 November 9, 2021 Time: 12:47 # 5

Diao et al. Hearing Loss and Cognitive Decline

TABLE 2 | Correlation between PTA and different cognitive domains among the elderly.

PTA p

≤25 dBHL
n = 39

26 ∼ 40 dBHL
n = 65

41 ∼ 60 dBHL
n = 80

61 ∼ 80
dBHL n = 17

Visual spatial and executive function 4.256 ± 0.8801 4.246 ± 1.1596 4.100 ± 1.0626 3.765 ± 1.0326 0.344
Naming 2.795 ± 0.4091 2.800 ± 0.4402 2.863 ± 0.4132 2.882 ± 0.3321 0.711
Attention 5.436 ± 0.9678 5.477 ± 0.8680 5.375 ± 0.8624 5.235 ± 1.1472 0.771
Language 2.231 ± 0.7420 2.169 ± 0.7618 1.988 ± 0.9345 1.941 ± 1.2976 0.384
Abstract 1.667 ± 0.5298 1.554 ± 0.6381 1.525 ± 0.6931 0.882 ± 0.7812 0.001*
Delayed memory 2.667 ± 1.3443 3.138 ± 1.4018 2.663 ± 1.7059 2.294 ± 1.7594 0.125
Orientation 6.000 ± 0.0000 5.908 ± 0.3411 5.863 ± 0.4132 5.235 ± 1.2005 0.000*
Total 25.051 ± 2.5950 25.29 ± 3.7279 24.375 ± 3.8397 22.235 ± 4.0083 0.016*

* Statistical significance.

cognitive pregeneration processes or activation of compensatory
mechanisms (Stern, 2002; Tun et al., 2009) in the central system.
As theorized by the cognitive load hypothesis, that hearing loss
leads to degraded auditory signals, greater cognitive resources
being required for auditory perceptual processing, and diversion
from other cognitive tasks to effortful listening, eventually
resulting in cognitive reserve depletion (Tun et al., 2009).

However, there are several researchers who believe that the
association between hearing loss and cognitive impairment is
caused by overestimation, namely, overdiagnosis hypothesis,
in which degraded hearing, rather than cognitive function,
impacts performance on certain neuropsychological tests.
First, despite that hearing loss usually occurs earlier than
dementia or cognitive impairment, suggesting hearing loss
may lead to dementia or cognitive impairment, it may also
be due to the fact that patients with hearing loss usually

TABLE 3 | The epidemiology and clinical characteristics of the HHL
group and NH groups.

Total
(n = 58)

NH
(n = 18)

HHL
(n = 40)

p

Sex (female) 35 13/35 (37.14%) 22/35 (62.86%) 0.215
Age (years) 69.78 ± 2.96 69.17 ± 3.45 70.05 ± 2.72 0.297
PTA 21.96 ± 6.71 18.75 ± 7.30 23.41 ± 5.96 0.013*
PTA-HF 36.51 ± 13.92 21.81 ± 8.04 43.13 ± 10.50 <0.001*
Living situation 0.215
Living with spouse 8 1/8 (12.5%) 7/8 (87.5%)
Others 50 17/50 (34.00%) 33/50 (66.00%)
Education
experience (years)

13.34 ± 2.91 13.06 ± 3.72 13.48 ± 2.52 0.667

Occupation 0.282
Physical 17 7/17 (41.18%) 10/17 (58.82%)
Mental 40 10/40 (25.00%) 30/40 (75.00%)
Self-reported
hearing loss

22 8/22 (36.36%) 14/22 (63.64%) 0.493

Duration of
self-reported
hearing loss (years)

1.000

≤5y 52 16/52 (30.77%) 36/52 (69.23%)
>5y 6 2/6 (33.33%) 4/6 (66.67%)
Tinnitus 23 8/23 (34.78%) 15/23 (65.22%) 0.617
Hypertension 29 12/29 (41.38%) 17/29 (58.62%) 0.089
Diabetes 19 5/19 (26.32%) 14/19 (73.68%) 0.588
Hyperlipidemia 31 9/31 (29.03%) 22/31 (70.97%) 0.724

* Statistical significance.

TABLE 4 | Cognitive function and different cognitive domains of the
HHL and NH groups.

Total
(n = 58)

NH
(n = 18)

HHL
(n = 40)

p

Visual spatial and
executive function

4.40 ± 0.82 4.44 ± 0.62 4.38 ± 0.90 0.767

Naming 2.79 ± 0.45 2.89 ± 0.32 2.75 ± 0.49 0.209

Attention 5.52 ± 0.86 5.56 ± 0.71 5.50 ± 0.93 0.823

Language 2.38 ± 0.67 2.67 ± 0.49 2.25 ± 0.71 0.027*

Abstract 1.72 ± 0.52 1.94 ± 0.24 1.63 ± 0.59 0.005*

Delayed memory 2.95 ± 1.29 2.78 ± 1.31 3.03 ± 1.29 0.504

Orientation 5.97 ± 0.18 6.00 ± 0.00 5.95 ± 0.22 0.160

Total 25.69 ± 2.64 26.17 ± 2.31 25.48 ± 2.78 0.361

* Statistical significance.

receive more neuropsychological tests. Therefore, it is easier
to diagnose the accompanying cognitive impairment (Fulton
et al., 2015). Or more broadly speaking, hearing loss itself
can cause bias in neuropsychological evaluations, because
most neuropsychological evaluations need to be achieved
through speech. Furthermore, as verbal instructions or tasks
that rely considerably on hearing are used during cognitive
assessments, individuals with hearing difficulty are sometimes
at a disadvantage. The selection of tests for cognitive measures
that are heavily loaded for verbal skills is not appropriate for
individuals with hearing difficulty; however, even when the
response mode of a measure is non-verbal, instructions for
tasks can be complex or difficult to perceive for the hearing-
impaired. Any degree of hearing loss can affect functioning and
test performance for neuropsychological assessments (Hill-Briggs
et al., 2007; Dupuis et al., 2015; Jorgensen et al., 2016).

Correlation Between Hearing Loss and
Cognitive Function Among the Elderly
In this study, we found that hearing loss has significantly related
to the cognitive decline, which is consistent with the previous
study conducted by Lin et al. (2011), They found the annual
hearing threshold of participants with dementia was higher than
that of those without dementia, and the patients with severe
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FIGURE 1 | Differences in language ability between the HHL and NH groups.

FIGURE 2 | The difference in abstract ability between the HHL and NH
groups.

hearing loss suffering from dementia was 4.9 times of those
with normal hearing.

In addition, our results suggested that the PTA has a significant
correlation with orientation and abstract ability, indicating that
hearing loss might affect the cognitive function by affecting
orientation and abstract ability. Orientation is the ability of
the individual to perceive signal and recognize the surrounding
environment (time, place/space, and person) and one’s own state
(name, age, occupation, etc.). Hearing loss causes the decline of
hearing sensitivity and the speech perception in noise (Yamasoba
et al., 2013), consequently affects the individual’s recognition of
the surrounding environment and their own state, and ultimately
leads to disorientation. It has shown that chronic hearing loss
can lead to a decline of central auditory function (Peelle et al.,
2011), activating the central compensation mechanism (Wild
et al., 2012), and ultimately leading to the associated disorder of
the auditory central-limbic system and the disuse atrophy of the
frontal lobe (Wager et al., 2008; Lin et al., 2014). As we know, the
frontal lobe is related to physical activities and mental activities

such as judgment, predictability, emotion, and mood, which will
reduce cognitive activity, increase the risk of depression, and
lead to executive and emotional disorders. Liu et al. (2014) also
found that the impairment of frontal lobe is more likely to be
accompanied by the orientation and abstract disorders, which
may be caused by the combined effects of nerve degeneration and
vascular injury, which is consistent with the results of this study.

The Correlation Between
High-Frequency Hearing Impairment and
Cognitive Function
Presbycusis, the hearing of the old man, has been recognized
since the late 19th century (Kearns, 1977), and the high frequency
is first affected. Studies have shown that degenerative changes
in the inner ear of aged humans and other mammals occur
among the sensory hair cells, the primary sensory neurons or
spiral ganglion cells, and the cells of the stria vascularis and
spiral ligament including the vasculature (Keithley, 2020). Neural
degeneration is a very common pathology of the aged inner
ear, both in humans and other animals, and occurs in both
the apical and basal cochlear turns (Makary et al., 2011; Viana
et al., 2015). In fact, the magnitude of neuronal loss exceeds
that of inner hair cell loss in both humans and other mammals
(Chen et al., 2006; Wu et al., 2019). So we deemed that the pure
high-frequency hearing loss of the elderly was more likely to be
caused by neural degeneration. In 2020, a study conducted by
Liu et al. on APP/PS1 Alzheimer’s disease mice also found that
the hearing loss appeared at high frequency as early as 2 months
old, prior to the reported occurrence of spatial learning deficit
at 6 to 7 months of age in this AD mouse model. The hearing
loss was progressive and extended from high frequency to low
frequency. We speculated that high-frequency hearing is more
closely related to cognitive function (Liu et al., 2020).

The results of this study showed that pure high-frequency
hearing loss has no obvious correlation with the general cognitive
function, but was significantly related with the abstract and
speech function; that is, early high-frequency hearing loss will
affect the speech and abstract ability among the elderly. Some
studies have already shown that the high-frequency sensitivity
has a significant correlation with speech recognition ability,
especially speech perception in noise (Monson et al., 2019),which
is consistent with the results of this study. However, it is
widely believed that the high-frequency hearing plays little or
no role in speech perception, being beyond the information-
bearing traditional “speech bandwidth.” Therefore, although
the incidence of high-frequency hearing loss is significantly
higher than that of speech frequency, there are still few
studies on the correlation between pure high-frequency hearing
loss and cognitive decline except for the speech perception.
Jung and Haier (2007) hypothesized that the neural basis of
human intelligence is attributable to activities in the frontal–
parietal functional network. In their hypothesis, collected visual
and auditory information is processed in the occipital and
temporal cortices and then fed forward to the parietal cortex
where structural symbolism, abstraction, and elaboration emerge
(Apostolova et al., 2006). Therefore, once the auditory function is
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damaged, it will affect the subsequent abstraction and elaboration
emerge process, which is consistent with our results.

LIMITATIONS

Of course, this study also has some limitations. First, the 201
elderly volunteers were enrolled from the free clinic of 2019 Ear
Day at Peking University People’s Hospital, which would cause
selection bias, resulting in the higher proportion of hearing loss
in this study. Second, the sample size of this study is relatively
small, only 40 cases of pure high-frequency hearing loss, and 18
cases of normal hearing. Finally, in this study, we chose only
a general cognitive assessment scale, the MoCA scale, for ease
of operation and separate scales for each cognitive domain, and
cognitive behavioral tests will be added in subsequent studies.

CONCLUSION

Age, hypertension, years of self-reported hearing loss, and years
of education are independent related factors for cognitive decline
among the elderly. PTA was not an independent influencing
factor of cognitive function, which may affect cognitive function
by influencing orientation and abstract ability. Pure high-
frequency hearing loss may affect the speech and abstract
ability of elderly patients, but not significantly affect their global
cognitive function. The early high-frequency hearing loss is not
easy to be detected by the elderly, as it is relatively mild and does

not significantly affect the cognitive ability. But as the result of
this study, it may have a certain impact on the speech and abstract
ability, which is necessary to be detected and prevented early.
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Age-related hearing loss (ARHL) is associated with cognitive dysfunction; however, the
detailed underlying mechanisms remain unclear. The aim of this study is to investigate
the potential underlying mechanism with a system genetics approach. A transcriptome-
wide association study was performed on aged (12–32 months old) BXD mice strains.
The hippocampus gene expression was obtained from 56 BXD strains, and the hearing
acuity was assessed from 54 BXD strains. Further correlation analysis identified a total
of 1,435 hearing-related genes in the hippocampus (p < 0.05). Pathway analysis of
these genes indicated that the impaired glutamatergic synapse pathway is involved in
ARHL (p = 0.0038). Further gene co-expression analysis showed that the expression
level of glutamine synthetase (Gls), which is significantly correlated with ARHL (n = 26,
r = −0.46, p = 0.0193), is a crucial regulator in glutamatergic synapse pathway
and associated with learning and memory behavior. In this study, we present the
first systematic evaluation of hippocampus gene expression pattern associated with
ARHL, learning, and memory behavior. Our results provide novel potential molecular
mechanisms involved in ARHL and cognitive dysfunction association.

Keywords: hearing loss, systems genetics, cognitive dysfunction, glutamine synthetase (Gls), gene network, BXD
mice strain, transcriptome-wide association study (TWAS)
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INTRODUCTION

Hearing loss and cognitive impairment are two associated major
concerns in aging populations. It is estimated that one-third
of the aged population with hearing loss with different levels
of cognitive decline and individuals with moderate-to-severe
hearing loss are up to five times as likely to develop dementia
(Lin et al., 2013; Stickel et al., 2021). Improving hearing with
various hearing aids significantly improves cognitive functions,
indicating that hearing loss may be causally related to cognitive
decline (Sarant et al., 2020). Thus, understanding the molecular
mechanisms between age-related hearing loss (ARHL) and
cognitive impairment are essential, and may, in the long run, help
prevent the development of age-related cognitive dysfunction
(Uchida et al., 2019).

To illustrate the potential mechanism, studies have been
conducted to reveal the association between hearing loss and
central nervous system function, such as the frontal cortex
and hippocampus (Yu et al., 2021). The hippocampus is the
major brain region that regulates learning and memory; it is
also involved in auditory working memory such as encoding
and signal maintenance. Neurogenesis in the hippocampus is
impaired with conductive or noise-induced hearing loss (Liu
et al., 2018; Kurioka et al., 2021). Moreover, the hippocampus is
known to be activated in response to recurring musical phrases
while listening to music (Burunat et al., 2014). These studies
suggest that auditory signals may regulate hippocampus signaling
and molecular functions such as synaptic plasticity, which is
chronically impaired by progressive hearing loss (Beckmann
et al., 2020; Kurioka et al., 2021). These alterations can
potentially be explained by the gene expression change associated
with hearing loss (Christensen et al., 2009). However, to our
knowledge, a systematic study of ARHL-associated hippocampal
gene profiling has not yet been performed. Therefore, a gene
profiling association study is in need to investigate molecular
mechanisms that link ARHL and cognitive dysfunction (Hasson
et al., 2013; Rasmussen et al., 2018).

Transcriptome-wide association study (TWAS) is a powerful
tool to investigate the association between gene expression and
traits (Civelek and Lusis, 2014; Wainberg et al., 2019). Novel
susceptibility genes contributing to hearing impairment were
identified with this approach (Xie et al., 2021). TWAS relies on
the large-scale transcriptomic analysis from a genetic reference
population (GRP). Among the current animal GRPs, the BXD
mouse panel developed by the University of Tennessee Health
Science Center (UTHSC) comprises more than 150 recombinant
inbred (RI) strains with complementary traits. Owing to its
genetic stability, the mice from the same strain can be considered
as identical twins (Ashbrook et al., 2021). Thus, the data from
multiple studies can be combined and used for systems genetics
analysis including TWAS. In BXD strains, both ARHL and
levels of cognitive decline showed significant variations (Zheng
et al., 2020), which provide a unique platform to investigate the
association between hearing loss and cognitive function.

The aim of this study is to identify potential mechanisms and
key regulators that are involved in the association between ARHL
and hippocampal gene profiles with a TWAS approach. We

profiled the hippocampal gene expression and hearing acuity in
aged BXD population. By comprehensive bioinformatics analysis,
we identified that glutamate signaling in the hippocampal
synapses is impaired with ARHL, and glutamine synthetase (Gls)
is one of the key regulators involved in both hearing loss and
cognitive decline with aging.

MATERIALS AND METHODS

Animals
A total of 56 BXD strains (one male and one female for most
strains) and 54 BXD strains (two male and two female for
most strains) plus their parental strains are used for collecting
hippocampus gene expression data and hearing screening,
respectively. The age of all mice except one BXD101 mouse
was between 12 and 32 months. The mice were housed in
groups in a temperature- and humidity-controlled vivarium
with a constant 12-h light–dark cycle with ad libitum access to
food and water. For the hippocampal profiling, the mice were
anesthetized by cervical dislocation. For the hearing screening,
the mice were anesthetized with an intraperitoneal injection
(IP) of ketamine, xylazine, and acepromazine at doses of 40,
5, and 1 mg/kg, respectively. The present study was carried
out in accordance with the Guidelines for the Care and Use
of Laboratory Animals published by the National Institutes of
Health and was approved by the Animal Care and Use Committee
at the University of Tennessee Health Science Center (UTHSC,
Memphis, TN, United States).

Hearing Acuity Assessment
Hearing acuity was assessed using an auditory-evoked brainstem
response (ABR) (Intelligent Hearing Systems, Miami, FL,
United States) as detailed previously (Zhou et al., 2006).
Briefly, the mice were anesthetized with an intraperitoneal
injection (IP) of ketamine, xylazine, and acepromazine at doses
of 40, 5, and 1 mg/kg, respectively. The body temperature
was maintained at 37–38◦C. The ABRs were recorded using
platinum subdermal needle electrodes inserted at the vertex
(active electrode), ventrolateral to the right (reference electrode)
and left (ground electrode) ears. The acoustic stimuli were
tone-bursts (3-ms duration with a 1.5-ms cosine-gated rise/fall
time) that were delivered through a high-frequency transducer.
The stimuli were presented in a 5-dB step decrement from
80 dB sound pressure level (SPL) until the lowest intensity that
could still evoked a reproducible ABR pattern was detected.
If 80 dB could not evoke a reproducible ABR pattern, the
stimuli were increased in a 5-dB step until the maximal
SPL was reached. All the animals were tested with three
frequencies (8, 16, and 32 kHz). For each frequency, the strain
ABR is the mean value of individual ABRs, and the ABR
thresholds from three frequencies were averaged and used as
hearing acuity feature.

Microarray Profiling
Snap frozen hippocampi from BXD mice across 56 strains
were used for RNA quantification. RNA was extracted using
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the RNeasy mini kit (Qiagen, CA, United States) according
to the instructions of the manufacturer. The 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, United States) was
used to evaluate RNA integrity and quality. Samples with
RNA Integrity Numbers (RIN values) > 8.0 were analyzed
on Affy MoGene1.0 ST at the UTHSC. Raw microarray data
were normalized using the Robust Multichip Array (RMA)
method (Chesler et al., 2005; Geisert et al., 2009; King
et al., 2015; Lu et al., 2016). The expression data were
then re-normalized using a modified Z score described in
a previous publication (Chesler et al., 2005). Briefly, RMAs
were first transformed into log2-values. Then, the data of
each single array was converted to Z-scores, multiplied by
2, and a value of 8 was added. The normalized data is
available on GeneNetwork1 under the “BXD” group and
“Hippocampus mRNA” type with the identifier “UTHSC BXD
Aged Hippocampus Affy MoGene1.0 ST (May 15) RMA
Gene Level.”

Behavioral Phenotypes Access
The published learning-related traits of the BXD mice used
in this study were retrieved from our GeneNetwork. The
detailed descriptions can be found in the previous publications
(Graybeal et al., 2014; Delprato et al., 2015; Knoll et al., 2016;
Neuner et al., 2019)]. The summary statistics and individual
values are available on GeneNetwork under the “BXD” group,
“trait and cofactors” type, and “BXD published phenotypes”
dataset with their corresponding GN accession number listed in
Supplementary Table 1.

Gene Function Enrichment Analysis
WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) was used
to perform gene set enrichment analysis with the mouse genome
reference gene set as the background (Liao et al., 2019)2. The over-
representation of Gene Ontology (GO) was determined by the
hypergeometric test. KEGG Orthology-Based Annotation System
(KOBAS) was used to analyze the pathways involved in the ARHL
correlated genes (Bu et al., 2021).

Gene Co-expression Network Analysis
Gene co-expression network analysis has been widely used
to explore the key genes in the gene sets. Therefore, we
deployed this approach to identify the key genes from the
gene set that correlated with hearing loss (Zhang and Horvath,
2005). Briefly, a network was constructed with Pearson’s
correlation coefficient matrix (Supplementary Figure 1). In
the network, each node stands for a gene, and the correlation
coefficient was set as the edge. Binomial correlation higher
than 0.3 or lower than −0.3 was defined as connected. The
connection weight was calculated for each node, which is
the sum of the binominal correlation coefficient connected
to each node. The gene with the most connectivity and
connection weight in the network can be considered as the
central hub gene.

1www.genenetwork.org
2http://www.webgestalt.org/

Statistics Analysis
The gene–phenotype and gene–gene correlations were
performed on the GeneNetwork (see text footnote 1) online
platform by using Pearson’s correlation. A p-value lower than
0.05 was considered as statistically significant. A correlation
coefficient higher than 0.3 or lower than −0.3 was considered
as moderate correlation. To further validate the false discovery
rate (FDR) of the genes-of-interest, we performed a further
permutation test based on the Westfall and Young’s multiple
testing procedure (Chaubey, 1993), Briefly, we randomly
permuted the ABR measurements 1,000 times. For each
permutation, we computed the p-value of Pearson’s correlation
between the randomized ABR value and those transcripts that
are associated with ABR. The adjusted p-value was determined
by ranking the correlation coefficient.

RESULTS

The Hearing Acuity in Aged BXD Mice Is
Associated With Hippocampal
Glutamatergic Synapse Pathway
A total of 26 strains that overlapped between hearing and
hippocampus transcriptomic data were used for association
analysis. Those strains are mainly in the similar age (from
19 to 25 months), except for BXD101 (11 months), BXD55
(27 months), and BXD45 (30 months) (Supplementary Table 2,
Supplementary Figure 2, and Figure 1A). The tested animals
represent a diverse degree of hearing loss determined with ABR
thresholds between 33 (BXD74) and 100 dB (BXD101). The
mean ABR thresholds was 71 dB SPL (Figure 1B), and the
median ABR thresholds was 76 dB SPL. These data were used
for the association analysis with hippocampus transcriptomic
profile. In total, 1,435 genes presented significant correlation
with hearing acuity (p < 0.05, Pearson’s correlation). With the
FDR threshold of 0.05 determined by the Westfall and Young’s
multiple testing procedure, equivalent to the r-value of 0.388,
all the 1,435 transcripts were achieved significance. GO analysis
of this gene set showed that four of the top 10 categories
were associated with synapse organization (Figure 1C), and
these genes were abundantly enriched in cellular compartment
of synapse (ratio = 0.07, p = 6.17E−13) (Figure 1D). Further
pathway analysis indicated that the glutamatergic synapse
pathway is significantly enriched (ratio = 0.08, p = 0.0038)
(Figure 1E). Nine genes that correlated with ABR thresholds
were involved in this pathway, including four genes that showed
positive correlation (Adcy4, Mapk3, Shank3, and Dlg4; n = 26,
r > 0.4, p < 0.05, Pearson’s correlation), and five genes that
showed negative correlation with ABR thresholds (Adrbk2,
Slc38a1, Slc38a2, Gria3, and Gls, n = 26, r < −0.4, p < 0.05,
Pearson’s correlation) (Figure 1F). To better clarify the gene
expression correlation to each frequency, we supplemented the
gene expression of synapse pathway to each of three frequencies
(Supplementary Figure 3), which showed that all of those genes
were significantly associated with the ABR thresholds at all
three frequencies.
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FIGURE 1 | (A) The 26 strains with both 56 strains for auditory-evoked brainstem response (ABR) thresholds and 57 strains for hippocampus mRNA transcriptomic
analysis are involved in the association analysis. (B) The average ABR thresholds of 26 BXD mouse strains at 2 years old age. The x-axis shows the BXD strains and
the two parental strains. The y-axis shows the average ABR thresholds for 8K, 16K, and 32 kHz tone bursts were averaged as hearing acuity. (C,D) Bubble charts of
the Gene Ontology analysis enriched for age-related hearing loss (ARHL) correlated genes. Gene over-representation analysis for Gene Ontology analysis of the
ARHL correlated genes (p-value < 0.05 and r > 0.3) were performed with WebGestalt (http://www.webgestalt.org/). The x-axis represents an enriched ratio, and the
y-axis represents enriched pathways/terms. The size of the dots represents the number of genes, and the color indicates the p-values. An enriched ratio is defined
as the number of observed divided by the number of expected genes from the annotation category in the gene lists. (E) Glutamatergic synapse is involved in ARHL
correlated pathway based on the mice hippocampus transcriptome data. The ARHL correlated genes were analyzed by KEGG. The top 20 pathways associated
with the network genes were tested alongside the p-values calculated using a right-tailed Fisher’s exact test. (F) Chord-Chart of the Glutamatergic synapse pathway
enriched for ARHL correlated gene. The outer color green represents negative correlation, red represents positive correlation.
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The mouse strains in our study are a senile population. Even
though most of the strains are in similar age, there is still
age variance among the strains. To exclude potential influence
of such variance on the gene expression, we performed linear
regression analysis between age and various target transcripts
expression. The results indicated that the transcript expression
variance is dominated by strain background but not age variance.
Similarly, the age variation in our senile population has little
effect on ABR threshold (Supplementary Tables 3, 4).

Age-Related Hearing Loss Is Associated
With Hippocampal Glutamate Receptors
Expression Profiling
Glutamate receptors are the primary mediators of excitatory
transmission in the central nervous system and play a pivotal role
in learning and memory. To further investigate the glutamate
receptor profiling associated with ARHL, we performed a
correlation screening of ABR thresholds to 32 glutamate
receptors (Figure 2A and Supplementary Table 5). Besides
Gria3, which had the most significant correlation (n = 26,
r = −0.41, p = 0.0401) (Figure 2B), six other receptors also
showed moderate correlation to ABR thresholds (Figures 2C–H,
r < −0.3), including Grm7, Grik1, Gria4, Grm5, Grm8, and
Gria2. Notably, all these were negative correlations to ABR
thresholds. These results indicated that ARHL is associated
with altered glutamate receptor expression profiling in the
hippocampal synapse.

Age-Related Hearing Loss Is Associated
With Reduced Glutamate Synthesis in
Presynaptic Neurons
Two genes involved in glutamate synthesis are significantly
correlated with ABR thresholds, which are Gls (n = 26,
r = −0.46, p = 0.0193) and Slc38a2 (n = 26, r = −0.49,
p = 0.0109) (Figures 3A,B). Both genes presented negative
correlation to ABR thresholds. In the glutamatergic synapse
pathway, the glutamine is primarily released from astroglia cells
and further imported into presynaptic neurons with glutamine
receptor Slc38a2. The imported glutamine is further converted
to glutamate with Gls in the presynaptic neurons. The negative
correlation of these two genes with ABR thresholds indicated that
glutamate synthesis is impaired in ARHL.

Age-Related Hearing Loss Is Associated
With Postsynaptic Glutamate Receptor
Reorganization Regulation
Two glutamate receptor-interacting protein chaperones—Dlg4
and Shank3—were positively correlated with hearing loss
(n = 26, r = 0.39, p = 0.0493); (n = 26, r = 0.44,
p = 0.0247) (Figures 3C,D). Both Dlg4 and Shank3 act as
chaperones to assist glutamate-receptor reorganization. Thus,
we performed a further correlation screening between hearing
loss and 10 known glutamate receptor chaperone proteins
(Figure 3E). Besides Dlg4 and Shank3, Nos1 (n = 26,
r = 0.45, p = 0.0198) (Figure 3F) also presented significant

positive correlations with ABR thresholds. These data showed
that ARHL is associated with enhanced glutamate receptor
chaperone expression.

Age-Related Hearing Loss Is Associated
With Hippocampus Cyclic Adenosine
Monophosphate Signaling Pathway
Through Adenylate Cyclase 4
The cyclic adenosine monophosphate (cAMP) signaling is
a critical second messenger signaling in the glutamatergic
synapse pathway. Our correlation analysis indicated that the
gene expression of Adcy4 is significantly correlated with ABR
thresholds (n = 26, r = 0.52, p = 0.0064) (Figure 4A).
cAMP is synthesized by adenylate cyclase (Figure 4B), which
is a protein family including 10 different members. Thus, a
correlation screen was performed between ABR thresholds and
AC family members (Figure 4C). Among the AC family, only
Adcy4 presented a significant correlation with ABR thresholds,
suggesting that ARHL is associated with cAMP signaling
pathway through Adcy4.

Gene Co-expression Network Analysis
Suggests That Glutamine Synthetase Is a
Key Regulator Gene in Glutamate
Pathway
A gene co-expression network was constructed based on nine
hearing loss-associated genes in the synaptic signaling pathway.
Among these genes, Gls showed the highest connectivity of
eight and an average connection weight of 0.49 as a central
node (Figure 5A and Supplementary Tables 6, 7). Notably, Gls
presented a significant correlation with five other hub genes;
Gria3 (n = 26, r = 0.76, p < 0.0001), Adcy4 (n = 26, r = −0.55,
p < 0.0001), Dlg4 (n = 26, r = −0.35, p = 0.008), and Shank3
(n = 26, r = −0.56, p < 0.0001) (Figures 5B–E). Taken together,
these results suggest that Gls is a central hub gene in the glutamate
signaling network.

Phenotype-Wide Association Showed
Glutamine Synthetase Is Associated With
Learning Behavior in BXD Strains
To reveal the association between Gls expression and learning
behavior, we performed a phenotype-wide association analysis
between Gls and published phenotypes in BXD strains. The
expression of Gls in the hippocampus is significantly correlated
with 31 learning-related phenotypes (Supplementary Table 1).
Briefly, the expression of Gls was significantly correlated to
the learning latency in a touch screen test (n = 19, r = 0.66,
p = 0.0020), the percentage of time spent freezing in contextual
fear conditioning test (n = 16, r = 0.52, p = 0.0418), the percentage
of successful alternations in the Y-maze test (n = 22, r = 0.62,
p = 0.0021), and the number of new entries during the first 8-
arm choices in an 8-arm radial maze test (n = 41, r = 0.38,
p = 0.0151) (Figures 6A–D). These data collectively proved that
the hippocampal Gls expression is associated with learning and
memory behavior.
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FIGURE 2 | Scatterplots of the correlations of ABR threshold [dB sound pressure level (SPL)] with all glutamate receptors expression (A), Gria3 expression (B), Grm7
expression (C), Grik1 expression (D), Gria4 expression (E), Grm5 expression (F), Grm8 expression (G), and Gria2 expression (H). The Pearson correlation coefficient
was used to determine the relationship. Pearson correlation and p-value are indicated. Gene expression levels are log2 transformed and modified with Z score.
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FIGURE 3 | Scatterplots of the correlations of ABR threshold (dB SPL) with glutamine synthetase (Gls) expression (A), Slc38a2 expression (B), Dlg4 expression (C),
Shank3 expression (D), 10 known glutamate receptor chaperone proteins expression (E), and Nos1 expression (F). The Pearson correlation coefficient was used to
determine the relationship. Pearson correlation and p-value are indicated. Gene expression levels are log2 transformed and modified with Z score.

DISCUSSION

In this study, we present the first hippocampal gene expression
profiling that associated with ARHL. It has been hypothesized
that hearing loss is associated with disturbed neurogenesis
and synapse plasticity (Kurioka et al., 2021). However, the
detailed molecular mechanisms remain unclear. Our analysis
indicates that alternation in the glutamatergic synapse signaling
is associated with ARHL, including altered glutamate receptor
expression and decreased glutamate synthesis (Figure 7). Further
gene network analysis indicates that Gls is the key node gene
in the network, and Gls expression is associated with both the

hearing acuity and learning, and memory behavior. The thorough
examination of hippocampus gene profiling has shed light on the
potential molecular mechanism of association between hearing
loss and cognitive function.

We identified that the hippocampal glutamatergic synapse
pathway is associated with ARHL. This is consistent
with previous reports wherein the glutamatergic synaptic
connectivity in the hippocampus could be altered by noise
exposure (Zhang et al., 2021). Glutamate is the excitatory
neurotransmitter at many synapses in the central nervous
system and has been extensively studied in relation to
cognition, particularly learning and memory. The impairment

Frontiers in Neuroscience | www.frontiersin.org 7 November 2021 | Volume 15 | Article 74566898

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


fnins-15-745668 November 17, 2021 Time: 17:11 # 8

Deng et al. ARHL and Hippocampal Glutamatergic Synapse

FIGURE 4 | Scatterplots of the correlations of ABR threshold (dB SPL) with Adcy4 expression (A). Adenylate cyclase 4 (Adcy4) catalyzes the conversion of ATP to
cyclic adenosine monophosphate (cAMP) (B). Scatterplots of the correlations of ABR threshold (dB SPL) with all Adenylate Cyclase family expression (C). The
Pearson correlation coefficient was used to determine the relationship. Pearson correlation and p-value are indicated. Gene expression levels are log2 transformed
and modified with Z score.

of the glutamatergic synapse pathway is associated with
neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease (Findley et al., 2019). The association
between glutamatergic synapse and hearing acuity provides
direct support for the association between hearing loss and
cognitive dysfunction.

In the hippocampal glutamatergic synapse pathway, a group
of glutamate receptors showed significant correlation to hearing
acuity. The expression of glutamate receptors is responsible for
the excitatory drive in neuronal networks and are involved in
activating downstream signaling cascades required for synaptic
plasticity (Hunt and Castillo, 2012; Chater and Goda, 2014).
The decreased expression of glutamate transporters was found
in cognitive dysfunction diseases such as in patients with
Alzheimer’s disease (Benarroch, 2010). Among the glutamate
receptors, Gria3 which is a component of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs), showed
the most negative correlation with ABR thresholds. This is
consistent with a previous report in which Gria3 mediated
auditory-experience plasticity at the end bulb synapse (Clarkson
et al., 2016). The activation of Gria3 can directly lead to
synaptic potentiation at the CA1 hippocampal synapses (Renner
et al., 2017). Our results provide extra evidence that Gria3
is a critical auditory signal mediator in the hippocampus.
Moreover, other AMPARs such as Gria2 also showed moderate

correlation. AMPARs have fundamental roles in both basal
transmission and long-term potentiation (LTP) and long-term
depression (LTD), which strongly implicates ARHL associated
with learning and memory defects through altering AMPARs
expression profiling.

In the gene co-expression network, Gls showed most
connection with other nodes and is suggested as a key regulator.
We found a significant correlation between Gls in presynapse and
Gria3 in postsynapse, which implies a trans-synapse transmission
regulation in the hippocampus. The possible mechanism is
the synthesized glutamate from presynapse can regulate the
Gria3 expression in postsynapse. In primary mast cells, the
glutamate can induce profound upregulation of a panel of
glutamate receptors including both the ionotropic type and the
metabotropic type (Alim et al., 2020). This hypothesis can also
be explained by the negative correlation between Gls and Adcy4.
In ARHL mice, the low concentration of glutamate enhances the
expression of Adcy4 and provides complementary support for the
feedback inhibitory circuit in glutamate synthesis and release.

Similarly, the negative correlation between Gls and Dlg4
provides a potential explanation for the positive correlation
of glutamate receptor chaperones with hearing loss. Dlg4 and
Shank3 are known to increase glutamate receptor organization
and enhance learning and memory function (Ehrlich et al.,
2007). However, we found that glutamate receptor chaperones
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FIGURE 5 | (A) The network includes the genes enriched in the Glutamatergic pathway, as well as the glutamate receptors that were mapped. The orange dots are
in postsynapse, the blue dots are the glutamate receptors with moderate correlation with ARHL, and the dark gray dots is in presynapse, the size of the point
indicates its connection degree, the red line indicates a significant positive correlation, the green line indicates a significant negative correlation, and the thickness of
the line indicates the value of the correlation. Scatterplots of the correlations of Gls expression with Gria3 expression (B), Adcy4 expression (C), Dlg4 expression (D),
Shank3 expression (E). The Pearson correlation coefficient was used to determine the relationship. Pearson correlation and p-value are indicated. Gene expression
levels are log2 transformed and modified with Z score.
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FIGURE 6 | Scatterplots of the correlations of Gls expression with the learning latency in a touch screen test (A), the percentage of time spent freezing in Contextual
fear conditioning test (B), the percentage of successful alternations in Y-maze test (C), the number of new entries during the first 8-arm choices in an 8-arm radial
maze test (D). The Pearson correlation coefficient was used to determine the relationship. Pearson correlation and p-value are indicated. Gene expression levels are
log2 transformed and modified with Z score.

are positively correlated with hearing loss level. The potential
reason for this is the existence of a glutamate receptor
regulation feedback circuit, in which low-level glutamate
release may enhance the expression of glutamate receptor
scaffold proteins such as Dlg4 and Shank3, but further
research is needed.

With a phenotype-wide association analysis, we showed
that the Gls expression level is associated with various
learning- and memory-related traits. This is consistent with
previous animal model studies. The Gls knockout mice showed
impaired glutamatergic synapse transmission (Masson et al.,
2006), hippocampal hypometabolism in the hippocampus CA1
subregion, and were less sensitive to behavioral stimulating
effects (Gaisler-Salomon et al., 2009). Taken together, these
results proposed Gls as a key regulator in the glutamate synapse
signaling pathway.

In this study, we performed a TWAS based on the BXD
mouse panel. In this panel, hearing variation was found in
different mice strains. The hearing loss level ranged from very
mild hearing loss to nearly deafness. Such hearing loss occurs
naturally, and hence BXD is considered as a unique animal model
population to investigate ARHL. These mice strains together
with the systems genetics approach can be a powerful tool in

future studies on hearing loss. Nonetheless, so far, a systematic
transcriptome profiling of inner ear tissues at a large population
level is still lacking. Transcriptome profiling of inner ear tissues
associated with aging at a population level would provide further
knowledge about ARHL.

Although we focused on hippocampal glutamate synapse
signaling in the current study, the gene profiling suggested
more pathways such as GABA, calcium-signaling pathways,
and several metabolic pathways are involved in the association.
Given the complexity and heterogeneity of those two disorders,
how those pathways involved in the ARHL associated cognitive
dysfunction still need to be validated and could facilitate a better
understanding of the association.

One potential limitation of this study is the ABR
measurements and hippocampal transcriptomic profiling,
which were generated from two independent groups of BXD
mice. It may introduce potential bias in the analysis. However,
due to the genetic makeup, the mice from the same strain can be
considered as identical twins. Moreover, we involved relatively
a large number of strains with the age range roughly aligns
well between those two data sets (18–25 months old). Thus the
results based on the joint analysis of those two data sets are still
reliable and robust.
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FIGURE 7 | ARHL associated Glutamatergic synapse pathway mapping.
Glutamate released from presynaptic terminals acts through the activation of
glutamate receptors located at the postsynaptic terminal. The interaction
between glutamate and glutamate receptor favors the activation of several
metabolic pathways. Glutamine is converted into glutamate by glutaminase.
GLN, glutamine; GLS, Glutaminase; GLU, glutamate; Grm2, glutamate
metabotropic receptor 2; Grm3, glutamate metabotropic receptor 3; Grm5,
glutamate metabotropic receptor 5; Grm7, glutamate metabotropic receptor
7; Grm8, glutamate metabotropic receptor 8; Slc38a2, solute carrier family 38
member 2; Adrbk2, adrenergic, beta, receptor kinase 2; Adcy4, adenylate
cyclase 4; NMDAR, N-methyl-D-aspartate receptor; KA, kainate receptors;
AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
PSD-95, postsynaptic density protein 95; Shank3, SH3 and multiple ankyrin
repeat domains 3; Grik1, glutamate ionotropic receptor kainate type subunit
1; Gria2, glutamate ionotropic receptor AMPA type subunit 2; Gria3,
glutamate ionotropic receptor AMPA type subunit 3; Gria4, glutamate
ionotropic receptor AMPA type subunit 4. The blue sphere indicates GLU, the
purple sphere indicates GLN. Green indicates negative correlation with ABR,
red indicates positive correlation with ABR. Gray indicates non-significant
correlation with ABR.

In summary, our study identified that the hippocampal
glutamatergic synaptic impairment is associated with ARHL
using a TWAS approach. These results provide the potential
molecular mechanism of the association between cognition
dysfunction and ARHL. Moreover, it also provides a novel
research strategy in related studies.
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Unilateral Conductive Hearing Loss
Disrupts the Developmental
Refinement of Binaural Processing in
the Rat Primary Auditory Cortex
Jing Liu, Xinyi Huang and Jiping Zhang*

Key Laboratory of Brain Functional Genomics, Ministry of Education, NYU–ECNU Institute of Brain and Cognitive Science
at NYU Shanghai, School of Life Sciences, East China Normal University, Shanghai, China

Binaural hearing is critically important for the perception of sound spatial locations.
The primary auditory cortex (AI) has been demonstrated to be necessary for sound
localization. However, after hearing onset, how the processing of binaural cues by
AI neurons develops, and how the binaural processing of AI neurons is affected by
reversible unilateral conductive hearing loss (RUCHL), are not fully elucidated. Here,
we determined the binaural processing of AI neurons in four groups of rats: postnatal
day (P) 14–18 rats, P19–30 rats, P57–70 adult rats, and RUCHL rats (P57–70) with
RUCHL during P14–30. We recorded the responses of AI neurons to both monaural and
binaural stimuli with variations in interaural level differences (ILDs) and average binaural
levels. We found that the monaural response types, the binaural interaction types, and
the distributions of the best ILDs of AI neurons in P14–18 rats are already adult-like.
However, after hearing onset, there exist developmental refinements in the binaural
processing of AI neurons, which are exhibited by the increase in the degree of binaural
interaction, and the increase in the sensitivity and selectivity to ILDs. RUCHL during early
hearing development affects monaural response types, decreases the degree of binaural
interactions, and decreases both the selectivity and sensitivity to ILDs of AI neurons in
adulthood. These new evidences help us to understand the refinements and plasticity in
the binaural processing of AI neurons during hearing development, and might enhance
our understanding in the neuronal mechanism of developmental changes in auditory
spatial perception.

Keywords: unilateral conductive hearing loss, binaural processing, binaural interaction, auditory cortex,
interaural level differences, rats

Abbreviations: UCHL, unilateral conductive hearing loss; RUCHL, reversible unilateral conductive hearing loss; AI,
primary auditory cortex; ABL, average binaural level; ILD, interaural level difference; ITD, interaural time difference; CF,
characteristic frequency; P, postnatal day; PILDR, preferred ILD range; PILDR75, the PILDR over which the normalized
response strength was 0.75; PILDR50, the PILDR over which the normalized response strength was 0.5; ABR, auditory
brainstem response.
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INTRODUCTION

The central auditory system receives, integrates, and analyses
inputs from the two ears. This binaural processing contributes to
localizing the sound source (Middlebrooks, 2015), separating the
target sound from competing noisy background (Middlebrooks
and Waters, 2020), and improving speech perception in noise
(Hawley et al., 2004). The perception of acoustic space in humans
exhibits developmental changes in sound localization accuracy
and auditory spatial discrimination (Van Deun et al., 2009;
Kuhnle et al., 2013), and it develops from an initially imprecise
representation of spatial positions in infants and young children
to a concise representation in young adults (Kuhnle et al., 2013;
Freigang et al., 2015). In addition, the sensitivity to binaural cues
in human is evident early in life (Bundy, 1980) and reaches adult-
like behavior by 4–5 years of age (Van Deun et al., 2009). It is
generally believed that the binaural cues for the perception of
the sound-source location in horizontal plane are the interaural
time differences (ITDs) and interaural level differences (ILDs),
and the ILDs provide the major cue for the horizontal location
of high-frequency sounds (Middlebrooks, 2015). Animal studies
have shown the importance of binaural processing in sound
localization, e.g., the sound localization accuracy can be disrupted
when one ear was occluded with an earplug (Potash and Kelly,
1980; Keating et al., 2015). However, the neural mechanism
for the normal development of binaural processing is still not
fully understood.

The primary auditory cortex (AI) has been demonstrated to
be necessary for binaural processing. Lesion or inactivation of
AI leads to sound localization deficits (Malhotra and Lomber,
2007; Nodal et al., 2010). AI neurons have been shown to be
sensitivity to sound-source azimuth in cats (Samson et al., 1994),
monkeys (Woods et al., 2006), bats (Razak, 2011), ferrets (Wood
et al., 2019), and rats (Yao et al., 2013; Gao et al., 2018; Wang
et al., 2019). The spatial sensitivity of AI neurons to sound-source
azimuth largely depends on binaural processing. Abnormal
inputs from the two ears disrupt the tuning of AI neurons
to sound-source azimuth (Samson et al., 1994; Wang et al.,
2019). The binaural cues are first computed in the superior olive
complex (Grothe et al., 2010), and the ILDs are further processed
in the inferior colliculus (Semple and Kitzes, 1987) and auditory
cortex (Zhang et al., 2004). Based on the spiking responses of
AI neurons to monaural and binaural stimuli at corresponding
stimulus levels, the integrations of the inputs from both ears are
often categorized into facilitatory, inhibitory, and mixed binaural
interactions (Irvine et al., 1996; Zhang et al., 2004). These studies
on the binaural processing in AI focused on the adult animals.
Studies using auditory evoked potentials to measure the binaural
interaction of newborn infants have demonstrated immature
binaural interactions at brainstem (Cone-Wesson et al., 1997)
and auditory cortex (Nemeth et al., 2015). However, at single
neuron level, how the binaural processing in AI develops after
hearing onset is not fully elucidated.

