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ABSTRACT

Auditory neuropathy (AN) is a hearing disorder characterized
by disruption of temporal coding of acoustic signals in the auditory nerve
resulting from lesions involving auditory nerve fibers, the inner hair
cells, or their synapses with auditory nerve terminals. Disruption of
auditory nerve discharge underlies both the absence of auditory
brainstem responses (ABRs) and impairment of speech perception.
AN may be related to genetic disorders or result from a wide range of
other etiologies. It can be identified either as an isolated disorder
(isolated AN) or associated with multisystem involvement (non-isolated
AN). Effectiveness and choice of assistive devices depend crucially upon
etiology, site of lesion, and stage of the disease. Cochlear implants
constitute an effective rehabilitative tool able to restore speech percep-
tion in many patients with genetic AN, especially those affected by the
isolated form of the disorder. Some children with isolated AN have
proved to be good hearing aid users, showing satisfactory open-set
speech perception abilities in the aided condition. Over 50% of children
discharged from neonatal intensive care units showing the electrophys-
iological profile of AN (absent ABRs, presence of otoacoustic emis-
sions) benefit from hearing aid use, the provision of amplification
resulting in remarkable improvement in speech perception. It can be
concluded that differences in cochlear implant outcome or hearing aid
use in patients with AN are related to the pathophysiological mech-
anisms underlying alteration of auditory nerve discharge associated with
individual etiologies.
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Learning Outcomes: As a result of this activity, the participant will be able to (1) list the main mechanisms
underlying the alteration of auditory nerve discharge in auditory neuropathy, and (2) compare the benefits of
hearing aid and cochlear implant use for patients with auditory neuropathy.

DEFINITION AND CLASSIFICATION
OF AUDITORY NEUROPATHY
Auditory neuropathy (AN) is a hearing disorder
characterized by disruption of temporal coding
of acoustic signals in auditory nerve fibers
resulting in impairment of auditory perceptions
relying on temporal cues."”? Abnormal dis-
charge of auditory fibers results from lesions
involving the nerve fibers themselves (postsyn-
aptic AN) or the inner hair cells (IHCs) and
their synapses with auditory nerve terminals
(presynaptic AN).! The disruption of auditory
nerve discharge underlies both the absence, or
profound alterations, of auditory brainstem
responses (ABRs) and severe impairment of
speech perception. In contrast, cochlear recep-
tor outer hair cell (OHC) activities are pre-
served. This is indicated by detection of
otoacoustic emissions (OAEs) and by recording
of the cochlear microphonic (CM).13

AN may be congenital or acquired.4’5
Congenital AN affects language development
strictly related to the existence of a sensitive
period that declines with age.6 In this period,
the development of language skills is strictly
dependent on the cortical plasticity processes
and requires an efficient auditory input to be
ztccomplished.6 When the onset of AN is
delayed to childhood or adolescence (acquired
AN), abnormalities of auditory input lead to
severe impairment of speech perception and
eventually progressive deterioration of acquired
language skills.!

Both congenital and acquired forms of AN
may be underlain by genetic disorders or result
from a wide range of other etiologies (infec-
tious, toxic-metabolic, immunologic).“’5 Nev-
ertheless, no etiologic factors can be identified
in about half of patients.l All forms of the
disorder may be present in isolation (isolated
AN) or associated with multisystem involve-
ment including peripheral and/or optic neurop-
athies (non-isolated AN).> Table 1 reports the
genetic disorders that have so far been associat-
ed with AN.” Genes and loci implicated in the
pathogenesis of the disorder with the corre-

sponding phenotypes are indicated. Both pre-
synaptic and postsynaptic mechanisms have
been hypothesized for isolated forms whereas
non-isolated AN is always considered as un-
derlain by postsynaptic lesion.”

AN occurs in all age groups and reported
prevalence varies from 1 to 10%." The high
degree of variability may reflect the inclusion in
some studies of patients showing the
electrophysiological profile of “absent ABR
and presence of OAEs,” which is not specific
to AN. For instance, in some neonates dis-
charged from neonatal intensive care units
(NICUs) who show absent ABRs and presence
of OAEs at newborn hearing screening, ABR
abnormalities may reflect delayed maturation of
both brainstem and auditory nerve generators.5
On the other hand, some hearing disorders
underlying AN might not have been included
in prevalence estimates because identification of
the AN picture may require several further tests
to be performed in addition to hearing thresh-
old estimation and these are not invariably
included in routine diagnosis.

Clinical criteria for diagnosis include im-
pairment of speech perception beyond that
expected for the hearing loss, absence or marked
abnormality of ABRs, and preservation of
OHC activities (OAEs and/or CM).>* Never-
theless, some patients with AN may show
normal hearing thresholds’” and impairment
of speech perception is apparent only in the
presence of noise.? In these subjects the evalua-
tion of speech perception in noise and psycho-
acoustical testing (gap detection, frequency
discrimination) are mandatory.