After the onset of hearing, the auditory cortex undergoes
developmental refinements in the tonotopic map of sound
frequency (Zhang et al., 2001), and in the spectral and temporal
response selectivity (Chang et al., 2005; Zhao et al., 2015;

Cai et al., 2018). The role of inhibition contributes to
the progressive maturation in frequency tuning (Chang
et al., 2005) and temporal processing (Cai et al., 2018).
The pace of cortical synaptic receptive field development
is set by progressive, experience-dependent refinement
of intracortical inhibition (Dorrn et al., 2010) or a fine
adjustment of excitatory input strength (Sun et al., 2010).
As the sound localization ability improves from infants to
young adults, we hypothesize that the binaural processing
which contributes to sound localization might also undergo
a progressive refinement in AI at single neuron level
after hearing onset.

Humans with unilateral conductive hearing loss (UCHL),
such as congenital UCHL and otitis media with effusion in
early childhood, show persistent binaural hearing deficits after
corrective surgery (Pillsbury et al., 1991; Wilmington et al.,
1994). Neurophysiology studies have shown that chronic UCHL
in rats from early onset of hearing disrupts the normal spatial
azimuth tuning of AI neurons in adulthood (Wang et al., 2019).
Monaural deprivation in young rats enhances the responsiveness
of inputs from the developmentally opened ipsilateral ear in AI
and disrupts the binaural integration of ILD (Popescu and Polley,
2010). In addition, brief UCHL at young age disrupts the normal
coregistration of interaural frequency tuning and ILD sensitivity
in the mice AI (Polley et al., 2013). These studies have enhanced
our understanding of how UCHL at young age induces the
experience-dependent plasticity in AI. Otitis media with effusion
often induces UCHL in human infants (Hogan et al., 1997), and
the binaural hearing abilities was not completely restored even if
the hearing threshold returned to normal after corrective surgery
for the UCHL (Pillsbury et al., 1991). Until now, whether and
how the reversible UCHL (RUCHL) at young age affects the
developmental refinement of binaural processing in the adult AI
is not fully understood.

In the present study, we first investigated the developmental
refinement of binaural processing in AI by determining and
comparing the monaural response types and the binaural
processing properties (i.e., the binaural interaction types, the
degree of binaural interactions, the sensitivity and selectivity to
ILDs) of AI neurons among different age groups of rats with
normal hearing development. We then studied the effects of
RUCHL at young age on the binaural processing of AI neurons
in adulthood by comparing the binaural response properties of
AI neurons between the normal developing adult rats and the
RUCHL rats in adulthood. We have demonstrated that there
exists a developmental refinement of binaural processing in AI
after hearing onset, and that RUCHL at young age disrupts the
developmental refinement of binaural processing in AI.

MATERIALS AND METHODS

Animals and Animal Groups
Four groups of Sprague–Dawley rats were used: (1) group 1,
postnatal day (P) 14–18 rats (n = 45), the ages of these rats
were within 1 week after hearing onset (usually at P12); (2)
group 2, P19–P30 rats (n = 53); (3) group 3, P57–P70 adult
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rats (n = 47); (4) group 4, RUCHL rats (n = 60, P57–70) with
UCHL only during P14–30. Rats in groups 1–3 had normal
binaural hearing development. For convenience, we randomly
picked the rats with different ages and assigned them to the
four groups from P14, i.e., the P14–18 group, the P19–30
group, the adult group, and the RUCHL group, respectively.
The adult group was also used as the control to study the
effects of RUCHL at young age on the binaural processing of
AI neurons in adulthood. The rats were bred in-house from
Sprague–Dawley breeding pairs purchased from Shanghai Jie
Si Jie Laboratory Animal Co., Ltd., (Shanghai, China). The
rat pups were raised with their parents until P26. All rats
had free access to food and water, and were reared in the
housing environments (20–24◦C temperature) with 12-h light–
dark cycles.

For the rats in the RUCHL group, unilateral middle ear
poloxamer hydrogel injections adapted from a previous study
were made to induce RUCHL at young age (Polley et al.,
2013). Briefly, after the P14 rats were anesthetized by Nembutal
(50 mg/kg, i.p.), a slit in the right tragus was made to better
visualize the tympanic membrane in the right ear. A small
hole was made in the pars flaccid to allow the injection of
poloxamer 407 solutions through a glass capillary with about
15 µm tip in diameter. The blunt end of the glass capillary
was attached to the syringe infusion set, and the syringe was
filled with a 30% (w/w) solutions of poloxamer 407 and blue
dye. About 10 µl poloxamer solutions (around 4◦C) were
injected to the middle ear to fill the middle-ear cavity under
an operating microscope. Additional two injections of 5 µl
poloxamer 407 solutions were done at P16 and P18, respectively.
The poloxamer 407 solutions rapidly transitioned to gels in the
middle ear cavity at body temperature after injection, which
induced a conductive hearing loss at the injected ear. The
poloxamer 407 gels spontaneously dissolved through hydrolysis
several days later, and the thresholds of auditory brainstem
response (ABR) were fully resolved 14–15 days after the initial
poloxamer injection (Polley et al., 2013). In this way, this method
provides us a convenient way to induce RUCHL in rats. We
determined the hearing threshold of each ear by measuring the
ABR wave I threshold. For a small number of rats (n = 11),
ABR measurements were conducted for each ear at P14–P30
with an interval of 2 days. For all the rats in the RUCHL
group, ABR measurements were conducted for each ear on
the days of injection and P30. At P30, the hearing threshold
of the injected ear was considered to be recovered to normal
levels if the ABR threshold difference between the injected
ear and the normal control ear of a rat was less than 5 dB.
These rats were raised until adulthood, and they constituted the
RUCHL group of rats.

Acoustical Stimulus Presentation System
Acoustic stimulus presentation were performed through TDT
System 3 hardware and software (Tucker-Davis Technologies,
United States) controlled by a PC. The hardware for acoustic
stimulus presentation includes a multifunction processor (RX6-
A5), a stereo power amplifier (SA1), and two multi-field
magnetic speakers (MF1). All acoustic stimuli were delivered

to ears via a close-field system. The speakers (MF1) were
incorporated internal parabolic cones and coupled to the ears
through 9.5-cm-long PVC plastic tubes (1/16 inch ID, 1/8
inch OD, and 1/32 inch wall thickness) leading to the ear
canal. Adaptable plastic tubes were used to couple the ear
canals of infant rats when necessary. The end of each tube
was about 5 mm from the tympanic membrane. The output
of each MF1 speaker was calibrated from 2.0 to 44.0 kHz
(sampling rate, 100 kHz) using a 1/4-in. condenser microphone
(model 7016; ACO Pacific Inc.). The calibration data were
stored in a computer for obtaining the desired sound pressure
levels in decibel (dB SPLs, re: 20 µPa) within the calibrated
frequency range.

Auditory Brainstem Response
Measurement
The procedure for ABR measurement was similar to that
described in our previous study (Wang et al., 2019). Briefly, rats
were anesthetized with Nembutal (50 mg/kg, i.p.) and then placed
in a stereotaxic frame in a double-walled sound-proof room.
The acoustic signal was present from the MF1 speaker coupled
to the ear. The subdermal needle electrodes (Rochester Electro-
Medical, Inc., United States), headstage (RA4LI), preamplifier
(RA4PA), and RX5A2 processor were used to record ABR
signals. The electrodes were placed subcutaneously at the vertex
(active), the mastoid ipsilateral to the acoustic signal source
(reference), and the tail of the rats (ground). The ABR thresholds
were measured independently for both ears with tone bursts
(5 ms duration, 0.5 ms cosine ramps, 21 Hz repetition rate).
The tone bursts were 4.0–36.0 kHz in frequency with 4.0-
kHz increments and were 80 to 15 dB SPL in level with 5-
dB decrements (or 2-dB steps at near ABR wave I threshold
by visual inspections). The ABR signals were bandpass filtered
(0.3–3 kHz), averaged from 512 stimulus pairs, and analyzed
in BioSigRP software. The ABR Wave I threshold was defined
as the lowest sound level that could reliably produce an
acoustic stimulus-evoked peak which followed the progressive
trend for decreasing amplitude and increasing latency obtained
over the range of tested sound levels (Popescu and Polley,
2010). We determined the ABR Wave I threshold by visual
inspections of ABR wave data, and by using a statistical
measure, i.e., the lowest sound level that evoked a wave I
with the peak-to-peak amplitude greater than 2 SDs of the
background activity.

Animal Surgery and Single-Unit
Recording in Primary Auditory Cortex
Rats were anesthetized by urethane (1.5 g/kg, i.p.) before
surgery and were given an injection of atropine sulfate
subcutaneously (0.01 mg/kg) to reduce bronchial secretions.
Body temperature was monitored and maintained at 37.5◦C
by an animal temperature regulator. The surgical procedures
were similar to that described in our previous studies (Wang
et al., 2019). Briefly, the trachea of the rat was cannulated to
allow unobstructed respiration, and then a midline skin incision
was made on the rat head to allow the exposure of the dorsal
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and temporal skull. A nail (4 cm long) was attached to the
dorsal surface of the skulls with 502 super glue and dental
cement. The rat was then fixed to a head holder through the
nail. A small hole was made over the left auditory cortex.
The dura was removed, and the exposed cortex was kept
moist by warm saline.

The neurophysiologic recording was conducted in a sound-
proof room. Glass electrodes (filled with 2 M NaCl, 1.0–2.0 M�
impedance) were advanced orthogonally to the pial surface of AI
by a remotely controlled microdrive (SM-21; Narishige, Japan).
The recording depth of AI neurons was within the range of
300–900 µm under the pial surface. Action potentials were
recorded, amplified (× 1,000), and band pass filtered (0.3–
3.0 kHz) by a DAM80 amplifier (WPI, United States), and
then fed into a pre-amplifier RA8GA, a RX5A2, and a PC
for online and offline data processing. The signal was also
monitored on an oscilloscope (TDS 2024, United States) and
an audio monitor.

The responses of rat AI neurons were determined by
presenting tone bursts varied with frequencies and levels. The
frequencies were varied within the range of 4.0–44.0 kHz with
1-kHz increments, and the levels were varied within the range of
0–80 dB SPL with 10-dB steps. The tonal stimuli (50 ms duration
including 1.5 ms rise/fall time) were monaurally presented to
either ear or binaurally presented to the two ears in dichotic
conditions. Absolute stimulus levels (dB SPL) and ILDs (dB)
were set by computer through OpenEX software (TDT system
3). The interstimulus interval was 800 ms. The searching stimuli
were presented monaurally to either ear and binaurally with
equal levels at both ears. Single units were identified by the
criteria of equal spike height, constant wave form, and significant
signal-to-noise ratio.

Data Analysis and Binaural Interaction
Classification
Once a single neuron was identified, the characteristic frequency
(CF; the frequency at which the neuron showed the lowest
response threshold) was determined by presenting various
frequency-level combinations in the audiovisually determined
frequency-level response range. The rat AI was identified based
on the unique rostral-to-caudal tonotopy (Doron et al., 2002)
and short-latency responses to sound stimuli in the auditory
cortex. The monaural rate-level functions were determined
by presenting CF tonal stimuli (repeated 30 times) to the
contralateral ear or the ipsilateral ear from 0 to 80 dB SPL in
10 dB increments (Figure 1A, filled circles). Then a matrix of
binaural stimuli at CF was presented in which the ILDs and
the average binaural levels (ABLs) were varied systematically in
dichotic conditions (Figure 1A, filled diamonds). The ILDs were
varied from −20 to + 20 dB in 10-dB steps, and the positive
ILDs indicate greater sound levels in the contralateral (right) ear.
The ABL was defined as the sum (in dB) of the contralateral and
ipsilateral sound levels divided by 2. At each ILD, ABLs were
varied from 20 to 70 in 10-dB steps. A binaural stimulus can
be described in terms of its ILD and ABL, or in terms of the
levels at the contralateral and the ipsilateral ears (Figure 1A). The

binaural stimulus matrix included 30 binaural level combinations
(repeated 30 times each).

The sensitivity and selectivity of AI neurons to ILDs were
evaluated from the ILD response functions, i.e., spike counts
versus ILD functions at various ABLs (Figure 1B), and averaged
ILD response functions across ABLs (Figure 1C). A linear curve
fitting was performed to the averaged ILD response function
(Figure 1C, dotted line), and the slope value of this linear
function was used as a measure of neuronal sensitivity to ILDs.
A greater absolute slope value indicates greater sensitivity to
ILD. We then normalized the response strength relative to the
maximum spike counts in the averaged ILD response function,
and the maximum response strength was 1.0. In the normalized
ILD response functions (Figures 1D–F), the best ILD was defined
as the ILD at which the normalized response strength was 1.0,
and the modulation depth was defined as the differences in the
normalized response strength between the maximum value and
the minimum value (Figures 1D–F, vertical lines with double
arrow head). A greater modulation depth indicates a greater
sensitivity to ILDs. The selectivity of AI neurons to ILDs was
assessed from normalized ILD response functions by determining
the preferred ILD range (PILDR) over which the normalized
response strength was 0.75 (PILDR75) and 0.50 (PILDR50)
(Figures 1D–F). In the bottom row of Figure 1, the dotted
lines show the normalized responses strength at 0.75 and 0.5,
respectively, and the horizontal line with the double arrow show
the PILDR75 and PILDR50 (Figures 1D–F). If the dotted line
intersects with only one side of the normalized ILD response
function, the PILDR was defined as the ILD range from the
intersect of the dotted line with the normalized ILD response
function to the contralateral limit (i.e., + 20 dB ILD, Figure 1D)
or the ipsilateral limit (i.e., −20 dB ILD, Figure 1E). If the
dotted line intersects with both sides of the normalized ILD
response function, the PILDR was the ILD range between the
two intersects (Figure 1F, PILDR75). In contrast, if the dotted
line did not intersect with either side of the normalized ILD
response function, the PILDR was defined as the ILD range from
−20 to + 20 dB (Figure 1F, PILDR50). For the few instances
where the ILD function has multiple PILDR75s or PILDR50s, the
PILDR was defined as the sum of the extent of the PILDRs. The
location of the PILDR indicates ILD preference, and the width of
the PILDR was used as a measure of ILD selectivity. A narrower
PILDR indicates a greater ILD selectivity. Using the same idea,
for each neuron, we also analyzed the PILDR75 and PILDR50
from the ILD response function at each ABL to determine the
ILD selectivity at different ABLs.

We categorized the binaural interaction of rat AI neurons
following a previous classification scheme (Zhang et al., 2004).
Rat AI neurons were first classified as EE, EO, OE, and PB types
according to their monaural response properties (Figures 2–4):
EO if the neuron was responsive to monaural stimulation in the
contralateral ear but not in the ipsilateral ear (Figure 2); EE if
it was driven by monaural stimulation of either ear (Figure 3);
OE if the neuron responded to monaural stimulation in the
ipsilateral ear but not in the contralateral ear (Figure 4); and
PB (i.e., predominantly binaural) if the neuron did not respond
or responded very weakly to monaural stimulation of either ear,
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FIGURE 1 | The sound stimulus paradigm and the method to determine the neuronal sensitivity and selectivity to ILDs from the ILD response functions of AI
neurons. (A) The sound stimulus paradigm. The monaural stimuli (filled circles) and the binaural stimuli (filled diamonds) are designated in terms of contralateral
(contra) and ipsilateral (ipsi) sound pressure levels in dB (dB SPL). The binaural stimulus can also be shown in terms of interaural level difference (ILD) and average
binaural level (ABL). Positive ILDs favor the contralateral ear and negative ILDs favor the ipsilateral ear. (B) The ILD response functions of an AI neuron determined at
different ABLs. (C) The averaged ILD response function across ABLs from the data in panel (B) (solid line) and the linear curve fitting function (dotted line). The slope
value of this linear function was used as a measure of neuronal sensitivity to ILDs. (D–F) The method to determine the modulation depth, the preferred ILD range
(PILDR75, PILDR50), and the best ILDs from the normalized ILD response functions. See texts in section “MATERIALS AND METHODS” for details.

but did respond strongly to binaural stimulation (Figure 4).
Neurons within the category of each monaural response type
were further classified according to their binaural interaction
behavior within the binaural stimulus matrix. To quantify
the degree of binaural interactions, we computed a binaural
interaction index by dividing the response in spike counts to a
binaural stimulus by the sum of the monaural responses in spike
counts at corresponding monaural stimulus levels. In the present
study, all of the recorded neurons showed onset responses. The
responses to sound stimuli in spike counts were determined
over the sound duration. Similar to the scheme used to classify
the binaural interaction type (Zhang et al., 2004), a binaural
interaction evoked by a binaural stimulus in the matrix was
considered as facilitatory (F) if the binaural interaction index was
greater than 1.2, inhibitory (I) if the binaural interaction index
was less than 0.8, or no interaction (N) if the binaural interaction
index was within the ranges of 0.8–1.2 (Figures 2–4, bottom row).
Due to low number of spikes sometimes evoked by the stimuli in
the binaural stimulus matrix, if both the binaural responses to a

binaural combination (repeated 30 times each) and the monaural
responses to monaural stimuli at corresponding levels (repeated
30 times each) were < 6 spikes, this binaural combination was
excluded from the binaural interaction classification analysis
(e.g., Figure 2A4, the stimulus combination at ILD −20 dB
and ABL 20 dB; Figure 2B4, the stimulus combinations at
ILD -20 dB and ABL 20 dB, ILD −10 dB and ABL 20 dB;
Figure 4C4, the binaural combinations at the ILD −20 dB and
ABL 20 dB, the ILD −20 dB and ABL 30 dB, the ILD −10 dB
and ABL 20 dB). The binaural interaction type of a neuron was
then classified according to the kinds of binaural interaction
behavior within the binaural stimulus matrix (Figures 2–4).
To reduce the number of binaural interaction categories for a
neuron, designation of no interaction (N) was not included in
the binaural interaction classification scheme unless no other
type of binaural interaction occurred in the matrix. The binaural
interaction type of a neuron was considered to be F, I, or N if
it demonstrated predominately facilitatory (F), inhibitory (I), or
completely no binaural interaction (N) in the binaural stimulus
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FIGURE 2 | The responses of three EO neurons to both monaural and binaural stimuli. The data shown in each column are from one neuron. (A1–C1) The monaural
responses of the neurons to stimuli from the contralateral (contra) ear and the ipsilateral (ipsi) ear. (A2–C2) The binaural responses of the neurons to stimuli in the
binaural stimulus matrix plotted as a function of contralateral levels and at different ILDs. For comparison, the monaural contralateral response functions are shown in
dotted lines. (A3–C3) The binaural response contours plotted at different contralateral and ipsilateral levels within the binaural stimulus matrix. Filled diamonds
represent binaural stimulus conditions, and the stimuli are also shown in ABL vs. ILD in panel (A3). (A4–C4) The contour plots of the binaural interaction index within
the binaural stimulus matrix. F, I, and N: facilitatory, inhibitory, and no binaural interaction in the contour plots, respectively. The binaural response type of a neuron
was classified as mixed (M) if both facilitatory and inhibitory binaural interactions occurred within the binaural stimulus matrix (e.g., neuron C). The three neurons were
categorized as EO/F, EO/I, and EO/M, respectively.
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FIGURE 3 | The responses of three EE neurons to both monaural and binaural stimuli. The data shown in each column are from one neuron. The legends for the
panels in the four rows are similar to those in Figure 2. According to monaural responses and the binaural interaction behaviors in the binaural stimulus matrix, the
three neurons were categorized as EE/F, EE/I, and EE/M, respectively.
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FIGURE 4 | The responses of two OE neurons and one PB neuron to both monaural stimuli and binaural stimuli. The data shown in each column are from one
neuron. The legends for the four rows are similar to those in Figure 2. The three neurons were categorized as OE/F, OE/M, and PB, respectively.

matrix; the binaural response type was classified as mixed (M)
if both facilitatory and inhibitory binaural interactions occurred
within the binaural stimulus matrix (Figures 2–4, bottom row).

Therefore, the binaural interaction type of an AI neuron was
designated into one of the following: EE/F, EE/I, EE/N, EE/M,
EO/F, EO/I, EO/N, EO/M, OE/F, OE/I, OE/N, OE/M, and PB.
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FIGURE 5 | Age-related changes in the degree of binaural interactions of rat AI neurons. (A) Contour plot of the binaural interaction index of a representative AI
neuron in responding to the binaural stimulus matrix. F, I, and N: facilitatory, inhibitory, and no binaural interaction evoked by a binaural stimulus in the matrix,
respectively. (B,C) The scatter plot (B) and box plot (C) showing the distributions in the percentages of stimuli that evoked binaural interaction in the binaural matrix.
Each symbol in panel B represents the data from one neuron. The numbers indicate the number of neurons in each group. (D–F) Box plots showing age-related
changes in the degree of inhibitory binaural interaction. The population data for the percentages of inhibition in maximum (D), median (E), and minimum (F) are
determined from each AI neuron in each group of rats. (G–I) Box plots showing the comparison in the degree of facilitatory binaural interaction among the three
groups of AI neurons. The population data for the percentages of facilitation in maximum (G), media (H), and minimum (I) are determined from each AI neuron in
each group of rats. Box plots indicate the median (solid line in the boxes), mean (dotted line in the boxes), quartiles (box extremities), and 10th/90th percentiles (error
bars). * indicates significant difference between two groups (Mann–Whitney U-test, p < 0.05).
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For each AI neuron, the degree of binaural interaction was
determined by three aspects of analysis (Figure 5): (1) the
percentage of stimuli in the binaural matrix that evoked binaural
interactions, i.e., [the total number of stimulus points that evoked
binaural interactions (I and F) in the binaural matrix]/[the total
number of stimulus points with binaural interaction assessment
(I, F, and N) in the binaural matrix] × 100%; (2) the percentage
of inhibition for each inhibitory binaural interaction in the
binaural matrix. This was calculated from the binaural response
to a binaural stimulus and the monaural responses to monaural
stimuli at corresponding monaural levels, i.e., (the sum of
the monaural responses − the binaural response)/(the sum
of monaural responses) × 100%. For each AI neuron, we
then analyzed the maximum, median, mean, and minimum
among the percentages of inhibition in the binaural matrix.
(3) The percentage of facilitation for each facilitatory binaural
interaction, i.e., (the binaural response to a binaural stimulus -
the sum of the monaural responses at corresponding monaural
levels)/(the sum of the monaural responses) × 100%. We
then analyzed the maximum, median, mean, and minimum
among the percentages of facilitation in the binaural matrix
for each AI neuron.

Statistical analyses were performed in SPSS, and a criterion of
p< 0.05 was considered as significantly different between groups.

RESULTS

The neuronal responses to both monaural stimuli and binaural
stimuli were collected from 601 neurons in the AI of four groups
of rats. We analyzed the population data from AI neurons in the
three age groups of rats with normal hearing development [i.e.,
the P14–18 group (n = 156), the P19–30 group (n = 136), and the
adult group (n = 171)] to investigate the developmental changes
of the monaural response types and the binaural processing of AI
neurons. We then compared the data of AI neurons between the
RUCHL group (n = 138) and the adult group to investigate the
effects of RUCHL at young age on the monaural response types
and the binaural processing of AI neurons in adulthood.

Based on the monaural response properties of the 601
neurons collected in the rat AI, we classified the monaural
response types of these neurons as EO, EE, OE, and PB
(see example neurons in Figures 2–4). The monaural and
binaural responses of the three EO neurons shown in Figure 2
demonstrated various binaural interactions. Neuron A showed
predominantly facilitatory binaural interaction whereas neuron
B showed predominantly inhibitory binaural interaction in the
binaural stimulus matrix. Therefore, the two neurons were
categorized as EO/F (Figure 2A4) and EO/I (Figure 2B4),
respectively. Neuron C was categorized as EO/M because
it showed predominantly facilitatory binaural interaction at
ILDs + 10 to + 20 dB, and predominantly inhibitory binaural
interaction at ILDs −20 to −10 dB (Figure 2C4). Figure 3
shows the responses of three EE neurons to both monaural
and binaural stimuli. These EE neurons responded to monaural
stimulation at either ear (Figures 3A1–C1). Their binaural
responses varied with binaural stimuli in the binaural matrix

(Figures 3A2–C2, A3–C3). According to the monaural response
type and the binaural interaction behavior in the binaural matrix,
the three EE neurons were categorized as EE/F (Figure 3A4), EE/I
(Figure 3B4), and EE/M (Figure 3C4), respectively. Figure 4
shows the responses of two OE neurons (Figure 4, the first and
the second columns) and one PB neuron (Figure 4, the third
column) to both monaural stimuli and binaural stimuli. The two
OE neurons were classified as OE/F (Figure 4A4) and OE/M
(Figure 4B4). The neuron C in Figure 4 exhibited the property
of predominant binaural response. By definition, this neuron was
categorized as PB (Figure 4C4).

Developmental Refinement of Binaural
Processing in Primary Auditory Cortex
After Hearing Onset
We first analyzed the age-related changes in both the monaural
response type and the binaural interaction type of AI neurons in
the three age groups of rats with normal hearing development.
The proportions of neurons within each monaural response
type were as follows (Figure 6A): the P14–18 group, 86.54%
for EO and 13.46% for EE; the P19–30 group, 88.97% for
EO, 8.82% for EE, and 2.21% for PB; the adult group, 92.40%
for EO, 6.43% for EE, and 1.17% for PB. In each age group,
the proportion of EO neurons was the largest, and most
neurons were categorized as EO and EE types. Because the
proportions of PB neurons are very small in the three age
groups, in the following data analysis, we focus on the age-
related changes of binaural processing in the population of
EO and EE neurons.

The population data analysis from AI neurons including
both EO and EE types showed no significant differences in
the distributions of binaural interaction types among the three
age groups (Figures 6B–D). The majority AI neurons were
categorized as mixed binaural interaction type (Figure 6B), i.e.,
69.23% in the P14–18 group, 64.66% in the P19–30 group,
and 60.95% in the adult group, respectively. The proportions
of neurons categorized as inhibitory binaural interaction type
were 21.25% in the P14–18 group, 19.55% in the P19–30
group, and 17.16% in the adult group, respectively. In addition,
the proportions of neurons categorized as facilitatory binaural
interaction type were 9.62% in the P14–18 group, 15.79% in the
P19–30 group, and 21.89% in the adult group, respectively. We
did not find significant differences in the distributions of binaural
interaction types among the three age groups of A1 neurons
(χ2-test, df = 4, χ2 = 9.219, p = 0.056). Within the population
of EO neurons in each age group, the proportions of neurons
with various binaural interaction types were as follows: the P14–
18 group, 11.11% for EO/F, 19.26% for EO/I, and 69.63% for
EO/M; the P19–30 group, 17.36% for EO/F, 18.18% for EO/I, and
64.46% for EO/M; the adult group, 21.52% for EO/F, 17.09% for
EO/I, and 61.39% for EO/M, respectively (Figure 6C). Chi-square
test did not show significant differences in the distributions of
binaural interaction types among the three age groups of EO
neurons (df = 4, χ2 = 5.641, p= 0.228). Moreover, the proportions
of EE neurons with various binaural interaction types in each age
group were as follows: the P14–18 group, 33.33% for EE/I and
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FIGURE 6 | Distributions of the monaural response types and the binaural interaction types of AI neurons in the three age groups of rats. The three age groups are
P14–18 group, P19–30 group, and adult group, respectively. (A) The distributions of the monaural response types (i.e., EE, EO, and PB) of AI neurons. (B) The
distributions of the binaural interaction types for the population including both EO and EE neurons. The binaural interaction of each neuron was classified into one of
the three categories: inhibitory (I), facilitatory (F), and mixed (M). (C,D) The distributions of the binaural interaction types in the population of EO neurons (C) and EE
neurons (D). Numbers shown on the top of the bars indicate the number of neurons in each age group.

66.67% for EE/M; the P19–30 group, 33.33% for EE/I and 66.67%
for EE/M; the adult group, 27.27% for EE/F, 18.18% for EE/I, and
54.54% for EE/M (Figure 6D). We did not encounter EE/F type
in the AI in both the P14–18 group and the P19–30 group. No
significant differences were found in the distributions of EE/I and
EE/M types among the three age groups of EE neurons (χ2-test,
df = 2, χ2 = 0.207, p = 0.902).

We next determined whether there are age-related changes
in the degree of binaural interactions in AI after hearing onset.
One measure for the degree of binaural interaction was the
percentages of the number of stimuli that evoked binaural
interactions in the binaural stimulus matrix. A greater percentage
from this measure implies a higher degree of binaural interaction.
For each neuron, we determined the number of stimulus points
with facilitatory (F), inhibitory (I), or no interactions (N) in the

binaural stimulus matrix according to the binaural interaction
index (Figure 5A). For the example neuron in Figure 5A,
the numbers of stimulus points with facilitatory, inhibitory,
or no binaural interactions were 10, 15, and 5, respectively.
Consequentially, the percentage of stimulus points with binaural
interactions in the binaural stimulus matrix was 83.33% (25/30)
(see texts in the Methods section for detailed calculations in
this measure). The population data analysis showed age-related
changes in the percentages of stimuli with binaural interactions in
the binaural stimulus matrix. The degree of binaural interactions
in this measure was lowest in the P14–18 group than in both the
P19–30 group and the adult group, and was very similar between
the P19–30 group and the adult group (Figures 5B,C, Kruskal–
Wallis test, χ2 = 47.111, df = 2, p< 0.001; Mann–Whitney U-test,
P14–18 group vs. P19–30 group, z = −4.463, p < 0.001; P14–18
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group vs. adult group, z = −6.638, p < 0.001; P19–30 group vs.
adult group, z = −1.867, p = 0.062). These data demonstrated a
developmental increase in the degree of binaural interaction at
early postnatal age after hearing onset.

Another measure for the degree of binaural interaction is the
degree of inhibition (or facilitation) when a binaural stimulus
evoked the inhibitory (or facilitatory) binaural interaction. The
detail method for this analysis is introduced in the materials and
methods. For each AI neuron, we determined the maximum,
median, and minimum of the percentage of inhibition (or
facilitation) in the binaural matrix. If only one stimulus in the
binaural matrix evoked an inhibitory (or facilitatory) interaction,
the data were excluded from the degree of inhibition (or
facilitation) analysis. For the neuron in Figure 5A, the maximum,
median, and minimum percentages of inhibition in the whole
binaural matrix were 91.67, 53.66, and 25.00%, respectively. In
addition, the maximum, median, and minimum percentages of
facilitation in the whole binaural matrix were 188.89, 42.48,
62.97, and 24.00%, respectively. The population data analysis
for this measure indicates that the maximum percentages of
inhibition were significantly smaller in the P14–18 group than
in both the P19–30 group and the adult group; in contrast,
no significant differences in the maximum percentages of
inhibition were found between the P19–30 group and the adult
group (Figure 5D, Kruskal–Wallis test, χ2 = 11.914, df = 2,
p = 0.003; Mann–Whitney U-test, P14–18 group vs. P19–30
group, z = −3.023, p = 0.003; P14–18 group vs. adult group,
z =−2.897, p = 0.004; P19–30 group vs. adult group, z =−0.208,
p = 0.835). A similar trend was found in the median percentages
of inhibition among groups (Figure 5E, Kruskal–Wallis test,
χ2 = 9.949, df = 2, p = 0.007; Mann–Whitney U-test, P14–
18 group vs. P19–30 group, z = −2.276, p = 0.023; P14–18
group vs. adult group, z = −2.960, p = 0.003; P19–30 group
vs. adult group, z = −0.30, p = 0.976). However, no significant
differences in the minimum percentages of inhibition were
found among the three age groups of AI neurons (Figure 5F,
Kruskal–Wallis test, df = 2, χ2 = 1.2149, p = 0.545). Using
the same idea, we compared the maximum, median, and
minimum percentages of facilitation in the binaural stimulus
matrix among the three age groups of AI neurons. We found
that the maximum percentages of facilitation were significantly
smaller in the P14–18 group than in both the P19–30 group
and the adult group; however, no significant differences were
found in the maximum percentages of facilitation between the
P19–30 group and the adult group (Figure 5G, Kruskal–Wallis
test, χ2 = 34.397, df = 2, p < 0.001; Mann–Whitney U-test,
P14–18 group vs. P19–30 group, z = −4.390, p < 0.001; P14–
18 group vs. adult group, z = −5.483, p < 0.001; P19–30 group
vs. adult group, z = −1.249, p = 0.212). A similar trend was
found for the median and minimum percentages of facilitation
when the population data of AI neurons were compared
among the three age groups (Figure 5H, for the median
percentage of facilitation, Kruskal–Wallis test, χ2 = 40.672,
df = 2, p < 0.001; Mann–Whitney U-test, P14–18 group vs.
P19–30 group, z = −4.373, p < 0.001; P14–18 group vs.
adult group, z = −6.101, p < 0.001; P19–30 group vs. adult
group, z = −1.883, p = 0.060; Figure 5I, for the minimum

percentage of facilitation, Kruskal–Wallis test, χ2 = 10.462,
df = 2, p = 0.005; Mann–Whitney U-test, P14–18 group vs.
P19–30 group, z = −2.324, p = 0.020; P14–18 group vs. adult
group, z = −3.066, p = 0.002; P19–30 group vs. adult group,
z = −0.800, p = 0.424). The data in Figure 5 demonstrate
that rat AI neurons undergo refinement in the degree of
binaural interactions during early postnatal hearing development
after hearing onset.

To further determine the age-related changes of binaural
processing after hearing onset, for each AI neuron, we
determined the sensitivity of the neuron to ILD by measuring
the modulation depth and the slope value from the averaged
ILD response functions (see Figure 1 for methods). A greater
modulation depth or a greater absolute slope value indicates a
greater sensitivity to the variations of ILDs. The population data
analysis showed that the values of the modulation depth were
significantly smaller in the P14–18 group than in both the P19–30
group and the adult group; however, no significant differences in
the modulation depth were found between the P19–30 group and
the adult group (Figures 7A,B, Kruskal–Wallis test, χ2 = 46.927,
df = 2, p < 0.001; Mann–Whitney U-test, P14–18 group vs. P19–
30 group, z = −4.643, p < 0.001; P14–18 group vs. adult group,
z =−6.655, p < 0.001; P19–30 group vs. adult group, z =−1.676,
p = 0.094). The distributions of the slope values in the three
groups of AI neurons indicated that the absolute slope values in
the P14–18 group were smaller than those in both the P19–30
group and the adult group, and that no significant differences
in the absolute slope values were found between the P19–30
group and the adult group (Figures 7C,D, Kruskal–Wallis test,
χ2 = 11.214, df = 2, p < 0.001; Mann–Whitney U-test, P14–
18 group vs. P19–30 group, z = −2.068, p = 0.0391; P14–18
group vs. adult group, z = −3.306, p = 0.001; P19–30 group vs.
adult group, z = −1.676, p = 0.094). These data demonstrated a
developmental refinement in the ILD sensitivity of AI neurons
after hearing onset.

The selectivity of AI neurons to ILD was determined from the
two measures: PILDR50 and PILDR75 (see methods in Figure 1).
A smaller PILDR value indicates a greater selectivity for ILD. The
data analysis showed that the values of PILDR50s in the P14–
18 group were greater than those in both the P19–30 group and
the adult group (Figures 7E,F, Kruskal–Wallis test, χ2 = 35.09,
df = 2, p < 0.001; Mann–Whitney U-test, P14–18 group vs. P19–
30 group, z = −3.8918, p < 0.001; P14–18 group vs. adult group,
z = −5.845, p < 0.001). However, no significant differences in
the values of PILDR50s were found between the P19–30 group
and the adult group (Figures 7E,F, P19–30 group vs. adult group,
z = −1.7716, p = 0.077). In contrast, the distributions of the
PILDR75s determined from the averaged ILD response functions
across ABLs in the three age groups of AI neurons were very
similar (Figures 7G,H, Kruskal–Wallis test, df = 2, χ2 = 2.693,
p = 0.260). It is possible that the PILDRs determined from
the averaged ILD response functions across ABLs underestimate
the ILD selectivity of the AI neurons. We further determined
the PILDR75 for each neuron from the ILD response function
at each ABL. The data analysis for PILDR75s at each ABL
within 40–70 dB indicated that the PILDR75s of AI neurons
were significantly larger in the P14–18 group than in the adult

Frontiers in Neuroscience | www.frontiersin.org 12 November 2021 | Volume 15 | Article 762337116

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


fnins-15-762337 November 17, 2021 Time: 16:58 # 13

Liu et al. UCHL Disrupts Developmental Binaural Processing

FIGURE 7 | Age-related changes in both the sensitivity and the selectivity of AI neurons to ILDs determined from the ILD response functions in the three age groups.
(A–H) Population data showing the distributions of modulation depth (A,B), slope value (C,D), PILDR50 (E,F), and PILDR75 (G,H) in both scatter plots and box
plots, respectively. In the scatter plots, each symbol represents the data from one neuron. The PILDR50 and the PILDR75 data shown in the second row are
determined from the averaged ILD response functions across ABL. (I–L) Box plots showing the distributions of PILDR75 determined from the ILD response functions
at ABL 40–70 dB. * indicates significant difference between two groups (Mann–Whitney U-test, p < 0.05). The greater values in the modulation depth and the
absolute slope value indicate greater sensitivity to ILDs. Moreover, the smaller values in the PILDR50 and the PILDR75 indicate greater selectivity to ILDs.

group at ABLs 50–70 dB, but not at ABL 40 dB (Figures 7I–L,
Mann–Whitney U-test,P14–18 group vs. adult group, at ABL
70 dB, z = −3.034, p = 0.002; at ABL 60 dB, z = −2.598,

p = 0.009; at ABL 50 dB, z = −3.004, p = 0.002; at ABL 40 dB,
z = −0.120, p = 0.905). Moreover, the PILDR75s were significant
larger in the P14–18 group than those in the P19–30 group
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at ABL 50 and ABL 70 dB, but not at ABL 40 dB and ABL
60 dB (Figures 7I–L, Mann–Whitney U-test, P14–18 group vs.
the P19–30 group, at ABL 70 dB, z = −2.087, p = 0.037; at
ABL 50 dB, z = −2.766, p = 0.006; at ABL 60 dB, z = −1.951,
p= 0.051; at ABL 40 dB, z =−1.019, p= 0.308). In addition, we did
not find significant differences in the PILDR75s between P19–30
group and adult group at ABL 40–70 dB (Figures 7I–L, Mann–
Whitney U-test, P19–30 group vs. adult group, at ABL 70 dB,
z = −0.778, p = 0.437; at ABL 60 dB, z = −0.665, p = 0.506; at
ABL 50 dB, z =−0.109, p = 0.913; at ABL 40 dB, z = −0.963,
p = 0.336). We also determined the PILDR50 for each neuron
from the ILD response function at each ABL. The PILDR50s were
significant larger in the P14–18 group than in both the P19–30
group and the adult group at ABL 40–70 dB (Mann–Whitney
U-test, P14–18 group vs. P19–30 group: at ABL 70 dB, z =−3.254,
p = 0.001; at ABL 60 dB, z = −4.332, p < 0.001; at ABL 50 dB,
z = −3.390, p = 0.001; at ABL 40 dB, z = −2.717, p = 0.007.
For P14–18 group vs. adult group, at ABL 70 dB, z = −4.833,
p < 0.001; at ABL 60 dB, z = −6.740, p < 0.001; at ABL 50 dB,
z = −4.879, p < 0.001; at ABL 40 dB, z = −2.708, p = 0.007).
We did not find significant differences in the PILDR50s between
P19–30 group and adult group at ABL40–70 dB (Mann–Whitney
U-test, at ABL 70 dB, z = −1.154, p = 0.248; at ABL 60 dB,
z = −1.729, p = 0.084; at ABL 50 dB, z = −1.3019, p = 0.193; at
ABL 40 dB, z = −0.057, p = 0.955). These results demonstrated a
developmental refinement in the selectivity of AI neurons to ILD
after hearing onset.

The best ILD of AI neurons in the three age groups mainly
distributed at ILDs 0 dB, 10 dB, and 20 dB, and only few neurons
had their best ILDs at −10 dB and −20 dB (Figure 8A). We
did not find significant differences in the distribution of the best
ILDs of AI neurons among the three age groups (from ILD
−10 to + 20 dB, χ2-test, df = 6, χ2 = 6.91, p = 0.329). We
classified the ILD preference of AI neurons from the averaged
ILD response functions into the following categories: contra,
midline, ipsi, insensitive, and multipeak. The ILD preference
was considered as “contra” if the best ILD was at + 10 dB
or + 20 dB, and the PILDR75 was restrictively or predominantly
distributed within the range of 0 to + 20 dB. The neuron
was classified as “ipsi” ILD preference if the best ILD was
at −10 dB or −20 dB, and the PILDR75 was restrictively or
predominantly distributed within the range of 0 to −20 dB. The
neuron was assigned as “midline” ILD preference if the best
ILD was at 0 dB and the PILDR75 was restrictively distributed
within the range of −10 to + 10 dB. The ILD preference
was considered as “insensitive” if the continuous width of the
PILDR75 was greater than 30 dB. The neuron was classified
as “multipeak” if there were two or more separated PILDR75.
The distributions in the ILD preferences of AI neurons in each
age group demonstrate that most neurons preferred contralateral
ILDs, and only few neurons preferred ipsilateral ILDs or midline
ILDs (Figure 8B). With increasing ages, the AI neurons with
contralateral ILD preference showed a weak trend of increase
in percentages, and the largest difference in the percentages
was 10.39% between the P14–18 group and the adult group; in
contrast, the AI neurons that were insensitive to ILD showed
a weak trend of decrease in percentages with increasing ages,

and the largest difference in the percentages was 10.16% between
the P14–18 group and the adult group (Figure 8B). However,
no significant differences were found in the distribution of ILD
preferences among the three age groups (Figure 8B, χ2-test,
df = 8, p = 0.379).

The Effect of Reversible Unilateral
Conductive Hearing Loss at Young Age
on Binaural Processing of Primary
Auditory Cortex Neurons in Adulthood
We injected a thermoreversible poloxamer hydrogel into the
middle ear cavity of one ear in rats on P14, and did additional
injections at both P16 and P18 to induce RUCHL at young
age. We tracked the changes of hearing thresholds determined
from both the injected ear and the control ear (non-injected
ear) based on the ABR wave I thresholds in a portion of rats
(n = 11) with a 2-day interval. The data in Figure 9 indicate
that intratympanic poloxamer injections elevated the ABR wave
I thresholds at different tested frequencies, and the threshold
differences between the injected ear and the control ear varied
with postnatal days after poloxamer injection (Figures 9A–
F, Wilcoxon signed-rank test, injected ear vs. control ear,
p < 0.05 at all tested frequencies on each day). The average
threshold differences were within the range of 5–25 dB until
P28 (Figure 9F). At P30, we determined the ABR wave I
thresholds at both the control ear and the injected ear for the
60 rats in the RUCHL group. Although the ABR thresholds at
the injected ear were still higher than those at the control ear
(Figure 9G, Wilcoxon signed-rank test, injected ear vs. control
ear, p < 0.05 at all tested frequencies), the ABR threshold
differences between the injected ear and the control ear at
P30 were less than 5 dB (Figure 9H). We consider that the
hearing thresholds at the injected ear already recovered to
normal hearing at P30.

To determine the effects of RUCHL at young age on the
monaural response type and the binaural processing of AI
neurons in adulthood, we used the data from the adult group
as control. We found that RUCHL at young age decreased the
proportion of EO neuron but increased the proportion of EE
neurons in the AI of RUCHL rats in adulthood (Figure 10A,
RUCHL group, 70.29% for EO type and 24.64% for EE type;
adult group, 93.40% for EO type and 6.43% for EE type; χ2-
test, RUCHL group vs. adult group, χ2 = 20.387, df = 1,
p < 0.001). In addition, we encountered few OE neurons in
the RUCHL group but not in the adult group (Figure 10A).
Because the proportions of OE neurons (3.63%) and PB
neurons (1.45%) in the RUCHL group are very small, in the
following data analysis, we only focus on the data from the
EO and EE neurons.

For the population of AI neurons including both EO and
EE neuron in the RUCHL group (n = 131) and in the adult
group (n = 169), the data showed that RUCHL at young age
did not significantly change the proportions of AI neurons
within each binaural interaction category or within each type
of ILD preference in adulthood. The proportions of neurons
categorized into different binaural interaction types are as follows
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FIGURE 8 | The distributions of the best ILDs and the ILD preferences of AI neurons in the three age groups of rats. (A) The distributions of the best ILD. (B) The
distributions of the ILD preference. “n” indicates the number of neurons in each group.

(Figure 10B): RUCHL group versus adult group, 66.41% vs.
60.95% for mixed binaural interaction type, 21.37% vs. 21.89%
for facilitatory binaural interaction type, and 12.21% vs. 17.16%
for inhibitory binaural interaction type. No significant differences
are found in the distributions of various binaural interaction
types between the RUCHL group and the adult group (χ2-test,
χ2 = 1.561, df = 2, p = 0.458). Similar to the distributions in
the best ILDs of AI neurons in the adult group, the best ILDs
of majority AI neurons in the RUCHL group are distributed in
the contralateral ILDs (i.e., + 10 dB and + 20 dB), and RUCHL
at young age did not significantly affect the distributions of the
best ILDs of AI neurons in adulthood (Figure 10C, Fisher’s
exact test, RUCHL vs. adult, p = 0.134). For the ILD preference,
majority of AI neurons in both the RUCHL group and the adult
group showed contralateral ILD preference or insensitive to the
change of ILD. Fisher’s exact test showed a significant difference
in the distributions of ILD preferences between the adult group
and the RUCHL group (Figure 10D, p = 0.002). However, the
proportions of AI neurons within the categories of both “contra”
and “insensitive” in the RUCHL group were not significantly
different from those in the adult group, respectively (Figure 10D,
χ2-test, RUCHL vs. adult, χ2 = 1.913, df = 1, p = 0.167).

We next determined the effects of RUCHL at young age on
the degrees in binaural interactions of AI neurons in adulthood.
The data in Figure 11 demonstrated that RUCHL at young age
decreased the degree of binaural interactions of AI neurons in
adulthood. We used Mann–Whitney U-test to compare the data
between the RUCHL group and the adult group, and found
that the percentages in the number of stimuli evoking binaural
interactions in the binaural matrix were significantly lower in
the AI neurons of the RUCHL group than in the AI neurons of
the adult group (Figures 11A,B, RUCHL vs. adult, z = −3.585,
p < 0.001). We also found that, for the population of AI
neurons, the maximum and the median percentages of inhibition
in the binaural matrix in the RUCHL group were significantly

smaller than those in the adult group, respectively (Figure 11C,
maximum, z = −2.007, p = 0.045; Figure 11D, median,
z = −2.059, p = 0.040). However, no significant differences in
the minimum percentages of inhibition were found between the
RUCHL group and the adult group (Figure 11E, z = −1.087,
p = 0.277). In addition, the maximum, median, and minimum
percentages of facilitation in the binaural matrix for the AI
neurons in the RUCHL group were significantly smaller than
those in the adult group, respectively (Figure 11F, maximum,
z =−2.009, p = 0.045; Figure 11G, median, z =−3.140, p = 0.002;
Figure 11H, minimum, z =−2.099, p = 0.036).

To determine whether RUCHL at young age affects the tuning
of AI neurons to ILDs in adulthood, we compared both the
sensitivity and the selectivity of AI neurons to ILDs between the
RUCHL group and the adult group by Mann–Whitney U-test.
The results demonstrated that RUCHL at young age decreased
both the selectivity and the sensitivity of AI neurons to ILDs in
adulthood. For the sensitivity of AI neurons to ILDs, both the
values of the modulation depth and the absolute slope values of
the averaged ILD response functions were significantly smaller
in the RUCHL group than in the adult group, respectively
(Figure 12A, z = −3.576, p < 0.001; Figure 12B, z = −1.988,
p = 0.047). For the selectivity of AI neurons to ILDs, our
data showed that the preferred ILD ranges of AI neurons
determined from the averaged ILD response functions were
significantly larger in the RUCHL group than in the adult group
(Figure 12C, PILDR50, z = −2.985, p = 0.003; Figure 12D,
PILDR75, z = −2.090, p = 0.037). We further analyzed the
PILDR50 and PILDR75 of AI neurons determined from the
ILD response functions at ABLs 40–70 dB. We found that the
PILDR75s of AI neurons were larger in the RUCHL group than in
the adult group at ABLs 50–70 dB but not at ABL 40 dB (RUCHL
group vs. adult group, at ABL 70 dB, z =−3.029, p = 0.002; at ABL
60 dB, z =−3.029, p = 0.002; at ABL 50 dB, z =−2.994, p = 0.003;
at ABL 40 dB, z = −1.674, p = 0.094). Moreover, the PILDR50s
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FIGURE 9 | The effects of intratympanic poloxamer injections on the hearing threshold of the injected ear determined from the wave I of auditory brainstem response
(ABR). (A–E) The response thresholds for ABR wave I elicited with tone bursts at the frequencies of 4 kHz (A), 8 kHz (B), 16 kHz (C), 24 kHz (D), and 32 kHz (E),
respectively. The intratympanic poloxamer injections (red arrows) were made on P14, P16, and P18 in the right ear (the injected ear). The control ear was the intact
left ear. (F) The differences in ABR wave I threshold, i.e., the threshold of the injected ear minus the threshold of the control ear. These data are determined from 11
rats. (G) The ABR wave I thresholds for both the injected ear and the control ear determined at P30 (n = 60 rats). (H) The differences in ABR wave I threshold
between the injected ear and the control ear determined at P30 (n = 60 rats).
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FIGURE 10 | The effects of reversible unilateral conductive hearing loss (RUCHL) at young age on the monaural response types and the binaural processing of rat AI
neurons in adulthood. Data from the adult group were used as control for comparison. (A) The distributions in the monaural response types (i.e., EE, EO, OE, and
PB). (B) The distributions of the binaural interaction types of AI neurons including both EE and EO neurons. The binaural interaction of each neuron was classified
into one of the three categories: inhibitory (I), facilitatory (F), and mixed (M). Numbers shown on the top of the bars in panels A and B indicate the number of neurons
in each group. (C) The distribution of the best ILDs of AI neurons. (D) The distributions of ILD preferences of AI neurons.

of AI neurons were larger in the RUCHL group than in the adult
group at ABLs 50–70 dB but not at ABL 40 dB (RUCHL group vs.
adult group, at ABL 70 dB, z = −4.529, p < 0.001; at ABL 60 dB,
z = −4.642, p < 0.001; at ABL 50 dB, z = −2.322, p = 0.020; at
ABL 40 dB, z =−1.359, p = 0.174).

Comparison of the Binaural Processing
of Primary Auditory Cortex Neurons
Between Reversible Unilateral
Conductive Hearing Loss Rats and
Immature Rats
To determine whether the RUCHL halt the development of
binaural processing, we compared the data from the RUCHL
rats and the data from two groups of immature rats by Kruskal–
Wallis test and Mann–Whitney U-test. The results indicate that,
to some extent, brief RUCHL at early age seems to retard the

refinement of binaural processing at young age in the degree of
binaural interaction, and in both the selectivity and sensitivity to
ILDs of AI neurons.

The percentages of stimuli evoking binaural interactions in
the binaural matrix were higher in the RUCHL group than in
the P14–18 group (p < 0.001), but were similar between the
RUCHL group and the P19–30 group (p = 0.178). In addition,
the maximum percentages of inhibition in the RUCHL group
were similar to those in the P14–18 group (p = 0.476), but
were lower than those in the P19–30 group (p = 0.049). The
median (and the minimum) percentages of inhibition were not
significantly different among the three groups (Kruskal–Wallis
test, for the median, p = 0.068; for the minimum, p = 0.332).
The maximum and the median percentages of facilitation in the
RUCHL group were higher than those in the P14–18 group (both
p = 0.001), but were not significantly different from those in
the P19–30 group, respectively (for maximum, p = 0.346; for
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FIGURE 11 | The effects of RUCHL at young age on the degree of binaural interactions of AI neurons in adulthood. (A,B) Scatter plot (A) and box plot (B) showing
the distributions in the percentages of stimuli that evoked binaural interactions in the binaural matrix. Each symbol in panel A represents the data from one neuron.
The numbers indicate the number of neurons in each group. (C–E) Box plots showing the comparison in the degree of inhibitory binaural interaction between the
two groups of AI neurons. The population data for the percentages of inhibition in maximum (C), media (D), and minimum (E) are determined from each AI neuron in
each group of rats. (F–H) Box plots showing the comparison in the degree of facilitatory binaural interaction between the two groups of AI neurons. The population
data for the percentages of facilitation in maximum (F), media (G), and minimum (H) are determined from each AI neuron in each group of rats. * indicates significant
difference between two groups (Mann–Whitney U-test, p < 0.05).
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FIGURE 12 | Box plots showing the effects of RUCHL at young age on the sensitivity and the selectivity to ILDs of AI neurons in adulthood. (A) Modulation depth;
(B) absolute slope value; (C) PILDR50; (D) PILDR75. The data for the PILDR50 the PILDR75 were determined from the averaged ILD response functions across
ABL. * indicates significant difference between two groups (Mann–Whitney U-test, p < 0.05).

median, p = 0.246). No significant differences were found in
the minimum percentages of facilitation among the three groups
(Kruskal–Wallis test, p = 0.082).

The absolute slope values were not significantly different
among the three groups (Kruskal–Wallis test, p = 0.100).
However, the modulation depths in the RUCHL group were
larger than those in the P14–18 group (p = 0.001) and were
similar to those in the P19–30 group (p = 0.119). Kruskal–
Wallis tests showed that the PILDR75s were not significantly
different among the three groups at ABL 70 dB (p = 0.069),
ABL 60 dB (p = 0.082), and ABL 40 dB (p = 0.061) except
at ABL 50 dB (p = 0.007). At ABL 50, the PILDR75s in the
RUCHL group were similar to those in the P14–18 group
(p = 0.721), but were larger than those in the P19–30 group
(p = 0.002). Moreover, the PILDR50s in the RUCHL group
were significantly larger than those in the P19–30 group at ABL
70 dB (p = 0.002) and ABL 60 dB (p = 0.018), but not at ABL
50 dB (p = 0.426) and ABL 40 dB (p = 0.138); the PILDR50s
in the RUCHL group were significantly smaller than those in
the P14–18 group at ABL 60 dB (p = 0.024) and ABL 50 dB
(p = 0.002), but not at ABL 70 dB (p = 0.636) and ABL 40 dB
(p = 0.121), respectively.

The Basic Response Properties of
Primary Auditory Cortex Neurons in the
Four Groups of Rats
The CFs of AI neurons in the four groups of rats are shown
in Table 1. Whereas the CFs of AI neurons in the P14–18

TABLE 1 | The basic response properties of primary auditory cortex (AI) neurons
in the four groups of rats.

P14–18 group P19–30 group Adult group RUCHL group

CF (kHz) 21.08 ± 10.05*# 25.63 ± 10.69 24.06 ± 11.04 23.59 ± 11.60
MT (dB) 29.42 ± 10.24* 28.16 ± 7.81 26.60 ± 7.68& 28.99 ± 7.67
Latency (ms) 24.23 ± 5.31*# 16.73 ± 3.47$ 15.05 ± 3.18 14.29 ± 3.54

Data are shown in mean and SD. CF, characteristic frequency; MT, minimum
threshold. *, #, $, and & indicate p < 0.05 (Mann–Whitney U-test) at P14–18 group
vs. adult group, P14–P18 group vs. P19–30 group, P19–30 group vs. adult group,
and UCHL group vs. adult group, respectively.

group were significantly different from those both in the P19–
30 group and in the adult group, the CFs of AI neurons showed
no significant differences between the P19–30 group and the
adult group (Mann–Whitney U-test, P14–18 group vs. P19–30
group, z = −3.780, p < 0.001; P14–18 group vs. adult group,
z =−2.543, p = 0.011; P19–30 group vs. adult group, z =−1.059,
p = 0.289). In addition, we did not find significant differences
in the CFs of AI neurons between the RUCHL group and the
adult group (Mann–Whitney U-test, z = −0.530, p = 0.596). For
the neurons categorized into inhibitory, facilitatory, and mixed
binaural interactions, we did not find specific CF bands that
contributed to one of three binaural interaction categories.

We used CF stimuli to determine the minimum threshold
of each neuron at 0 dB ILD (i.e., equal levels at both ears)
with ABL varying from 0 to 80 dB at 10-dB steps. The
minimum threshold was defined as the ABL that elicited 20%
of the maximum response in the rate versus ABL function. The
minimum thresholds of AI neurons in the four groups of rats are
shown in Table 1. The minimum thresholds of AI neurons were
higher in the P14–18 group than in the adult group; however, the
minimum thresholds of AI neurons in the P19–30 group were not
significantly different from those both in the P14–18 group and in
the adult group (Mann–Whitney U-test, P14–18 group vs. adult
group, z = −2.987, p = 0.003; P14–18 group vs. P19–30 group,
z =−1.418, p = 0.156; P19–30 group vs. adult group, z =−1.647,
p = 0.099). In addition, the minimum thresholds of AI neurons
were significantly different between the RUCHL group and the
adult group (Mann–Whitney U-test, z =−2.732, p = 0.006).

We analyzed the response latencies (i.e., first spike latencies)
of AI neurons to the sound stimulus with 70 dB SPL at both ears.
The response latencies of AI neurons in the four groups of rats
are shown in Table 1. Mann–Whitney U-test showed that the
response latencies were significantly different among AI neurons
in the three age groups of rats with normal hearing development
(P14–18 group vs. P19–30 group, z = −11.522, p < 0.001; P14–
18 group vs. adult group, z = −13.888, p < 0.001; P19–30 group
vs. adult group, z = −4.454, p < 0.001); however, the response
latencies of AI neurons were not significantly different between
the RUCHL group and the adult group (z =−1.866, p = 0.062).
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Our data analysis did not find a specific range in CFs,
minimum thresholds, and response latencies that contributes to
a specific binaural interaction type; therefore, we did not find any
specific relationships between the basic response properties and
the binaural interaction types. Due to the time-consuming nature
of the data collection for each neuron in our experimental design,
it was difficult to get at a complete tonotopic map in one rat, and
consequentially we could not determine the relationship between
the basic response properties and the tonotopic maps.

DISCUSSION

During postnatal hearing development, the perception of sound
spatial locations undergoes age-related changes (Freigang et al.,
2015), experience-dependent plasticity (Keating and King, 2013;
Keating et al., 2015), and training-induced plasticity in both
behavior performance and auditory cortical spatial tuning
(Zhang et al., 2013; Keating et al., 2016; Cheng et al., 2020).
Whereas early age bilateral conductive hearing loss impairs sound
loudness perception (Sun et al., 2011) and spatial memory (Zhao
et al., 2018), UCHL during development impair performance on
tasks such as sound localization and spatial release from masking
that rely on binaural processing (Kumpik and King, 2019). The
effects of hearing loss on the cognitive function depend on both
the type of hearing loss and the time period of hearing loss during
development. In the present study, we used CF tones to determine
the age-related changes of binaural processing after the onset of
hearing in the rat AI and investigated the effects of RUCHL at
young age on the binaural processing of AI neurons in adulthood.

The results in the present study show that the EO and
EE types are the two dominant monaural response types, and
that the neurons in the rat AI exhibit inhibitory, facilitatory,
and mixed binaural interactions. Our data have demonstrated
that (1) the monaural response type, the binaural interaction
type, and the distributions of the best ILDs in the rat AI are
already adult-like shortly after hearing onset; (2) there exist
developmental refinements in binaural processing, which were
exhibited by an increase in the degree of binaural interaction,
and the increase in the sensitivity and selectivity to ILDs during
early period after hearing onset. (3) RCUHL at young age
disrupts the developmental refinement of binaural processing of
AI neurons in adulthood, i.e., decreases the degree of binaural
interactions, and decreases both the selectivity and sensitivity to
ILDs of AI neurons in adulthood. These results might help us
to understand the neuronal mechanism of the refinement and
plasticity in the perception of sound spatial locations during
hearing development.

Postnatal Development in the Binaural
Interactions in Primary Auditory Cortex
Our data indicate that the degree of binaural interactions in
rat AI is relative weak at early ages after hearing onset and
then progressively strengthens to maturity. In the binaural
stimulus matrix, the percentages of stimuli evoking binaural
interactions increase with age during the early period after
hearing onset. Whereas the degrees of inhibitory/facilitatory

binaural interactions in rat AI neurons are the lowest in
the P14–18 group, they showed no significant differences
between the P19–30 group and the adult group (Figure 5).
To our knowledge, this is the first study to determine
the developmental refinements in the degree of binaural
interactions of AI neurons.

The auditory responses to binaural stimuli at early period
after hearing onset have been reported in several previous
studies. Evoked potential studies have demonstrated that human
newborn infants show detectable although immature binaural
interactions in the brainstem (Cone-Wesson et al., 1997) and
auditory cortex (Nemeth et al., 2015). At single neuron level, the
responses of cat AI neurons are influenced by binaural stimuli
as early as at P8 before the hearing thresholds have declined
below 100 dB SPL, and the binaural interaction types determined
by P44 were similar in kind to those recorded in adult cats
(Brugge et al., 1988). The hearing onset of rats occurs normally
at P12, and the sound-evoked neuronal responses with high
thresholds and poor frequency selectivity could be recorded in
the rat auditory cortex as early as P13 (Zhang et al., 2001). In
the present study, we determined the binaural interactions of
rat AI neurons using CF tones from P14 because the response
thresholds and frequency selectivity of rat AI neurons at P12–
13 are not suitable for us to evaluate the binaural processing
in our experiment paradigm. Our results show that both the
monaural response types and the binaural interaction types in
the P14–18 group are similar to those in the P19–30 group
and the adult group. In the auditory cortex of pallid bats, the
adult-like clustered organization of binaural properties is present
at P15 before the morphological development of external ears
and head is complete; however, the binaural facilitation was not
observed in bats younger than 25 days (Razak and Fuzessery,
2007). Therefore, previous studies from cats and bats, and the
present study from rats have demonstrated that the binaural
interaction types observed immediately after hearing onset are
largely adult-like. Furthermore, the present study demonstrates
that the degree of binaural interactions undergoes developmental
increase after hearing onset.

In the adult cat AI, purely monaural neurons are rare (Zhang
et al., 2004). Consistent with this result, we found that all of
the recorded rat AI neurons showed some sort of binaural
interactions. For those stimuli that evoked binaural interactions
in the binaural stimulus matrix, the responses to the sound
stimuli in one ear can be facilitated and/or suppressed by
presenting the stimuli at the other ear. Even in the AI of RUCHL
rats that experienced asymmetric binaural hearing, we did not
encounter purely monaural neurons. Although we cannot rule
out the possibility of monaural neurons in the rat AI, the data
in the present study suggest that purely monaural neurons are
rare in the rat AI.

Postnatal Development of Interaural
Level Differences Processing in the
Auditory Cortex
The ability to perceive the acoustic space changes during
postnatal hearing development (Freigang et al., 2015). In
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the central auditory system, the encoding of sound spatial
information undergoes maturational changes after hearing onset.
For example, the rudimentary ILD coding in the lateral superior
olive (Sanes and Rubel, 1988), inferior colliculus (Blatchley
and Brugge, 1990), and auditory cortex (Brugge et al., 1988;
Mrsic-Flogel et al., 2003) is evident soon after the onset of
hearing and further matures with age (Moore and Irvine,
1981). The ILD responses in the lateral superior olive of young
gerbils show smaller dynamic range and shallower slope than
that of adult gerbils (Sanes and Rubel, 1988). Moreover, EEG
studies in 4–7 years age of normal hearing children have
demonstrated that adult-like ILD coding patterns are evident
in the immature cortical responses of children at this age
(Easwar et al., 2018).

In the present study, we found that AI neurons in the
P14–18 group had larger values in PILDRs and smaller values
in the slope and the modulation depth of the ILD response
functions than the AI neurons in both the P19–30 group and
the adult group (Figure 7). The results indicate that both the
sensitivity and the selectivity of rat AI neurons to ILD are
immature during 1 week after the onset of hearing. Moreover,
the sensitivity and the selectivity to ILD for AI neurons in the
P19–30 group were similar to those in the adult group. Therefore,
both the sensitivity and the selectivity of rat AI neurons to
ILD undergo a developmental refinement after hearing onset,
which might contribute to the development of auditory spatial
tuning in rat AI.

The factors that influence the development of ILD processing
in AI could be from auditory peripheral and/or central neural
circuits. During postnatal hearing development, the binaural
cues (ITD and ILD) vary as the head and the external ears
grow. The auditory periphery has been demonstrated to be
critically involved in limiting the maturation of spatial selectivity
in the ferret auditory cortex (Mrsic-Flogel et al., 2003). In the
present study, we determined the binaural responses of high-
frequency (> 4 kHz) AI neurons to stimuli varying in ILDs.
The age-related changes in ILDs from auditory peripheral could
be one factor contributing to the observed refinement of ILD
processing in AI. Previous studies have shown that binaural
interaction shapes the virtual space receptive field and changes
the spatial selectivity of AI neurons (Brugge et al., 1994). In the
present study, the age-related changes in the degree of binaural
interactions in rat AI might be another factor in the central
circuits contributing to the developmental refinement of ILD
processing. However, how the age-related changes in binaural
interactions directly refine the ILD processing during hearing
development is still not clear.

Our data show that majority of AI neurons preferred ILDs
favoring contralateral spatial azimuth in both the adult and
developing rats (Figure 8). Studies in the adult animals in a
variety of species have demonstrated the dominant preference
of AI neurons to contralateral spatial locations, e.g., in cats
(Irvine et al., 1996; Zhang et al., 2004), bats (Razak, 2011),
monkeys (Zhou and Wang, 2012; Lui et al., 2015), rats (Yao
et al., 2013; Gao et al., 2018; Wang et al., 2019), and mice
(Panniello et al., 2018). The results in the immature rats suggest
that the dominant contralateral preference of AI neurons is

already present immediately after the onset of hearing and
is adult-like.

The Effect of Reversible Unilateral
Conductive Hearing Loss at Young Age
on the Binaural Processing in Adult
Primary Auditory Cortex
In the present study, we injected the poloxamer into the right ear
of rats to induce a short-term UCHL in the RUCHL group. This
manipulation induced an asymmetric binaural hearing because
UCHL degraded the excitatory input from the injected ear
whereas the excitatory input from the non-injected ear remained
normal. Even if the hearing threshold of the injected ear returned
to normal at P30 (Figure 9), the AI neurons in the RUCHL
group showed a lower degree of binaural interaction and lower
sensitivity and selectivity to ILDs compared with the AI neurons
in adult group (Figure 10). We have shown the developmental
refinement in the binaural processing of AI neurons during
postnatal hearing development; the data from the RUCHL group
indicated that the short-term asymmetric binaural hearing at
young age disrupted the developmental refinement of binaural
processing in the rat AI in adulthood, and the effects lasted at least
1 month after the hearing threshold of the injected ear recovered.

Reversible Unilateral Conductive Hearing Loss at young age
did not significantly affect the distributions in both the ILD
preferences and the best ILDs of AI neurons (Figure 10).
Previous studies have shown that a stronger and longer period
of UCHL (by removing the tympanic membrane and malleus
in the right ear from P14) greatly reduced the proportion of rat
AI neurons with contralateral azimuth preference and increased
the proportion of AI neurons with ipsilateral azimuth preference
when determined in adulthood (Wang et al., 2019). In addition,
monaural deprivation in rats by ear canal ligation from P14
weakened the deprived ear’s representation, strengthened the
open ear’s representation, and disrupted binaural integration of
ILD in AI (Popescu and Polley, 2010). It is very likely that the
short-term and moderate UCHL used in the present study was
not strong enough to change the distributions in both the ILD
preferences and the best ILD of AI neurons in the RUCHL group.

For the monaural response types in rat AI, RUCHL at young
age decreased the proportion of EO neurons and increased the
proportion of EE neurons in the RUCHL group; in addition,
we observed few OE neurons in the RUCHL group but not in
the adult group with normal hearing development (Figure 10A).
Although the differences in the proportions of neurons within
the same monaural response type category between the RUCHL
group and the adult group are not large, the data from our
study indicated that, for a small proportion of AI neurons
in the RUCHL group, the RUCHL at young age indeed
increased representation of ipsilateral normal hearing ear, and
consequentially increased the proportions of EE neurons and OE
neurons in the rat AI of RUCHL group. Furthermore, the results
suggest that the adult-like distributions in monaural response
types of AI neurons immediately after hearing onset can be
modified by abnormal hearing experience during the early period
of hearing development.
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Possible Mechanisms for the
Developmental Plasticity of Binaural
Processing
During postnatal hearing development, the auditory system
undergoes developmental changes in synaptic responses and
synaptic receptor components. The synaptic responses in the
lateral superior olive of P12–14 gerbils indicate that both the
amplitude and temporal processing remain compromised (Sanes,
1993). In the mouse auditory cortex, both the intrinsic and
synaptic properties undergo a transitional period between P10
and P18 prior to reaching steady state at P19–P29 (Oswald and
Reyes, 2008). Immediately after hearing onset, the excitatory and
the inhibitory synaptic responses in rat AI to sound stimuli are
equally strong; however, the excitation and inhibition are not
matched and correlated until during the third postnatal week
(Dorrn et al., 2010). In addition, the inhibitory synaptic inputs
in developing AI are longer in duration than those in adult
AI (Cai et al., 2018). The refinement of binaural processing
found in the present study might depend on the changes of the
inhibitory and excitatory synaptic responses in AI (Dorrn et al.,
2010; Sun et al., 2010; Cai et al., 2018), or the changes of the
strength of inhibitory and excitatory intracortical connections in
AI (Chang et al., 2005). During postnatal hearing development,
the synaptic receptor components in AI also undergo age-related
changes. In the rat auditory cortex, AMPA receptor subunit
GluR2 protein expression increases with age after hearing onset
(Xu et al., 2007), and the expression of NMDA receptor subunit
NR1 mRNA increases from birth to P35 (Lu et al., 2008). In
addition, the NR2A and NR2B mRNA expression in the rat
auditory cortex peaks about 1 week after the onset of hearing
before declining slightly into adulthood (Hsieh et al., 2002).
Moreover, the GABAA receptor subunit (α1 and α3) expression
in the rat auditory cortex also exhibits age-related changes (Xu
et al., 2010). These age-related changes in the subunits of AMPA,
NMDA, and GABA receptors might play an important role in
the auditory functional development. However, whether these
changes are directly related to the developmental refinements of
binaural processing observed in the present study needs to be
further studied.

Acoustic experience can induce plasticity in the neuronal
connections and aural dominance in the central auditory system.
During the critical period of hearing development, the neuronal
connections in the mouse auditory cortex are shaped by hearing
experience (Meng et al., 2020). Early onset of unilateral deafening
cats leads to a massive reorganization of aural preference in
the auditory cortex in favor of the hearing ear (Kral et al.,
2013). Moreover, UCHL in young rats induced a significant
shift of the aural dominance from contralateral preference to
ipsilateral preference in AI but not in the inferior colliculus
(Popescu and Polley, 2010), and this result suggests that the
effect of RUCHL exerts stronger plasticity in the auditory cortex
than in the inferior colliculus. Consistently, a 2-deoxyglucose
uptake study in gerbils demonstrated that RUCHL at young
age could restore balanced afferent activity on both sides of the
anteroventral cochlear nucleus, the medial superior olive, and
the inferior colliculus 1 week after restoring binaural hearing

from P28 (Hutson et al., 2009). Based on these findings, we
postulate that the observed RUCHL effects in the present study
most likely occurred above the inferior colliculus. In the present
study, the RUCHL at young age did not significantly change the
CF distributions and the response latencies of AI neurons in
adulthood. Our data showed that, to some extent, RUCHL at
young age might retard the refinement of binaural processing in
the degree of binaural interaction, and in both the selectivity and
sensitivity to ILDs of AI neurons. It is possible that the RUCHL
at young age might induce abnormal development changes in
the excitatory/inhibitory synaptic responses and the synaptic
receptor components in the auditory cortex, and therefore
disrupt normal developmental refinement of binaural processing.

The present study was conducted in urethane-anesthetized
rats. Because the data collection in the experimental design was
time consuming, it is difficult to perform this study in awaking
rats. If urethane has any effects on the neuronal responses in AI,
it would affect both the monaural and binaural responses. As we
determined the binaural interactions of AI neurons by comparing
the binaural responses with monaural responses, this possible
effect should not have great influences on our conclusions.
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Objectives: The objective of the study was to investigate the association between
untreated age-related hearing loss and cognitive impairment in Mandarin-speaking older
adults living in China.

Methods: Older adults (293; 111 males, M = 70.33 ± 4.90 years; 182 females,
M = 69.02 ± 4.08 years) were recruited. All participants completed a pure tone
audiometric hearing assessment, Hearing Impairment-Montreal Cognitive Assessment
Test (HI-MoCA), and a computerized neuropsychology test battery (CANTAB). The
Mandarin version of the De Jong Gierveld Loneliness Scale was used to measure the
loneliness, and the Mandarin version of the 21-item Depression Anxiety Stress Scale
(DASS-21) was used to measure the current severity of a range of symptoms common
to depression, stress, and anxiety of the participants.

Results: A multiple stepwise regression analysis showed that the average of four
mid-frequency thresholds in the better ear was related to CANTAB Paired Associates
Learning (β = 0.20, p = 0.002), and the global cognitive function score (HI-MoCA)
(β = −0.25, p < 0.001). The average of three high frequencies in the better ear
was significantly associated with CANTAB Delayed Matching to Sample (β = −0.16,
p = 0.008), and Spatial Working Memory (β = 0.17, p = 0.003).

Conclusion: The results revealed a significant relationship between age-related hearing
loss and cognitive impairment in Mandarin-speaking older adults. These research
outcomes have clinical implications specifically for hearing health care professionals in
China and other populations that speak a tonal language, especially when providing
hearing rehabilitation.

Keywords: age-related hearing loss (ARHL), cognitive impairment, depression, loneliness, tonal language
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INTRODUCTION

An estimated 1.57 billion people worldwide had hearing loss
in 2019, accounting for 20.3% of the global population (Haile
et al., 2021). Approximately one-third of people over 65 years of
age are affected by disabling hearing loss. Hearing loss hampers
effective communication, which can have a significant impact
on the activities of daily life causing feelings of loneliness,
isolation, and frustration (Ciorba et al., 2012). Depression,
anxiety, and stress are also associated with untreated hearing loss
(Jayakody et al., 2018a).

Studies conducted with non-tonal language speakers have
established a relationship between untreated age-related hearing
loss and cognitive impairment and dementia (Deal et al., 2015;
Jayakody et al., 2018b). Those with mild, moderate, and severe
hearing loss are two to five times more likely to develop
dementia compared with those with normal hearing sensitivity
(Lin et al., 2011).

Approximately 50% of the population of the world speaks a
tonal language, e.g., Mandarin, Cantonese. In tonal languages,
changes in pitch (tone) at the monosyllabic level convey lexical
meaning of a word. As pitch is the important factor here, tonal
language perception can be equated with music perception. This
view is supported by evidence that speaking tonal language
leads to enhanced pitch perception in music. The benefits of
music training and tonal language experience are bidirectional,
and a background in either domain improves processing in
the other domain (Ngo et al., 2016). Furthermore, playing a
musical instrument may have the benefits on slowing age-
related cognitive decline (Balbag et al., 2014). This may be
explained by the fact that playing a musical instrument trains
executive function involving different cognitive functions of
the brain, including memory, visual, and executive functions
(Mansky et al., 2020).

There is also psychophysiological evidence that suggests that
a tonal language background maybe associated with enhanced
general cognitive abilities. A study conducted by using the Corsi
blocks tapping test has shown that the Cantonese speakers had a
superior working memory related to pitch perception relative to
English speakers (Bidelman et al., 2013).

Therefore, it is possible to hypothesize that tonal language
speakers are likely to have better working memory in their later
life compared with non-tonal language older adults. As hearing
sensitivity is strongly associated with age, this raises the question
whether speaking a tonal language is a protective factor for
cognitive decline in older adults.

There are a handful of studies that have investigated the
associations between cognitive function and untreated hearing
loss in tonal language speakers. However, these studies have
reported conflicting findings. Luo et al. (2018) reported that the
prevalence of dementia was 0.61 (95% CI = 0.53–0.71%) with
hearing impairment, whereas Gyanwali et al. (2020) failed to find
an independent association between hearing loss and dementia
(p > 0.05).

An analysis of the cognitive assessments utilized in studies
that investigated the association between hearing loss and
cognitive impairment/dementia in tonal language speakers have

not thoroughly assessed cognition, or often used verbally loaded
test materials that rely on audition, i.e., some of the materials
are presented orally–aurally. For example, a population-based
study of age-related hearing loss and dementia in Taiwan was
only able to assess the cognitive status of the participants as
impaired or normal by psychiatric diagnosis, not enabling a full
quantitative analysis (Su et al., 2017). A cohort study investigated
the association between hearing loss with cognitive function
in a Han Chinese cohort using a standardized neurocognitive
battery (Ren et al., 2019). However, as both of these studies used
verbal language instructions, it is possible that the hearing loss of
the participants had an impact on their cognitive performance,
causing an overestimate on the degree of cognition impairment
(Dupuis et al., 2015).

The underlying mechanism between hearing loss and
cognitive impairment is yet to be established. However, the
posited underlying factors of this mechanism may include low
education, hypertension, obesity, smoking, depression, physical
inactivity, and low social contact (Livingston et al., 2017).

Therefore, this study explored the potential association
between hearing loss and cognitive impairment in Mandarin-
speaking older adults in China using a non-verbal cognitive
assessment test battery, controlling for a number of
potential confounders.

MATERIALS AND METHODS

Participants were recruited through social media advertisements,
flyers, and community centers in Beijing. Ethics approval for this
study was obtained from The University of Western Australia—
Human Research Ethics Committee (RA/4/20/5538) and Beijing
Tongren Hospital, Capital Medical University (TRECKY2019-
090). All procedures were carried out in accordance with
these approvals, and the participants all provided written
informed consent.

Inclusion criteria: Native Mandarin speakers, aged 60 years
and above with hearing impairment were invited to participate
in the study. Exclusion criteria: Those not in general state
of good health or unable to perform tasks required in the
cognition evaluation session due to an underlying physical or
mental condition, or those who had previously worn or currently
wearing hearing aids or a hearing implant were excluded from
the study. Those who could not complete the Motor Screening
Task (MOT) module of the Cambridge Neuropsychological Test
Battery (CANTAB) (Cambridge Cognition Ltd., 2014) due to
inability to follow instructions, or dexterity problems were also
excluded from the study.

Measure and Procedure
The assessment methods comprised measurements of hearing
ability, cognition function, loneliness, and mental health status.

After enrollment, all participants completed a baseline
questionnaire capturing demographic information, and data on
alcohol consumption (never, less than 14, 15–28, 29–42, or 43 or
more standard drinks per week), smoking (never, past, current, or
exposed to second-hand smoking), self-reported chronic disease
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history (heart disease, stroke, high cholesterol, atherosclerosis,
hypertension, diabetes, frequent childhood ear infections, trauma
to ear or head, and depression), leisure activities, as well as marital
status and living arrangements. Leisure activities were classified
into recreational, intellectual, physical, and social categories
(Leung et al., 2010). Living arrangements were recorded as living
with spouse, living with children, or living alone, and marital
status as single, married, widowed, or divorced.

Hearing Assessment
Pure-tone audiometry (PTA) was assessed with an audiometer
(Conera Audiometer, GN Otometrics Ltd., Denmark) and supra-
aural earphone (TDH-39). For all participants, bilateral air-
conduction thresholds were measured at 0.25, 0.5, 1, 2, 4, 6,
and 8 kHz; and bone-conduction thresholds were measured at
0.5, 1, 2, and 4 kHz, through standard audiometric assessment
conducted by a qualified audiologist in a soundproof booth at the
audiology center of the Beijing Institute of Otolaryngology.

Evaluation of hearing loss was deployed by two different
methods: the traditional four frequency average of hearing
thresholds at 0.5, 1, 2, and 4 kHz, and the three high frequency
average of hearing thresholds at 4, 6, and 8 kHz in the better
ear, noted, respectively, as 4FA and 3HFA. These were analyzed
as continuous variables. For the purpose of summarizing the
hearing loss of the study cohort, the 4FA hearing loss was
classified using the World Health Organization (WHO) grades
of hearing impairment (Humes, 2019), respectively, normal
hearing—less than 20 dB HL; mild hearing loss—20 to < 35 dB
HL; moderate hearing loss—35 to < 50 dB HL; moderately
severe hearing loss—50 to < 65 dB HL; severe hearing loss—
65 to < 80 dB HL; profound hearing loss—80 to < 95 dB HL;
complete hearing loss—95 dB HL or greater in the better ear.

Cognitive Assessment
The global cognitive functions of the subjects were tested using
the Montreal Cognitive Assessment Test (MoCA) for the hearing
impaired. A Mandarin version of the MoCA (version 7.2) was
adapted (Nasreddine et al., 2005), which was converted into
a timed PowerPoint (Microsoft Corp., Redmond, Washington,
United States) presentation, here named HI-MoCA (Hearing
impaired-MoCA), with all the verbal instructions replaced with
visual instructions (Lin et al., 2017).

For the visuospatial and executive tasks, an answer sheet was
given to the subject to be completed as instructed. For all other
tasks, the subjects were asked to verbally answer or respond. For
example, for the memory recall section, a series of words were
presented at a rate of 2 s per word (truck, banana, violin, desk,
and green), comparable to the standard verbal administration of
the original MoCA. In the attention tasks, for both the forward
and backward order digits repetition, all the numbers were
presented at a rate of 1.5 s (compared with one digit per second
in the original MoCA). For the digits series task, requiring the
participant to identify the digit 1 among a string of digits from 0
to 9 by tapping the table, the HI-MoCA visually presented a series
of numbers at a rate of 1.5 s between numbers for the subject to
observe and respond to by tapping the table. In the language task,
both sentences are presented for 9 s.

All the HI-MoCA tests were administered by an audiologist,
who received formal training from a senior neurology physician
with advanced clinical experience and completed the certificated
training course via the MoCA website.

Non-verbal cognition was assessed using the Cambridge
Neuropsychological Test Automated Battery (CANTAB)
(Campos-Magdaleno et al., 2020). The CANTAB software was
installed on a laptop with an integrated touch screen (IBM, Yoga
S, with Windows 10.1 platform).

Evaluation of cognitive function for this study was focused
on working and episode memory, processing speed, and spatial
information processing. Therefore, the relevant test items were
chosen from the CANTAB test battery, including delayed
matching to sample (DMS), paired associates learning (PAL),
and spatial working memory (SWM), respectively. Assessment
commenced with a test of motor function, to qualify the
participant for further assessment.

Motor Screening Task
The motor screening task provides a general assessment of
whether vision, sensorimotor deficits, or lack of comprehension,
which, if present, would limit the collection of valid data from
the participant (Cambridge Cognition Ltd., 2014). It involved the
selection of colored crosses in different positions on the screen
as quickly and accurately as possible by the participant. MST
outcome measures assess the speed of response and the accuracy
of pointing of the participant.

Delayed Matching to Sample
The DMS test assesses both simultaneous visual matching ability
and short-term visual recognition memory, for non-verbalizable
patterns (Cambridge Cognition Ltd., 2014). DMS is primarily
sensitive to damage in the medial temporal lobe area, with
some input from the frontal lobes (Olsen et al., 2009). The
participant is shown a complex visual pattern (the sample) and
four response patterns. The task of the participant is to identify
the response pattern that is identical to the sample pattern.
Response patterns will be shown simultaneously with the sample
pattern, whereas in others, a delay (of 0, 4, or 12 s) is introduced.
DMS outcome measures include latency (the speed of response
of the participant), the percentage of correct patterns selected,
and a statistical measure giving the probability of an error after
a correct or incorrect response. The DMS parallel mode was
administered for all the subjects, including three practice trials
and 20 assessment trials. The average administration time is
around 8 min. Percentage of correct patterns selected by the
participant was analyzed in this study (Cambridge Cognition
Ltd., 2014).

Paired Associates Learning
The PAL test assesses episodic visuospatial memory, learning,
and association ability (Cambridge Cognition Ltd., 2014). This
test is primarily sensitive to changes in medial temporal lobe
functioning (Cambridge Cognition Ltd., 2014). In this task, six
to eight white boxes are displayed on a computer screen. These
briefly reveal a pattern which varies in shape and color. The
task of the participant is to remember the pattern revealed and
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match it to the pattern that appears in the middle of the screen
by touching the box that contains the correct pattern. The task is
made progressively difficult by presenting 1, 2, 3, 6, and 8 patterns
to the participant. Outcome measures include the errors made
by the participant, the number of trials required to locate the
pattern(s) correctly, memory scores, and stages completed. The
PAL clinical mode was administered for all the subjects with up to
eight stages depending on the performance of the subjects; each
stage may have up to 10 trials (attempts) in total. The average
administration time is around 10 min but is greatly affected by
the degree of impairment of the subject and the number of repeat
presentations that are required. PAL errors (total shapes) and
PAL errors (six shapes) were analyzed in this study (Cambridge
Cognition Ltd., 2014).

Spatial Working Memory
The SWM test requires retention and manipulation of
visuospatial information. This self-ordered test has obvious
executive function demands and provides a measure of non-
verbal working memory, visuospatial working memory, and
strategy use (Cambridge Cognition Ltd., 2014). SWM is a
sensitive measure of frontal lobe and “executive” dysfunction.
The task of the participant was to locate tokens hidden in
increasing number of boxes (3, 4, 6, and 8). Each box contained
only one token per sequence. Searching a box more than once
during a sequence results in a “within search error” and revisiting
a box in which a token has been found before incurs a “between
search error.” A “strategy” score, calculated for the more difficult
six- and eight-box levels, represented the use of an efficient
strategy based on predetermined sequence. Poor use of strategy
is reflected in higher strategy scores and vice versa. Three main
outcome measures, spatial working memory within errors,
between errors, and strategy scores, were calculated for the
purpose of this study. The SWM clinical mode was administered
for all the subjects with 16 stages, including four practices
and 12 assessment trials. The average administration time is
around 9 min but is also affected by the degree of impairment
of the subjects.

Loneliness Measurement
The Mandarin version of the six-item De Jong Gierveld
Loneliness Scale was used to measure the loneliness of the
subjects (Leung et al., 2008; Yang et al., 2018; Fung et al., 2019).
In this six-item scale, three statements are made about emotional
loneliness and three about social loneliness. There are negatively
(items 1, 2, and 3) and positively (items 4, 5, and 6) worded
items, scored 1 point for “Yes” and “More or less” answers, and
0 points for “No” answers to questions 1–3; scored 1 point for
“More or less” and “No” answers, and 0 points for “Yes” answers
to questions 4–6.

Assessment of Depression, Anxiety, and
Stress
The Depression Anxiety Stress Scales (DASS-21) is a
questionnaire to assess the symptoms of depression, anxiety,
and stress (Chan et al., 2012; Wang K. et al., 2016). The 21

items on the questionnaire comprise a set of three self-reported
scales designed to assess depression, anxiety, and stress status of
subjects. The seven elements on each scale are graded on a Likert
scale from 0 to 3 (0: “Did not apply to me at all,” 1: “Applied to
me to some degree or some of the time,” 2: “Applied to me to a
considerable degree or a good part of the time,” and 3: “Applied
to me very much or most of the time”). Depression, anxiety, and
stress scores are determined by summarizing the scores of the
related items (Lovibond and Lovibond, 1995). As the DASS-21 is
a shorter version of the 42-item original DASS, the score for each
subscale is multiplied by two to calculate the final score.

Statistics Analysis
All statistical analyses were performed using SPSS version 25
(SPSS Inc., Chicago, IL, United States). A multiple forward
stepwise regression analysis was used to examine the relationship
between cognitive functions and other variables, including age,
gender, smoking and alcohol consumption, chronic medical
history, education years, loneliness and mental health, and PTA
thresholds of better ear average across 500 Hz–8 kHz. The
different CANTAB modules and HI-MoCA scores were entered
as dependent variables, respectively. The collinearity tests were
examined during each stepwise regression analysis.

At each step of the regression analysis, variables were added
based on p-values, and the Akaike Information Criterion (AIC)
was used to set a limit on the total number of variables included
in the final model. The criteria of entry of each variable was a
probability of F ≤ 0.05 and removal of each variable a probability
of F ≥ 0.10.

RESULTS

Descriptive Data
The demographic information, cognitive function scores, and
other descriptive data of this study population are presented
in Table 1, including the age, gender, education years, hearing
threshold, smoking status, alcohol intake, history of chronic
disease, depression, anxiety, and stress status of the participants.
A total of 293 Mandarin speakers aged between 60 and 87 years
were included in the study. The study cohort consisted of 111
males (mean age = 70.33 ± 4.90 years) and 182 females (mean
age = 69.02 ± 4.08 years).

For descriptive purposes, the better ear 4FA was used to group
the participants; 65 had normal hearing, 106 had mild hearing
loss, 54 had moderate hearing loss, 34 had moderately severe
hearing loss, 31 had severe hearing loss, and three had profound
hearing loss, as shown in Table 1.

Regression Analysis
The multiple stepwise regression analyses revealed that the better
ear 4FA significantly predicted HI-MoCA scores (p < 0.001),
PAL error for 6 shapes (p < 0.05), and that the better ear 3HFA
significantly predicted SWM within error (p < 0.05) and DMS
correct percent (p < 0.05). The detailed results are shown in
Table 2. Only the last model of the stepwise regression is shown.
Each model of forward stepwise regression for HI-MoCA, SWM
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between error, SWM within error, SWM strategy, PAL error
(all shapes), PAL error (six shapes), DMS correct percent are,
respectively, shown in Supplementary Tables 1–7.

DISCUSSION

This study investigated the association between hearing loss and
global cognitive abilities (HI-MoCA) and multiple domains of
non-verbal cognitive abilities in Mandarin-speaking older adults.
To the best of our knowledge, this is the first study to elucidate
the association between hearing loss and cognitive function by
using the hearing impairment version MoCA and a non-verbal
neurocognitive assessment tool with tonal language participants.

Our results are consistent with previous cross-sectional studies
of pure-tone audiometric hearing loss and cognitive decline and
impairment in non-tonal language speakers (Gussekloo et al.,
2005; Deal et al., 2015; Jayakody et al., 2018b). Our results
revealed that both mid-frequency hearing sensitivity and self-
reported hearing loss were significantly associated with HI-
MoCA score.

As shown in Table 2, self-reported hearing loss was
significantly associated with both HI-MoCA (β = 0.18, p = 0.004)
and PAL error (six shapes) (β = −0.16, p = 0.009). This
finding suggests that self-reported hearing loss may be a useful
indicator when evaluating the relationship between hearing
loss and cognitive impairment. This finding accords with
another study, which showed that self-reported hearing loss
was significantly associated with both baseline and follow-up
cognitive impairment (Amieva et al., 2015).

Our results also showed that the age-related hearing loss
significantly associated with poor performance on some of the
cognitive domains, specifically DMS (short-term visual memory)
and PAL (episodic visuospatial memory). Prior studies have
noted that episodic memory impairments are one of the earliest
signs of amnestic mild cognitive impairment, Alzheimer’s disease,
and other dementias (Wang P. et al., 2016).

Short-term visual memory function in this study was assessed
using DMS module of the CANTAB test battery. Linear
regression showed that while high-frequency hearing in the
better ear was significantly associated with the DMS score,
mid-frequency hearing was not associated with the DMS score.
This finding is consistent with previous research (Jayakody
et al., 2018b) on non-tonal language speakers. A possible
explanation for this is that presbycusis usually begins with
reduced hearing sensitivity in the higher frequencies while
remaining relatively better in the low and mid-frequency range.
Consequently, the association between DMS and mid-frequency
hearing impairment was not observed in the regression analysis.

Visual memory and learning ability were measured by PAL
task of CANTAB test battery. There was a significant positive
correlation between mid-frequency hearing in (4FA) in the
better ear, and PAL error (six shapes). Previous studies have
also demonstrated that performance on the PAL task is highly
associated with cognition impairment, and can differentiate
subjects with Alzheimer’s disease from normal controls with
high sensitivity and specificity (Hicks et al., 2020). However, no

TABLE 1 | Descriptive data of the participants.

Characteristics All subjects

N = 293

Male sex, no. (%) 111 (37.9%)

Smoking, no. (%) 107 (36.5%)

Alcohol consumptiona, no. (%) 279 (95.2%)

Vascular diseaseb, no. (%) 231 (78.8%)

Diabetes, no. (%) 66 (22.5%)

Frequent childhood ear infections, no. (%) 13 (4.4%)

Depression clinically diagnosed, no. (%) 10 (3.4)

Self-report HL, no. (%) 212 (72.4%)

Noise exposure, no. (%) 52 (17.7%)

Living alone, no. (%) 17 (5.8%)

Single or divorced, no. (%) 33 (11.3%)

Age (years) 69.52 ± 4.45

Education (years) 12.98 ± 2.84

Hearing loss classification, no. (%)

Normal hearing 65 (22.2%)

Mild hearing loss 106 (36.2%)

Moderate hearing loss 54 (18.4%)

Moderately severe hearing loss 34 (11.6%)

Severe hearing loss 31 (10.6%)

Profound hearing loss 3 (1.0%)

4FA (dB HL) 36.94 ± 18.78

3HFA (dB HL) 52.31 ± 20.17

Emotional loneliness 0.92 ± 0.84

Social loneliness 1.11 ± 1.18

Loneliness 2.03 ± 1.59

Depression 3.65 ± 5.22

Anxiety 5.98 ± 5.58

Stress 6.45 ± 6.70

Recreational activities score 14.5 ± 10.68

Intellectual activities score 20.87 ± 12.72

Physical activities score 21.15 ± 11.06

Social activities score 2.11 ± 2.79

HI-MoCA score 25.00 ± 2.63

SWM between error 35.99 ± 16.25

SWM within error 6.83 ± 5.49

SWM strategy 34.64 ± 5.21

PAL error (all shapes) 32.54 ± 26.66

PAL error (six shapes) 7.60 ± 7.66

DMS correct percent 79.43 ± 11.75

The data are presented as means ± standard deviations, unless otherwise
indicated.
4FA: four frequencies (500 Hz, 1, 2, and 4 kHz) average of pure tone hearing
thresholds of the better ear; 3HFA: three high frequencies (4, 6, and 8 kHz) average
of pure tone hearing thresholds of the better ear; HI-MoCA, hearing impaired-
Montreal cognitive assessment test; PAL, paired associates learning; DMS, delayed
matching to sample; SWM, spatial working memory.
aAlcohol consumption reference is never or less than 14 standard drinks per week.
bVascular disease indicates any one of heart disease, stroke, high cholesterol,
atherosclerosis, or hypertension.

significant association was found between PAL scores (all shapes)
and hearing loss.

Two types of leisure activities (intelligent and social) were
observed in the regression model to be associated with PAL error
(all shapes), but not PAL error (6 shapes). Prior studies that have
noted the importance of participation in leisure activities, which
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has been associated with the reduced risk of cognitive impairment
after controlling for age, gender, and education (Verghese et al.,
2003). In this study, information regarding four categories of
leisure activities was collected by a questionnaire. It is difficult
to explain this result that why PAL error (all shapes) and PAL
error (six shapes) showed different regression outcomes, but it
may be related to the high level of difficultly of the PAL eight
shapes task. Participants sometimes took a very long time on
the task and lost their patience, and the results are likely to be
inaccurate and unreliable.

Spatial working memory requires retention and manipulation
of visuospatial information. The SWM task has notable demands
on executive function and provides a measure of strategy
as well as working memory. This study showed that high
frequency hearing is significantly associated with SWM within
error, but not with mid-frequency hearing. This result may be
explained, as noted earlier, by the fact that high frequencies
show a decrease in sensitivity at least a decade earlier than
for the mid-frequency speech frequencies (Salvi et al., 2018).
However, neither 4HA nor 3HFA were associated with SWM
between error and SWM strategy. This finding is contrary to a
previous study which has suggested that both the SWM errors

and strategy score are associated with mid-frequency hearing
(Jayakody et al., 2018b).

Education was significantly associated with almost all
the cognitive-dependent variables, including HI-MoCA and
CANTAB DMS, PAL, and SWM. These results corroborate the
findings of a great deal of the previous work in this field.
Lower rates of late-life dementia are associated with higher
education levels during earlier life (Livingston et al., 2017). Early
education may promote the development during a sensitive
period of childhood that protect against late-life cognitive decline
(Zahodne et al., 2015).

Another important finding was that social loneliness and
overall loneliness (social and emotional) were significantly
associated with both SWM between error and SWM strategy.
Several reports have shown that both loneliness and social
isolation are associated with cognitive decline (Donovan et al.,
2017; Lara et al., 2019). The literature does not testify the
causal relationship between loneliness and cognitive function.
Loneliness may lead to cognitive decline, perhaps from limited
social interactions, but it is also possible that cognitive
impairment may lead to limited social interactions and further
loneliness (Boss et al., 2015).

TABLE 2 | Multiple stepwise regression between CANTAB/HI-MoCA scores and other variables.

Dependent variable Independent variables R2 Adjusted R2 B β t Sig. 95% Confidence interval for B

Lower bound Upper bound

HI-MoCA score 4FA 0.09 0.08 −0.04 −0.25 −4.03 0.000 −0.05 −0.02

Self-report HL 1.04 0.18 2.88 0.004 0.33 1.75

Education years 0.14 0.15 2.63 0.009 0.04 0.24

SWM between error Age 0.09 0.08 0.76 0.21 3.69 0.000 0.36 1.17

Social loneliness −5.24 −0.38 −3.46 0.001 −8.22 −2.26

Loneliness 2.69 0.26 2.41 0.017 0.49 4.89

SWM within error 3HFA 0.04 0.04 0.05 0.17 2.99 0.003 0.02 0.08

Education years 0.26 0.14 2.34 0.020 0.04 0.48

SWM strategy Social loneliness 0.06 0.05 −2.02 −0.46 −3.99 0.000 −3.01 −1.02

Loneliness 1.19 0.36 3.11 0.002 0.44 1.94

Anxiety −0.13 −0.14 −2.29 0.023 −0.24 −0.02

PAL error (All shapes) Education years 0.11 0.09 −1.58 −0.17 −2.95 0.003 −2.63 −0.53

Intelligent activities −0.35 −0.16 −2.89 0.004 −0.58 −0.11

Gender 8.93 0.16 2.82 0.005 2.70 15.15

Social activities 1.37 0.14 2.52 0.012 0.30 2.45

Living arrangements 14.96 0.13 2.32 0.021 2.25 27.67

PAL error (6 shapes) 4FA 0.08 0.07 0.08 0.20 3.16 0.002 0.03 0.13

Self-report HL −2.78 −0.16 −2.64 0.009 −4.86 −0.71

Depression 0.19 0.13 2.31 0.021 0.03 0.36

Education years −0.32 −0.12 −2.09 0.038 −0.63 −0.02

DMS correct percent 3HFA 0.12 0.10 −0.09 −0.16 −2.66 0.008 −0.16 −0.02

Education years 0.57 0.14 2.43 0.016 0.11 1.03

Age −0.31 −0.12 −2.02 0.045 −0.62 −0.01

Anxiety −0.26 −0.12 −2.22 0.027 −0.49 −0.03

Gender −2.88 −0.12 −2.06 0.040 −5.64 −0.13

4FA, four frequencies (500 Hz, 1, 2, and 4 kHz) average of pure-tone hearing thresholds of the better ear; HI-MoCA, hearing impaired-Montreal cognitive assessment;
PAL, paired associates learning; DMS, delayed matching to sample; SWM, spatial working memory. 3HFA, three high frequencies (4, 6, and 8 kHz) average of pure-tone
hearing thresholds of the better ear.
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Between 20 and 40% of the elderly in Western countries are
reported to be lonely (Savikko et al., 2005), and the prevalence
of loneliness has increased from 16 to 30% from 1992 to 2000
(Yang and Victor, 2008), possibly due to the impact of the
“empty-nester” phenomenon that had impact on that (Fung
et al., 2019). However, among the participants in this study,
only 5.8% lived alone, the majority living with their children
and even grandchildren. In China, elderly people tend to live
with their children, playing an important role in caring for their
grandchildren. This living arrangement is likely to have an impact
on mental wellbeing and cognitive functioning (Mazzuco et al.,
2017), as well as possible decreasing of loneliness and social
isolation. This contrasts with the prevailing culture in Western
countries, where parents tend to live alone after children move
out of home, and they tend to live in residential aged-care
facilities later in life; however, less than 2% of the subjects of this
study population lived in aged-care centers.

Clinical Implications
This study contributes evidence to the growing global body of
evidence that hearing loss and cognitive decline are significantly
associated, also in Mandarin-speaking older adults. While the
risk of hearing loss to cognition has not been determined, the
association is something that hearing health professionals need
to bear in mind when managing and counseling their patients.

Limitations
One of the limitations in this study is that the age of participants
recruited generally reflected their level of hearing loss and that
there were relatively fewer participants with increasing severity
of hearing loss. However, this is consistent with the prevalence
of hearing loss in the population in relation to age. This study
was designed as a longitudinal study, so as to examine the
association between ARHL and cognitive decline over time.
Another potential limitation is that participant fatigue may have
affected some of the more strenuous tests.

Future Directions
These findings warrant longitudinal studies to better understand
the association between hearing loss and cognitive impairment
over time and also to investigate how confounding factors
contribute to the cognitive functions overall. Recent studies have
studied the impact of hearing aids and cochlear implantation on
cognitive functions of older adults with hearing loss (Jayakody
et al., 2017, 2020; Kramer et al., 2018; Maharani et al., 2018). The
results indicate that hearing rehabilitation has some degree of
impact on improving cognitive functions. Based on the findings,
we recommend a randomized control trial investigating the
impact of hearing rehabilitation on the cognitive functions of
Mandarin-speaking older adults.

CONCLUSION

This study provides more evidence for the association between
hearing loss and cognitive impairment in Mandarin-speaking
older adults. This study revealed that the hearing loss has a
significant relationship with cognitive impairment in a Chinese-
speaking population.
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Background: While a cochlear implant (CI) can restore access to audibility in deaf
children, implanted children may still have difficulty in concentrating. Previous studies
have revealed a close relationship between sensory gating and attention. However,
whether CI children have deficient auditory sensory gating remains unclear.

Methods: To address this issue, we measured the event-related potentials (ERPs),
including P50, N100, and P200, evoked by paired tone bursts (S1 and S2) in CI children
and normal-hearing (NH) controls. Suppressed amplitudes for S2 compared with S1 in
these three ERPs reflected sensory gating during early and later phases, respectively.
A Swanson, Nolan, and Pelham IV (SNAP-IV) scale was performed to assess the
attentional performance.

Results: Significant amplitude differences between S1 and S2 in N100 and P200 were
observed in both NH and CI children, indicating the presence of sensory gating in the
two groups. However, the P50 suppression was only found in NH children and not in
CI children. Furthermore, the duration of deafness was significantly positively correlated
with the score of inattention in CI children.

Conclusion: Auditory sensory gating can develop but is deficient during the early phase
in CI children. Long-term auditory deprivation has a negative effect on sensory gating
and attentional performance.

Keywords: auditory sensory gating, cochlear implant, P50, N100, P200, attentional dysfunction

INTRODUCTION

There is a close link between cognitive decline and hearing loss (Dye and Hauser, 2014; Heinrichs-
Graham et al., 2021). Patients with hearing loss face the risk of delays in multiple cognitive
functions, such as working memory and executive function (Lieu et al., 2020). Specifically,
attention-deficit disorders are more commonly reported in deaf children compared with normal-
hearing (NH) peers (Hall et al., 2018). As one of the most successful neural prostheses developed to
date, cochlear implants (CIs) help not only to restore hearing of deaf children, thereby supporting
speech communication, but also to enhance their cognitive abilities (Kral et al., 2019). For example,
CI children showed an improvement in non-verbal cognitive functions and working memory at
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6 months after CI surgery (Shin et al., 2007). However, CIs still
cannot ensure optimal cognitive outcomes (Kral et al., 2019).
There is a great variation in the attentional performances of
CI children (Surowiecki et al., 2002). Both preschoolers and
school-aged children with CIs were found to face a greater
risk of deficits in the attention domain compared with NH
children (Kronenberger et al., 2014). Nearly 40% of CI children
attending mainstream classes could not pass the test of attention
(Mukari et al., 2007), which may result in poor educational
performance. However, the related neural mechanism underlying
poor attentional performance in CI children remains unclear.

Previous evidence has shown that sensory gating is involved
in early information processing of auditory attention (Wan et al.,
2008). Sensory gating refers to the brain’s ability to filter repetitive
irrelevant stimuli (Chien et al., 2019), which is mainly assessed by
P50 suppression. As a “pre-attentive” process, P50 sensory gating
manifests in the central nervous system modulating its sensitivity
to incoming stimuli (Braff and Geyer, 1990), protecting the
brain from information overload (Adler et al., 1982). The P50
is a positive component of auditory event-related potentials
(ERPs) and usually occurs at about 50 ms after stimuli onset.
It has been supposed to be generated from the thalamo-cortical
projection to the auditory cortex (Sharma et al., 2009). In a
paired-click paradigm, two successive P50 responses are usually
evoked by an initial stimulus (S1) and a shortly following
identical stimulus (S2). (Fruhstorfer et al., 1970). Normal P50
suppression is characterized by a reduction in P50 amplitude
for S2 compared with S1. A higher ratio (S2/S1) or smaller
difference in these two P50 amplitudes suggests weaker sensory
gating associated with diminished cognitive functioning, such as
attention (Lijffijt et al., 2009).

Given that sensory gating is regarded as a multistage process
(Boutros et al., 1999), previous studies have also paid attention
to the later phases of auditory processing reflected by the N100
and P200 (Rosburg, 2018). The N100 is a negative component
appearing about 100 ms after the onset of the auditory stimulus,
and the P200 is a positive component appearing about 200 ms.
The N100 and P200 components are mainly generated in the
primary auditory cortex (Hegerl and Juckel, 1993). These two
components have been proposed to involve distinct neural
activities (Boutros et al., 2004; Chien et al., 2019) and thus be
related to different functions (Lijffijt et al., 2009). Unlike the P50
involving the early phase of information processing, the N100
and P200 are considered to reflect triggering and allocation of
attention, respectively (Shen et al., 2020). Thus, different phases
of auditory information filtering should be investigated by the
P50-N100-P200 complex.

There is a maturational course of sensory gating in typically
developing children (Davies et al., 2009). Compared with adults,
children always show immature sensory gating ability as revealed
by longer P50 latencies (Hunter et al., 2012). With increasing age,
young children (1–8 years of age) demonstrate a rapid decrease in
latency (Freedman et al., 1987). The latency may stabilize at the
pre-adolescent stage (9–12 years of age) and remain stable into
adulthood. Brinkman and Stauder (2007) also found a negative
correlation between age and the P50 amplitude ratio, indicating
age-related sensory gating abilities. However, further analysis

revealed that a significant difference in gating ratios was only
found between the youngest children group (5–7 years of age)
and the other three groups (8–9, 10–12, and 18–30 years of age)
and not among the latter three groups. These findings imply that
sensory gating may mature around the age of 8 years.

Sensory gating has been reported to be deficient in many
neurological diseases (Gjini et al., 2011; Micoulaud-Franchi
et al., 2015). Patients with schizophrenia (Smucny et al.,
2013) or autism spectrum disorders (Crasta et al., 2021)
showed reduced gating abilities reflected by abnormal P50,
N100, and/or P200 amplitude ratios. This ineffective inhibitory
modulation of sensory information may imply an imbalance
of neuronal excitation/inhibition in this population (Culotta
and Penzes, 2020). The inhibitory system is thought to be the
underlying mechanism in modulating sensory gating (Adler
et al., 1982). Evidence has also demonstrated that peripheral
auditory deafferentation or sensorineural hearing loss negatively
affects inhibitory mechanisms, reflected by a reduction of
inhibitory inputs and subsequent imbalance between excitatory
and inhibitory systems (Campbell et al., 2020a). The properties
of the inhibitory synapses in the central auditory system are
changed by auditory deprivation (Takesian et al., 2012). The
inhibitory activity decreases, followed by an increase in the
excitability of both midbrain and cortical neurons. Synaptic
changes induced by early hearing loss contribute to auditory
processing deficits and may be persistent even after auditory
intervention (Takesian et al., 2009). Therefore, for deaf children
who experience early auditory deprivation, it is unclear whether
auditory sensory gating is deficient (no or reduced inhibition of
repetitive irrelevant stimuli) after cochlear implantation.

In this study, we assessed auditory sensory gating in CI
children by measuring the amplitude (gating) ratios of P50, N100,
and P200 responses to paired tone bursts (S1 and S2). The
attentional performance was also evaluated using the Swanson,
Nolan, and Pelham IV (SNAP-IV) scale. We hypothesized
that the sensory gating ability could develop after cochlear
implantation but still be deficient because of long-term auditory
deprivation. Therefore, we predicted that P50, N100, and/or P200
suppression would be poorer in CI children than in NH peers.

MATERIALS AND METHODS

Participants
Twenty-four native Chinese children, including 12 prelingually
deafened children with unilateral Med-El CI devices [6 females,
age range: 4–8 years; mean age ± standard deviation (SD):
6.01 ± 1.33 years] and 12 NH children (4 females, age
range: 3.5–8.5 years; mean age ± SD: 6.59 ± 1.54 years),
participated in this study. Eleven CI children did not pass the
neonatal evoked otoacoustic emission test and were diagnosed
with congenital sensorineural hearing loss. The other child
was found to have profound sensorineural hearing loss before
the age of 15 months. Two CI children had worn hearing
aids before cochlear implantation. The auditory and speech
abilities of CI children were evaluated by Categories of Auditory
Performance (CAP), Speech Intelligibility Rate (SIR), and
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TABLE 1 | Demographic information of the cochlear implant users.

Subject Gender Age at test (years) CI use (years) ABR threshold (dB nHL) CI processor Implant type Age at CI (years) MAIS SIR CAP

left right left right

1 M 5.33 4.08 95 >95 Opus 1 CONCERTO / 1.25 33 3 8

2 M 7.92 2.42 >95 >95 Opus 1 SONATA / 5.50 31 3 6

3 M 4.00 2.00 >95 >95 Opus 2xs SONATA / 2.00 21 2 6

4 F 6.42 2.84 >95 >95 Opus 2xs SONATA 3.58 / 37 5 8

5 M 4.58 2.00 >95 >95 Opus 2xs SONATA 2.58 / 34 4 6

6 F 6.67 4.34 >95 >95 Opus 2xs SONATA / 2.33 38 5 7

7 M 4.83 3.83 >95 >95 Opus 2xs SONATA / 1.00 35 4 7

8 F 5.17 3.42 >95 >95 Opus 2xs SONATA / 1.75 40 5 8

9 F 7.83 6.41 >95 >95 Opus 1 SONATA / 1.42 37 5 8

10 M 7.42 0.50 95 >95 Opus 2xs CONCERTO 6.92 / 36 4 8

11 F 5.25 2.17 >95 >95 Opus 1 SONATA / 3.08 34 3 6

12 F 6.75 5.25 >95 >95 Opus 2xs SONATA / 1.50 38 3 8

ABR, auditory brainstem response; CAP, categories of auditory performance; CI, cochlear implant; F, female; M, male; MAIS, meaningful auditory integration scale; nHL,
normal hearing level; and SIR, speech intelligibility rate.

Meaningful Auditory Integration Scale (MAIS; Peixoto et al.,
2013). The scores of these three scales and more detailed
information for CI children are listed in Table 1. The NH
children did not have a history of hearing loss. The two groups
were matched in terms of years of education, family incomes
and levels of parental education. They had normal vision and
no history of neurological or psychiatric illness. The protocols
and experimental procedures in this study were reviewed and
approved by Anhui Provincial Hospital Ethics Committee. Each
participant’s guardians had filled out an informed consent
carefully before the experiment.

Sensory Gating Paradigm
In the electroencephalography (EEG) experiment, the tone burst
(1,000 Hz, 30 ms duration, 4 ms linear rise/fall time) was used
as the auditory stimulus to evoke the P50, N100, and P200
components. Tone bursts were presented in pairs: a conditioning
stimulus (S1) and a testing stimulus (S2) with an interstimulus
interval of 500 ms and an interpair interval of 8 s through two
loudspeakers placed at ± 45◦ azimuth, at a distance of 100 cm
in front of the participants. The stimuli were delivered at an
intensity of 80 dB SPL. For each participant, the experiment
consisted of two blocks with 200 pairs of tone bursts in total
and lasted for 30 min. The sound stimuli were generated by
Adobe Audition 3.0 software (Adobe Systems Incorporated, San
Jose, CA, United States) and presented by E-Prime 3.0 software
(Psychological Software Tools, Pittsburgh, PA, United States).

Attention Assessment
A Swanson, Nolan, and Pelham IV (SNAP-IV) scale was used
to assess the attentional performances of NH and CI subjects.
This rating scale was usually used to evaluate attentional deficits
in patients with ADHD (Swanson et al., 2001). The SNAP-IV
includes 26 items divided into three subscales: inattention (9
items), hyperactivity/impulsivity (9 items), and oppositional (8
items) (Swanson et al., 2001). Parents were asked to rate the items
according to the daily performance of their children by selecting

one of four grades (not at all, just a little, quite a bit, very much).
A Higher score indicated more severe symptoms.

Electroencephalography Recording
The EEG was recorded from a cap with 64 Ag/AgCl electrodes
(SynAmps RT, Curry, United States) that were placed at the
scalp according to the international 10–20 system. Another
two electrodes were located at the left and right mastoids. The
reference and ground electrodes were placed on the tip of the
nose and the forehead, respectively. Vertical and horizontal
electrooculography (EOG) signals were obtained by bipolar
electrodes above and below the left eye and lateral to the outer
canthi of both eyes, respectively. The EEG data were sampled at
500 Hz and filtered online between 0.05 and 100 Hz. Electrode
resistances were kept under 5 k�. Each child was asked to
watch a silent cartoon sitting on a soft couch and ignore the
auditory stimuli.

Data Analysis
Offline analysis of EEG data was conducted by EEGLAB 13.0.0b
in Matlab R2013b (The Mathworks, Natick, MA, United States).
Data were filtered with a bandpass setting of 10–100 Hz
for the P50 component and with a bandpass setting of 4–
30 Hz for the N100 and P200 components. The epochs
were set at 400 ms, starting at 100 ms before the onset of
the stimulus. Baseline correction was performed relative to
a baseline of −100 to 0 ms. The independent component
analysis was used to remove the eye movement, heartbeat, and
CI artifacts from the EEG signals (Hongmei and Nan, 2017).
Independent components reflecting these artifacts were identified
and removed by visual inspection of the component’s properties,
including the waveform, 2-D voltage map, and spectrum (Gilley
et al., 2006). After artifact removal, segments containing voltage
deviations exceeding ± 100 µV on any channels except for EOG
channels were rejected.

The ERPs evoked by S1 and S2 were calculated by averaging
individual trials. The P50 component was defined as the most
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FIGURE 1 | Grand average event-related potentials in response to S1 (blue solid line) and S2 (red dashed line) at site Cz. Both (A) children with normal hearing (NH)
and (B) those with cochlear implants (CIs) showed robust P50, N100, and P200 components.

positive peak between 40 and 100 ms after stimulus onset.
The N100 and P200 components were determined as the most
negative and positive peaks after P50 between 80 and 150 ms
and between 120 and 250 ms, respectively (Crasta et al., 2021).
The amplitude of P50, N100, or P200 was determined by the
peak-to-peak amplitude between the peak of P50, N100, or
P200 and its preceding peak with reversal polarity. The gating
ratio between P50, N100, or P200 amplitude for S2 and that
for S1 (S2/S1) was used to evaluate the sensory gating ability:
A lower gating ratio indicated robust gating, and a higher
ratio indicated attenuated gating. The electrode Cz was selected
for illustration.

Statistical Methods
One NH child and one CI child who had no robust N100
and P200 components were removed from further N100-P200
analysis. To assess whether auditory sensory gating existed in
both groups, we compared the amplitude differences of P50,
N100, and P200 in response to S1 with those to S2 using
repeated measures analysis of variance (ANOVA) with stimulus
(S1 and S2) as the within-subject factor. The differences in gating
ratios, amplitudes, peak latencies, and SNAP-IV scores between
two groups were further evaluated by a one-way ANOVA with
group (NH and CI) as the between-subject factor. The Pearson’s
correlation was performed to assess the relationship among the
gating ratios, scores of inattention, and onset or duration of
deafness or CI use.

RESULTS

Absence of P50 Suppression in Cochlear
Implant Children
The grand average ERPs in response to S1 and S2 for two
groups at the representative electrode Cz are shown in Figure 1.
NH children showed significantly smaller amplitudes of P50
[F(1,11) = 39.251, p < 0.001], N100 [F(1,10) = 8.391, p = 0.016],
and P200 [F(1,10) = 9.196, p = 0.013] in response to S2 than
those to S1, indicating the presence of robust P50, N100, and
P200 suppression. CI children showed similar amplitudes of P50
[F(1,11) = 0.348, p = 0.567] but significantly smaller amplitudes
of N100 [F(1,10) = 8.126, p = 0.017] and P200 [F(1,10) = 8.019,
p = 0.018] for S1 compared with S2 (Figures 2A–C, left).

Higher P50 Ratio but Similar N100 and
P200 Ratios in Cochlear Implant Children
Compared With Normal Hearing Children
We further assessed whether the gating ratios, amplitudes, and
peak latencies of P50, N100, and P200 differed between NH
and CI children. CI children showed a significantly higher P50
gating ratio than NH children did [F(1,22) = 13.450, p = 0.001]
(Figure 2A, middle). However, no significant difference in
N100 [F(1,20) = 0.855, p = 0.366] or P200 [F(1,20) = 0.047,
p = 0.831] gating ratios was found between these two groups
(Figures 2B,C, middle).
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FIGURE 2 | Auditory sensory gating at the (A) P50, (B) N100, and (C) P200 for children with NH and those with CIs. (Left) The amplitudes of N100 and P200 in
response to S2 were significantly smaller than those to S1, indicating the presence of the auditory sensory gating in both NH and CI children. However, P50
suppression only existed in NH and not in CI children. (Middle) CI children showed similar N100 and P200 suppression ratios (S2/S1) but a higher P50 ratio
compared with NH children. (Right) The P200 latencies in CI children were significantly shorter than those in NH children. Vertical bars represent the standard error.
∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05.

There was no significant difference in P50 [S1: F(1,22) = 0.026,
p = 0.873; S2: F(1,22) = 3.704, p = 0.067], N100 [S1: F(1,20) = 0.138,
p = 0.714; S2: F(1,20) = 0.131, p = 0.721], or P200 amplitudes [S1:
F(1,20) < 0.001, p = 0.979; S2: F(1,20) = 0.367, p = 0.551] between
NH and CI children. Peak latencies of P50 [S1: F(1,22) = 0.037,
p = 0.848; S2: F(1,22) = 0.016, p = 0.899] and N100 [S1:
F(1,20) = 1.917, p = 0.181; S2: F(1,20) = 1.657, p = 0.213]
were similar between the two groups (Figures 2A,B, right).
However, CI children showed shorter P200 peak latencies [S1:
F(1,20) = 6.155, p = 0.022; S2: F(1,20) = 4.448, p = 0.048] than NH
children did (Figure 2C, right).

Relationships Among Gating Ratios,
Attentional Performance, and Onset or
Duration of Deafness or Cochlear
Implant Use
No significant difference in scores of inattention [F(1,22) = 0.004,
p = 0.949], hyperactivity/impulsivity [F(1,22) = 0.037, p = 0.849],

or opposition [F(1,22) = 0.692, p = 0.414] was found between
NH and CI groups (Figure 3A). In CI children, the score
of inattention was significantly positively correlated with the
duration of deafness [R = 0.588, p = 0.044] (Figure 3B). No other
significant correlations were found (all p > 0.05).

DISCUSSION

In this study, we assessed auditory sensory gating in CI children.
CI children showed robust N100 and P200 suppression but no
P50 suppression. Furthermore, the duration of deafness was
positively correlated with the score of inattention. Our results
demonstrate that auditory sensory gating can develop in CI
children but is deficient during the early phase. Long-term
auditory deprivation negatively affects the restoration of auditory
sensory gating and attentional performance.

Cochlear implant children showed auditory gating as revealed
by the N100 and P200 suppression, indicating that the CI
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FIGURE 3 | The negative effect of long-term auditory deprivation on the attentional performance. (A) There was no significant difference in subscale scores of
inattention, hyperactivity/impulsivity and oppositional between NH and CI children. (B) The score of inattention was significantly positively correlated with the duration
of deafness in CI children. Vertical bars represent the standard error.

helps to rehabilitate the auditory sensory gating abilities of deaf
children. The precise organization of neuronal circuits in the
mature brain is established by developmental processes that
involve reorganization and fine tuning of immature synaptic
networks (Kandler, 2004). The maturation of the auditory
system requires stimulation. Auditory deprivation may keep
the synapses immature until the cochlear implantation helps
to restore hearing and get rid of this frozen state (Sharma
et al., 2002a). These activity-dependent processes may include
improvement in synaptic efficacy and increased myelination
(Gordon et al., 2003). The auditory system may rapidly develop
within a critical period of 3–6 months after cochlear implantation
and enter a maturation period after 12 months (Ni et al., 2021).
Most CI children in our study received implantation before
3.5 years old and still had high plasticity of the auditory cortex
(Manrique et al., 1999). Therefore, sensory gating can develop
and be functional in CI children, though its developmental
trajectory may be delayed. Considered as an automatic and
involuntary first part in the attentional processes, sensory gating
may prevent limited attentional resources from being disturbed
by repetitive irrelevant stimuli and protect CI children from later
attentional dysfunction (Hutchison et al., 2017).

Interestingly, compared with NH children, CI children
showed similar gating ratios at the N100 and P200 but no robust
P50 suppression, indicating deficient sensory gating during the
early phase. There are two functionally distinct generators that
are related to the P50 suppression, the temporal lobe and
the frontal lobe (Weisser et al., 2001; Korzyukov et al., 2007;
Campbell et al., 2020b). A considerable body of invasive and non-
invasive research on sensory gating suggests that the auditory
P50 response may be explained by contributions from the
bilateral temporal lobes, including the left and right superior
temporal gyri (STG; Lee et al., 1984; Liegeois-Chauvel et al.,
1994; Knott et al., 2009; Mayer et al., 2009). In addition to
the bilateral temporal lobes, the prefrontal source is usually
attributed to the reduction of amplitudes to repeated stimuli

(Grunwald et al., 2003; Korzyukov et al., 2007). In an MEG study
on M50, the neuromagnetic counterpart of the P50 component,
the prefrontal region was found to suppress the activity of the
bilateral STG within the auditory M50 network (Josef Golubic
et al., 2014). Similar to the P50 component, the N100 and P200
gating responses involve the activation of inhibitory frontal and
temporo-prefrontal networks (Campbell et al., 2020b). However,
functions of strong suppression regions may be differential. The
P50 gating may work as a bottom-up process, while the N100 and
P200 are mainly concerned with top-down processes (Boutros
et al., 2013). Incoming sensory inputs first activate automatic
central inhibitory mechanisms prior to top-down cognitive
involvement (Javitt and Freedman, 2015). Evidence suggests that
the N100 and P200 gating may be more susceptible to attention
compared with early P50 gating (Rosburg et al., 2009). For the
absence of P50 suppression and the presence of robust N100
and P200 suppression in CI children, we infer that the multi-
stage inhibitory networks are damaged by auditory deprivation
at the early stage but can be compensated for at the later stage
by top-down modulation. We also found a positive correlation
between the score of inattention and the duration of deafness.
These findings suggest that long-term auditory deprivation has
a negative effect on both early sensory gating and attentional
functions. We did not find significant correlations between the
gating ratio and the attention performance. The possible reason
is that the Swanson, Nolan, and Pelham IV (SNAP-IV) scale for
assessment of the attentional performance depending on parents’
daily observation is relatively subjective. However, an objective
and more accurate method for young children with hearing
disability is indeed lacking.

Our previous study found that when dealing with complex
speech sounds, CI children showed smaller and slower mismatch
negativity (MMN) and even an absence of the late discriminative
negativity (LDN) compared with NH children (Hu et al., 2021).
Contrary to these late-latency ERPs, the robust P50-N100-P200
responses could be evoked by simple tone bursts, reflecting
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early processes of acoustic analysis. Compared with NH
children, CI children showed similar P50 amplitudes but
significantly different P50 amplitude ratios, suggesting that the
brain can encode the acoustic features of novel sounds but
has difficulty in inhibiting the neural response to repetitive
irrelevant sounds (S2). The inhibitory system is thought to
be the underlying mechanism in modulating sensory gating
(Adler et al., 1982). Therefore, auditory deprivation may reduce
the inhibitory activity, resulting in persistent higher excitability
to repetitive irrelevant sounds during the early phase of
information processing.

There are still some limitations to this study. First, while
we tried to recruit CI children with consistent conditions
(such as brand of CI devices), inhomogeneous aspects of CI
children were still present. For example, two CI children had
fitted hearing aids before cochlear implantation. We cannot
separate the effect of early hearing aid fitting from that of
CI use on the development of sensory gating. Therefore, a
more detailed grouping method should be considered based
on a larger sample size. Second, there was a lack of children
implanted with the CI devices before the age of 12 months.
Previous findings have shown the positive effect of early CI
use on auditory rehabilitation (Sharma et al., 2002b; Dettman
et al., 2007). Although we did not find correlations between
the onset age of CI use and the P50-N100-P200 gating
ratio, there is a possibility that earlier cochlear implantation
(<12 months) may result in better rehabilitation of auditory
sensory gating.

CONCLUSION

The CI helps to restore auditory sensory gating in prelingually
deafened children. However, this gating ability is deficient
in CI children during the early phase. Long-term auditory
deprivation adversely affects auditory sensory gating and
attentional performance.
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Hong Zhuang2, Yu Xiao2, Rui Liu2, Sinuo Shen2, Shaoyang Zhou2, Chenge Fu2,
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Nanjing, China

Noise-induced hearing loss (NIHL) is one of the most prevalent forms of acquired hearing
loss, and it is associated with aberrant microglial status and reduced hippocampal
neurogenesis; however, the nature of these associations is far from being elucidated.
Beyond its direct effects on the auditory system, exposure to intense noise has
previously been shown to acutely activate the stress response, which has increasingly
been linked to both microglial activity and adult hippocampal neurogenesis in recent
years. Given the pervasiveness of noise pollution in modern society and the important
implications of either microglial activity or hippocampal neurogenesis for cognitive
and emotional function, this study was designed to investigate how microglial status
and hippocampal neurogenesis change over time following acoustic exposure and
to analyze the possible roles of the noise exposure-induced stress response and
hearing loss in these changes. To accomplish this, adult male C57BL/6J mice were
randomly assigned to either a control or noise exposure (NE) group. Auditory function
was assessed by measuring ABR thresholds at 20 days post noise exposure. The
time-course profile of serum corticosterone levels, microglial status, and hippocampal
neurogenesis during the 28 days following noise exposure were quantified by ELISA or
immunofluorescence staining. Our results illustrated a permanent moderate-to-severe
degree of hearing loss, an early but transient increase in serum corticosterone levels,
and time-dependent dynamic alterations in microglial activation status and hippocampal
neurogenesis, which both present an early but transient change and a late but enduring
change. These findings provide evidence that both the stress response and hearing
loss contribute to the dynamic alterations of microglia and hippocampal neurogenesis
following noise exposure; moreover, noise-induced permanent hearing loss rather than
noise-induced transient stress is more likely to be responsible for perpetuating the
neurodegenerative process associated with many neurological diseases.
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INTRODUCTION

In recent decades, a massive shift has been observed in the global
burden of disease from communicable causes (e.g., diarrheal
and other infectious diseases) to non-communicable causes (e.g.,
dementia) (Benziger et al., 2016). Dementia is among the most
common chronic non-communicable neurodegenerative diseases
(Collaborators, 2019; Bazargan-Hejazi et al., 2020). Given the
substantial social and economic implications of dementia as
well as the lack of curative treatment, an identification and
understanding of risk factors associated with dementia are
needed to accelerate disease prevention and realize morbidity
improvements (Livingston et al., 2017).

Convergent lines of evidence from epidemiological and
experimental studies indicate that acquired peripheral hearing
loss (HL) is a significant risk factor for dementia (Lin et al., 2011;
Liu et al., 2016a; Livingston et al., 2017, 2020; Thomson et al.,
2017; Loughrey et al., 2018; Nixon et al., 2019; Orgeta et al.,
2019; Uchida et al., 2019). Excessive exposure to environmental
noise, a pervasive pollutant that directly affects the health and
well-being of exposed subjects (Stansfeld and Matheson, 2003;
Uran et al., 2010; Basner et al., 2014; Liu et al., 2016b; Hahad
et al., 2019; Zhuang et al., 2020) is the most common contributing
factor leading to acquired peripheral HL (Nelson et al., 2005;
Jeschke et al., 2020). According to the World Health Organization
(WHO), one-third of all cases of HL can be attributed to
noise exposure (No authors listed, 1990; Nelson et al., 2005; Le
et al., 2017). In our previous study using animals with noise-
induced hearing loss (NIHL), impaired cognitive behavior and
hippocampal neurogenesis as well as abnormal microglia were
observed months after noise exposure (Tao et al., 2015; Liu
et al., 2016a, 2018; Zhuang et al., 2020), which not only provided
supportive evidence for the causative role of acquired peripheral
HL in the development of dementia but also suggested the
mediating roles of hippocampal neurogenesis impairment and
microglial dysfunction in this causative relationship. However,
beyond its direct effects on the auditory system, exposure to
intense noise has previously been shown to acutely activate
the stress response (Samson et al., 2007; Liu et al., 2016b;
Hahad et al., 2019), which has increasingly been linked to both
microglial activity (Frank et al., 2019) and adult hippocampal
neurogenesis in recent years (Surget and Belzung, 2021). Given
the pervasiveness of noise pollution in modern society (Goines
and Hagler, 2007), the potential vulnerability of the hippocampus
to intense noise exposure (Kraus et al., 2010; Cui et al.,
2012; Cheng et al., 2016; Hayes et al., 2019), and the well-
known important implications of either microglial activity or
hippocampal neurogenesis for cognitive function (De Lucia et al.,
2016; Hansen et al., 2018; Rodriguez-Iglesias et al., 2019; Suss and
Schlachetzki, 2020), simultaneously analyzing the time course
for changes in the stress response, hearing threshold, microglial
status, and hippocampal neurogenesis after cessation of brief
intensive noise exposure is essential for better comprehending the
deleterious effects of noise on brain function.

Therefore, the main purpose of this study was to investigate
how microglial status and hippocampal neurogenesis change over
time following acoustic exposure and to analyze the possible

roles of noise exposure-induced stress responses and HL in these
changes. To accomplish this, adult male C57BL/6J mice were
randomly assigned to either a control or noise exposure (NE)
group. Auditory function was assessed by measuring auditory
brainstem response (ABR) thresholds at 20 days post NE.
The dynamic profile of serum corticosterone levels, microglial
status, and hippocampal neurogenesis over the time span from
immediately after to 28 days after the cessation of NE were
analyzed by ELISA or immunofluorescence staining. Our results
illustrated a permanent moderate-to-severe degree of NIHL,
an early but transient increase in serum corticosterone levels,
and dynamic alterations in microglial activation status and
hippocampal neurogenesis, which both consist of an early but
transient change and a late but enduring change. These findings
corroborate previous observations demonstrating the association
between NIHL and hippocampal neurodegenerative changes (Liu
et al., 2016a, 2018; Zhuang et al., 2020) and provide further
insights into the potential mechanisms underlying the adverse
effect of NE on the brain.

MATERIALS AND METHODS

Animals
Young adult (aged 2 months) male C57BL/6J mice were
purchased from SPF Biotechnology Co., Ltd. (Beijing, China; No.
SCXK 2019-0010). In total, 64 mice that passed the Preyer reflex
test were used in the study. The mice were housed four per cage
under standard conditions (8 a.m.–8 p.m. light cycle, 22◦C, 55%
humidity, and ad libitum access to food and water) provided by
the University Committee for Laboratory Animals of Southeast
University, China (SCXK2011-0003). One week after arrival, the
mice were randomly assigned to a control group and seven NE
groups (n = 8/group). Animals in each NE group were separately
exposed to broadband noise for 2 h at a sound pressure level
(SPL) of 123 dB. The subgroups of NE animals were separately
sacrificed immediately after or at 12 h, 1, 3, 7, 14, and 28 days
after NE (0HPN, 12HPN, 1DPN, 3DPN, 7DPN, 14DPN, and
28DPN, respectively).

Noise Exposure
The animals in the NE groups were exposed to a single dose of
broadband noise at 123 dB SPL for 2 h during the light phase as
previously described (Liu et al., 2016a, 2018; Zhuang et al., 2020).
The awake and unrestrained animals were kept individually in
a metal wire mesh cage (cage size: 11 cm × 11 cm × 23 cm)
located 40 cm below the horns of two loudspeakers (an NJ
speaker YD380-8bH and a BM professional speaker HG10044XT,
nominal bandwidth 1–20 kHz). The noise signal was generated
by a System III processor from Tucker–Davis Technologies
(TDT, Alachua, FL, United States) and amplified by a Yamaha
P9500S power amplifier. Animals were acclimatized for 30 min
in the exposure chamber before the loudspeakers were turned
on. During the exposure, which began at 06:00 p.m., the noise
level was monitored and controlled within the range of 123 dB
SPL ± 1 dB by using a 1/4-inch microphone linked to a sound
level meter (Larson Davis, Depew, NY, United States; 2,520
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microphone and 824 sound level meter, Larson Davis, Depew,
NY, United States). For the control group, all operations were
the same as those in the 0 HPN group except that the animals
were treated with sham exposure, in which the loudspeaker
was not turned on.

Auditory Brainstem Response
Assessment
A number of studies in animal models have demonstrated that,
after NEs that are intense enough to produce permanent effects,
hearing thresholds recover exponentially for periods extending
up to 2∼3 weeks and finally reach a steady state (Kujawa
and Liberman, 2006; Ryan et al., 2016). Thus, the ABRs of
28DPN and control mice were assessed 8 days before their
sacrifice (i.e., 20 days after NE) in a sound-attenuating chamber
to determine the hearing thresholds of mice. The animals
were anesthetized by intraperitoneal injection of pentobarbital
(50 mg/kg body weight), and their body temperature was
maintained at approximately 37.5 ± 0.5◦C by placing them on
a thermostatic heating pad during testing and recovery from
anesthesia. Three subdermal needles were inserted ventrolateral
to the left pinna (active), vertex (reference), and right hind limb
(ground) of the testing mice, and they served as electrodes for
ABR recording. TDT hardware (RZ6, System III) and software
(BioSig and SigGen) were used for signal generation and ABR
acquisition. Tone bursts of 2, 4, 8, 16, and 32 kHz (10-ms
duration with cos2 gating and 0.5-ms rise/fall time, at the rate
of 21.1/s) were presented monaurally in an open field using a
broadband speaker (MF1; TDT) located 10 cm in front of the
animal’s head. The evoked responses were amplified 20 times
via an RA16PA preamplifier (TDT) and filtered between 100
and 3,000Hz. The responses were averaged 1,000 times. At each
frequency, the test was performed in a degressive sequence
starting from 90 dB SPL, which was weakened in 5-dB steps
until no ABR response was detected. The ABR threshold at
each frequency was defined as the lowest sound level at which a
repeatable wave III in ABR was detected. If a repeatable wave III
was not detected at an SPL of 90 dB, then a threshold of 95dB was
assigned to the mouse.

Tissue and Blood Harvest
Sample collections of each group except the 12 HPN group
were performed between 08:00 and 09:00 a.m. to avoid potential
variations related to the circadian rhythm; for the 12 HPN
group, the collections were performed between 08:00 p.m. and
09:00 p.m. At the defined time of sacrifice, mice were deeply
anesthetized with pentobarbital (100 mg/kg, i.p.) and blood was
rapidly collected by cardiac puncture into centrifugal tubes and
allowed to clot. After blood collection, the animals were perfused
transcardially with 20 ml 0.9% saline followed by 20 ml of
4% paraformaldehyde (PFA) in 0.1 M PBS, and whole brains
were quickly excised, postfixed in 4% PFA for 6–8 h at 4◦C,
cryoprotected in 30% sucrose in PBS until the organ sank,
embedded in OCT compound, and then stored at −80◦C until
ready for sectioning.

Measurement of Corticosterone Levels
The clotted blood samples were centrifuged to separate the cells
from the serum. The resulting serum was collected and stored
at –80◦C until use. The amount of corticosterone in serum was
analyzed by enzyme-linked immunosorbent assay (ELISA) using
a commercial mouse corticosterone quantification kit (CSB-
E07969 m; Cusabio, Houston, TX 77054, United States).

Immunohistochemistry
Hippocampal neurogenesis and the microglia status
in each region of interest (ROI) were determined by
immunohistochemistry as previously described (Zhuang
et al., 2020). The frozen brain blocks were cut into 40-µm-
thick sections using a cryostat (Leica Cryostat Microtome 1900,
Heidelberger, Germany). All sections were collected and stored in
cryoprotectant solution (30% ethylene glycol and 25% glycerin in
0.1 M phosphate buffer) at –20◦C until needed. For each animal,
five to six sections (320 µm apart) across the hippocampus were
included for the study of neurogenesis or microglia status. For
the ventral cochlear nucleus (VCN), dorsal cochlear nucleus
(DCN), inferior colliculus (IC), and auditory cortex (AC), two to
three coronal sections per ROI (sections 120 µm apart for the
VCN and DCN and 320 µm apart for the IC and AC) per animal
were used for microglial analysis.

Staining was performed using selected free-floating sections.
The selected sections were permeabilized with 0.1% Triton X-
100 in PBS for 30 min. After blocking with blocking solution
for 2 h, the following primary antibodies were incubated
overnight at 4◦C: rabbit anti-Ki67 (for proliferating cells; Abcam,
1:500, ab16667), guinea pig anti-DCX (doublecortin, for newly
generated neurons; Millipore, 1:1,000, AB2253), rabbit anti-Iba1
(ionized calcium-binding adaptor molecule 1, for microglia;
Wako, 1:1,500, 019-19741), and rat anti-CD68 (cluster of
differentiation 68, for phagocytic microglia; Bio-Rad, 1:1,500,
MCA1957). After extensive washing, the sections were incubated
with the appropriate secondary antibody for 2 h at room
temperature: Alexa-488 goat anti-rabbit (Abcam, Cambridge,
CB2 0AX, United Kingdom, 1:1,000, ab150077), Alexa-568 goat
anti-guinea pig (Abcam, 1:1,000, ab175714), Alexa-568 goat anti-
rabbit (Abcam, 1:1,000, ab175471), and Alexa-488 goat anti-
rat (Thermo Fisher Scientific, 1:1,000, A11006). All sections
were counterstained with DAPI (Beyotime, Shanghai, China,
1:750, C1027) at room temperature for 15 min to visualize
the cell nuclei.

Image Analysis
Images were captured using a fluorescence microscope (Olympus
BX53, Japan) or a confocal microscope (Olympus FV3000,
Japan). Samples were analyzed by an observer blinded to the
experimental treatment using ImageJ software (US National
Institutes of Health, Bethesda, MD, United States). Maximum
intensity projections of confocal z-series stacks at an interval
of 1.0 µm were created and aligned in the x–y plane to create
two-dimensional images. The target brain regions of interest
(ROIs) were confirmed according to the Allen Mouse Brain
Atlas (Allen Institute for Brain Science, 2008). The number
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of DCX- or Ki67-positive cells in each image was manually
counted using the cell counter function of ImageJ in an area
of the subgranular zone (SGZ), which is defined as the SGZ
length in the image multiplied by an SGZ height of 20 µm
[a layer of cells expanding 5 µm into the hilus and 15
µm into the granular cell layer (GCL)] (Sierra et al., 2010;
Zhuang et al., 2020).

Microglial cells were identified by immunofluorescence
staining using Iba1-specific antibodies, enabling an analysis of
the morphology of individual microglial cells (Kreisel et al.,
2014; Young and Morrison, 2018). The following parameters
were employed to characterize the microglial phenotypic profile
(Gebara et al., 2015; Hong et al., 2016; Fernandez-Mendivil
et al., 2021) in the defined brain ROIs: (1) microglial density,
which was defined as the number of Iba1-positive (Iba1+)
cells per brain area; (2) average microglial soma area, which
was defined as the area of the spherical part of Iba1+ cells
that contains the nucleus; (3) average microglial territory area,
which was defined as the two-dimensional area formed by
connecting the outermost points of an Iba1+ cell’s dendritic
processes; and (4) microglial CD68 score, which was determined
by the CD68 occupancy within Iba1+ microglia, ranging
from 0 (low CD68 occupancy) to 3 (high CD68 occupancy),
where a higher score corresponded to higher microglial
phagocytic activity.

Statistical Analysis
The data were analyzed using GraphPad Prism 5 (GraphPad
Software). All values are expressed as the mean ± standard error
(SE). The level of statistical significance between groups was
determined using one- or two-way analysis of variance (ANOVA)
followed by Tukey’s or Dunnett’s post hoc test or Student’s two-
tailed t-test as appropriate. Relationships between parameters
were assessed by Pearson’s coefficient analysis. Values of p < 0.05
were accepted as statistically significant.

RESULTS

Permanent Hearing Loss Induced by
Noise Exposure
Because auditory thresholds caused by NE recover exponentially
with increasing post exposure time and reach a steady state
within 2∼3 weeks (Kujawa and Liberman, 2006; Ryan et al.,
2016), ABR audiograms of the 28DPN group were obtained at
20 days post exposure and compared with the time-matched
value from the control group to evaluate the extent of permanent
NIHL (Figure 1A). Figure 1B shows that the ABR threshold
was significantly higher in 28DPN mice than in control mice
at every tested frequency [two-way ANOVA, effect of noise:
F(1, 75) = 498.5, p < 0.0001]. The frequency-averaged threshold
(Figure 1C) of the 28DPN group was significantly higher
than that of the control group (88.75 ± 0.8814 dB SPL vs.
48.33 ± 2.571 dB SPL, p < 0.0001). These results indicated
that a moderate-to-severe degree of permanent hearing loss was
induced by the NE experiments.

Early but Transient Stress Response
Induced by Noise Exposure
The serum corticosterone (CORT) concentration of each group
is shown in Figure 2. One-way ANOVA followed by Dunnett’s
multiple-comparison test revealed that only the 0 HPN group
exhibited significantly elevated serum CORT levels compared
with the control group (p = 0.0044), indicating that an immediate
but transient stress response was induced by the NE experiments.

Dynamic Changes in Hippocampal
Neurogenesis After Noise Exposure
To evaluate the impact of acute high-intensity NE on
hippocampal neurogenesis, we stained the hippocampal
sections for Ki67 (an endogenous proliferative marker of adult
neurogenesis) and DCX (an endogenous marker of newly
generated neurons expressed for a duration of 20–30 days after
cell division) and counted the number of immunopositive cells.

Figures 3A–F shows representative images of DCX and Ki67
immunostaining in the SGZ from each group. One-way ANOVA
followed by Dunnett’s multiple-comparison test revealed that the
noise-exposed mice exhibited significantly fewer Ki67 + cells
than the control mice at 1DPN, 7DPN, and 28DPN (Figure 3G)
and clearly fewer DCX+ cells than the control mice at 28DPN
(Figure 3H, p = 0.0602).

Dynamic Alterations of Microglia in
Auditory Brain Regions After Acute
Noise Exposure
Figures 4A1–F4 show representative confocal images of
microglial cells stained for Iba-1 and CD68 from each group
across auditory brain ROIs. Similar to previous observations
(Olah et al., 2011; Zhuang et al., 2020), microglia in the
control mice exhibited ramified morphologies that differed in
cell density and process ramification at distinct anatomical
regions of the brain (Figures 4A1–4). Compared with the control
group, the noise-exposed groups showed comparable microglial
density in each ROI. Microglia with larger somas, fewer
branches, thicker processes, and increased CD68 occupancy were
more frequently observed in noise-exposed groups, indicating
microglial activation caused by NE (Hong et al., 2016; Zhuang
et al., 2020).

Consistent with previous studies (Campos Torres et al., 1999;
Baizer et al., 2015; Zhuang et al., 2020), quantification of the
morphological features of microglia (Figures 4G,I1–L4) revealed
that the microglia in the VCN, DCN, IC, and AC assumed
an activated phenotype at 28DPN characterized by increased
soma area (Figures 4J1,J4), decreased microglial territory area
(Figures 4K1–3), increased percentage of microglia with high
CD68 score, but decreased percentage of microglia with lower
CD68 score (Figures 4L1–4). Microglia in the VCN were
persistently activated from 3DPN to 28DPN (Figures 4J1,K1,L1).
Although few signs of microglial activation were observed in the
DCN and IC at 3DPN (Figures 4L2,L3) and the AC at 7DPN
(Figures 4J4,L4), no signs of microglial activation were observed
in the auditory ROIs at 14DPN except for the VCN.
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FIGURE 1 | Noise-induced ABR threshold shift measured at 20 days post noise exposure. (A) Experimental design for noise exposure and sampling. (B) ABR
frequency-threshold curves of the 28DPN and control groups obtained at 20 days after noise exposure. (C) ABR frequency-averaged thresholds for the 28DPN and
control groups obtained at 20 days after noise exposure. The values are presented as the mean ± SEM of eight mice per group. ****p < 0.0001 in the post hoc
comparisons between the 28DPN group and the control group using two-way repeated-measure ANOVA (B) or t-test (C).

Dynamic Alterations in Hippocampal
Microglia After Acute Noise Exposure
As shown in Figure 5, Iba1+ microglial cells were widely
distributed in the DG, CA3, and CA1 of both the control
and noise-exposed mice. Similar to our previous study
(Zhuang et al., 2020), microglia in the control mice exhibited
ramified morphologies that differed in cell density and process
ramification at distinct anatomical regions of the hippocampus
(Figures 5A1–3). Microglial density in the ROIs was comparable
between the groups. However, microglia with enlarged soma,
decreased territory area, and increased CD68 occupancy
were more frequently observed in the noise-exposed mice
(Figures 5B1–F3), suggesting that an abnormal hippocampal
microglial reaction developed in the noise-exposed mice.

The time-course profile of hippocampal microglial parameters
following NE is shown in Figures 5G1–J3. Post hoc comparisons
using Dunnett’s test indicated microglial overactivation in the
DG and CA3 at 28DPN, as evidenced by a significant increase

in the soma area (Figures 5H1,H2), decrease in the territory
area (Figures 5I1,I2), increase in the percentage of microglia
with higher CD68 score (Figure 5J1), and/or decrease in the
percentage of microglia with lower CD68 score (Figures 5J1,J2).
Signs of microglial activation (i.e., significantly larger than the
control soma area, smaller than the control territory area, and
enhanced CD68 expression reflected by the CD68 score) were
observed in the DG and CA3 at 3DPN and 7DPN but disappeared
at 14DPN. Except for the decreased percentage of microglia with
lower CD68 scores exhibited at 7DPN and 28DPN (Figure 5J3),
no sign of abnormal microglial status was observed in CA1.

DISCUSSION

Acquired peripheral HL has been ranked as the largest potentially
modifiable health and lifestyle factor for the development
of dementia (Lin et al., 2011; Livingston et al., 2017, 2020;
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FIGURE 2 | Noise-exposed mice exhibited an early but transient increase in
serum corticosterone (CORT). The values are presented as the mean ± SEM
of 6–8 mice per group. ∗∗p < 0.01 in the post hoc comparisons between the
noise group and the controls after one-way ANOVA.

Thomson et al., 2017; Nixon et al., 2019; Orgeta et al., 2019;
Uchida et al., 2019). Environmental noise represents the most
common preventable cause of acquired sensorineural hearing
loss, and it is increasingly encountered in many aspects of
day-to-day modern life (Rabinowitz, 2000; Le et al., 2017).
Worldwide, 16% of the disabling hearing loss in adults
is attributed to occupational noise including construction,
agriculture, mining, manufacturing, utilities, transportation, and
the military (Chepesiuk, 2005; Nelson et al., 2005). NIHL
resulting from hazardous recreational noise (e.g., sporting events,
concerts, nightclubs, firearms, and personal stereos) is increasing
in modern society (Meinke et al., 2017; Feder et al., 2019;
Gopal et al., 2019). Popular “boom cars” equipped with powerful
stereo systems that are usually played with the volume and
bass turned up abnormally high, and the car windows rolled
down can hit 140–150 dBA (Chepesiuk, 2005). It is estimated
that 12% or more of the global population is at risk of hearing
loss due to unsafe levels of sound exposure (Le et al., 2017).
According to WHO reports, one-third of all cases of hearing
loss can be attributed to NE No authors listed (1990), and the
prevalence of NIHL is still increasing (Imam and Hannan, 2017).
Considering the tremendous disability weight and the expanding
healthcare burden posed by dementia (Livingston et al., 2020)
as well as the increasing pervasiveness of noise (Goines and
Hagler, 2007), the animal model of NIHL is undoubtedly optimal
for studying the underlying mechanisms linking dementia and
acquired peripheral HL.

The hippocampus, a kernel cognition- and emotion-related
brain region embedded deep into the temporal lobe, is
generally considered one of the earliest affected brain regions
in patients with dementia (Braak and Braak, 1997; Xue et al.,
2019). Adult hippocampal neurogenesis is a unique form
of neural circuit plasticity that results in the generation of
new neurons in the dentate gyrus (DG) throughout life and
plays a vital role in hippocampus-dependent learning and

memory (Sahay et al., 2011; Lazarov and Hollands, 2016). Adult
hippocampal neurogenesis generates only granule cells, the
principal neuron in the DG (Kempermann et al., 2015). The
first relay in the hippocampal trisynaptic circuit is composed of
granule cells, which extend dendrites into the molecular layer and
present axons that form the mossy fiber tract that extends to CA3,
and these cells are thought to be essential to cognitive function
(GoodSmith et al., 2017). Emerging evidence has indicated that
altered hippocampal neurogenesis represents an early critical
event in the course of dementia (Mu and Gage, 2011; Tobin et al.,
2019; Disouky and Lazarov, 2021).

Adult neurogenesis is a complex multistage and multiweek
process involving cell proliferation, neuronal differentiation,
and, ultimately, survival, and integration into functional circuits
(Lagace et al., 2010; Kempermann et al., 2015). This dynamic
process is regulated both positively and negatively by a variety
of growth factors and environmental experiences (Zhao et al.,
2008). Microglia, the resident macrophages and primary immune
cells of the brain, can orchestrate their highly plastic, context-
specific adaptive responses to remodel neuronal circuit structures
and functions (Wake et al., 2013; Delpech et al., 2015). They
play integral roles in both the healthy and injured brain, from
surveillance and monitoring to sculpting neuronal circuits and
guiding plasticity (Sierra et al., 2010; Gemma and Bachstetter,
2013; Sato, 2015; Chugh and Ekdahl, 2016). Increasing evidence
indicates that microglial cells indeed exert vital roles in the
maintenance of the functional neurogenic niche and are actively
involved in crucial steps of adult neurogenesis, including the
proliferation, differentiation, and survival of newborn cells
(Gemma and Bachstetter, 2013; Kohman and Rhodes, 2013; Sato,
2015; Mosser et al., 2017).

Microglial cells are heterogeneous and dynamically
pleomorphic. It is well established that the morphology of
microglia is inextricably linked to their functional status (Ajami
et al., 2007; Angelova and Brown, 2019). Surveillance microglia
display a ramified phenotype marked by a stable number,
small soma, and numerous long, thin, motile processes with
delicate arborization that constantly monitor their immediate
surroundings by extending and retracting their processes (also
called ramified microglia) (Davalos et al., 2005). If signs of
damage are detected, the microglia convert to an activated
or reactive state and assume an amoeboid-like phenotype,
characterized by shorter, thicker processes and a larger soma,
with increased expression of phagocytic markers, such as CD68
(Nimmerjahn et al., 2005; Olah et al., 2011; Tejera and Heneka,
2016; Angelova and Brown, 2019). Many neurodegenerative
diseases, such as Parkinson’s disease and Alzheimer’s disease, are
associated with abnormal functional phenotypes of microglia
(Sarlus and Heneka, 2017; Subramaniam and Federoff, 2017;
Baik et al., 2019).

In our previous studies (Liu et al., 2016a, 2018; Zhuang
et al., 2020), a single noise (identical to the present noise
setting) was used to create permanent HL in CBA mice, a
mouse strain that has been demonstrated to maintain good
hearing threshold sensitivity well into old age (Spongr et al.,
1997; Kujawa and Liberman, 2006). Cognitive function was
evaluated by the Morris water maze (MWM) task at 3 months
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FIGURE 3 | Noise-exposed mice exhibited dynamic changes in hippocampal neurogenesis. (A–F) Representative images of DCX+ (red) and Ki67+ (green) cells in
the DG of control and noise-exposed mice. Scale bar: 100 µm. The white rectangle shows the field of view that is shown in the row (a–f) below in higher
magnification and the third row (a1–f2) for Ki67+ cells (green, indicated by arrows in a1–f1) and DCX+ cells (red, indicated by arrowheads in a2–f2). (G,H)
Quantitative analyses of Ki67+ cells (G) and DCX+ cells (H) in the SGZ of each group. The values are presented as the mean ± SEM of 8 mice per group.
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 in post hoc comparisons between the noise-exposed group and the control group following one-way ANOVA.

post exposure (Liu et al., 2016a, 2018), and hippocampal
neurogenesis and microglial status were monitored for up to
12 months following NE by quantitative immunohistochemical
analysis of Ki67 (a proliferating cell marker), doublecortin
(DCX; an immature progenitor cell marker), Iba1 (a microglia
marker), and CD68 (a lysosomal marker indicative of phagocytic
activity of microglia) (Liu et al., 2016a, 2018; Zhuang et al.,
2020). We observed that CBA mice with NIHL exhibited
prolonged significant cognitive impairment accompanied by
marked hippocampal neurogenesis decline (Liu et al., 2016a,
2018). Our observations not only provide compelling evidence
for the causal role of HL in the development of cognitive
impairment (Liu et al., 2016a, 2018) but also suggest that the
accelerated age-related hippocampal neurogenesis decline and
persistent microglial dysfunction may contribute to the cognitive
deficiency that occurs in animals with NIHL (Zhuang et al.,
2020). However, the exact mechanisms leading to alterations in
hippocampal neurogenesis and microglial status in NIHL mice
remain largely mysterious.

Microglia are versatile modulators of neurogenesis, and
their influence is dependent on their activation status. Recent

findings in human and animal studies indicated that microglial
activation inversely correlates with hippocampal volume in
neurodegenerative diseases with dementia, providing compelling
evidence for the central role of microglial activation in
neurodegenerative diseases (Femminella et al., 2016; Salter and
Stevens, 2017; Suss and Schlachetzki, 2020). Consistent with
our previous observation in CBA mice (Zhuang et al., 2020),
C57BL/6J mice subjected to brief NE at high intensity developed
permanent hearing loss and exhibited decreased hippocampal
neurogenesis and aberrant microglial activation at 28DPN, thus
providing further support for the assumption that hippocampal
microglial dysfunction might contribute to acquired hearing loss-
related hippocampal neurogenesis (Zhuang et al., 2020).

The brain is a finely tuned machine that has a fascinating
capacity to continually undergo structural and functional changes
in response to environmental inputs and organism needs;
that is, it exhibits neural plasticity (Kleim and Jones, 2008;
Sale et al., 2014). Neural circuits that are frequently used
have strong connections, while those not actively engaged in
task performance for an extended period of time begin to
degrade, i.e., they present a “use-it-or-lose-it” characteristic

Frontiers in Neuroscience | www.frontiersin.org 7 December 2021 | Volume 15 | Article 749925153

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


fnins-15-749925 December 2, 2021 Time: 13:50 # 8

Li et al. Noise Exposure and Hippocampal Neurogenesis

FIGURE 4 | Noise-exposed mice exhibited dynamic microglial alterations in auditory brain regions. (A1–F4) Representative images of Iba1 (red)-, CD68 (green)- and
DAPI (blue)-stained brain sections of the control and noise-exposed mice. Scale bar: 100 µm. The insets show higher magnifications of the corresponding microglia
signified by arrowheads. (G) Soma area and territory area of microglia delineated by a solid (soma area) line and a dotted (territory area) line, respectively. (H0–H3)
Representative images of the scoring of CD68 levels within Iba1+ cells. A score of 0 indicates no/scarce expression (H0); 1 signifies only patchy positivity (H1); 2
represents punctate expression roughly covering one-third to two-thirds of cells (H2); and 3 represents greater than two-thirds occupancy (H3). (I1–L4)
Quantification of the impact of NE on each individual parameter of microglia in the VCN, DCN, IC, and AC. The values are presented as the mean ± SEM of 3–6
mice per group. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 in post hoc comparisons between the noise-exposed group and the control group following
one-way ANOVA.
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FIGURE 5 | Noise-exposed mice exhibited dynamic microglial alterations in the hippocampus. (A1–F3) Representative images of Iba1 (red)-, CD68 (green)-, and
DAPI (blue)-stained brain sections of control and noise-exposed mice. Scale bar: 100 µm. The insets show higher magnifications of the corresponding microglia
signified by arrowheads. (G1–J3) Quantification of the impact of NE on each individual parameter of microglia in the DG, CA3, and CA1. The values are presented as
the mean ± SEM of 3–6 mice per group. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 in post hoc comparisons between the noise-exposed group and the
control group following one-way ANOVA.
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(Kleim and Jones, 2008). Microglia play a fundamental role in
activity-dependent neuroplasticity. It is well established that
microglia can quickly adapt to their environment and modify
their functions with a broad spectrum of activation states (Li
and Barres, 2018). For instance, these cells can respond to
light deprivation and reexposure by changing their morphology
and modulating their interactions with neuronal circuits,
notably regulating processes that include adult hippocampal
neurogenesis and actively contributing to the experience-
dependent modification or elimination of a specific subset of
synapses in the brain (Tremblay et al., 2010).

In line with previous reports on long-term microglial
activation in the cochlear nucleus following inner ear damage
that reduced neural output from the cochlea (Campos Torres
et al., 1999; Baizer et al., 2015), the present study demonstrated
microglial activation in the auditory ROIs of NIHL mice at
28 days after the cessation of NE. Considering the “use-it-
or-lose-it” principle of neuroplasticity (Syka, 2002; Kleim and
Jones, 2008) and the microglial contribution to neuroplasticity
(Wake et al., 2013; Valero et al., 2016), it is plausible to assume
that microglial activation represents auditory circuit remodeling
following acquired hearing loss (auditory deprivation).

Consistent with previously published data from laboratory
experiments (Zhuang et al., 2020), the present study
demonstrated a significant effect of NE on the functional
phenotypes of microglia in the hippocampal DG and CA3 region
but not in the CA1 region. The discrepancy in the outcome after
NE between subregions could at least be partially explained by
a report indicating that the DG-CA3 subregion is extremely
sensitive to changes in information input and plays a key role
in auditory information processing while the CA1 subregion is
highly resistant to changes in sensory input (Holden et al., 2012).
Mounting evidence demonstrates that microglia, the well-known
key facilitators of neuronal plasticity, can sense and respond to
neuronal activity in a variety of contexts (Umpierre and Wu,
2021). The microglial status is subtly altered by local neuronal
activity (Ronzano et al., 2021). As the hippocampus is generally
believed to be involved in auditory perception (Moxon et al.,
1999; Kraus and Canlon, 2012), it is reasonable to hypothesize
that abnormal local neuronal activity caused by a disturbance of
auditory input is a major contributor to hippocampal microglial
overactivity in mice with acquired peripheral HL.

Microglia are well-known major sources of proinflammatory
cytokines and the principal target cells of cytokines (Hanisch,
2002). Chronically activated microglia secrete excessive pro-
inflammatory cytokines, which can further induce microglial
responses toward a dysregulated phenotype (Voet et al.,
2019). Microglial-derived cytokine signals are assumed to
propagate through the brain by volume transmission (i.e., diffuse
through cerebral spinal fluid, nerve bundles, and perivascular
space) and wiring (i.e., through neuronal projections and gap
junctions) (Vitkovic et al., 2000; Almeida-Suhett et al., 2017).
The hippocampus and the auditory regions make reciprocal
connections with each other (Kraus and Canlon, 2012), which
would enable the diffusion of cytokines produced by chronically
activated microglia in the auditory region to the hippocampus
through wiring and/or cerebral spinal fluid. Thus, it cannot be

excluded that chronically activated microglia in the auditory
region might represent one contributor to the microglial status
transition in the hippocampus. However, this hypothesis remains
highly speculative in the absence of convincing evidence. Hearing
loss (threshold sensitivity loss) from extensive loud noise may
occur immediately. The deafening effect of NE includes reversible
and irreversible components. After exposure that is intense
enough to produce permanent effects, hearing thresholds recover
exponentially with increasing post exposure time and reach a
steady state within 2∼3 weeks (Kujawa and Liberman, 2006).
Thus, the significant threshold shift measured at 20 days post
exposure represents the magnitude of permanent hearing loss
induced by NE in the present study. Moreover, it undoubtedly
implies an even greater continuous hearing loss across the 20 days
post noise. Intriguingly, although changes in microglia similar to
those observed at 28DPN were observed as early as 3DPN, almost
no signs of microglial abnormalities were observed at 14DPN in
ROIs except the VCN. A similar near-perfect correspondence was
seen in hippocampal neurogenesis. These observations provide
further evidence for the causal role of permanent HL in microglial
dysfunction and hippocampal neurogenesis decline observed
long after NE (Zhuang et al., 2020), and they suggest that factors
other than HL might serve as a major contributor to the overall
alterations that occurred earlier after NE.

Beyond the well-known direct deleterious effects on the
auditory system (i.e., hearing loss), exposure to intense noise
has previously been shown to acutely activate the stress response
(Samson et al., 2007; Frank et al., 2015, 2019; Hahad et al., 2019;
Hayes et al., 2019), which has increasingly been linked to both
microglial activity (Frank et al., 2019) and adult hippocampal
neurogenesis in recent years (Surget and Belzung, 2021). The
significantly higher serum corticosterone observed in noise-
exposed mice at 0 HPN (i.e., immediately after NE) compared
with the control demonstrates a transient stress response induced
by noise in the present study.

A recent study has shown that microglia express a diverse
array of receptors, which also allows them to respond to stress
hormones derived from peripheral and central sources (Frank
et al., 2019). Emerging evidence indicates that the activation
of microglia by stress results in profound morphological and
functional changes that could disrupt neuronal function, impair
neurogenesis, and alter cognitive and emotional behavior (Kreisel
et al., 2014; Delpech et al., 2015; Frank et al., 2019; Sanguino-
Gomez et al., 2021). Furthermore, studies have demonstrated
that there are cortisol receptors throughout the hippocampus
(Korz and Frey, 2003) and showed that the proliferation
of granule cell precursors, and ultimately the production of
new granule cells, is dependent on the levels of circulating
adrenal steroids (McEwen, 1999). Stressful experiences, which
are known to elevate circulating levels of glucocorticoids, inhibit
the proliferation of granule cell precursors (Tanapat et al., 1998;
McEwen, 1999; Surget and Belzung, 2021) and the survival
of newborn neurons (Thomas et al., 2007). Based on these
findings and our data, we speculate that the transient stress
response caused by NE in our study may have been associated
with mediating the functional response of microglia in each
target brain region at the early stage after NE (within 1 week);
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however, most of the target brain regions showed no abnormal
microglia phenotype at 14DPN, suggesting that the transient
stress response is insufficient to explain the reappearance of
microglia phenotypic abnormalities and aberrant hippocampal
neurogenesis in the long term after NE (28DPN) and thus
further highlights the major contribution of permanent hearing
loss to the prolonged phenotype change of microglia and
hippocampal neurogenesis.

In summary, this study observed the effects of acute
high-intensity NE on the stress response, hearing threshold,
hippocampal neurogenesis, and functional phenotypes of
hippocampal and central auditory system microglia. Our results
illustrated early but transient and late but progressive microglial
activation and hippocampal neurogenesis impairment, an
early but transient increase in serum corticosterone, and a
permanent moderate-to-severe degree of hearing loss in noise-
exposed mice. These findings indicate for the first time that
both the stress response and HL are potential contributors to
the time-dependent alterations of microglia and hippocampal
neurogenesis, which both consist of an early but transient
change and a late but enduring change following NE. The noise-
induced stress response may be involved with early but transient
alterations, while noise-induced permanent HL is more likely
to be responsible for late but enduring changes, i.e., microglial
dysfunction and hippocampal neurogenesis disturbances that are
associated with many neurological diseases (including cognitive
impairment and dementia). The microglial overactivation
observed in the auditory ROIs may have represented neuronal
circuit remodeling closely associated with the acquired peripheral
hearing loss caused by high-intensity NE, although it also
suggested that the acquired peripheral hearing loss disturbance
of auditory input caused by NE induced hippocampal microglia
dysfunction and neurogenesis decline. Therefore, we can suggest
some reasonable hypotheses based on the available data. Given
the pervasiveness of noise in modern life (from commercial,
industrial and recreational sources, etc.) and the insidious
and progressive nature of neurodegenerative disorders, our

observations further highlight that raising awareness of the
adverse health impact of noise represents a promising and
cost-effective strategy to prevent or delay the onset of dementia.
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Objective: This paper reviewed the literature on the development of and factors
affecting speech perception of Mandarin-speaking children with cochlear implantation
(CI). We also summarized speech outcome measures in standard Mandarin for
evaluating auditory and speech perception of children with CI.

Method: A comprehensive search of Google Scholar and PubMed was conducted
from March to June 2021. Search terms used were speech perception/lexical tone
recognition/auditory perception AND cochlear implant AND Mandarin/Chinese.

Conclusion: Unilateral CI recipients demonstrated continuous improvements in
auditory and speech perception for several years post-activation. Younger age at
implantation and longer duration of CI use contribute to better speech perception.
Having undergone a hearing aid trial before implantation and having caregivers whose
educational level is higher may lead to better performance. While the findings that
support the use of CI to improve speech perception continue to grow, much research
is needed to validate the use of unilateral and bilateral implantation. Evidence to date,
however, revealed bimodal benefits over CI-only conditions in lexical tone recognition
and sentence perception in noise. Due to scarcity of research, conclusions on the
benefits of bilateral CIs compared to unilateral CI or bimodal CI use cannot be
drawn. Therefore, future research on bimodal and bilateral CIs is needed to guide
evidence-based clinical practice.

Keywords: cochlear implant, Mandarin, children, speech perception, outcome measures

INTRODUCTION

In Western societies, the advantages of bilateral cochlear implantation (CI) over unilateral
CI for speech perception in quiet and in noise, preverbal communication development and
sound localization in the pediatric population have been well demonstrated (Sparreboom et al.,
2010). The effects of adding a contralateral hearing aid (HA) among children implanted
in the other ear (i.e., bimodal stimulation) have been demonstrated through extensive
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comparative studies as well (e.g., Beijen et al., 2008). However,
unilateral CI is still the norm in mainland China, with the other
two modes of amplification gaining popularity in the past decade
only. With emerging research on this topic and the gradual
reduction in the age of implantation, it is necessary to synthesize
new evidence regarding speech perception of Mandarin-speaking
children with unilateral CI, bimodal stimulation and bilateral
CIs in order to guide clinical application and identify knowledge
gaps. This review attempts to cover areas not addressed in the
review by Chen and Wong (2017).

The first multi-channel CI operation was conducted in
mainland China in 1995 (Liang and Mason, 2013). Since then,
CI has become a well-accepted intervention for patients with
severe-to-profound hearing loss (HL), funded by local and the
central government, due to its cost-effectiveness compared to no
intervention or HA (Qiu et al., 2017). Han and Wang (2013)
reported over 30,000 persons in mainland China have received
CIs, and among them 85% were children. In several provinces,
unilateral CI for pediatric population is included in the basic
medical insurance scheme (Li J. N. et al., 2017). Despite the fact
that CI penetration in the pediatric population is less than 5%
(Liang and Mason, 2013), the rate of implantation is expected to
grow with the number of qualified specialists and hearing service
providers (Li J. N. et al., 2017).

Unlike English, Mandarin is a tonal language with four
lexical tones that carry lexical meaning at the monosyllabic
level. Lexical tone recognition plays an important role in
Mandarin sentence perception (Fu et al., 1998). Superior sentence
recognition was noted in normal-hearing (NH) individuals
listening to vocoded speech and pediatric CI users when
sentences were presented with natural tone contours compared
to flattened or randomized tones in quiet, and greater benefit
was observed in noise, suggesting the importance of lexical
tone contour (Chen F. et al., 2014; Huang et al., 2020). In
addition, CI users needed a greater fundamental frequency
(F0) range to detect lexical tones at a comparable level as
NH listeners (He et al., 2016). Mandarin vowels also convey
more intelligibility information than consonants in sentence
perception in a ratio of 3:1 compared to 2:1 in English (Chen
F. et al., 2013). Furthermore, Mandarin listeners relied more
heavily on temporal fine structure when recognizing sentences
in competing speech compared with English native listeners
who rely more on temporal envelope (Wang et al., 2014). As
CIs provide limited access to temporal fine structure and pitch
information because of the coarse frequency resolution, it is
reasonable to speculate that some findings regarding speech
perception among English-speaking CI users may not apply
directly to the Mandarin-speaking CI population. Thus, there
is a need to synthesize evidence from studies that targeted
this population.

Prior to the review, standard Mandarin speech outcome
measures are summarized, highlighting their use and limitations.
We then reviewed the current evidence related to speech
perception with CI and factors influencing speech perception
among pediatric users who speak Mandarin as their first
language. Evidence on unilateral, bimodal, and bilateral CI use
will be presented in separate sections.

METHOD

Between March and June 2021, Google Scholar and PubMed
were searched for relevant studies. The search terms were
speech perception/lexical tone recognition/auditory perception
AND cochlear implant AND Mandarin/Chinese. Due to the
advancement of CI algorithms in the past two decades, we limited
the search on publication year from 2000 onward. We focused
on speech perception of participants with congenital HL, who
spoke Mandarin as their first language and received CI. Only
studies that were conducted in mainland China and published in
English were included.

The search generated a total of 3954 records relevant to
the topic. After removing duplicates, 3815 records remained.
After screening the titles and/or abstracts, 3719 records were
discarded because they were not published in peer-reviewed
journals, written in English and/or involved irrelevant content.
Among the 96 articles that were retrieved for full-text screening,
58 articles were further excluded because results from children
and adults were not reported separately (n = 25), the studies were
conducted outside of mainland China (n = 19), the studies did
not focus on speech perception (n = 10), findings from non-CI
participants were not reported separately (n = 4), and only an
abstract was available (n = 1). Finally, 37 articles remained for
review. A flowchart of the screening process can be found in
Figure 1. Among the 37 articles, 30 studies targeted Mandarin-
speaking children with unilateral CI, and 5 studies focused
on Mandarin-speaking children with bimodal stimulation. One
study considered both populations. One study was identified to
be relevant to bilateral CI pediatric recipients.

FIGURE 1 | A flowchart of searching and screening.
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REVIEW

Auditory and Speech Perception
Measures
When selecting outcome measures for children, it is important
to take into account a variety of factors, including chronological
age, developmental status, vocabulary and language competency.
Age-appropriate auditory and speech perception outcomes may
include self-report questionnaires and behavioral measures (see
Tables 1, 2 for a summary). Four parental questionnaires
were identified, including the Meaningful Auditory Integration
Scale (MAIS)/Infant-Toddler Meaningful Auditory Integration
Scale (ITMAIS; Zheng et al., 2009c), the LittleEARS

R©

Auditory
Questionnaire (LEAQ; Wang et al., 2013), the Categories of
Auditory Performance Questionnaire (CAPQ; Wang et al., 2020),
and the Parent’s Evaluation of Aural/Oral of Children (PEACH)
rating scale (Zhang et al., 2021). These parental questionnaires
could be utilized to evaluate preverbal, early auditory, and speech
perception in children up to 6 years of age, when children
have limited language skills and speech perception measures are
difficult to administer. The IT-MAIS/MAIS, LEAQ and CAPQ
have been used extensively in research institutes and clinics in
China. Since the PEACH rating scale is newly developed, few
studies have employed this measure.

Multiple measures were developed to evaluate the perception
of phonemes, lexical tones, mono- and multi-syllables,
and sentences in quiet and/or in noise. Considering the
developmental capabilities of young children, the majority of
tests are administered in a closed-set paradigm, in which children
point to objects or select answers from a picture panel (Figure 2).
Open-set tests are used for older children by requesting them to
verbally repeat words they heard. Although materials developed
by Sun et al. (1993) and Chen X. et al. (2007) are popular, they
were mainly developed for use in rehabilitation. Thus, they
are not presented in the summary table. Phoneme perception
could be evaluated using the vowel (category 4) and consonant
(category 5) sub-tests of the Mandarin Early Speech Perception
(MESP) test (Zheng et al., 2009a). Lexical tone perception is
evaluated using category 6 of the MESP test, the Mandarin
Tone Identification Test (MTIT; Zhu et al., 2014), and tone
test of the computerized Mandarin Pediatric Lexical Tone and
Disyllabic-word Picture Identification Test in Noise (MAPPID-
N; Yuen et al., 2009b). Syllable perception could be measured
using the spondee perception (category 2) sub-test of the MESP
test, disyllables test of the MAPPID-N, and Standard-Chinese
version of the Lexical Neighborhood Test (LNT; Liu C. et al.,
2011). Sentence recognition is evaluated using the Mandarin
Pediatric Speech Intelligibility (MPSI) test (Zheng et al., 2009b),
the Mandarin Bench–Kowal–Bamford sentences in noise test
(MBKB-SIN; Xi et al., 2009), and the Mandarin version of the
Hearing in Noise Test for Children (MHINT-C; Chen and Wong,
2020).

Accuracy of tests depends on the reliability and validity of
speech outcome measures. Reliability of a speech test refers to
how consistent it measures listeners’ speech perception ability.
The consistency across time, raters, and measurement itself are

recognized as test–retest reliability, inter-rater reliability, and
internal consistency, respectively. Validity refers to how accurate
a speech test truly measures the listener’s speech perception
ability. These types of validity were commonly evaluated.
Construct validity refers to the adherence of speech audiometry
to existing theory or knowledge of speech perception. Content
validity refers to the extent to which speech audiometry measures
all aspects of speech perception. Criterion validity reflects how
comparable the measure is to other valid speech audiometry.

All four self-report questionnaires considered one or two
reliability assessments in the development process, in the form
of internal consistency (Zheng et al., 2009c; Wang et al., 2013),
test–retest reliability (Wang et al., 2020; Zhang et al., 2021), and
inter-rater reliability (Wang et al., 2020). Criterion validity was
assessed for the CAPQ and the PEACH rating scale.

Among the behavioral measures, item or list equivalence was
mostly established by measuring psychometric functions and
adjusting the intensity of corresponding mean recognition scores
and/or mean slope at 50%. While inter-list or test-retest reliability
was assessed for some measures (i.e., the MBKB-SIN and the
MHINT-C), and certain criteria were applied in constructing
the items (e.g., vocabulary, familiarity, phonetically balancing
for phoneme distribution and lexical tones), other types of
validity was seldom reported. In fact, normative data were mostly
collected on NH listeners and researchers rarely validated these
measures on listeners with HL or CI, whose performance varies
greatly within the group and the error patterns in performance
may differ from NH listeners (Li et al., 2016).

Outcomes With Unilateral Cochlear
Implantation
The majority of CI users in mainland China are using unilateral
implants. There are 31 studies examining outcomes from
unilateral CI; among them, 16 are cross-sectional and 15 are
longitudinal. Demographic factors were evaluated in both types
of studies in order to explain performance variability. As all but
one study on lexical tone perception have been reviewed by Chen
and Wong (2017), they are not reviewed here. For this review,
we focused on longitudinal studies on unilateral CI to synthesize
evidence. A summary of results from cross-sectional studies can
be found in Supplementary Material.

Longitudinal Studies on the Development of Auditory
and Speech Perception
The 15 longitudinal studies focused on the developmental
trajectory of children with congenital HL and used unilateral CI
for not more than 7 years (see Table 3 for a summary). The age
of implantation ranged from an average of 1.58–8.86 years across
studies. Auditory behavior, perception of phonemes, syllables and
sentences in quiet and in noise were evaluated, demonstrating
continuous improvement in early auditory behavior and early
speech perception after the device activation, up to 5 years
post implantation.

Data showed no or very low level of auditory skills pre-
implant. After 6 months of CI use, these children could achieve
a score of about 50∼60% on the IT-MAIS/MAIS (Chen Y.
et al., 2016; Lu and Qin, 2018; Li G. et al., 2020) and reach
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TABLE 1 | Parental questionnaires.

Studies Test name Test materials Content Reliability and validity reported Target age
(years)

Zheng et al., 2009c The IT-MAIS
The MAIS

10 items in 3 categories
on a 5-point scale

Self-report about device/vocal behavior and device use;
spontaneous detection of and response to sounds;
spontaneous and meaningful recognition and discrimination
of sounds

Internal consistency (Cronbach’s α = 0.96; Guttmann’s
split-half coefficient = 0.96), item reliability (Pearson’s r with
other items and overall scores = 0.70–0.89)

IT-MAIS: 2–3
MAIS: ≥ 3

Wang et al., 2013 The LEAQ 35 yes-or-no questions Observed receptive, semantic and early expressive
language skills, such as response to a familiar voice or
whether simple questions can be understood

Predictability (Guttman’s lambda = 0.882), internal
consistency (Cronbach’s α = 0.945; Spearman–Brown
split-half coefficient = 0.914), validity (Pearson’s r between
age and total scores = 0.841)

<2

Wang et al., 2020 The CAPQ 10 categories from
Level 0 to Level 9

Hierarchical categories on children’s auditory abilities,
ranging from Level 0 indicating no awareness of
environmental sounds to Level 9 indicating the ability to use
the phone with unknown speakers in unpredictable context.

Test-retest reliability (Spearman’s r coefficient = 0.981),
inter-rater reliability (Pearson’s r = 0.983) and criterion
validity (Pearson’s r with the LEAQ: r = 0.721)

0–6 (tested1)

Zhang et al., 2021 The PEACH
rating scale

12 items on a 5-point
scale

Aural/oral behaviors in real-world quiet and noisy listening
conditions, such as being able to follow simple instructions
in a quiet or noisy situation

Test–retest reliability (Cronbach’s α = 0.98; correlation
coefficient2: r = 0.96) and validity (correlation coefficient2

with the PCDI: r = 0.42)

<4

The CAPQ, The Categories of Auditory Performance questionnaire; The IT-MAIS, Infant-Toddler Meaningful Auditory Integration Scale; The LEAQ, The LittleEARS
R©

Auditory Questionnaire; The MAIS, The Meaningful
Auditory Integration Scale; The PCDI, Putonghua Communicative Development Inventory; The PEACH rating scale, The Parent’s Evaluation of Aural/Oral of Children Rating Scale.
1The study did not indicate the target age and thus the age range of participants in the study is reported.
2The study did not indicate the type of correlation analysis.
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TABLE 2 | Speech perception tests.

Studies Test name Type of test materials Paradigm Test in quiet and/or
noise

Homogeneity Target age
(years)

Reliability and validity reported

Zheng et al.,
2009a

The MESP test A hierarchically
structured test with six
categories in speech
sound and pattern,
spondee, vowel,
consonant and tone.

Closed-set recognition
12-AFC or other
depending on the
category

Quiet Not reported ≥2 Not reported

Zheng et al.,
2009b

The MPSI test Sentences with 6–7
characters

Closed-set recognition
6-AFC

Quiet and/or in
competing sentence at
fixed SNRs from +10
to –10 dB

Not reported 3–6 (tested1) Not reported

Yuen et al.,
2009b

The MAPPID-N Disyllables and lexical
tones

Closed-set recognition
8-AFC for Disyllable
test
4-AFC for Lexical tone
test

Speech spectrum
shaped noise

Across items 4–9 (tested1) Not reported

Xi et al., 2009 MBKB-SIN Sentences with 6–8
characters

Open-set recognition Quiet and/or in
four-talker babble noise

Across lists 4.5–6 (tested1) Test–retest reliability (critical
difference: 24.6%)

Liu C. et al.,
2011

The LNT Easy and hard
Monosyllables and
disyllables

Open-set recognition Quiet Across lists 4–7 (tested1) Inter-rater reliability (consistency
between two raters: 92.5–95%)

Zhu et al., 2014 The MTIT Lexical tones Closed-set recognition
4-AFC with 1 target
word, 1 tone contrast
and 2 unrelated
distracters

Quiet and/or in speech
spectrum shaped noise
at fixed SNRs

Not reported ≥7 Internal consistency (Cronbach’s
α = 0.66-0.76), Test–retest reliability
(intra-class
correlation = 0.65–0.71), criterion
validity [correlated with MPSI in
quiet (Kendall’s tau = 0.33) and in
noise (Spearman’s r = 0.71) (Zhu
et al., 2016)]

Chen and
Wong, 2020

The MHINT-C Sentences with 10
characters

Open-set SRT Quiet and/or in
Steady-state-speech-
spectrum-shaped noise
at adaptive SNRs

Across lists 6–17 (tested1) Inter-list reliability (confidence
intervals: ± 2.8 dB), response
variability (1.90-2.0 dB)

AFC, alternative forced choice; MBKB-SIN, Mandarin Bench-Kowal-Bamford sentence in Noise Test; The LNT, the Standard-Chinese version of the Lexical Neighborhood Test; The MAPPID-N, The computerized
Mandarin Pediatric Lexical Tone and Disyllabic-word Picture Identification Test in Noise; The MESP test, the Mandarin Early Speech Perception test; The MHINT-C, The Mandarin version of the Hearing in Noise Test for
Children; The MPSI, The Mandarin Pediatric Speech Intelligibility test; The MTIT, The new Mandarin Tone Identification Test; SNR, Signal-to-noise ratio; SRT, Speech Recognition Threshold.
1The study did not indicate the target age and thus the age range of participants in the study is reported.
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TABLE 3 | Longitudinal studies on speech perception with unilateral CI.

Studies Participant characteristics Outcome
measures1

Overall results1

Chen X. et al.,
2010
(N = 259)

AAI (years): M = 1.8, R = 0.7–3.0
Tested at baseline, 1-, 2-, 3-, 6-,
12-months post CI

The IT-MAIS Early auditory skills improved significantly over time.

Zheng et al.,
2011
(N = 39)

AAI (years): 1–2 (n = 4), 2–3 (n = 12), 3–4
(n = 12), 4–6 (n = 11)
Tested at baseline, 3-, 6-, and 12-months
post CI

The IT-MAIS
The MESP test
The MPSI test

Early pre-lingual auditory development and early speech perception
were comparable to English-speaking children.

Li Y. et al.,
2015 (N = 22)

AAI (years): M = 2.9, R = 1.1-5.7
Tested at baseline, 1-, 3-, 6-, 9-, 12-, 24-,
and 36-months post CI

The MESP test Speech performance through the first 3 years of implant use, with the
median categories of MESP increased from a score of 0.23 indicating
barely any speech detection at baseline to 5.57 suggesting phoneme,
tone and word recognition 3 years later.

Liu et al.,
2015a
(N = 33)

AAI (years): M = 2.02, SD = 0.89,
R = 0.5–3.83
Tested at baseline, 1-, 3-, 6-, 9-, 12-, 18-,
and 24-months post CI

The LEAQ Auditory preverbal skills improved significantly post CI in the first 2 years
of use.

Liu et al.,
2015b
(N = 105)

AAI (years): M = 3.1, SD = 2.3, R = 0.9-15.5
Tested at 6-, 12-, 24-, 36-, 48-, 60-, 72-,
and 84-months post CI

The LNT Spoken word recognition improved significantly over time. The fastest
improvement occurred in the first 36 months, after which it slowed
down and peaked at 72 months post CI (81.7%).

Chen Y. et al.,
2016 (N = 80)

AAI (years): M = 2.61, SD = 1.04,
R = 0.93-5.00
Tested at baseline, 3-, 6-, and 12-months
post CI

The IT-MAIS/
MAIS
The MESP test
The MPSI test

Significant progress in prelingual auditory, word and sentence
recognition were observed during the first year of CI use.
Mandarin-speaking children with CIs attained early speech perception
results comparable to those of their English-speaking counterparts.

Guo et al.,
2016
(N = 23)

AAI (years): M = 3.0, R = 1.08-5.67
Tested at 1-, 2-, 3-, and 4-years post CI

The MESP test The proportion of participants having reached higher categories
increased significantly during the 4 years post CI. The percentage of
participants passing category 6 (tone perception) of the MESP
increased from 9% at 1st year to 91% at 4th year post CI.

Liu et al., 2016
(N = 213)

AAI (years): The mean ranged from 2.49 to
3.15 in groups of different etiology.
Tested at baseline and 1-year post CI

Mono-,
di-syllable and
sentence
recognition

Significant improvement in recognition of monosyllabic, disyllabic words
and sentences at 1 year post CI.

Li G. et al.,
2017
(N = 143)

AAI (years): 1–2 (n = 34), 2–3 (n = 72), 3–4
(n = 37)
Test at before, 2-, 6-, 12-, 24-, 36-,
48-months post CI

Tone
perception
subset in the
MESP test

Mean identification score increased from approximately 68% to 79% by
4 years post CI.

Lu and Qin,
2018
(N = 132)

AAI (years): M = 3.4 SD = 1.35
Tested at baseline, 3-, 6-, 9-, 12-, 18-, and
24-months post CI

The IT-MAIS
The MESP test

Significant improvements in early auditory and speech development
that follow the normative developmental trajectories. However, there
was still a gap (10–15%) compared with normative values.

Liu S. et al.,
2019
(N = 98)

AAI (years): M = 8.86, SD = 3.66,
R = 1.0–16.0
Tested at baseline, 3-, 6-, and 12-months
post CI

Speech
perception2

The MAIS
The CAPQ

The scores of all measures significantly improved at 1 year post CI.

Lyu et al., 2019
(N = 278)

AAI (years): M = 1.58, R = 0.5–3.0
Tested at baseline, 1-, 3-, 6-, 12-, 18-, 24-,
36-, 48-, 60-months post CI

The CAPQ Scores improved during the 5 years post CI, although speech
development lagged behind that of hearing.

Fan et al., 2020
(N = 52)

AAI (years): Median = 1.25, R = 0.83–5.66
Tested at baseline, 3-, 6-, 9-, 12-, 15-, 18-,
21- and 24-months post CI

Closed
monosyllables
and disyllables
recognition
The CAPQ

Auditory and speech perception improved significantly over the
24 months post CI period.

Jiang et al.,
2020 (N = 100)

AAI (years): Median = 4.0, R = 3.0–7.0
Tested at 1 months, 1-, 2-, and 3-years
post CI

The CAPQ Significant improvements in the CAPQ scores at 3 years post CI. 60%
of children reached Level 7 indicating children were able to use the
telephone with a familiar talker at 3 years post CI.

Li G. et al.,
2020 (N = 24)

Age at Switch-on: M = 2.1, SD = 0.47,
R = 1.2–2.8
Tested at baseline, 3-, 6-, and 12-months
post CI

The IT-MAIS Children below 3 years of age had similar trajectories in early auditory
developments to NH children.

AAI, Age at Implant; CI, Cochlear Implantation; M, Mean; N, The Number of Participants; R, Range; SD, Standard Deviation.
1Only outcome measures and results related to speech perception were reported.
2Speech perception here referred to Chinese auditory perception and open-set speech perception.
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FIGURE 2 | A picture plate for the MPSI test from Zheng et al. (2009b).

category 3 (i.e., recognizes environmental sounds) on the CAPQ
(Lyu et al., 2019; Chen Y. et al., 2020; Jiang et al., 2020). About
40∼88% of children reached category 2 (i.e., speech pattern
perception) or higher on the MESP test (Zheng et al., 2011;
Chen Y. et al., 2016; Guo et al., 2016; Lu and Qin, 2018).
Approximately 7.9∼20.6% of children could obtain a score of
25∼42% for close-set sentence perception on the MPSI in quiet
(Zheng et al., 2011; Chen Y. et al., 2016) and participants in
Liu et al. (2015b) achieved an average score of 30.9% for mono-
and disyllable recognition on the LNT. These results suggest that
at 6 months post CI, children begin to develop closed-set word
recognition and sentence recognition in quiet, as well as open-
set word recognition in quiet. At 12 months post CI, children
could obtain scores of about 70∼80% on the IT-MAIS/MAIS
(Chen Y. et al., 2016, 2020; Lu and Qin, 2018; Li G. et al., 2020)

and reach category 4 (i.e., discriminates at least two speech
sounds) on the CAPQ (Lyu et al., 2019; Chen Y. et al., 2020;
Jiang et al., 2020). More than half of the children could achieve
category 4 (i.e., vowel perception) and category 5 (i.e., consonant
perception) on the MESP test (Zheng et al., 2011; Chen Y.
et al., 2016; Guo et al., 2016; Lu and Qin, 2018). About 33.9–
56.7% of the children could achieve a mean score of 60–70% for
closed-set sentence recognition on the MPSI test in quiet and
a similar proportion of children could obtain a mean score of
46–59% on the MPSI test in noise (Zheng et al., 2011; Chen
Y. et al., 2016). The mean recognition scores in monosyllables,
disyllables and sentences increased significantly to 78.60, 88.57,
and 89.79% respectively at 1-year post-operatively from a baseline
of 13∼42% pre-implant (Liu et al., 2016). These results suggest
that at one-year post-operation, children with unilateral CI could
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demonstrate a good ability to identify closed-set words and
sentences in quiet; and some children could develop the ability
to identify sentences in noise. Greatest improvement in open-
set word recognition occurs between 1 and 3 years after surgery
and then reaches a plateau at 48 months (Liu et al., 2015b).
All children could develop tone recognition ability (category 6
of the MESP test) after 4 to 5 years of CI use, and 60–80% of
children showed lexical tone recognition significantly higher than
the chance level (Li G. et al., 2017).

From these findings, a clear trajectory of development
on auditory behaviors and closed-set phoneme recognition
is observed. However, there are few reports on sentence
and open-set words recognition. Many studies (6 out of 15)
reported findings from 1-year post-implantation, thus allowing
insufficient time to develop mastery of complex grammatical
skills and lexicons to be assessed in open-set word recognition
tasks or sentence tests, which is more demanding than phoneme
and closed-set word recognition. Longer follow-up period is
necessary in order to observe the performance trajectory over
time. In addition, considering various tests were used on
participants with different demographic factors such as age at
implantation (AAI) [e.g., mean AAI was 1.58 years in Lyu et al.
(2019) and 8.86 years in Liu S. et al. (2019)], whether HAs were
trialed pre-implant, and whether speech therapy was provided
post-implant, performance varied across participants and studies,
decreasing the ability of this review in generalizing findings.

Important Factors That Affect Speech Perception
A summary of frequently examined factors among studies can
be found in Table 4. Details about less-frequently examined
factors (≤3 studies) are presented in Supplementary Materials.
AAI, duration of CI use (DCI), whether there was a pre-CI
hearing aid trial (HAT), and caregiver education level (CEL) are
discussed below and more than half of analyses that investigated
these variables show that they significantly impacted speech
perception outcomes.

Early AAI, similar to studies on an English-speaking
population (see a review from, for example, Bruijnzeel et al.,
2016; Sharma et al., 2020), is associated with enhanced speech
perception in children. Seven longitudinal studies reported
that early implantation contributed positively to prelingual
auditory skills and early speech perception evaluated on the IT-
MAIS/MAIS, the LEAQ, the MESP test, the MPSI test, and the
LNT (Liu et al., 2015a; Chen Y. et al., 2016; Lu and Qin, 2018; Liu
S. et al., 2019; Lyu et al., 2019; Fan et al., 2020; Jiang et al., 2020).

Longer DCI significantly contributes to better auditory skills
and speech perception in all longitudinal studies. Open-set
word recognition and sentence recognition were significantly
correlated with longer DCI in cross-sectional studies, as reported
in the previous review (Liu H. et al., 2013; Chen Y. et al.,
2014). Lexical tone recognition, however, was not correlated with
DCI in 4 out of 6 cross-sectional studies that conducted such
analyses (Han et al., 2009; Li A. et al., 2014; Tao et al., 2015;
Mao and Xu, 2017). Participants in studies that demonstrated
a lack of effects of DCI used their devices longer (M = 2.36–
6.50 years) than those in the two studies (Mean DCI = 1.27–
1.64) that found significant correlations (Zhou et al., 2013;

Chen Y. et al., 2014). The only study assessing the effect of DCI
on Mandarin consonant contrast perception also showed no
significant correlation (Liu Q. et al., 2013).

Having undergone a HAT before CI is a factor that positively
influences the auditory development and speech perception.
All longitudinal studies that assessed the relationship between
receiving HAT prior to implantation and auditory scores showed
significant effects (Chen X. et al., 2010; Lu and Qin, 2018; Fan
et al., 2020; Jiang et al., 2020). However, mixed findings were
reported among studies on early speech perception, with Zheng
et al. (2011) and Fan et al. (2020) reporting significant effects of
HAT on closed monosyllable and disyllable recognition and the
MESP scores, but Chen Y. et al. (2016) and Lu and Qin (2018)
did not observe such correlations with early speech perception.
In a cross-sectional study, having undergone HAT was associated
with better sentence recognition in noise, but not with sentence
and tone recognition in quiet (Chen Y. et al., 2016).

Better caregiver’s education contributed positively to preverbal
auditory skills (Liu et al., 2015a), overall early speech perception
(Chen Y. et al., 2015, 2016; Fan et al., 2020) and sentence
perception in quiet and in noise (Chen Y. et al., 2014). However,
Chen Y. et al. (2014) did not find parental education relate to
lexical tone recognition in quiet. Such variables are specified
as parents’ education levels in Liu et al. (2015a) and maternal
education level in Chen Y. et al. (2020, 2014, 2015) and therefore
cannot be directly compared. Interestingly, Fan et al. (2020)
found that children who were cared for by their mothers
exhibited better closed monosyllable recognition rates, than those
who were cared for by their grandparents.

Outcomes With Bimodal Stimulation
With improving socioeconomics and greater recognition of
the importance of binaural hearing, bimodal stimulation is
gradually becoming a key focus of researchers, clinicians and
parents in mainland China. Bimodal stimulation refers to the
combination of a CI in the implanted ear and a HA in the
non-implanted ear. Adding a contralateral HA allows unilateral
CI users to exploit the residual hearing in the non-implanted
ear, reducing auditory deprivation and enabling binaural hearing
(Hurley, 1999; Polonenko et al., 2018). Bimodal benefits in
sound localization, music perception, and speech perception
for non-tonal language speakers such as English have been
established by a huge body of evidence (Ching et al., 2007).
For example, speech perception in noise could be enhanced
through binaural summation, head shadow effect, and squelch
effect (Lotfi et al., 2019).

The contribution of the F0 in the low-frequency range
is important for Mandarin perception. Thus, a contralateral
HA that delivers amplification in this frequency range may
produce unique bimodal benefits for the Mandarin-speaking
population. One longitudinal and five cross-sectional studies
were identified through the literature search, comparing speech
perception with bimodal stimulation and CI only condition (see
Table 5 for a summary).

Chen Y. et al. (2020) was the only study that retrospectively
compared the auditory skills of children with unilateral CI and
bimodal stimulation during the 24 months post CI. The AAI in

Frontiers in Neuroscience | www.frontiersin.org 8 December 2021 | Volume 15 | Article 773694168

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


fnins-15-773694
D

ecem
ber7,2021

Tim
e:16:11

#
9

G
ao

etal.
S

peech
P

erception
ofC

IC
hildren

TABLE 4 | Frequently examined factors that affect speech perception of children with unilateral CI.

Studies Participant characteristics Outcome measures1 Analysis method AAT AAI CEL DCI HAT PHL

Han et al., 2009
(N = 20)

AAI: M = 5.2, SD = 3.8, R = 1.3–13.5 years Lexical tone recognition in quiet Least-squared linear fit
√

*
√

* –
√

– –

Chen X. et al.,
2010
(N = 259)

AAI: M = 1.8, R = 0.7–3.0 years
Tested at baseline, 1-, 2-, 3-, 6-, 12-months
post CI

The IT-MAIS ANOVA and t test –
√

–
√

*
√

* –

Zhu et al., 2011
(N = 37)

AAI: M = 4.2, R = 1.2–17.5 years (Group 1:
Congenitally deafened children)

Open-set disyllables recognition
Sentences recognition

Multiple linear
regression

√ √
* – – – –

√
*

√
* – – – –

Zheng et al.,
2010
(N = 25)

AAI: M = 3.39, R = 1.5–9.1 years The MESP test DNR –
√

–
√

– –

Zheng et al.,
2011
(N = 39)

AAI: 1–2 years (n = 4), 2–3 years (n = 12),
3–4 years (n = 12), 4–6 years (n = 11)
Tested at baseline, 3-, 6-, and 12-months post
CI

The IT-MAIS Pearson’s correlation
and χ2 test of
independence

–
√

* – –
√

* –

The MESP and MPSI test – – – –
√

* –

Liu H. et al.,
2013
(N = 230)

AAI: M = 3.9, SD = 3.0, R = 0.9-16.0 years Open-set word recognition Stepwise multiple
regression

–
√

* –
√

* – –

Liu Q. et al.,
2013
(N = 41)

AAI: M = 2.0, SD = 0.74, R = 0.83–4.17 years Mandarin consonant contrast
perception

Linear regression
√ √

* –
√

–
√

Zhou et al.,
2013
(N = 110)

AAI: M = 3.96, SD = 2.70,
R = 1.11–12.95 years

Lexical tone recognition in quiet Step-wise linear
regression

√ √
-

√
* - -

Li A. et al.,
2014
(N = 20)

AAI: M = 4.1, R = 2.0–6.7 years Lexical tone recognition in quiet Linear regression
√

*
√

* –
√

–
√

Chen Y. et al.,
2014
(N = 96)

AAI: M = 2.72, SD = 1.03, R = 0.69–5.00 years Lexical tone perception in quiet Step-wise multiple
linear regression

–
√ √ √

*
√ √

Sentence perception in quiet –
√ √

*
√

*
√ √

Sentence perception in noise –
√ √

*
√

*
√

*
√

*

Chen Y. et al.,
20152

(N = 115)

AAI: M = 2.67, SD = 1.08, R = 0.69–5.00 years Overall speech perception3 Structural equation
modeling

–
√

*
√

* –
√

*
√

Li Y. et al., 2015
(N = 22)

AAI: M = 2.9, R = 1.1–5.7 years
Tested at baseline and 1-, 3-, 6-, 9-, 12-, 24-,
and 36-months post CI

The MESP test Repeated-measure
ANOVA

–
√

* –
√

* – –

Liu et al.,
2015a4

(N = 33)

AAI: M = 2.02, SD = 0.89, R = 0.5–3.83 years
Tested at baseline, 1-, 3-, 6-, 9-, 12-, 18-, and
24-months post CI

The LEAQ ANOVA –
√

*
√

*
√

* – –

Liu et al.,
2015b
(N = 105)

AAI: M = 3.1, SD = 2.3, R = 0.9–15.5 years
Tested at 6-, 12-, 24-, 36-, 48-, 60-, 72-,
84-months post CI

Open-set word recognition ANOVA –
√

* –
√

* – –

(Continued)
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TABLE 4 | (Continued)

Studies Subject characteristics Outcome measures1 Analysis method AAT AAI CEL DCI HAT PHL

Tao et al., 2015
(N = 21)

AAI: M = 4.3, R = 2–12 years (Prelingual group) Lexical tone perception in quiet Linear regression – – –
√

– –

Chen Y. et al.,
2016
(N = 80)

AAI: M = 2.61 SD = 1.04, R = 0.93–5.00 years
Tested at baseline, 3-, 6-, and 12-months post
CI

Overall speech perception3 Hierarchical linear
modeling

–
√

*
√

*
√

*
√ √

*

Mao and Xu,
20175

(N = 66)

AAI: M = 2.97, SD = 3.05, R = 0.6–16.50 years Lexical tone recognition in quiet
and in noise

Linear correlation
√ √

* –
√

– –

Li G. et al.,
2017
(N = 143)

AAI: 1–2 years: n = 34; 2-3 years: n = 72;
3–4 years: n = 37
Test at baseline, 2-, 6-, 12-, 24-, 36-, and
48-months post CI

Tone perception subset in the
MESP test

Two-sample t test –
√

–
√

* – –

Lu and Qin,
20186

(N = 132)

AAI: M = 3.4 SD = 1.35 years
Tested at baseline, 3-, 6-, 9-, 12-, 18-, and
24-months post CI

The IT-MAIS Multiple linear and
logistic regression

–
√

* –
√

*
√

*
√

*

The MESP test –
√

* –
√

*
√ √

*

Liu S. et al.,
2019
(N = 98)

AAI: M = 8.86, SD = 3.66, R = 1.0–16.0 years
Tested at baseline, 3-, 6-, and 12-months post
CI

The MAIS, the CAPQ and speech
perception7

ANOVA –
√

* –
√

* – –

Lyu et al., 2019
(N = 278)

AAI: M = 1.58, R = 0.5–3.0 years
Tested at baseline, 1-, 3-, 6-, 12-, 18-, 24-,
36-, 48-, and 60-months post CI

The CAPQ t test and linear
regression

–
√

–
√

* – –

Fan et al.,
20208

(N = 52)

AAI: Median = 1.25, R = 0.83–5.66 years
Tested at baseline, 3-, 6-, 9-, 12-, 15-, 18-, 21-
and 24-months post CI

Closed-set monosyllables
Closed-set disyllables
The CAPQ

Generalized estimating
equation

–
√

*
√

*
√

*
√

*
√

Jiang et al.,
2020
(N = 100)

AAI: Median = 4.0, R = 3.0–7.0 years
Tested at 1 months, 1-, 2-, and 3-years post CI

The CAPQ Mann-Whitney test –
√

* –
√

*
√

* –

Li G. et al.,
2020
(N = 24)

Age at Switch-on: M = 2.1, SD = 0.47,
R = 1.2–2.8 years
Tested at baseline, 3-, 6-, and 12-months post
CI

The IT-MAIS Mann-Whitney test –
√

–
√

* – –

AAI, Age at Implant; AAT, Age at Testing; ANOVA, Analysis of Variance; CEL, Caregiver’s Educational Level; CI, Cochlear Implantation; DCI, Duration of CI use; DNR, Did not report the statistical test used; HAT, Hearing
Aid Trial; M, Mean; N, The Number of Participants; PHL, Pre-implant Hearing Level; R, Range; SD, Standard Deviation.
‘
√
∗’ shows that this study examined the corresponding factor and found a significant correlation. ‘

√
’ shows that this study examined the corresponding factor but no significant relationship was found. ‘–’ shows that

this study did not examine the corresponding factor.
1Only outcome measures and results related to speech perception were reported.
2 In Chen Y. et al. (2015), 5 children used a HA in the non-implanted ear and were tested with both CI and HA on.
3Overall speech perception referred to a single composite score was generated by combining results from MAIS, the MESP test and the MPSI test using the principal component analysis.
4 In Liu et al. (2015a), 1 child received bilateral CIs.
5 In Mao and Xu (2017), the significance for AAI became non-significant after correction for multiple comparisons.
6 In Lu and Qin (2018), only results at 1 year post CI were presented due to space limitation.
7Speech perception here referred to Chinese auditory perception and open-set speech perception.
86. In Fan et al. (2020), 9 (18.4%) children used bilateral CIs and 11 (22.4%) children used CI + HA.
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TABLE 5 | Speech perception of children with bimodal stimulation.

Studies Participant characteristics Device settings Outcome measures1 Overall results

Yuen et al., 2009a
(N = 15)

Age (years): M = 10.2, R = 5.1–14.3
DCI (years): M = 2.3, R = 0.3-6.7

HA fitting was optimization based
on the NAL-RP prescription formula

Lexical tones and disyllabic words in quiet and
in noise (The MAPPID-N)
Test settings: CI-only, CI + HA

Significant bimodal benefits2 in lexical tone
recognition in quiet and in noise, and disyllabic
words in noise when speech and noise both
presented from the front.

Cheng et al., 2018
(N = 35)

AAI (years): M = 2.9, R = 0.9–7.0
DCI (years): M = 3.5, R = 0.6–8.1
DHA (years): M = 2.7, R = 0.5–9.0

Participants used their clinical
settings for CI and HA

Mandarin tone recognition in quiet
Vowel recognition in quiet
Consonant recognition in quiet
Sentence recognition in quiet
Test settings: CI-only, CI + HA

Significant bimodal benefits for tone recognition
in quiet (Tone 2), but not for vowel, consonant
or sentence recognition in quiet.

Liu Y. W. et al., 2019
(N = 11)

Age (years): M = 8.2, R = 6.0–12.5
DCI (years): M = 4.5, R = 2.0–8.0
DHA (years): M = 4.0, R = 0.5–8.0

Participants used their clinical
settings for CI and HA

Sentence recognition in steady-state noise and
in a competing talker
Test settings: CI-only, CI + HA

With 2-keywords scoring, no bimodal benefit in
steady-state noise and female competing
talker. Bimodal stimulation resulted in better
scores than the CI-only condition. With
5-keywords scoring, significant bimodal
benefits were observed.

Chen Y. et al., 2020
(N = 28)

AAI (years): M = 1.47, SD = 0.57
Tested at first mapping, 0.5-, 1-, 3-,
6-, 12-, 18-, and 24-months after

CI mapping and HA fitting were
carried out by experienced
clinicians

The IT-MAIS
The CAPQ
Test settings: CI + HA for the bimodal group

The bimodal group demonstrated significantly
higher scores at baseline, 3-, and 6-months on
the IT-MAIS and from 3- to 24 months on the
CAPQ compared to the unilateral CI group.

Zhang et al., 2020a
(N = 14)

AAI (years): M = 1.96, R = 0.9-3.3
DCI (years): M = 3.59, R = 2.3-5.2
Bimodal duration (years): M = 3.23,
R = 1.7–5.0

Participants used their daily settings
for CI and HA

Lexical tone recognition in quiet and in speech
spectrum-shaped noise at + 5 dB
Test settings: CI-only, CI + HA

Significant improvement was seen in the
CI + HA condition over the CI-only condition for
lexical tone recognition in noise.

Zhang et al., 2020b
(N = 16)

AAI (years): M = 1.91, R = 0.9–3.3
DCI (years): M = 3.45, R = 2.1–5.1
DHA (years): M = 3.45, R = 1.7–5.3

Not mentioned An identification task with a set of synthetic
tone-pair continuum (T1-T2)
A discrimination task with same stimuli
Test settings: CI-only, CI + HA

Significant bimodal benefits in lexical tone
categorization were found over the CI-only
condition.

AAI, Age at implant; CI, Cochlear Implantation; DCI, Duration of CI use; DHA, Duration of hearing aid use; HA, Hearing Aid; M, Mean; N, The number of participants; R, Range; SD, Standard deviation; T, Tone.
1 Only outcome measures and results related to speech perception are reported.
2Bimodal benefits are measured as a comparison between CI + HA condition over CI-only condition for all studies except Chen Y. et al. (2020) where the comparison was made with a group of participants using
unilateral CI.

Frontiers
in

N
euroscience

|w
w

w
.frontiersin.org

D
ecem

ber
2021

|Volum
e

15
|A

rticle
773694

171

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


fnins-15-773694
D

ecem
ber7,2021

Tim
e:16:11

#
12

G
ao

etal.
S

peech
P

erception
ofC

IC
hildren

TABLE 6 | Factors that affect speech perception of children with bimodal stimulation.

Studies Participant characteristics Outcome measures Test setting Analysis method AAT AAI DCI DHA DOB DOD PTA

Yuen et al., 2009a1

(N = 15)
Age (years): M = 10.2, R = 5.1–14.3
DCI (years): M = 2.3, R = 0.3–6.7

Lexical tone recognition in quiet
and in noise

Bimodal benefits Pearson’s correlation – – – – – –
√

Disyllable recognition in noise – – – – – –
√

*

Cheng et al., 20182

(N = 35)
AAI (years): M = 2.9, R = 0.9–7.0
DCI (years): M = 3.5, R = 0.6–8.1
DHA (years): M = 2.7, R = 0.5–9.0

Tone recognition in quiet
Vowel recognition in quiet
Consonant recognition in quiet
Sentence recognition in quiet

CI + HA Pearson’s correlation
√ √

*
√

*
√

–
√ √

√ √ √ √
–

√ √

√ √
*

√ √
–

√
*

√

√ √ √ √
–

√ √
*

Liu Y. W. et al.,
20193

(N = 11)

Age (years): M = 8.2, R = 6.0–12.5
DCI (years): M = 4.5, R = 2.0–8.0
DHA (years): M = 4.0, R = 0.5–8.0

Sentence recognition in noise CI + HA Pearson’s correlation
√

–
√ √

–
√ √

*

Zhang et al.,
2020a4 (N = 14)

AAI (years): M = 1.96, R = 0.9–3.3
DCI (years): M = 3.59, R = 2.3–5.2
Bimodal duration (years): M = 3.23,
R = 1.7–5.0

Lexical tone recognition in quiet CI + HA Multivariate regression
√ √ √

* –
√

–
√

Bimodal benefits
√ √ √

–
√

* –
√

*

Lexical tone recognition in noise CI + HA
√ √ √

–
√

–
√

Bimodal benefits
√ √ √

–
√

* –
√

AAI, Age at Implant; AAT, Age at Testing; CI, Cochlear Implantation; DCI, Duration of CI use; DHA, Duration of Hearing Aid use; DOB, Duration of Bimodal use; DOD, Duration of Deafness; HA, Hearing aid; M, Mean; N,
The number of participants; PTA, Pure Tone Average; R, Range; SD, Standard Deviation.
‘
√
∗’ Shows that this study examined the corresponding factor and found a significant correlation. ‘

√
’ Shows that this study examined the corresponding factor but no significant relationship was found. ‘–’ Shows that

this study did not examine the corresponding factor.
1 In Yuen et al. (2009a), PTA referred to aided threshold at 250 and 500 Hz of the non-implanted ear.
2 In Cheng et al. (2018), PTA referred to unaided PTA at 500, 1000, and 2000 Hz.
3 In Liu Y. W. et al. (2019), PTA referred to unaided thresholds in the non-implanted ear at 500 Hz and averaged across all frequencies. The significance was found with bimodal SRTs when the target and masker
gender was both male.
4 In Zhang et al. (2020a), PTA referred to three factors including unaided PTA at 125, 250, and 500 Hz, five-frequencies unaided PTA and five-frequencies aided PTA (250–4000 Hz). The significance was only found for
the first factor.
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the bimodal group and unilateral CI group was on average of
1.47 and 1.58 years respectively. The bimodal group had better
averaged scores compared with the unilateral CI group on the IT-
MAIS and CAPQ obtained during follow-up period. The bimodal
group obtained nearly full scores on the IT-MAIS faster than the
unilateral CI group (18 months vs. 24 months post-implantation).
Also, they outperformed the unilateral CI group from 3-months
post CI on the CAPQ.

Four out of seven studies evaluated lexical tone perception in
quiet and/or in noise. Three of these studies focused on bimodal
benefits on lexical tone identification (Yuen et al., 2009a; Cheng
et al., 2018; Zhang et al., 2020a), specified as the performance
differences of bimodal stimulation (i.e., CI + HA) condition
over CI-only condition. All studies found significant bimodal
benefits in lexical tone recognition in quiet and/or in noise.
Although significant improvement in the recognition of Tone
2 in quiet with bimodal stimulation was noted in Cheng et al.
(2018), a ceiling effect was evident where listeners performed
nearly perfectly regardless of conditions (CI + HA or CI-only).
Zhang et al. (2020a) showed bimodal benefits in lexical tone
recognition in speech spectrum-shaped noise at +5 dB but not
in quiet, whereas Yuen et al. (2009a) also found significant
bimodal benefits in lexical tone recognition when speech was
presented from the front and noise from the CI side. Zhang
et al. (2020b) investigated categorial perception using synthetic
tone-pair continuums, showing enhanced categorical perception
in Tone 1–2 continuums with bimodal stimulation compared to
CI-only condition.

Vowel, consonant, disyllable and sentence recognition was
assessed in three studies (Yuen et al., 2009a; Cheng et al., 2018;
Liu Y. W. et al., 2019). Yuen et al. (2009a) reported significant
benefits in disyllable recognition when speech was presented
from the front and noise was presented on the CI side. Vowel,
consonant and sentence recognition were measured in quiet and
no significant bimodal benefits were found (Cheng et al., 2018).
Liu Y. W. et al. (2019) compared speech reception thresholds
(SRTs) in different maskers with and without HAs using 2-
keywords scoring. While performance in steady-state noise (SSN)
and the female competing talker did not differ, SRTs with bimodal
listening was worse when competing and target voices were the
same, indicating bimodal interference. In the second experiment
of this study, using 5-keywords scoring, a significant bimodal
benefit in SRTs in the presence of SSN was evident, indicating
bimodal benefits in more challenging tasks.

Four out of six studies examined the correlation between
demographic factors and speech perception (Yuen et al., 2009a;
Cheng et al., 2018; Liu Y. W. et al., 2019; Zhang et al., 2020a).
A summary of these studies can be found in Table 6. Effects
of hearing thresholds in the non-implanted ear were examined
in all four studies. Significant correlations were found between
low-frequency hearing thresholds in the non-implanted ear and
disyllables recognition in noise (Yuen et al., 2009a), lexical
tone recognition in noise (Zhang et al., 2020a); and sentence
recognition in quiet (Cheng et al., 2018) and in noise (Liu Y. W.
et al., 2019) (please see Table 6). Similar to studies in unilateral
CI use, age at testing, AAI and DCI were examined. Cheng et al.
(2018) found that AAI significantly correlated with lexical tone

and consonant recognition in quiet with bimodal stimulation.
Cheng et al. (2018) and Zhang et al. (2020a) both found that DCI
significantly correlated with lexical tone recognition in quiet with
bimodal stimulation. Duration of deafness was examined in two
studies, but only Cheng et al. (2018) found bimodal stimulation
significantly correlated with consonant recognition in quiet.
Duration of bimodal use was examined in Zhang et al. (2020a)
only and the study revealed that bimodal CI was significantly
related to lexical tone recognition both in quiet and in noise.

Overall, Mandarin-speaking children with bimodal
stimulation seem to outperform unilateral CI users in the
development of auditory skills post-implantation, demonstrated
as higher scores on the IT-MAIS and CAP during the 24 months
post CI (Chen Y. et al., 2020). Better lexical tone recognition in
quiet and/or noise is noted with bimodal stimulation, compared
to the CI-only condition. Bimodal benefits in speech perception
may be related to the task difficulty and more benefits are noted
in more challenging situations such as in noise. Apart from
lexical tone identification and sentence perception in noise,
there is only one study each concerning vowel, consonant and
disyllable recognition in quiet, long-term speech perception
and the effect of duration of bimodal use. In addition, HA
optimization before testing was performed only in Yuen et al.
(2009a), which makes comparison with other studies difficult.
Therefore, more studies are needed to understand the benefits of
bimodal CI compared with unilateral CI.

Outcomes With Bilateral Cochlear
Implantations
Although bilateral CIs have been found to improve speech
recognition in noisy conditions over unilateral CI among
English-speaking populations (e.g., Asp et al., 2015), reports on
bilateral CIs in mainland China did not emerge until 2018. Long
et al. (2018) was the only study we identified that investigated
the development of early auditory skills in 19 children with
simultaneous bilateral CIs. The averaged age at implant was
1.89 years. Participants exhibited continuous improvement in
overall LEAQ scores and categorial scores in receptive, semantic
auditory behavior and expressive language skills during the 2-
year post CI. Children with bilateral CIs obtained significantly
higher scores at 1-, 3-, and 6-months post CI than those using
unilateral CI (data from Liu et al., 2015a) and the difference
nearly disappeared at 24 months post CI. This is possibly due to
both groups performing at ceiling. They also found that children
whose caregivers have better education and those implanted early
tended to exhibit higher LEAQ scores.

CONCLUSION

This paper reviewed the literature on speech perception of
Mandarin-speaking children with congenital HL and who used
CI. Important factors that contribute to individual variations in
speech perception outcomes were discussed.

Unilateral CI recipients demonstrated continuous
improvements in auditory and speech perception for several

Frontiers in Neuroscience | www.frontiersin.org 13 December 2021 | Volume 15 | Article 773694173

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


fnins-15-773694 December 7, 2021 Time: 16:11 # 14

Gao et al. Speech Perception of CI Children

years post-activation. Younger AAI and longer DCI contribute
to better speech perception. Having undergone a HAT before
implantation and having caregivers whose educational level is
higher may lead to better performance. While the findings that
support the use of CI to improve speech perception continue
to grow, much research is needed to validate the use of
bimodal and bilateral implantation. Evidence to date, however,
revealed bimodal benefits over CI-only conditions in lexical tone
recognition and sentence perception in noise. Due to scarcity of
research, conclusions on the benefits of bilateral CIs compared
to unilateral CI or bimodal CI use cannot be drawn. Therefore,
future research on bimodal and bilateral CIs is needed to guide
evidence-based clinical practice.
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Sound localization is an essential part of auditory processing. However, the cortical
representation of identifying the direction of sound sources presented in the sound field
using functional near-infrared spectroscopy (fNIRS) is currently unknown. Therefore, in
this study, we used fNIRS to investigate the cerebral representation of different sound
sources. Twenty-five normal-hearing subjects (aged 26 ± 2.7, male 11, female 14)
were included and actively took part in a block design task. The test setup for sound
localization was composed of a seven-speaker array spanning a horizontal arc of 180◦

in front of the participants. Pink noise bursts with two intensity levels (48 dB/58 dB) were
randomly applied via five loudspeakers (–90◦/–30◦/–0◦/+30◦/+90◦). Sound localization
task performances were collected, and simultaneous signals from auditory processing
cortical fields were recorded for analysis by using a support vector machine (SVM).
The results showed a classification accuracy of 73.60, 75.60, and 77.40% on average
at –90◦/0◦, 0◦/+90◦, and –90◦/+90◦ with high intensity, and 70.60, 73.6, and 78.6%
with low intensity. The increase of oxyhemoglobin was observed in the bilateral non-
primary auditory cortex (AC) and dorsolateral prefrontal cortex (dlPFC). In conclusion,
the oxyhemoglobin (oxy-Hb) response showed different neural activity patterns between
the lateral and front sources in the AC and dlPFC. Our results may serve as a basic
contribution for further research on the use of fNIRS in spatial auditory studies.

Keywords: sound localization, functional near-infrared spectroscopy (fNIRS), spatial hearing, cerebral cortex,
auditory cortex (AC), dorsolateral prefrontal cortex (dlPFC)

INTRODUCTION

Auditory perception is one of the most important sensory modalities in creatures. There are
multiple types of information presented in sounds. Identifying the source of the sound makes wild
animals aware of the danger or its prey and is important in communicative interactions in human
society. For decades, auditory neuroscientists have examined the neuronal mechanisms underlying
spatial hearing (Middlebrooks and Green, 1991; Skottun, 1998; Grothe et al., 2010). For mammals,
the localization and identification of sounds are constructed from the precise relative intensity and
timing between the two ears [two binaural cues mostly play roles in the horizontal plane: interaural
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time difference (ITD) and interaural level difference (ILD)] as
well as from patterns of frequencies mapped at the two ears (play
roles mostly in the vertical plane) (Middlebrooks and Green,
1991). In addition to the acoustic features, scientists found that
the behavioral state of a listener (like task performance and
attention) affects neuronal spatial selectivity (Harrington et al.,
2008; van der Heijden et al., 2018). Taken together, humans
integrate input from the ears and cognitive processes to derive
the location of sound sources (Nothwang, 2016; Zhang and Liu,
2019). However, the neural encoding of sound locations and
especially the processing of sound sources in the cortex remains
a matter of ongoing discussion, and there are still divergent views
(Ahveninen et al., 2014).

Electrophysiological research in non-human primates and
non-invasive research in humans have provided evidence from a
neuroanatomical and functional perspective for acoustic spatial
neuron encoding. Regarding the insights into the cortical
encoding, evidence for a broader dichotomy between the anterior
“what” vs. posterior “where” pathways of the non-primary
auditory cortex (AC) aggregates from human neuroimaging
studies (Ahveninen et al., 2006; Barrett and Hall, 2006).
The dorsal “where” pathway views sound localization as a
higher-order sound attribute in higher-level areas including
inferior parietal lobule, premotor cortex, dorsolateral prefrontal
cortex (dlPFC), and inferior frontal cortex (Rauschecker, 2018;
Czoschke et al., 2021). Several published studies have mentioned
that the planum temporale (PT) plays an essential role in
mediating human horizontal sound localization. Functional MRI
(fMRI) research showed that the sound location processing
activates the posterior superior temporal gyrus (pSTG) and the
inferior parietal cortex (Deouell et al., 2007; van der Zwaag et al.,
2011). However, studies demonstrated that goal-oriented sound
localization can induce adaptive changes in spectrotemporal
tuning in the “dorsal” pathway areas [especially in the primary
auditory cortex (PAC)], which can facilitate target detection
(Atiani et al., 2009; Lee and Middlebrooks, 2013). fMRI studies
reported that the dlPFC might be the source of origin of the top–
down modulations that translate sensory representations into
task-based representations (Jiang et al., 2018). These findings
might suggest that the cortical encoding of sound localization
involves recurrent and dynamic processing in PAC and higher-
level areas and highlight the need for cortical representation of
sound localization in spatial auditory networks.

Besides, there is a contralateral biased tuning of different
sound sources with a different degree of bias across the cerebral
hemisphere. Non-human primates’ measurements demonstrated
that cortical spatial tuning is generally broad and predominantly
contralateral (Ortiz-Rios et al., 2017). Similar spatial tuning
properties have been observed in fMRI studies (Derey et al.,
2016; McLaughlin et al., 2016; Higgins et al., 2017). However,
inconsistent patterns were reported in human neuroimaging
studies. Some electroencephalogram (EEG) and fMRI measures
show that the left hemisphere (LH) responds maximally to
the contralateral sound source direction and that the right
hemisphere (RH) responds more equally to both the contralateral
and ipsilateral sounds (Briley et al., 2013; Higgins et al., 2017).
Some magnetoencephalography (EMG) studies have shown more

activities in RH than LH (Johnson and Hautus, 2010; Salminen
et al., 2010). Further measurements using a new image technology
are needed to reveal the brain asymmetry in neural sound
location encoding.

The development of functional near-infrared spectroscopy
(fNIRS) has recently advanced imaging studies in acoustic and
audiology, overcoming interference issues in EEG and fMRI.
There is an increased oxygen requirement in the brain regions
responsible for the specific functions when people are performing
the relevant activity. fNIRS is an optical imaging modality that
assesses brain hemodynamic responses by its inexpensiveness,
safety, non-invasion, and 1–2-cm spatial resolution. This
technique is designed to detect changes in the concentration
of oxygenated and deoxygenated hemoglobin molecules in the
blood (Leon-Carrion and Leon-Dominguez, 2012). Studies have
shown that neural activity and the hemodynamic response
maintain a linear relationship (Arthurs and Boniface, 2003),
and the NIR signal maintains a strong correlation with PET
measures of changes in regional cerebral blood flow (rCBF) and
the fMRI blood oxygen level-dependent (BOLD) signal (Toronov
et al., 2003; Huppert et al., 2006), suggesting that fNIRS is
an effective method for assessing cerebral activity. Compared
with imaging devices, such as EEG, MEG, and fMRI (Coffey
et al., 2016; Dalenberg et al., 2018), fNIRS has no ill-posed
inverse problem in EEG and MEG (Helmholtz, 1853) and less
interference from the external environment. Whereas the spatial
resolution determines anatomical details, the temporal resolution
determines the precision in which we can investigate successive
neuronal events. With a better spatial resolution than EEG and
a similar temporal resolution of fMRI, fNIRS is a relatively
good measurement of neuronal activity. In addition, fNIRS is
allowable for electrical artifact and ferromagnetic component
features, which suggests that fNIRS is a potential tool for the study
of auditory perception in special populations.

In fNIRS studies, the existing literature on spatial auditory
perception is limited and focuses mainly on speech perception,
sound intensity and loudness, and the cross-modal cortex with
audiovisual stimulation. For sound intensity, several new fNIRS
studies were performed by Chen et al. (2015), Bauernfeind
et al. (2018), and Weder et al. (2018, 2020). Those studies
found evidence of a linear correlation of the hemodynamic
responses with perceived loudness rather than sound intensity
in the bilateral superior temporal gyrus (STG). Moreover, no
interhemispheric differences are seen in the STG bilaterally. Brain
asymmetry was also reported in fNIRS studies. A recent study
of dichotic listening suggested that a stronger RH activity in the
right prefrontal region can be observed during focused attention
tasks (Eskicioglu et al., 2019). However, they neglected the effect
of sound source orientation in the cortical representation. This
remains the question, what is the cortical representation of a
simple spatial sound source detected with fNIRS?

To our knowledge, there are no studies examining the cerebral
representation in the prefrontal and auditory cortices during
sound localization tasks via fNIRS. As fNIRS does not share
the issue mentioned in EEG (ill-posed inverse problem) and
fMRI (intrinsic noise), it may yield a new understanding of
the cerebral cortex-modulated process and brain asymmetry
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in sound localization. Since localization acuity is higher for
broadband than for narrowband sounds and the neural sound
location encoding was influenced by the attention of listening
(Butler, 1986), here, we presented pink noise bursts with different
sound intensities and sources randomly in blocks of a run,
allowing participants to attend the sound localization task and
avoid speech understanding.

The aims of this study included the following two aspects:
(1) does fNIRS detect differences in cortical representations of
human attention to different sound source directions between
−90◦, 0◦, and +90◦, and if so, (2) are there differences in
cortical representations for sound source orientations between
−30◦, 0◦, and +30◦? We hypothesized that our spatial stimulus
presentation could result in different cerebral representations
in both AC and the prefrontal cortex, showing an asymmetric
bilateral cortical activation pattern.

MATERIALS AND METHODS

Participants
Twenty-five normal-hearing participants [subject1–subject25
(S1–S25), 11 males and 14 females, all right-handed, all native
speakers of Chinese, ages 26.0 ± 2.7 years] took part in
this study. This study was approved by the Human Subjects
Committee of the Southern Medical University. All individuals
were paid an hourly wage for their participation and gave written
informed consent prior to the beginning of testing. Otoscopy
and acoustic audiometry were conducted with each subject to
determine eligibility in this study. Pure tone audiometry showed
no significant difference in the hearing thresholds at frequencies
125–8,000 Hz between left (as shown in Figure 1A).

Materials and Experiment Paradigm
Apparatus
The sound localization experiments were carried out in
a completely darkened anechoic chamber (dimensions
L × W × H = 3.3 × 3.5 × 2.5 m3) in which the apparatus
was installed. Seven loudspeakers (Genelec 8010, Genelec Oy,
Iisalmi, Finland, matched within 2 dB at 74–20,000 Hz) were
positioned in a horizontal arc with a radius of r = 1.46 m at ear
level of the subject. The speakers spanned an angle of −90◦ left
to +90◦ right with a spacing of 30◦. Since more sound source
directions could increase the test duration and thus cause the
subject fatigue, only five of seven loudspeakers (all speakers
were real and available) were used for sound presentation in
this experiment (Godar and Litovsky, 2010; Zaleski-King et al.,
2019). A schematic diagram of the loudspeaker arrangement is
shown in Figure 1E. The frequency response of each loudspeaker
was individually calibrated using our experiment stimuli
(seen in Figure 1B) in ±1 dB at the subject’s head position
using an integrating–averaging sound level meter (Xingqiu,
HS5670A). Hardware including an eight-channel Yamaha Ro8-D
in conjunction with a PC host and software including dante
virtual soundcard, dante controller, and MATLAB (MathWorks
2020a, United States) was responsible for stimulus presentation.

Experiment Paradigm and Stimuli
In the behavioral and fNIRS part, the participant was seated
facing the front loudspeaker at a distance of approximately 1.46 m
and was instructed to calm down and not move their body.
A computer monitor placed underneath the front loudspeaker
was used as part of the computerized experimental paradigm.
A “+” was placed in front of the participant, and the participant
was instructed to maintain eye contact with the “+” for the
duration of the test. Figure 1B shows the experimental paradigm
(Moghimi et al., 2012; Weder et al., 2020). At the beginning
of the experiment, a preparation time of 10 s was given to the
participants. Each 10-s stimulus consists of 77 pink noise bursts
each with a duration of 10 ms and with a 120-ms inter-burst gap.
The stimuli varied in intensity (low intensity with 48 dB SPL, high
intensity with 58 dB SPL) and sound location (loudspeakers 1, 3,
4, 5, 7) (Grieco-Calub and Litovsky, 2010; Weder et al., 2018). In
preliminary studies, some researchers used pink noise bursts or
broadband noise bursts as a stimulus signal for acoustic source
localization (Ching et al., 2005; Grantham et al., 2007; Veugen
et al., 2017). The reason for using broadband noise bursts was
to activate broad cortical auditory areas. Besides, compared to
speech sounds, pink noise is a simpler acoustic stimulus and does
not affect the cortical representation of direction recognition due
to speech understanding.

During presentation of the sound for 10 s, they were
asked to concentrate on the sound location internally without
a head movement. Each participant was asked to point to
the perceived direction of the sound source at the end of
a stimulus. A surveillance camera in the anechoic chamber
was used to record the feedback of the subjects. After a 10-s
break, the same procedure was repeated. Each of 5 different
sound locations ∗ 2 intensity was repeated 10 times and was
presented randomly during the localization test. In total, the
whole test lasted for approximately 40 min. Feedback was
not provided. The subject was unaware that only five of the
loudspeakers were used, so that valid responses ranged from 1
to 7. Customized software for stimulus presentation and data
collection was written in MATLAB programming language. We
used Psychtoolbox in MATLAB to send the trigger for stimulus
marking to the NIRS system.

Data Acquisition
During the experiments, task-related cerebral hemodynamic
responses were recorded using a multichannel near-infrared
spectroscopy (NIRS) imaging system (LIGHTNIRS, Shimadzu
Co. Ltd., Kyoto, Japan). The change of oxyhemoglobin [oxy-Hb]
and deoxyhemoglobin [deoxy-Hb] and total hemoglobin [total-
Hb] was calculated using a modification of the Beer–Lambert
law approach. For data recording, we parted all participants’
hair and adjusted the signal-to-noise ratio of the NIRS signals
using the automatic adjustment function in the measurement
software (fNIRS, Shimadzu Co. Ltd., Kyoto, Japan). The signals
were digitized at 13.3 Hz, and the 16 optical fiber probes
consisting of eight sources (three wavelengths each source, 780,
805, and 830 nm) and eight detectors were attached to the
subject’s scalp. The probe layout resulted in 20 channels, as
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FIGURE 1 | (A) Participants’ pure tone threshold information. (B) Experimental paradigm and stimulus waveform. Block design used for recording task-related
hemodynamic responses: five speakers and two different intensity levels were presented in order randomly. Stimulus waveform representations of pink noise bursts.
(C,D) Probe layout of the eight sources and eight detectors. (C) Placement of the fNIRS optodes (red squares are sources, blue squares are detectors, and black
points on lines are channels). (D) Optode arrangement in both hemispheres. (E) Schematic representation of the seven-loudspeaker system. Loudspeaker 1 and
loudspeaker 7 were placed 90◦ to the left and right of the straight-ahead (0◦) position. Loudspeakers 2–6 were placed 30◦ apart between loudspeakers 1 and 7.
Filled symbols indicate “active” loudspeakers; open symbols indicate “dummy” loudspeakers. (F) Scatter plots for sound source identification with a
five-active-loudspeaker array of all subjects in 48 and 58 dB.

shown in Figures 1C,D. Source and detectors were arranged
over both hemispheres with 3-cm source-detector separation for
maintaining acceptable signal quality and sensing depth (Power
et al., 2011). The NIRS optode configuration used in this study
followed previous research, which reports the engagement of the
pSTG, premotor cortex, and dlPFC in binaural sound cue tuning
(McLaughlin et al., 2016).

To allow probabilistic reference to cortical areas
underlying the measurement channels and enable the

results comparable to results provided by similar fMRI
studies. Brain surface MNI (Montreal Neurological Institute)
coordinates of channel midpoints were determined and
fed into the SPM anatomy toolbox to allocate them
to brain areas using a 3D digitizer system (FasTrak,
Shimadzu, Japan). The MNI coordinates and anatomical
locations of channels and regions of interest (ROIs) are
shown in Table 1 (Eickhoff et al., 2005; Tsuzuki and Dan,
2014).
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TABLE 1 | Coordinates and related Brodmann and anatomical areas (based on 25
subjects).

Hem. ROI ch MNI-space Cortical areas Proportion

X Y Z BA

Left 1 1 –60 3 39 6 Pre-motor and
supplementary motor cortex

0.7964

2 –65 –18 39 0.3576

5 –66 –6 29 0.6310

8 –64 6 17 0.5016

2 3 –68 –39 30 40 Supramarginal gyrus part of
Wernicke’s area

0.9527

6 –6 –29 25 0.6075

3 4 –69 –16 27 9 dlPFC 0.5610

4 7 –68 –50 7 22 Superior temporal gyrus 0.5290

10 –71 –39 2 0.5092

5 9 –68 –16 14 42 Auditory association cortex 0.4658

Right 6 11 62 2 40 6 Pre-motor and
supplementary motor cortex

0.8272

12 67 –18 41 0.3588

15 68 –5 31 0.7785

18 67 4 18 0.5342

7 13 69 –40 31 40 Supramarginal gyrus part of
Wernicke’s area

0.9968

16 71 –29 27 0.7037

8 14 63 14 27 9 dlPFC 0.6111

9 17 69 4 18 22 Superior temporal gyrus 0.4618

20 72 –41 1 0.5140

10 19 71 –17 14 42 Auditory association cortex 0.4969

The table shows 20 channels with MNI space correspondence (x, y, z with SD)
and Brodmann areas (BA). The mean MNI coordinates represent the locations of
the most likely MNI coordinates for the fNIRS channel projected on the cortical
surface.BA, Brodmann area; STG, superior temporal gyrus; dlPFC, dorsolateral
prefrontal cortex.

Data Analysis
Behavioristics
Localization performance was determined by calculating the
average root-mean-square (RMS) error in degree. For each
response, the loudspeaker identified by the subject as delivering
the sound was recorded, resulting in a total of 100 speaker
location responses for each participant. The error for each
response was subsequently converted to degrees and the RMS
error for each subject in each listening condition (Zheng et al.,
2015). The purpose of calculating subjects’ behavioral indicators
was to assess subjects’ performance in our experimental setting
and to maintain subjects’ attention during the feedback task.
Therefore, we did not set groups.

A non-parametric test was calculated to examine whether
there were any statistically significant differences between
stimulus levels (48 dB, 58 dB).

Functional Near-Infrared Spectroscopy Data
The fNIRS data analysis procedure consisted of preprocessing,
feature extraction, feature selection, and classification stages (for
details, see Power et al., 2011; Aydin, 2020). In this study, only the
[oxy-Hb] data were used for data analysis, as [oxy-Hb] is a more

suitable and robust parameter that has a higher correlation with
the fMRI-BOLD response to investigate cortical activity (Plichta
et al., 2007). Data preprocessing and analysis were executed in
MATLAB (MathWorks, United States) and SPSS (version 26,
IBM Corp., United States). We extracted the data preprocessing
functions from the open-source toolbox HOMER2 to write the
data analysis script and used the MATLAB self-contained toolbox
SVM in the classification process. The following steps were
executed:

Preprocessing
A common average reference (CAR) spatial filtering approach
was used to reduce global influences and task-evoked
physiological noise. The mean of all channels was calculated
and subtracted from each single channel for each time point
(Bauernfeind et al., 2014). To minimize physiological noises such
as heartbeat (1–1.5 Hz) and respiration (0.2–0.5 Hz), the signals
were low-pass filtered using the Butterworth fourth-order filter
at a cutoff frequency of 0.2 Hz. Additionally, a 0.03-Hz high-pass
Butterworth filter of order 4 was used to remove baseline drifts
(Scholkmann et al., 2014). Then, data were segmented in 10-s
windows from the stimulus onset for further processing.

For statistical analyses, the 20 channels were divided into
ROIs which limited the need for multiple statistical comparisons
and gave a more simplified overview. We combined neighboring
channels which hold the same anatomical locations and similar
grand average waveform patterns present in the oxy-Hb response,
generating 10 ROIs for the whole cortex we covered in
total, as shown in Table 1. For each ROI, two or four
neighboring channels with similar waveform patterns in oxy-
Hb were averaged.

Feature Extraction
We used different time windows to extract candidate features
since task-related hemodynamic responses appear with a varying
delay of 3–8 s (Bauernfeind et al., 2011). The analysis time period
was segregated for 14 parts for feature calculation, consisting of
a 2-s time window of 2–4, 3–5, 4–6, 5–7, 6–8, 7–9, and 8–10 s;
a 3-s time window of 4–7, 5–8, 6–9, and 7–10 s; and a 4-s time
window of 4–8, 5–9, and 6–10 s. Then, the temporal features
of fNIRS signals [oxy-Hb], including mean, variance, skewness,
kurtosis, and slope values, were independently evaluated for all
different time windows, 20 channels to create a candidate-feature
pool (Noori et al., 2017).

Feature Selection
For each two-class problem, there were a large number of features
causing overfitting of a classifier constructed from the training
data. In this study, we used the fisher criterion for the feature
selection (Power et al., 2011; Moghimi et al., 2012; Hwang
et al., 2014). The fisher score based on the Fisher criterion was
computed via

FSk =
(µi=1 − µi=2)

2

σi=1 + σi=2

where µ and σ are the mean and variance, respectively, of the
designated class i. The subscript k represents the kth feature
element. Since a higher Fisher score signifies larger separability

Frontiers in Neuroscience | www.frontiersin.org 5 December 2021 | Volume 15 | Article 739706181

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


fnins-15-739706 December 8, 2021 Time: 13:2 # 6

Tian et al. Cerebral Representation Sound Localization fNIRS

between different classes, the best feature subset was generally
constructed by selecting the top j feature sets of dimension
dim = 1 through dim = 20 we considered.

Classification
We evaluated the performance of each subject and the ability
to discriminate between their response of different states using
a linear support vector machine (SVM) with the leave-one-out
cross-validation (LOOCV) method which was commonly used to
classify hemodynamic response (Noori et al., 2017; Hosni et al.,
2020). SVM has been applied to binary distinction problems for
brain machine interfaces (BMIs) and is also widely used for fNIRS
signal analysis. In this study, we used SVM to classify oxy-Hb
waveforms into different attention-of-direction trials. LOOCV
involves one fold per observation (each observation by itself plays
the role of the validation set). The (N-1) observations play the
role of the training set, and refitting of the model can be avoided.
The classification accuracy and mean percentage of observations
correctly classified of the 20 repeated model fittings were then
calculated and taken as the result.

RESULTS

This study aimed to examine the cerebral representation in the
prefrontal and auditory cortices during sound localization tasks
via fNIRS. We extracted two sets of fNIRS data for analysis based
on behavioral results, used a dichotomous classification method
to differentiate the fNIRS signals in different conditions, and
presented them in the form of figure legends, which are presented
below as part of the results of this experiment.

Localization Performance
To determine the performance of the subject’s sound source
localization in this experimental setup, we recorded the subject’s
localization feedback and evaluated it in terms of root mean
square error. In addition, we illustrated the specific behavioral
performance of all subjects by drawing bubble diagrams.

The RMS results of all participants for different levels are
shown in Table 2. Normal-hearing subjects had good sound
source localization with root mean square errors in the range of
0◦–12◦. There were 16 subjects with a 0◦ RMS and nine with a
clear bias. Target–response relationships in two sound levels are
depicted in Figure 1F, illustrating the main behavioral results of
the study. Sixteen subjects exhibited perfect performance with an
accuracy of 100%; some subjects (n = 9/25) failed to identify the
sound source at±90◦, with mainly−90◦ being identified as−60◦
and +90◦ as +60◦. All subjects except two were 100% accurate
for 0◦ and ±30◦ discrimination. Specifically, S14 mistook sound
source 0◦ as −30◦ one time, and S19 mistook sound source
0◦ as 90◦ one time. We accepted this error and assumed that
the participants could successfully identify sound sources from
0◦ and ±30◦. For stimulus levels, there were no statistically
significant differences in RMS results between 48 dB and 58 dB
(Wilcoxon signed-rank test, p = 0.865 > 0.05).

In conclusion, all participants had good performance in the
sound localization task in our experimental apparatus.

TABLE 2 | RMS results of low intensity, high intensity, and all trials.

Subject RMS (low intensity) RMS (high intensity) RMS (all trials)

S1* 0 0 0

S3 6 0 4.24

S11 11.23 11.23 11.23

S14 0 4.24 3

S15 4.24 0 3

S17 6 12.73 9.95

S19 15.30 4.24 11.22

S21 10.39 10.39 10.39

S22 7.35 10.39 8.49

S24 0 4.24 3

*The RMS result of S2, S4, S5, S6, S7, S8, S9, S10, S12, S13, S16, S18, S20,
S23, S25 is same as S1.

Functional Near-Infrared Spectroscopy
Results
In this study, to simplify calculation and analysis, we extracted
fNIRS data in response to the two questions to be addressed.
(1) Does fNIRS detect differences in cortical representations
of human attention to different sound source directions
between −90◦, 0◦, and +90◦, and if so, (2) are there differences
in cortical representations for sound source orientations
between−30◦, 0◦, and +30◦?

Cortex Representation of −90◦, 0◦, and +90◦

Conditions
The feature values of the relative value change of oxy-Hb of all
subjects were calculated using a dichotomous method. The details
of the classification are listed below:

For high intensity: (1) −90◦ versus 0◦, (2) 0◦ versus +90◦,
(3)−90◦ versus +90◦.

For low intensity: (1) −90◦ versus 0◦, (2) 0◦ versus +90◦,
(3)−90◦ versus +90◦.

For the same loudspeaker: (1) high intensity versus low
intensity for −90◦, (2) high intensity versus low intensity for 0◦,
and (3) high intensity versus low intensity for +90◦.

For ipsilateral and contralateral neural ascending: (1)
ipsilateral hemisphere: ROIs of the LH for −90◦ versus
ROIs of the right hemisphere for +90◦ and (2) contralateral
hemisphere: ROIs of the right hemisphere for −90◦ versus ROIs
of the LH for +90.

Lateral and Front Conditions
Table 3 shows the best classification accuracies of each subject
for oxy-Hb responses related to six conditions, including stimuli
from −90◦/0◦ in 48 dB, 0◦/+90◦ in 48 dB, −90◦/+90◦ in
48 dB, −90◦/0◦ in 58 dB, 0◦/+90◦ in 58 dB, and −90◦/+90◦ in
58 dB. Most of the subjects (n = 18/25, 21/25, 23/25, 21/25, 21/25,
19/25, respectively) showed significantly higher classification
accuracies than the marginal classification accuracy of 70%. The
mean classification accuracies of the oxy-Hb features were 70.60,
73.60, 78.60, 73.60, 75.60, and 77.40%, respectively. Although
the classification accuracies of high intensity were higher than
those of low intensity, there was no significant difference
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TABLE 3 | Classification accuracies of each participant using an optimal selected feature set for oxy-Hb response (–90◦/0◦/+90◦).

S1 % S2 % S3 % S4 % S5 % S6 % S7 % S8 % S9 % S10 % S11 % S12 % S13 %

48 dB –90◦/0◦ 80.00 70.00 70.00 75.00 70.00 60.00 75.00 80.00 70.00 60.00 75.00 65.00 75.00

0◦/+90◦ 70.00 80.00 65.00 70.00 75.00 75.00 70.00 70.00 70.00 70.00 75.00 60.00 75.00

–90◦/+90◦ 85.00 70.00 85.00 85.00 85.00 80.00 75.00 65.00 90.00 70.00 70.00 80.00 60.00

58 dB –90◦/0◦ 65.00 85.00 75.00 65.00 65.00 75.00 65.00 85.00 85.00 70.00 70.00 70.00 70.00

0◦/+90◦ 65.00 85.00 75.00 65.00 85.00 65.00 75.00 70.00 75.00 75.00 70.00 70.00 85.00

–90◦/+90◦ 70.00 55.00 75.00 85.00 95.00 85.00 90.00 75.00 65.00 75.00 90.00 65.00 80.00

S14 % S15 % S16 % S17 % S18 % S19 % S20 % S21 % S22 % S23 % S24 % S25 % Mean

48 dB –90◦/0◦ 75.00 80.00 65.00 70.00 75.00 70.00 65.00 60.00 75.00 70.00 70.00 65.00 70.60

0◦/+90◦ 80.00 75.00 65.00 75.00 80.00 85.00 75.00 75.00 90.00 85.00 70.00 60.00 73.60

–90◦/+90◦ 70.00 80.00 80.00 80.00 70.00 85.00 100.00 70.00 90.00 90.00 80.00 70.00 78.60

58 dB –90◦/0◦ 75.00 70.00 70.00 70.00 85.00 70.00 80.00 75.00 80.00 80.00 70.00 70.00 73.60

0◦/+90◦ 85.00 70.00 80.00 85.00 80.00 75.00 75.00 75.00 80.00 90.00 70.00 65.00 75.60

–90◦/+90◦ 75.00 65.00 65.00 90.00 80.00 85.00 100.00 60.00 95.00 75.00 70.00 70.00 77.40

between sound level conditions (one-way ANOVA: −90◦/0◦:
p = 0.091 > 0.05; 0◦/+90◦: p = 0.114 > 0.05; −90◦/+90◦,
p = 0.694 > 0.05).

The grand oxy-Hb responses averaged over all subjects are
shown in Figure 2, with the best feature set of lateral and front
classification with optimal analysis time periods. As shown in
the figure, the optimal feature set of −90◦/0◦ was ROIs 3, 7,
8, 9, 10 in 5−8 s and ROIs 4 and 5 in 4–8 s, while 0◦/+90◦
was for ROIs 1, 2, 4, 5, 8, and 9 in 5–8 s, indicating that the
bilateral non-primary auditory cortex [including Brodmann (BA)
42 auditory-associated cortex, BA22 STG, and BA 40 Wernicke’s
area] executed more use of oxy-Hb for a lateral sound source.
For stimuli from −90◦, we observed a steeper increase of oxy-
Hb in the bilateral BA22, BA42, and BA40 regions of the right
hemisphere. For stimuli from +90◦, a significant difference was
shown in bilateral BA22 and BA42 and BA42 of the LH.

BA9 and BA6 also showed significant differences in our
classification. For stimuli from −90◦, steeper activation patterns
were found in the bilateral BA9. For stimuli from +90◦, a
significant difference was shown in BA9 of the right hemisphere
and BA6 of the LH.

Oxy-Hb change waveform patterns of stimuli from −90◦
and +90◦ are shown in Figure 3A. Significant differences were
observed in BA6, BA9, BA22, and BA42 of the LH and in BA40
and BA42 of the right hemisphere.

Despite the distinct feature type shown in different ROIs, slope
is the most frequently selected feature type during the whole
LOOCV steps over all subjects. As the feature set results of the
two sound levels were not much different, we only presented
the high sound intensity in Figure 2. (Low-intensity results are
shown in Supplementary Figure S1).

Interhemisphere Analysis
In this study, we investigated the difference in spatial tuning
between ROIs in the hemisphere ipsilateral and contralateral
to the stimulated ear. In comparing the modulation of sound
localization cues at the interhemisphere level, the processed
signals of symmetrical hemisphere ROIs on stimuli presented

from −90◦ and +90◦ were then classified using SVM. Figure 3B
shows the grand-average oxy-Hb response recorded for all
subjects with standard errors. Our statistical analysis indicated
significant differences in oxy-Hb changes in the contralateral
brain region BA40 and ipsilateral brain regions BA42 and BA22 to
the stimulated ear. Grand-average oxy-Hb response showed that
the waveform from the−90◦ source reached its peak 2−3 s earlier
than that from the +90◦ source in both BA42 and BA22 ipsilateral
to the stimuli. The kurtosis between the two conditions showed a
significant difference in BA40 contralateral to the stimuli during
the time period of 6–10 s.

Sound Level Conditions
For the sound level, we further calculated the data to clarify
whether this influencing factor affects the results in our
experimental setup. Figure 4 shows the grand-average oxy-Hb
response recorded between two sound levels (48 and 58 dB)
in the −90◦ sound source for 10 ROIs (the results for 0◦ and
+90◦ are shown in Supplementary Figure S2). The classification
accuracies of the oxy-Hb features on each ROI with five feature
types were counted. The average classification accuracy of all
subjects in each ROI was lower than 70% (50.81± 4.63%). As seen
in Figure 4, the grand average oxy-Hb change showed a similar
waveform at the two sound levels, indicating that the cortical
representation of high intensity was not much different than that
of low intensity.

Cortex Representation of −30◦, 0◦, and +30◦

Conditions
To investigate whether there were significant differences in
the cortical representation of −30◦/0◦/30◦ sound sources, we
further calculated the classification accuracy at high and low
sound intensities for sound location of −30◦ and 0◦, 0◦ and
30◦, and −30◦ and 30◦ using the optimally selected feature set
in−90◦/0◦/+90◦.

The classification accuracy statistics for all subjects are shown
in Table 4. The average accuracy for all six classification
questions was below 70%, specifically, 66.60, 68.00, 60.00,
68.60, 65.60, and 63.80% corresponding to −30◦/0◦ (48 dB),
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FIGURE 2 | Grand-averaged [oxy-Hb] responses recorded from different locations in high sound intensity (58 dB) for all ROIs and the optimal selected feature set.
(A) Sound sources from −90◦ and 0◦. (B) Sound sources from +90◦ and 0◦. The stimuli were presented at 0 s, and all subjects started concentrating on the sound
source. The anatomical location diagram of 10 ROIs is shown in the center of the figure. The lines in blue, red, and green represent the sound sources from
−90◦/0◦/+90◦. The selected ROIs with optimal analysis time periods (blue rectangles) and features (shown on the bottom of the blue rectangle) are presented. The
shaded regions indicate the standard errors computed across all subjects for the relative condition.
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FIGURE 3 | Grand-average oxy-Hb response recorded for –90◦ and +90◦ sound sources for all ROIs. (A) ROIs in the right and left hemisphere. (B) Ipsilateral and
contralateral ROI signals of the two conditions. The blue squares on the panel represent time periods in which significant differences in oxy-Hb responses between
signals of symmetrical hemisphere ROIs take place. The shaded regions indicate the standard errors computed across all subjects for the relative condition.
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FIGURE 4 | Grand-average oxy-Hb response recorded between different sound levels in the same sound source for 10 ROIs. The blue line in solid and dashed lines
on the panel represent oxy-Hb responses between high and low intensities at –90◦. The shaded regions indicate the standard errors computed across all subjects
for the relative condition.

TABLE 4 | Classification accuracies of each participant using an optimal selected feature set for oxy-Hb response (–30◦/0◦/+30◦).

S1 % S2 % S3 % S4 % S5 % S6 % S7 % S8 % S9 % S10 % S11 % S12 % S13 %

48 dB –30◦/0◦ 65.00 70.00 80.00 65.00 80.00 70.00 80.00 60.00 80.00 75.00 60.00 70.00 65.00

0◦/+30◦ 75.00 60.00 60.00 65.00 35.00 45.00 70.00 70.00 70.00 85.00 60.00 70.00 80.00

–30◦/+30◦ 65.00 70.00 60.00 60.00 80.00 0.00 70.00 65.00 65.00 65.00 60.00 70.00 60.00

58 dB –30◦/0◦ 65.00 60.00 65.00 75.00 80.00 75.00 80.00 60.00 65.00 65.00 65.00 60.00 65.00

0◦/+30◦ 70.00 80.00 50.00 65.00 70.00 65.00 65.00 65.00 55.00 70.00 70.00 70.00 80.00

–30◦/+30◦ 60.00 65.00 65.00 0.00 65.00 60.00 40.00 60.00 80.00 60.00 80.00 80.00 60.00

S14 % S15 % S16 % S17 % S18 % S19 % S20 % S21 % S22 % S23 % S24 % S25 % Mean

48 dB –30◦/0◦ 70.00 65.00 25.00 65.00 40.00 65.00 70.00 70.00 65.00 70.00 70.00 70.00 66.60

0◦/+30◦ 70.00 90.00 75.00 70.00 65.00 80.00 60.00 65.00 80.00 65.00 65.00 70.00 68.00

–30◦/+30◦ 65.00 60.00 5.00 70.00 75.00 60.00 50.00 70.00 70.00 80.00 60.00 45.00 60.00

58 dB –30◦/0◦ 70.00 65.00 70.00 75.00 75.00 65.00 60.00 75.00 70.00 65.00 70.00 75.00 68.60

0◦/+30◦ 65.00 75.00 70.00 40.00 35.00 85.00 65.00 60.00 70.00 65.00 75.00 60.00 65.60

–30◦/+30◦ 70.00 80.00 65.00 70.00 65.00 75.00 65.00 65.00 80.00 65.00 60.00 60.00 63.80

0◦/+30◦ (48 dB), −30◦/+30◦ (48 dB), −30◦/0◦ (58 dB), 0◦/+30◦
(58 dB), and −30◦/+30◦ (58 dB), which verified that there
were no significant differences in a 30-degrees-of-sound location
change on average.

Grand average concentration change data for sound locations
of −30◦/0◦ are shown in Figure 5. The grand-averaged
oxy-Hb showed similar waveforms under the −30◦ and
0◦ conditions.

DISCUSSION

This study aimed to investigate what difference the cortical
representation was in different sound source localization
tasks via fNIRS. Differentiation in brain responses related to
sound location in 25 subjects was observed. Our experimental
evaluation indicated that the lateral and front sound sources
revealed different neural activity patterns in the AC and dlPFC.
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FIGURE 5 | Grand-averaged [oxy-Hb] responses recorded from different locations (–30◦/0◦) in high sound intensity (58 dB) for all ROIs and the optimally selected
feature set.

Many spatial auditory paradigms have proven successful for
fMRI and EEG studies (Ebisawa et al., 2011; McLaughlin et al.,
2016; van der Heijden et al., 2018). Previous studies using these
auditory paradigms identified cortical activation with different
sound sources. The block design was generated by referencing
the fNIRS and psychophysical experimental methodology. The
presented results show a changing amplitude of the oxy-
Hb response to the various auditory stimulus sound sources,
confirming the feasibility of our experimental design.

Classification Accuracy and Feature Set
Our behavioral data showed that all subjects had 100% accuracy
in identifying the 0◦ source, while some of them had confusion
in −90◦ and +90◦. Although the total trial RMS ranged from
0◦ to 12◦, showing the existence of individual variation in
psychophysical performance, our interpretation tended to base
on the differences in the mental state between individuals. As
shown in Figure 1F, the subjects show a good performance in
our sound localization task.

The SVM classification accuracy pointed to the non-
primary auditory cortex, including Wernicke’s area and STG,
as the structures that showed significant variation in oxy-
Hb contribution with different sound sources. The results
demonstrated that the fNIRS response to lateral and front sound
could be classified with a mean classification accuracy higher
than the acceptable practical standard (>70%). As shown in

Figure 5, both −90◦ and +90◦ sound sources brought about a
steep slope and revealed an increased oxy-Hb response during
5−8 s over the STG and part of Wernicke’s area in the
contralateral hemisphere, while signals for sound from the front
presented a flat curve. Over all of the feature sets selected
from LOOCV, the slope showed statistically higher frequencies
selected among five different feature types, which indicated that
the growth rate of oxy-Hb in different sound sources may
characterize the conditions.

Interestingly, a similar result has been shown over the
dlPFC in the hemisphere ipsilateral to stimulus sources. The
dlPFC is a region most typically associated with higher-level
cognitive functions, including working memory and selective
attention (Fehr and Krajbich, 2014; Sturm et al., 2016).
A previous study indicated that it is possible to causally
influence subjects’ choices by making them less likely to express
social preferences by disrupting this region. Recently, a high-
quality article reviewed and integrated the latest insights from
neurophysiological, neuroimaging, and computational modeling
studies of mammalian spatial hearing. They proposed that the
cortical representation of sound location emerges from recurrent
processing taking place in a dynamic, adaptive network of early
(primary) and higher-order (posterior-dorsal and dorsolateral
prefrontal) auditory regions (van der Heijden et al., 2019). In our
research, different neural activities were observed in the dlPFC
in both hemispheres between −90◦, 0◦, and +90◦, providing
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evidence that this region may be involved in the human selection
of sound source attention.

Cortical Correlations of Sound Level
Several research groups have investigated cortical responses to
auditory stimuli presented with different sound intensities using
different recording techniques (Neuner et al., 2014). Researchers
have found different sound intensity modulations of cortical
responses to binaural stimuli in the middle and lateral primary
auditory cortices, and a linear increase in BOLD signals has
been shown in fMRI studies (Uppenkamp and Rohl, 2014).
Additionally, the volume of the brain-activated area has been
confirmed to be positively correlated with the stimulus level (Rohl
and Uppenkamp, 2012). Since the signals measured by fNIRS
strongly correlate with the fMRI BOLD signal, the same findings
were also found in studies that combined the use of fNIRS
(Langers et al., 2007; Behler and Uppenkamp, 2016; Bauernfeind
et al., 2018; Weder et al., 2020). It has been shown that the
channels overlying the supramarginal and caudal STG evoked a
phasic response, and the antero-STG and Broca’s areas showed a
broad tonic pattern, where a significant effect of sound intensity
level can be observed in early and late time windows, respectively
(Weder et al., 2018).

In a previous study, we were interested in sound localization
cues rather than sound intensity because we used different sound
levels to reduce the monaural effect and check the conformances
of oxy-Hb signal shape in the same sound location. As sound
intensities at different levels were applied in previous studies
from 0 to 100 dB SPL with a gap of approximately 20–30 dB
SPL and an analysis time period from onset to 30 s, the results
established before may not have been visible in our studies. The
sound intensities presented in this study were 48 and 58 dB.
The classification accuracy of the oxyhemoglobin waveforms with
different sound intensities is below 70%. We considered that such
a small difference between sound levels resulted in a marginal
difference in waveforms via fNIRS. However, it can be observed
from the waveform plots that the average waveform peak at 58 dB
is above 48 dB in a tiny degree; we conjecture that if we increase
the stimulus sound intensity difference, the significant difference
between waveforms of sound level will be observed. This might
explain why we did not see differences in the cortex of sound
intensity in our study.

Limitation of the Study
fNIRS recordings of auditory stimulation are challenging due
to the limitation of time resolution and the limited region
we targeted. Since it measures neuronal activity indirectly via
hemodynamic response, the time resolution reaches the second
state, which is a hundred times that in EEG. Previous fMRI
studies showed that the initial bilateral transient signal subserved
rapid sound detection and that the subsequent lateralized
sustained signal subserved detailed sound characterization
(Lehmann et al., 2007), which indicated that the time range
we analyzed may affect the conclusion we obtained. Moreover,
in our study, we used only eight sources and eight detectors
fNIRS systems. The cerebral region we covered was limited,
and whether there were other region participants in the sound

localization activity was unknown. Researchers had applied many
stimulus sounds in sound source localization tasks, including
pure tones, broadband noise, bandpass noise, and speech sounds.
Our study used pink noise in the hope of excluding the effect of
speech comprehension on sound source direction recognition in
cortical representation. In subsequent studies, we will use speech
sound stimuli in complex environments to explore the cortical
representation of sound source recognition from the perspective
of everyday life applications.

While the best discrimination rate in the same classification
among all subjects was 90–95%, the worst was 60–65%. For
each subject, the classification accuracies varied in different
classifications, as shown in Table 3 (accuracy of 65% at −90◦
and 0◦ and 90% at 0◦ and +90◦ at high intensities for S4),
suggesting an individual variation in our classification models.
Since there are many features that may affect the classification,
further development of data preprocessing and algorithms needs
to be optimized to make the system more flexible. It has been
well documented that [deoxy-Hb] responses appear to be more
localized and topographically closer to activated areas (Kaiser
et al., 2014). Therefore, we plan to search for an effective
channel network that combines both oxy-Hb and deoxy-Hb for
discrimination to achieve a high-performance system, perhaps
via classification methods other than SVM.

Although we observed different oxy-Hb response patterns in
the non-primary auditory cortex for sound localization, whether
this representation is the fusion of bilateral loudness perception
and spatial sound perception is not clear. Recent research
has shown that non-primary ACs are the regions involved in
many auditory perceptions, including horizontal sound direction
changes, movement, intensity-independent distance cues, and
separation of multiple sound sources (Ahveninen et al., 2014). It
is a main concern to provide an effective experimental paradigm
for further investigation in spatial cue encoding and functional
specialization. Some scientists pointed that future research
needed experimental setups using real-life, complex sounds in
ecologically valid listening scenes to gain a better understanding
of the full complexity of cortical sound location processing.
Since sound source localization is a high-order processing and
visual information is involved in an important part of the sound
localization activity, a dark room environment was used in this
experiment to avoid the extent of visual information input. The
inclusion of visual information stimuli and attention to the visual,
audiovisual cortex is needed in subsequent studies.

Numerous studies have concentrated on brain function in
transmitting and tuning binaural sound localization cues by
means of neurophysiological methods, EEG, MEG, and fMRI
over the past decade (Zatorre et al., 2004; Krumbholz et al., 2005;
Palomaki et al., 2005). In general, our study only investigated
the availability of fNIRS on sound localization irrespective of
whether ITD and/or ILD were used to produce spatial perception.
Although we observed the cortical representation of different
spatial origins of sounds, it is not known when distinguishing
the location of sound sources to what degree the binaural spatial
cue weighs in our recorded fNIRS signals in the revolved cortex.
Besides, the sound level to the ipsilateral eardrum would be
increased when a sound source is moved from frontal position
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to lateral position because of the sound scattering characteristics
of the head and ear (Liang and Yu, 2020; Liang et al., 2021). Since
none of the alternative methods completely eliminates monaural
level cues, the available neuroimaging studies of ILD processing
all have monaural cues as a potential confound (Ahveninen et al.,
2014). Therefore, further comparison and integration of studies
are needed to obtain cortical activity representations of separate
spatial cues from sound sources.

Outlook
Our study shows that fNIRS is a valid and reliable assessment
tool for sound localization task-associated oxygenated blood.
However, we know that in real life, sound source localization
activities are not just about the directional recognition of
simple sounds. Multidirectional speech perception in noisy
environments and competing speech sounds are also spatial
sound source perceptions. We speculate that future research
on spatial acoustic brain function will be devoted to a better
understanding of sound source localization processing in real-life
complex speech environments.

The application of fNIRS to investigate cross-modal plasticity
and speech processing has been of interest in disabled groups
like cochlear implantation (CI) users in recent years, from
which we have identified the potential of speech development
among children early and timely intervened for treatment.
As the increasing number of binaural cochlear implant users
results in more demands, such as better speech perception in
noise and sound localization ability, understanding the cortical
representation differences between normal people and guiding
and assessing the fitting of bimodal or bilateral CI have been
new issues. Due to the previous fNIRS contributions in speech
perception, we hold the opinion that the cortical perception of
spatial speech sounds will be carried out well off.

We believe that fNIRS holds great potential for growth
and application in the clinic, offering new possibilities for the
functional organization of the brain in the spatial auditory field.

CONCLUSION

This study presented an experimental paradigm for measuring
the cortical representation of sound localization under sound
fields via fNIRS. We investigated the differences in cortical
representations of different sound sources during listening tasks
via fNIRS. The main waveform patterns of oxy-Hb demonstrated
that the front and lateral sound sources extracted different neural
activity in non-primary AC and dlPFC.

Taken together, our findings suggested that fNIRS could detect
differences in cortical representations of sound source directions

from the lateral and the front, providing evidence for the cerebral
activation patterns of spatial hearing.
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An association between age-related hearing loss (ARHL) and Alzheimer’s Disease (AD)

has been widely reported. However, the nature of this relationship remains poorly

understood. Quantification of hearing loss as it relates to AD is imperative for the

creation of reliable, hearing-related biomarkers for earlier diagnosis and development

of ARHL treatments that may slow the progression of AD. Previous studies that have

measured the association between peripheral hearing function and AD have yielded

mixed results. Most of these studies have been small and underpowered to reveal an

association. Therefore, in the current report, we sought to estimate the degree to which

AD patients have impaired hearing by performing a meta-analysis to increase statistical

power. We reviewed 248 published studies that quantified peripheral hearing function

using pure-tone audiometry for subjects with AD. Six studies, with a combined total of

171 subjects with AD compared to 222 age-matched controls, met inclusion criteria.

We found a statistically significant increase in hearing threshold as measured by pure

tone audiometry for subjects with AD compared to controls. For a three-frequency pure

tone average calculated for air conduction thresholds at 500–1,000–2,000Hz (0.5–2 kHz

PTA), an increase of 2.3 decibel hearing level (dB HL) was found in subjects with AD

compared to controls (p = 0.001). Likewise, for a four-frequency pure tone average

calculated at 500–1,000–2,000–4,000 (0.5–4 kHz PTA), an increase of 4.5 dB HL was

measured (p = 0.002), and this increase was significantly greater than that seen for

0.5–2 kHz PTA. There was no difference in the average age of the control and AD

subjects. These data confirm the presence of poorer hearing ability in AD subjects,

provided a quantitative estimate of the magnitude of hearing loss, and suggest that the

magnitude of the effect is greater at higher sound frequencies.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/, identifier:

CRD42021288280.

Keywords: pure-tone audiogram, Alzheimer’s disease, age-related hearing loss, dementia, peripheral hearing,
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INTRODUCTION

As the sixth leading cause of death in the United States,
Alzheimer’s disease (AD) affects nearly 6.2 million Americans
(Alzheimer’s Association., 2021). Projections of the aging
population show a steep increase in this number to roughly
13.8 million by the year 2060 (Alzheimer’s Association., 2021).
The hallmark of AD is loss of episodic memory (McKhann
et al., 2011). Over time, both increasing aggregation and spread
of hyper-phosphorylated tau and β-amyloid protein throughout
the brain result in memory, visuospatial, executive, personality,
and language deficits (Small, 2000; McKhann et al., 2011;
Reed et al., 2014). Progressive debilitation caused by this
neurodegeneration carries substantial burden related to direct
costs (i.e., hospitalizations, skilled nursing care, home health
care, and hospice) and indirect costs (i.e., caregiver burden
and diminished quality of life) (Burns, 2000; Reed et al., 2014;
Arijita et al., 2017). To date, no cure exists for AD (McKhann
et al., 2011). However, early treatments such as cholinesterase
inhibitors and memantine may be used to slow the progression
of AD symptoms (Anand and Singh, 2013; Sharma, 2019).
Furthermore, lifestyle modifications such as increased aerobic
activity, treatment of comorbid conditions as well as modifiable
risk factors such as ARHL may slow progression of AD and
lessen its impact on individuals and caregivers as secondary
and tertiary prevention strategies (Khalsa, 2015; Hubbard et al.,
2018; Jongsiriyanyong and Limpawattana, 2018; Mattson and
Arumugam, 2018; Bhatti et al., 2020; Gregory et al., 2020).

The link between age-related hearing loss (ARHL) and the

subsequent development AD is increasingly well-documented;

however, the nature of this relationship remains unclear (Gurgel

et al., 2014; Loughrey et al., 2018; Panza et al., 2018; Ray
et al., 2018; Chern and Golub, 2019; Jafari et al., 2019; Ralli
et al., 2019; Mertens et al., 2020; Utoomprurkporn et al., 2020;
Knopke et al., 2021). Current hypotheses postulate that hearing

loss increases cognitive demand and therefore predisposes
individuals to AD neurodegeneration; that hearing loss results
in social isolation which is a risk factor for AD; or that ARHL
is an early clinical feature of AD pathology (Loughrey et al.,
2018; Chern and Golub, 2019; Jafari et al., 2019; Ralli et al.,
2019; Mertens et al., 2020; Utoomprurkporn et al., 2020; Knopke
et al., 2021). Regardless of etiology, diagnosis of ARHL in AD
may be useful since its treatment shows potential for being a
modifiable risk factor to delay disease onset or slow rate of
cognitive impairment (Hubbard et al., 2018; Jafari et al., 2019;
Gregory et al., 2020; Mertens et al., 2020; Utoomprurkporn
et al., 2020). As AD remains incurable, promotion of healthy
lifestyle and reduction of modifiable risk factors remain the
most practical and cost-effective methods of addressing the
disease (Khalsa, 2015; Hubbard et al., 2018; Jongsiriyanyong
and Limpawattana, 2018; Mattson and Arumugam, 2018; Bhatti
et al., 2020; Gregory et al., 2020). To reduce the negative
impacts of ARHL on AD, determination of whether treatment
of peripheral auditory processing, central auditory processing,
or some combination of both, is necessary (Ralli et al., 2019;
Xu et al., 2019; Jayakody et al., 2020; Johnson et al., 2021;
Knopke et al., 2021). Characterization of peripheral and central

hearing ability in patients with AD using a variety of assessment
modalities is crucial for understanding the relationship between
ARHL and AD (Xu et al., 2019; Jayakody et al., 2020). Especially
as the relationship between peripheral and central auditory
processing in relation to AD remains unclear (Swords et al.,
2018). Additionally, this information is necessary to determine
the validity of quantitative measures of hearing ability and
whether these metrics are correlated to other characteristics of
AD (Hubbard et al., 2018).

Despite the many epidemiological studies that suggest a link
between ARHL and the later development of AD (Uhlmann et al.,
1989; Strouse and Hall, 1995; Quaranta et al., 2014; Bidelman
et al., 2017; Haggstrom et al., 2018; Jayakody et al., 2018, 2020;
Panza et al., 2018; Ray et al., 2018; Brewster et al., 2020; Sardone
et al., 2021), fewer cohort studies have found a statistically
significant difference in pure tone hearing thresholds between
AD and control subjects (Wang et al., 2005, 2007; Gimeno-Vilar
and Cervera-Paz, 2010; Idrizbegovic et al., 2011; Lin et al., 2011,
2013; Lodeiro-Fernandez et al., 2015; Villeneuve et al., 2017;
Haggstrom et al., 2018; Hardy et al., 2019). Most of these studies
had small sample sizes and were underpowered when detecting
a difference in hearing thresholds (Wang et al., 2005, 2007;
Gimeno-Vilar and Cervera-Paz, 2010; Idrizbegovic et al., 2011;
Lin et al., 2011, 2013; Lodeiro-Fernandez et al., 2015; Villeneuve
et al., 2017; Haggstrom et al., 2018; Hardy et al., 2019). On
the contrary, greater impairments in audiological measurements
related to central auditory processing, typically assessed using
dichotic hearing tasks or electrophysiologic techniques such
as electroencephalography (EEG), are increasingly reported
(Grimes et al., 1987; Verma et al., 1987; Uhlmann et al., 1989;
Schwartz et al., 1996; Revonsuo et al., 1998; Reeves et al., 1999;
Pekkonen et al., 2001; Ally et al., 2006; Muscoso et al., 2006;
Gates et al., 2008; Kimiskidis and Papaliagkas, 2012; Hsiao et al.,
2014; Kurt et al., 2014; Iliadou et al., 2017; Shahmiri et al.,
2017; Cintra et al., 2018; Morrison et al., 2018; Swords et al.,
2018; Danjou et al., 2019; Mansour et al., 2019; Jafari et al.,
2020; Tarawneh et al., 2021; Wang et al., 2021). Compared to
central auditory processing, peripheral hearing is less expensive
and less invasive to test and treat; therefore examining pooled
data from studies that measure peripheral hearing ability in AD
may provide useful insights (Wang et al., 2005, 2007; Gimeno-
Vilar and Cervera-Paz, 2010; Idrizbegovic et al., 2011; Lin et al.,
2011, 2013; Lodeiro-Fernandez et al., 2015; Villeneuve et al.,
2017; Haggstrom et al., 2018; Hardy et al., 2019). Pure-tone
audiometry is a “gold standard” procedure that is universally used
to objectively measure and classify hearing ability (Wang et al.,
2005, 2007; Gimeno-Vilar and Cervera-Paz, 2010; Idrizbegovic
et al., 2011; Lin et al., 2011, 2013; Lodeiro-Fernandez et al.,
2015; Villeneuve et al., 2017; Haggstrom et al., 2018; Hardy
et al., 2019). PTA uses pure tone stimuli in the range of 250
to 8000Hz to assess air conduction hearing thresholds and
measures the lowest intensity at which tones are perceived at
least 50% of the time (Wang et al., 2005, 2007; Gimeno-Vilar
and Cervera-Paz, 2010; Idrizbegovic et al., 2011; Lin et al.,
2011, 2013; Lodeiro-Fernandez et al., 2015; Shahmiri et al.,
2017; Villeneuve et al., 2017; Haggstrom et al., 2018; Hardy
et al., 2019; Mansour et al., 2019). Unlike other audiologic
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assessments, PTA has been shown to be effective at measuring
hearing ability even in those who are cognitively impaired
(Liberati et al., 2009). The current meta-analysis seeks to use
pooled data collected from published studies identified through
PRISMA guidelines for systematic review, to characterize the
peripheral hearing ability of subjects with AD measured by
pure tone audiometry (Liberati et al., 2009). Quantification
of the degree of hearing loss in AD subjects relative to
normal hearing controls will help to understand the burden of
hearing loss in these patients and to plan interventions that
target ARHL.

METHODS

Search Strategy
A systematic review of literature using PRISMA guidelines was
conducted on studies published prior to August 18th, 2021
using PubMed, Cochrane Library, Web of Science, and Scopus
databases (Liberati et al., 2009). The search strategy was created
with consultation with an expert medical and biomedicine
librarian at the University Library at the University of Illinois—
Urbana, Champaign. The search was implemented by one
searcher (SSK). A non-MeSH search term: “pure tone” AND
“(Alzheimer∗ OR dementia)” resulted in a total of 417 studies;
no languages were excluded. All citations containing information
on author, title, source, and full abstract were exported from
each database as a BibTeX file and uploaded to Mendeley R©

citation manager for preliminary review. Once duplicates were
removed, the abstracts, methods, and results of 248 studies were
individually screened. Off-topic studies were removed first and
the remaining studies were assessed using the inclusion/exclusion
criteria set by this study. This was completed by one rater (SSK)
and repeated by two raters (XMTN and DDW) for validation.

To be included for analysis, articles had to contain full-text
featuring a cohort-study design that involved subjects diagnosed
with AD compared against a control group, both with exclusion
criteria of comorbid hearing disorders or deafness. These studies
had to report pure-tone air conduction measurement pure tone
average or threshold (dB) at a specified frequency (Hz). Studies
that did not meet these criteria were rejected on initial review.
Studies that categorized subjects based on hearing ability or
studied the use of hearing aids or implants were excluded
from this study using the PRISMA 2020 flow protocol for new
systematic reviews of searches conducted in only databases and
registers (Page et al., 2005), and this modified PRISMA flow
diagram was generated using ReviewManager©5.4, a software
developed by Cochrane© Reviews.

Of the 17 studies that met initial inclusion and exclusion
criteria, 11 were excluded on the basis of having unclear
diagnostic methods or criteria to define their AD cohort; 1 of
these was excluded due to statistically significant differences
in age between their AD cohort and control; and 1 study
was excluded for reporting pure-tone measures in medians
and not means. Diagnostic criteria for the AD cohort had
to involve physician assessment of subject medical history,
physical/neurological examination, and neuropsychological
assessment. Studies with more specific criteria for AD cohort

such as the use of NINCDS-ADRDA criteria, neuroimaging,
and cerebrospinal fluid analysis were also included. 6 studies
met criteria for our final analysis including 4 written in English,
1 written in Spanish, and 1 written in simplified Chinese.
The non-English studies were translated into English using
translation software from Google R©. Figure 1 summarizes the
selection process. The methods listed above were conducted by
one searcher/rater (SSK) with consultation with a medical and
biomedicine librarian. These methods were repeated by two
raters (XMTN and DDW) for validation.

Data Extraction
Following the identification of included studies summarized in
Figure 1, full-text PDF articles were downloaded for independent,
in-depth screening by three authors (SSK, RAM, and DAL).
The following information was extracted from each study if
available: author, year published, criteria defining subjects with
AD, total number of subjects with AD, sex ratio of subjects with
AD, mean age with standard deviation, pure-tone audiogram
frequency and/or range of frequencies and associated hearing
threshold linked to ear tested, and neurocognitive testing scores.
Additional metrics were extracted (such as race, ethnicity, highest
level of education attained, etc.), but due to limited reporting they
could not be further analyzed. Due to variation related to the
ear used for pure-tone audiometry (studies reported from left,
right, combined, or better ear), mean thresholds from the “better
ear” were used. These data were also collected for the control
cohort of each study. Data reported as a threshold frequency
(Hz) for a specific pure-tone audiogram frequency or pure-
tone audiogram frequency range was extracted directly onto an
Excel R© spreadsheet. For studies that reported this information
using a 2D graph, WebPlotDigitizer© 4.4 was used to extract
thresholds (Hz) from the y-axis to their corresponding frequency
from the x-axis. All graphs were uniquely calibrated using to
their pre-existing scale without correction. Pure tone audiometry
thresholds were averaged for 500–1,000–2,000Hz (referred to
here as 0.5–2 kHz PTA) and separately for 500–1,000–2,000–
4,000 (referred to here as 0.5–4 kHz PTA).

Risk of Bias
Studies were assessed for potential bias using the Newcastle-
Ottawa criteria for cohort studies by one rater (SSK) (Reeves
et al., 2011; Wells et al., 2013). Each study was assessed
independently in three categories: Selection, Comparability, and
Outcome. Selection criteria assessed the representativeness of
the AD cohort, the control cohort, certainty of diagnosis, and
demonstration that hearing loss was not used to select for or
against inclusion into the study. A maximum of four stars can be
given in this domain. The comparability domain assesses whether
a study controlled for confounding variables such as age, sex, and
other factors. This domain can receive a maximum of one star.
Lastly, the outcome domain, with amaximum score of three stars,
measures studies based on whether independent-blinding was
used and whether follow-up duration was sufficient to measure
outcomes and complete follow-up for all subjects was assessed.
Table 1 summarizes the Newcastle-Ottawa scores for each study
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FIGURE 1 | Flowchart of inclusion and exclusion of studies.

TABLE 1 | Risk of bias scores calculated for included studies using the Newcastle Ottawa Scale for Cohort Studies.

References Selection Comparability Outcome

Newcastle-Ottawa assessment of bias for cohort studies

Gates et al. (1995) ⋆⋆⋆ ⋆ ⋆⋆

Gimeno-Vilar and Cervera-Paz

(2010)

⋆⋆⋆⋆ ⋆ ⋆

Hardy et al. (2019) ⋆⋆⋆ ⋆ ⋆

Idrizbegovic et al. (2011) ⋆⋆⋆⋆ ⋆ ⋆

Wang et al. (2005) ⋆⋆⋆⋆ ⋆ ⋆

Wang et al. (2007) ⋆⋆⋆ ⋆ ⋆

that was included in themeta-analysis. These results were verified
with discussion between two raters (RAM and DAL).

Statistical Analysis
Meta-analysis was conducted in Cochrane© Review’s software,
Review Manager 5.4, and recapitulated in R© to generate figures
used in this paper. A random-effects model was applied for
meta-analysis due to the heterogeneity of methods in each
study. This model was selected over a fixed-effects model
because our study design pooled different independent studies
from a heterogeneous population. Therefore, to allow for the
true effect to vary across subjects due to differences such as
age, gender, race, highest and level of education achieved, we
defined our combined subject populations as a random sample
with a relevant distribution of effects. The combined effect
estimates from our meta-analysis estimates the mean effect in

this distribution instead of assuming that all of the individual
study populations from each study had a single homogenous
true effect size. Aggregate outcome data across the six studies
were continuous in nature and only pooled study means were
used for the data analysis, not individual-level data. We utilized
pooled study means rather than individual level means because
the latter was not publicly available in the published studies that
were included in this study. The summary statistic used in this
meta-analysis was the mean difference. It was assumed that the

variation in standard deviation (SD) between studies reflected

differences in the reliability of the outcome measurements and
not differences in outcome variability in the study populations.

By doing this, studies with a small SD are given relatively higher
weight while studies with larger SD are given relatively smaller
weights. The weight given to each of the 6 studies was determined
by the inverse-variance method to assign a quantitative value
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to how much influence each study has on the overall results of
the meta-analysis. Inverse-variance is determined by taking the
inverse of the variance of the effect estimate for each study (i.e.,
one over the square of its standard error). Therefore, more weight
is given to studies with more precision compared to those with
lower precision. Subgroup analysis was conducted for frequency
ranges of 500–1,000–2,000Hz (0.5–2 kHz PTA) and 500–1,000–
2,000–4,000Hz (0.5–4 kHz PTA). Differences in means between
the AD and control groups were conducted using a two-tailed t-
test with p < 0.05 considered statistically significant. A t-test was
used in this study to examine if hearing threshold was different
among those with AD compared to controls. This analysis was
completed for 0.5–2 kHz PTA and 0.5–4 kHz PTA. The mean
hearing threshold difference between 0.5–2 kHz PTA and 0.5–
4 kHz PTA was determined using an unpaired, two-tail t-test.

RESULTS

A total of six studies, totaling 171 (102 females) subjects with
AD and 222 (135 females) control subjects (healthy aging or
subjective memory complaints), were included in data analysis.
Not all studies reported neurocognitive testing outcomes. For
subjects with AD, only four studies reported mean Mini-
Mental State Examination (MMSE) data, and these scores were
combined as the summary MMSE score. For the control cohort,
only three studies reported mean MMSE data which were
averaged as the collective MMSE score. Average MMSE score
for AD subjects = 19 ± 4.3 (SD), and average MMSE score for
control subjects = 27 ± 2.1 was significantly higher (p < 0.001).
The demographic characteristics for each study included in the
meta-analysis is summarized in Table 2.

Due to the known positive correlation between age and
hearing-loss (Loughrey et al., 2018; Panza et al., 2018; Ray
et al., 2018; Chern and Golub, 2019; Jafari et al., 2019; Ralli
et al., 2019; Mertens et al., 2020; Utoomprurkporn et al., 2020;
Knopke et al., 2021), a pooled, standardized mean age difference
was calculated. Using a random-effects model, a DerSimonian-
Laird meta-analysis for mean age difference across all studies
was conducted. This analysis, which weighted studies based on
standard-deviation, showed that the aggregated AD cohort had
a mean increase in 0.70 years compared to their respective
control cohort. This difference was not statistically significant (p
= 0.292).

Five studies reported three frequency pure tone audiometry
calculated for air conduction thresholds at 500, 1,000, and
2,000Hz (0.5–2 kHz PTA). The meta-analysis of their means
showed that the AD cohort had a 2.3 decibel hearing level
(dB HL) higher compared to the control cohort (p < 0.001).
Figure 2 summarizes the findings of the meta-analysis conducted
for hearing threshold (dB HL) averaged at 0.5–2 kHz PTA.

Six studies reported pure tone audiometry calculated for air
conduction thresholds at 500, 1,000, 2,000, and 4,000Hz (0.5–
4 kHz PTA). The meta-analysis of their means showed that the
AD cohort had a 4.5 decibel hearing level (dB HL) higher
compared to the control cohort (p< 0.002). Figure 3 summarizes
the findings of the meta-analysis conducted for hearing threshold

(dB HL) at 0.5–24Hz PTA. Using an unpaired t-test, the mean
difference between hearing threshold for 0.5–2 kHz PTA and 0.5–
4 kHz PTA was−2.66 dB (t= 22.849, df= 326, standard error of
difference= 0.116, p < 0.001).

DISCUSSION

We observed a statistically significant increase in hearing
thresholds, measured by pure tone audiometry at frequency
ranges from 0.5 to 2 kHz (2.3 dB difference) and 0.5–4 kHz
(4.5 dB difference), in subjects with AD compared to similar-
aged controls. We found the difference in hearing thresholds
at these two frequency ranges to be statistically significant
where hearing threshold measured at 0.5–4 kHz PTA was greater
by 2.66 dB than thresholds measured using 0.5–2 kHz PTA.
These data suggest that AD is associated with an up to 4.5
dB hearing loss in frequencies associated with normal speech
communication and that the loss of hearing is increased at
higher frequencies.

Limitations of the Current Study
The methodology of this study was limited having a sole searcher
(SSK) to identify potential studies to be included in the meta-
analysis. Although the search methods were repeated by two
other independent raters for verification (XMTN and DDW),
having an initial search conducted by one individual may have
introduced selection bias to this study. This meta-analysis was
further limited by the small number of studies that met eligibility
criteria. Several studies were excluded as they did not characterize
AD specifically. In addition, few studies quantified peripheral
hearing ability using pure tone audiometry thresholds at specific
frequencies. Third, included studies were heterogeneous in their
methods and reported outcomes that limited analysis to a small
number of shared outcomes. Important subject characteristics
such as highest level of education received, pre-retirement
occupation, race, ethnicity, socio-economic status, medications
taken, number and type of co-morbid conditions, number of
years from initial diagnosis, and many other factors that could
account for differences between groups was not reported in
the majority of studies and therefore could not be analyzed
in our meta-analysis. Moreover, history of noise exposure was
not reported in any of the 6 studies used for this analysis.
However, all 6 studies excluded subjects on the basis of hearing
disorder diagnosis and deafness. Additionally, included studies
varied in their definition of AD and their control population
(i.e., some studies used a healthy-aging cohort while others
used subjects with subjective memory complaints). However,
despite these limitations which would be expected to dilute
the impact of AD on hearing loss, we observed a statistically-
significant increase in hearing threshold in AD subjects. Due
to the aforementioned heterogeneity of reported results and
lack of reported results in each individual study included in
this analysis, it is possible that variables other than age and
dementia impacted the difference in hearing ability of subjects
with AD vs. controls. Although we sought to identify the
potential for publication bias using the Newcastle Ottawa scale,
we acknowledge that each study included in this meta-analysis
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TABLE 2 | Demographics from each included study for subjects with Alzheimer’s disease and control subjects.

References Alzheimer’s disease cohort Control (Normal/SMC) cohort

Number of subjects

(female)

Mean age ± SD

(years)

Mean MMSE ± SD Number of subjects

(female)

Mean age ± SD

(years)

Mean MMSE ±

SD

Gates et al. (1995) 20 (10) 78.3 ± 6.5 N/A 40 (23) 76.5 ± 7.5 N/A

Gimeno-Vilar and

Cervera-Paz (2010)

14 (9) 79.0 ± 6.0 N/A 14 (9) 76.0 ± 5.0 N/A

Hardy et al. (2019) 20 (9) 69.4 ± 8.1 18.6 ± 5.9 34 (15) 66.7 ± 6.3 N/A

Idrizbegovic et al. (2011) 43 (23) 64.3 ± 6.4 24.5 ± 4.8 34 (22) 64.0 ± 5.1 29.0 ± 1.0

Wang et al. (2005) 31 (10) 73.1 ± 7.5 15.0 ± 3.6 50 (33) 73.3 ± 6.6 26.2 ± 2.7

Wang et al. (2007) 43 (13) 72.7 ± 6.4 17.9 ± 3.1 50 (33) 73.3 ± 6.6 26.3 ± 2.5

FIGURE 2 | Forest plot summarizing meta-analysis findings of hearing threshold (dB HL) difference between subjects with Alzheimer’s disease and control subjects at

0.5–2 kHz PTA.

featured an individual positive correlation between hearing loss
and AD, which combined provided a pooled positive correlation.
We cannot ignore the propensity of studies to report only positive
findings, and therefore, we acknowledge that our meta-analysis
may not have captured studies with negative findings on the
relationship between hearing loss and AD, as no such studies
were found in our search.

There were 11 studies that were excluded from this meta-
analysis due to the criteria established in the Methods section
(Gates et al., 2008; Lodeiro-Fernandez et al., 2015; Bidelman et al.,
2017; Villeneuve et al., 2017; Jayakody et al., 2018; Gyanwali
et al., 2020; Sardone et al., 2020, 2021; Utoomprurkporn
et al., 2020; Aylward et al., 2021; Jung et al., 2021). Of

these, all but one demonstrated findings of subjects with
dementia having increased hearing thresholds (i.e., hearing
impairment) compared to controls; however, the findings of
Haggstrom et al. (2018) could not be used in our analysis
as they reported threshold hearing loss as median-values and
not mean-values. Overall, the trend of increased hearing loss
in subjects with dementia compared to controls was present
in both included and excluded studies, supporting both the
findings of this meta-analysis and current literature (Loughrey
et al., 2018; Panza et al., 2018; Ray et al., 2018; Chern and
Golub, 2019; Jafari et al., 2019; Ralli et al., 2019; Mertens
et al., 2020; Utoomprurkporn et al., 2020; Knopke et al.,
2021).
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FIGURE 3 | Forest plot summarizing meta-analysis findings of hearing threshold (dB HL) difference between subjects with Alzheimer’s disease and control subjects at

0.5–4 kHz PTA.

The shortcomings outlined above illustrate the importance
of better characterizing peripheral hearing ability in subjects
with AD compared to healthy-aging controls. Further work
should characterize peripheral hearing ability using pure-tone
audiometry in individuals diagnosed with clearly defined criteria
for AD relative to cognitively normal age-, sex-, and education-
matched controls. The findings of peripheral hearing assessment
in such studies should be compared to measures of central
auditory processing by carefully considering factors such as years
since diagnosis, co-morbid factors, and cognitive factors such as
global cognitive function, verbal language comprehension. This
approach will serve to not only improve our understanding of the
correlation between ARHL and AD, but also determine targets
for early intervention to slow the progression of AD.

Implications of This Study in Relation to
Previous Work
A large number of epidemiological studies have reported a
relationship between ARHL and the later development of
cognitive impairment. In a systematic review of 17 articles,
Thomson et al. found pure-tone audiometry to be the most
commonly reported method of quantifying ARHL in patients
with dementia; in each of the studies they analyzed, all
demonstrated an association between hearing loss and increased
incidence of dementia (Thomson et al., 2017). Similarly, a meta-
analysis conducted by Taljaard et al. (2015) showed reduced

cognitive function in subjects with untreated hearing loss with
the degree of cognitive function positively correlated to the
degree of hearing impairment (Taljaard et al., 2015). Several
prospective studies have also demonstrated risk of incident
dementia increasing with worsening hearing loss measured by
pure tone audiometry (Wang et al., 2005, 2007; Gimeno-Vilar
and Cervera-Paz, 2010; Idrizbegovic et al., 2011; Lin et al., 2011,
2013; Lodeiro-Fernandez et al., 2015; Bidelman et al., 2017;
Villeneuve et al., 2017; Haggstrom et al., 2018; Hardy et al.,
2019; Chern et al., 2021). Although the underlying mechanism
for this relationship remains unclear, reduction of peripheral
hearing ability has been correlated to increased beta-amyloid
deposition (Ray et al., 2018; Chern et al., 2021) and cortical
thinning of the left frontal, right temporal, and bilateral occipital
regions of the brain which suggests an important relationship
between peripheral hearing and central processing in relationship
to neuropathology (Uhlmann et al., 1989; Iliadou et al., 2017; Ha
et al., 2020).

Conversely, some studies have not observed a correlation
between ARHL and AD. For example, a meta-analysis conducted
on 36 studies found that ARHL quantified by pure-tone
audiometry was associated with cognitive impairment in general,
but this association was not found between peripheral hearing
loss and specifically for AD (Loughrey et al., 2018). The authors
mention that smaller small size may have contributed to this
insignificant association. Additionally, the relationship between
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peripheral ARHL and AD is complicated by the interactions
of the peripheral and central auditory systems (Panza et al.,
2018). Although the field of audiology often refers to PTA
as a method of quantifying peripheral hearing ability, it is
undeniable that auditory sensation, processing, and perception
requires conductive, sensorineural, and central processing which
is described in depth by authors of this study in their previous
work (Swords et al., 2018). However, following the convention
of previous audiologic studies of AD subjects, we refer to PTA
as a metric of predominantly peripheral hearing. Therefore,
to elucidate the relationship between peripheral and central
auditory perception in relation to AD, PTA should be used to
assess hearing ability alongside methods that quantify central
auditory processing such as auditory evoked potentials.

In the current study a relatively small increase in threshold
(2.3–4.5 dB HL) was observed in the AD cohort relative to
control. Although the clinical significance of this magnitude of
difference is not yet known, it is important to note that this
degree of hearing loss roughly corresponds to the thresholds
for detecting amplitude modulations in sounds (Scheider and
Pichora-Fuller, 2001). Loss of amplitude modulation detection
may lead to deficits in speech perception in AD (Page et al., 2005),
which may contribute to the well-documented deficits in central
auditory processing in AD (Swords et al., 2018).

CONCLUSION

To our knowledge, this is the first meta-analysis providing
quantification of peripheral hearing loss measured by pure
tone audiometry for subjects with AD compared to age-
matched controls. Our findings suggest that subjects with AD
have higher hearing thresholds at 0.5–2 kHz PTA and 0.5–
4 kHz PTA compared to age-matched controls. This finding is
supported by current literature from epidemiological studies
on the relation of ARHL and AD. Our meta-analysis suggests
that in future studies peripheral hearing should be better
characterized in AD cohorts compared to age-matched controls
accurately estimate the contributions of peripheral hearing
loss to cognitive impairment. In addition, to use peripheral
hearing loss in AD as a modifiable risk factor, assessing hearing
ability using pure-tone audiometry on a routine basis would be

critical. Additionally, analyses comparing pure tone audiometry

measurements to other characteristics associated with AD may
yield improved understanding on the effects of peripheral
hearing in AD and elucidate effects of confounding variables
that could not be analyzed in this study. Lastly, to characterize
the pathophysiologic relationship between age-related hearing
loss and AD, future studies should utilize pure-tone audiometry
alongside other audiologic and neurophysiologic measures of
peripheral and central hearing.
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Age-related hearing loss (ARHL) may limit communication, which is closely associated
with cognitive decline of the elderly and negatively affects their quality of life. In ARHL
patients who suffer chronic otitis media (COM), hearing impairment may worsen and
negatively affect the cognition and quality of life. It is currently unknown whether
restoration of the conductive hearing in the mixed hearing loss through middle ear
surgeries can improve both the cognitive function and quality of life of the ARHL patients.
Therefore, in the present study, the ARHL patients were followed up for 6 months after
middle ear surgeries for COM, and both the cognitive functions and quality of life of
the patients were assessed using Montreal Cognitive Assessment and Glasgow Benefit
Inventory. It was found that both the cognitive functions and quality of life were improved
6 months after middle ear surgeries. In conclusion, hearing recovery after middle ear
surgeries could improve cognitive functions and quality of life of ARHL patients with
COM, and surgical intervention is, hence, recommended for COM.

Keywords: middle ear surgeries, chronic otitis media, age-related hearing loss, cognition functions, quality of life

INTRODUCTION

With global aging, the number of age-related diseases is increasing. According to the WHO,
hearing loss is the second cause of disability throughout the world, over 42% of which is age-
related hearing loss (ARHL) (WHO, Deafness and hearing loss, 2021). ARHL, which is also called
presbycusis and characterized by progressive bilateral, symmetrical, sensorineural hearing loss,
may limit communication and has a close relationship with cognitive decline and even dementia
(Fortunato et al., 2016; Griffiths et al., 2020), negatively affecting the quality of life. However, the
exact mechanisms related to the relationship between hearing loss and cognitive impairment are
still unclear. One of the mechanisms is that the impoverished environment caused by auditory
deprivation can negatively change brain structure and function, leading to cognitive impairment
(Peelle et al., 2011; Mamo et al., 2019; Griffiths et al., 2020; Häggström et al., 2020).

To date, the treatment of hearing impairment in senile population is hearing aids and cochlear
implantation. Cochlear implantation is indicated for patients with severe to profound sensorineural
hearing loss who cannot benefit from hearing aids (Clark et al., 2012). Moreover, among the elderly
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with hearing impairment who are indicated for hearing aid
intervention, two thirds did not wear hearing aids (Fischer et al.,
2011). According to the Global Burden of Disease in 2019, over
65% of the elderly aged above 60 years experienced hearing
impairment. Furthermore, it has been shown that the prevalence
of chronic otitis media (COM) is 10.5% in China in those aged
more than 60 years (Ren and Chen, 2016). In the meantime,
many old people with presbycusis may also suffer from COM that
can ultimately result in mixed hearing loss (i.e., combination of
conductive hearing loss and presbycusis), which makes hearing of
the elderly much worse. In ARHL patients who also suffer COM,
they mainly present with symptoms of hearing loss, recurrent
otorrhea, and tinnitus, and it may be more inconvenient to
wear hearing aids, especially when otorrhea occurs. Under both
ARHL and COM, the hearing impairment may worsen, and thus,
negatively affect the cognition and quality of life.

However, it is currently unknown whether correction of the
conductive hearing in the mixed hearing loss through middle ear
surgeries can improve both the cognitive function and quality of
life of the ARHL patients.

Therefore, the aim of the present study was to investigate
whether middle ear surgeries could improve the cognitive
functions and quality of life in elderly patients who suffered
both ARHL and COM, and to further investigate the
mechanisms related to the relationship between hearing
loss and cognitive impairment.

SUBJECTS AND METHODS

Subjects
Patients aged over 60 years who were diagnosed with both
ARHL and COM and underwent tympanoplasty under general
anesthesia by experienced otologists in our department from
January 2015 to December 2020 were included in this study. The
purpose of the study was explained to the patients, and informed
consents were obtained from all the participants. The protocol
was approved by the Ethics Committee of Beijing Tsinghua
Changgung Hospital.

Exclusion criteria: (1) patients who were not benefited from
middle ear surgeries [i.e., improvement of the hearing thresholds
less than 15 dB or improvement of the maximum speech
discrimination score (SDSmax) less than 10%]; (2) patients who
had moderate, severe, or profound ARHL and are not benefited
from middle ear surgeries; (3) patients who suffered active
COM or were complicated by cholesteatoma; (4) patients who
had history of middle ear surgeries or were combined with
middle ear tumors; (5) patients who had received hearing aids
before; (6) patients who had visual impairment that limited
the cognitive test; and (7) patients who suffered from diseases
that may interfere the cognition or quality of life during the
6-month follow-up after operation, such as cerebrovascular
disease, craniocerebral trauma, schizophrenia, sudden hearing
loss, severe tinnitus, etc.

Patients included in our study were examined by the same
audiologist. Pure tone audiometry (PTA), SDSmax tests, and
temporal bone high-resolution CT (HRCT) were carried out

before operation and 6 months after operation, respectively.
The average hearing threshold was calculated based on all PTA
frequencies at the surgical side. Hearing loss was categorized
based on the classification proposed by the WHO (World report
on hearing, 2021): normal hearing, less than 20 dB HL; mild
hearing loss, 20–35 dB HL; moderate hearing loss, 35–50 dB HL;
moderately severe hearing loss, 50–65 dB; severe hearing loss, 65–
80 dB HL; profound hearing loss, 80–95 dB HL; and complete or
total hearing loss, 95 dB or greater.

Intervention
The continuity of the ossicular chain was checked by temporal
bone HRCT before operation. During operation, we attempted
to preserve the ossicular chain if the mobility was good
(type I tympanoplasty). Ossicular chain reconstruction during
tympanoplasty was performed when the incus was eroded (partial
ossicular replacement prosthesis, PORP) or the stapes was eroded
(total ossicular replacement prosthesis, TORP). Perforation of
the tympanic membrane was repaired using a fascia graft and/or
tragus cartilage.

Outcomes
Cognitive performance was assessed using Montreal Cognitive
Assessment (MoCA), by a separate observer. The MoCA consists
of seven subsections, including Visuospatial/Executive, Naming,
Memory, and Delayed Recall, Attention, Language, Abstraction,
and Orientation. According to the answers, the total score
ranges from 0 to 30.

Quality of life was assessed using Glasgow Benefit Inventory
9. Glasgow Benefit Inventory is a kind of questionnaire covering
18 questions, which addresses changes in quality of life after
operation. The scores for each question range from 1 to 5: 1,
the worst change; 5, the best change; and 3, no change. The
numerical data from the questionnaire were then converted to
a GBI index score ranging from −100 (the worst outcome) to
+100 (the best outcome). GBI consists of three subscales: general
subscale scores, social support scores, and physical health scores.
The Glasgow Benefit Inventory is a systematic review of the use
and value of an otorhinolaryngological generic patient-recorded
outcome measure.

The MoCA assessment was performed before middle ear
surgeries and 6 months after operation, respectively, and the
scores were compared. The GBI assessment was performed
6 months after operation.

Statistics
Quantitative data were expressed as mean ± standard deviation
(SD). The parametric data were compared using the paired t-test,
and p < 0.05 was considered statistically significant. Concerning
multivariate analysis for improvement of the total MoCA scores
and the seven subsection scores, p < 0.025 was considered
statistically significant (one-tailed test). Pearson’s correlation
analysis was performed to determine the correlation between
hearing improvement and MoCA/GBI. SPSS 22.0 program (SPSS
Inc., Chicago, IL, United States) and GraphPad Prism 6.05
software (GraphPad Software, Inc., La Jolla, United States) were
used for statistical analysis.
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RESULTS

Demographic and Treatment of the
Patients
A total number of 29 patients, including 23 females and six males,
were enrolled in the study. The age of the subjects ranged from 60
to 74 years, with a mean age of 65.6± 4.7 years. All patients were
diagnosed with ARHL and COM, and underwent tympanoplasty.
The demographic features and treatments of the subjects are
shown in Table 1.

Surgery Outcomes of the Patients
To intuitively evaluate the surgery outcomes, all patients
underwent temporal bone HRCT before and after operation.
Tympanoplasty in the present study could reconstruct the middle
ear into a normal anatomical structure to the maximum extent
(Figures 1, 2).

The preoperative and postoperative hearing function is shown
in Table 2. The decrease in air–bone–gap (ABG) (dB) at 6 months
after operation was found to be statistically significant (Table 2).

TABLE 1 | Demographics properties and treatment for all patients included.

Demographics properties and treatment for patients

Parameters n

Age in years (mean ± SD) 65.6 ± 4.7

Sex

Female 23

Male 6

ARHL with COM

Right ear 18

Left ear 11

Treatment

Type I tympanoplasty 20

Tympanoplasty with PORP 8

Tympanoplasty with TORP 1

The preoperative and postoperative SDSmax is shown in
Table 3. The improvement in SDSmax at 6 months after
operation was found to be statistically significant (Table 3).

The Preoperative and Postoperative
MoCA Total Scores Were Significantly
Different
The MoCA assessment was performed before operation and
6 months after operation, respectively. The preoperative and
postoperative MoCA total scores and subsection scores were
compared (Table 4). Concerning the total MoCA scores, before
operation, the mean score was 21.9 ± 4.7, and it increased
to 23.9 ± 4.1 at 6 months after operation, with significant
difference (p < 0.0001). As shown in Table 3, of the subsections,
the language capacity was significantly improved (p < 0.0001).
Furthermore, the Visuospatial/Executive, Memory and Delayed
Recall, and Attention were also improved, with p < 0.05.

The multivariate analysis showed that improvement of the
seven subsections at 6 months after operation was included
as an independent variable, and improvement of MoCA
scores was the dependent variable (Table 5). Our results
suggested that all the improvement of Visuospatial/Executive,
Naming, Language, and Abstraction had moderate correlation
with MoCA improvement. Furthermore, improvement of
Visuospatial/Executive, Naming, Language, and Abstraction was
associated with MoCA improvement.

According to the results of paired t-test, it was found that
the subsections of Language and Visuospatial/Executive were
associated with the total MoCA improvement.

The Preoperative and Postoperative
Glasgow Benefit Inventory Scores Were
Significantly Different
The GBI assessment was performed 6 months after operation.
The average benefit at 6 months after operation was found to
be +22.8 ± 16, suggesting that the overall quality of life of the
patients was significantly improved after operation. The three
subscales of GBI were analyzed separately, with general benefit of

FIGURE 1 | Temporal bone high-resolution CT (HRCT) before and after operation. (A) HRCT before operation. (B) HRCT after operation. Perforation of the tympani
membrane (green arrow in A) was repaired using a tragus cartilage (green arrow in B), and the middle ear was reconstructed to a normal anatomical structure to the
maximum extent. Red arrow, external auditory canal; yellow arrow, malleus.
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FIGURE 2 | Endoscopic pictures before and after operation. (A) Endoscopic picture before operation. (B) Endoscopic picture after operation. Perforation of the
tympani membrane (red arrow in A) was repaired using a tragus cartilage (red arrow in B) and healed well. Yellow arrow, lateral process of the malleus.

TABLE 2 | Comparison of PTA preoperation and 6 months postoperation.

Preop (dB) Postop (dB) P

BC threshold 35.1 ± 6.7 34.9 ± 6.3 0.2144

AC threshold 71.3 ± 13.6 41.5 ± 8.3 <0.0001

ABG 36.2 ± 10.9 6.6 ± 4.4 <0.0001

Hearing gain 29.6 ± 8.1

Paired t test. Means ± SD. SD, Standard deviation; BC, bone conduction;
AC, air conduction; ABG, air–bone–gap; Hearing gain, postoperative ABG –
preoperative ABG.

TABLE 3 | Comparison of SDSmax preoperation and 6 months postoperation.

Preop (%) Postop (%) P value

SDSmax 73.9 ± 21.0 94.0 ± 4.8 <0.0001

SDSmax gain 20.1 ± 17.1

Paired t test. Means ± SD. SDSmax gain, postoperative SDSmax – preoperative
SDSmax; Preop, preoperation; Postop, postoperation.

+21.4 ± 21.1, social benefit of 40.8 ± 28.4, and physical benefit
of 10.3± 13.7.

Hearing Improvement Was Correlated
With Cognitive Improvement and
Improvement of Quality of Life
To explore whether cognitive improvement or improvement
of quality of life is correlated with hearing improvement,
Pearson’s correlation analysis was performed. As shown in
Table 4, a significant correlation between hearing improvement
and the increase in MoCA scores was revealed (Table 6).
A correlation between hearing improvement and GBI scores was
also indicated (Table 6).

DISCUSSION

In the present study, it was found that cognitive functions were
improved after tympanoplasty for ARHL and COM. ARHL is

a highly prevalent disability in later life, affecting the cognitive
capacity of the elderly and even leading to dementia, which has
posed a serious threat to quality of life (Griffiths et al., 2020).
Furthermore, when ARHL is combined with COM, hearing
of the patients will be worse, and it is quite inconvenient to
wear hearing aids.

Although tympanoplasty and hearing aids can both improve
hearing, they are quite different from each other. Fischer
et al. (2011) found that nearly two-thirds of the hearing loss
patients did not wear hearing aids because of discomfort,
cost, inconvenience, etc (van den Brink et al., 1996; Meyer
and Hickson, 2012). Tympanoplasty conducted in the present
study not only reconstructed the middle ear to a normal
anatomical structure to the maximum extent but also relieved the
discomfort, such as otorrhea and tinnitus. Whether hearing aids
can positively influence cognitive functions of the elderly with
hearing impairment is a mooting question. Mulrow et al. (1990)
evaluated the cognitive performance of 188 hearing loss patients
who received hearing aids or not. During a 4-month follow-
up, it was concluded that cognitive functions were significantly
improved in patients receiving hearing aids compared with those
assigned to the waiting list (Mulrow et al., 1990). However, in
a multicenter double-blind randomized placebo-controlled trial
conducted by Nguyen et al. (2017), 51 hearing loss patients
with Alzheimer’s disease (AD) were followed up for 6 months
to determine the cognitive benefit of hearing aids. The change
from baseline of the Alzheimer’s Disease Assessment Scale—
Cognitive subscale was assessed, and it was found that cognitive
functions were not improved by hearing aids (Nguyen et al.,
2017). Although many studies have proven that hearing loss
is associated with cognitive decline, it is difficult to obtain a
consistent relationship between the use of hearing aids and
cognitive improvement in ARHL patients. Nevertheless, the
results of our study may explain this paradox.

In the current study, after a 6-month follow-up, it was found
that the cognitive functions, especially the language capacity,
were significantly improved in the ARHL patients with COM
after tympanoplasty. The main difference between hearing aids
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TABLE 4 | Comparison between preop and postop MoCA scores.

Preop Postop P value P value summary

Total 21.9 ± 4.7 23.9 ± 4.1 <0.0001 ****

Visuospatial/Executive 2.9 ± 1.3 3.1 ± 1.2 0.0116 *

Naming 2.4 ± 0.6 2.5 ± 0.6 0.0831 ns

Memory and delayed recall 2.8 ± 1.3 3.1 ± 1.4 0.0173 *

Attention 5.2 ± 1.2 5.3 ± 1.0 0.0433 *

Language 1.9 ± 0.6 2.7 ± 0.5 <0.0001 ****

Abstraction 1.1 ± 0.6 1.2 ± 0.7 0.1609 ns

Orientation 5.8 ± 0.5 5.9 ± 0.3 0.1609 ns

Means ± SD, *P < 0.05, ****P < 0.0001, paired t test.

TABLE 5 | Multivariate analysis for improvement of the total MoCA scores and the
seven subsection scores.

Multivariate analysis

Pearson correlation (r) P value (one-tailed)

Visuospatial/
Executive gain

0.4838 0.0039

Naming gain 0.4475 0.0075

Memory and
delayed recall
gain

0.2052 0.1428

Attention gain 0.2604 0.0862

Language gain 0.4080 0.0140

Abstraction
gain

0.5399 0.0013

Orientation gain 0.2376 0.1073

The improvement of the seven subsections 6 months after operation were included
as independent variables, and improvement of MoCA scores was the dependent
variable. Subsections gain (Visuospatial/Executive gain, Naming gain, Memory and
Delayed recall gain, Attention gain, Language gain, Abstraction gain, Orientation
gain): postoperative subsection score – preoperative subsection score. p < 0.025
was considered statistically significant (one tail test).

TABLE 6 | Correlation coefficients between hearing improvement and cognitive
improvement/quality of life improvement in the present study.

Correlation coefficient (r)

MoCA gain GBI scores

Hearing gain 0.546 0.603

SDSmax gain 0.760 0.840

Pearson’s correlation analysis. Hearing gain, postoperative ABG-preoperative
ABG; SDSmax gain, postoperative SDSmax – preoperative SDSmax; MoCA gain,
postoperative total MoCA score-preoperative total MoCA score.

and surgeries is that hearing improvement is lasting for the
patients receiving surgeries, while it is discontinuous for hearing
aid users (Fischer et al., 2011). Until now, the underlying
mechanisms related to hearing loss and cognitive decline are
unclear, and there are various hypotheses (Lin and Albert, 2014;
Fulton et al., 2015; Wayne and Johnsrude, 2015; Stahl, 2017),
such as cognitive load hypothesis, common cause hypothesis, and
cascade hypothesis. Our study supports the cascade hypothesis
(Uchida et al., 2019). The cascade hypothesis pointed out that the
impoverished auditory signals can cause brain neuropathological
alterations (Xie, 2016; Park et al., 2018); thus, constant hearing

input is necessary for hearing loss patients to maintain or
restore cognitive functions. In our study, by surgeries, the
hearing stimulations are lasting for the patients, and thus, the
cognition functions are significantly improved. However, the
cognitive benefit is uncertain for hearing aid users because of the
discontinuous hearing improvement. The same explanation may
also apply to cochlear implantation, in which the hearing signals
are discontinued while resting or swimming.

Furthermore, we also assessed the quality of life of the
patients at 6 months after operation by Glasgow Benefit
Inventory, a well-established validated questionnaire used
to measure the results of surgical interventions. GBI is
widely used to assess the QoL of the patients after ENT
surgeries with good reliability. Furthermore, GBI, Chinese
version, has also been evaluated by Yang et al. (2020), with
good validity and reliability. Previous studies have shown
that poor social relationships are a risk factor for incident
dementia in later life (Kuiper et al., 2015; Livingston et al.,
2017). In our study, patients showed a significantly positive
benefit after tympanoplasty, with scores of more than +22.8,
especially in social support scores (+40.8 ± 28.4). The results
proved that hearing improvement improved social interactions,
which may prevent cognitive decline (Hsiao et al., 2018;
Qiu and Fratiglioni, 2018).

Therefore, for ARHL patients with COM, active surgical
intervention for COM is recommended because hearing
improvement may result in cognitive improvement and
improvement of quality of life. Because tympanoplasty is
performed under general anesthesia, surgical complications
seem to be the greatest concern. Vartiainen and Karjalainen
(1985) illustrated that no severe complications occurred in the
perioperative period of patients aged 60 years. In our study, there
were also no severe complications found perioperatively.

Although it was found that tympanoplasty could improve
both cognitive functions and quality of life, some limitations
must be considered in the present study. First, the sample
size in the study was relatively small. However, as there
are few similar studies, it adds important knowledge to the
current field. Second, the current research focused on the
relationship between hearing improvement after middle ear
surgeries and cognitive functions/quality of life. The correlation
between relief of other discomforts and cognitive functions,
such as otorrhea and tinnitus, was not studied. In the
future studies, we will conduct COM-specific questionnaires
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(Wang et al., 2003; Yang et al., 2020) on the patients and further
explore the relationships between them.
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