Decrease in auditory input and alterations
in temporal coding of acoustic signals underlie
both ABR abnormalities and impairment of
speech perception. Both presynaptic AN and
postsynaptic AN lead to reduced auditory input,
impairment of spike initiation, and slowing in
conduction velocity in auditory fibers, all re-
sulting in disruption of auditory nerve dis-
charge. No information regarding cochlear
nerve and hair cell activities are available
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Table 1 Genes and Loci Implicated in the Pathogenesis of AN with Corresponding Phenotypes

Locus Gene Transmission Phenotype Reference
Isolated AN
2p23-p22 OTOF Recessive Congenital profound  Varga, 2003°®
deafness
2031.1-g31.3 PJVK Recessive Congenital profound Delmaghani, 2006%¢
deafness
13021-024 DIAPH3 Dominant Schoen, 2010°7
mtDNA 12S rRNA Moderate deafness Wang, 2005°¢
Non-isolated
AN
CMT 1A 17p11.2-p12 PMP22 Dominant Mild/severe deafness; Kovach, 2002%°
demyelinating
neuropathy
CMT 1B 1922 MPZ Dominant Mild/severe deafness;  Starr, 2003'2
demyelinating
neuropathy
CMT 2E 8p21 NF-L Dominant Normal hearing; Butinar, 2008
axonal neuropathy
CMT 4D 8q24.3 NDRG1 Recessive Mild/severe Kalaydijeva, 2000*°
deafness; axonal/
demyelinating
neuropathy
CMT 1p34 GJB3 (Cx31) Dominant Mild deafness Lopez-Bigas, 20014’
CMT 1X Xp13 GJB1(Cx32)  X-linked, Demyelinating Bahr, 1999%?
dominant neuropathy
ADOA 3028-g29 OPAT (R445H) Dominant Optic neuropathy; Amati-Bonneau,
moderate deafness 2005
AROA 11914.1-11922.3 TMEM126A  Recessive Optic neuropathy; Mevyer, 2010*
mild hearing loss
Friedreich 9913 FXN Recessive Ataxia; axonal neuropa- Rance et al, 2008
thy; optic neuropathy;
cardiomyopathy; normal
hearing threshold/mild
deafness
AUNX1 X023-027.3 X-linked, Sensory axonal Wang et al, 2006*°
recessive neuropathy; mild/
severe deafness
DDON Xq22.1 TIMMB8A X-linked, Progressive deafness; Bahmad, 2007*
(Mohr-Traneb.) recessive dystonia, optic neuropa-
thy; dementia
LHON mtDNA MTDN4 Optic neuropathy; Ceranic and
(Leber) mild/moderate Luxon, 20048

deafness

Abbreviation: AN, auditory neuropathy.

through ABR recordings due to the low signal-
to-noise ratio. Abnormal discharge of auditory
nerve fibers may be identified through trans-
tympanic electrocochleography (ECochG) re-

cording, which has been proposed to define the
features of both receptor (summating potential
[SP], CM) and auditory nerve potentials (com-
pound action potential [CAP]) in AN
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Figure 1 Electrocochleography (ECochG) potentials obtained from one normally hearing child (left side) and
one patient with auditory neuropathy (AN) (right side). The responses collected from the normally hearing ear
show the compound action potential (CAP) at decreasing stimulation intensities from 120 to 60 dB peak
equivalent sound pressure level (p.e. SPL); the maximum stimulus intensity used in our laboratory is 120 dB
p.e. SPL corresponding to 90 dB normalized Hearing Level (nHL). The summating potential (SP) is identifiable
as a rapid negative potential preceding the CAP at intensities from 120 to 80 dB p.e. SPL. The most common
pattern of ECochG response observed in patients with AN consists of a prolonged low-amplitude negative
deflection showing no separation between SP and CAP. Note the decrease in amplitude and the broadening
in duration of the negative potential recorded from the subject with AN compared to the CAP obtained from

the normal ear.

CMs are recorded from patients with AN
with normal or enhanced zlmplitude.8 This
finding supports the hypothesis of normal
functioning of OHC:s, at least at an early stage
of the disease. After CM cancellation, the
ECochG response recorded from the majority
of patients with AN consists of a prolonged
low-amplitude negative potential showing no
separation between SP and CAP. An example is
reported in Fig. 1, which shows the ECochG
recordings obtained at various stimulation in-
tensities from one patient with AN underlain by
Charcot-Marie-Tooth disease together with
the responses recorded from one normally

hearing ear. The ECochG response found in

the normally hearing ear, which consists of a
rapid negative SP followed by a straight CAP, is
replaced in the patient with AN by a low-
amplitude negative wave that appears remark-
ably prolonged in duration.

The prolonged negative potentials re-
corded from patients with AN result from
reduced auditory input and dispersed activation
of auditory nerve fibers.® According to identifi-
cation of a small CAP component superim-
posed on the prolonged activity at high-
stimulation intensity and to effects of adapta-
tion induced by high-rate stimuli, three pat-
terns of ECochG responses have been
recognized in patients with AN possibly related
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to different mechanisms and sites of lesion.®

These findings may help to shed light on the
pathophysiological mechanisms underlying the
alteration of auditory nerve discharge in AN.
Moreover, the identification of abnormal
ECochG patterns may provide crucial informa-
tion in patients for whom the diagnosis of AN is
not straightforward. Indeed, OAEs are absent
in over one-third of patients on re'ces’cing,1
whereas speech perception as evaluated in quiet
environments has been reported to be compa-
rable to that of normally hearing listeners in
some AN subjects.”

ETIOLOGY AND
PATHOPHYSIOLOGICAL
MECHANISMS: IMPLICATIONS FOR
USE OF ASSISTIVE DEVICES

In the healthy cochlea, temporal precision of
acoustic signaling is guaranteed by the fast
kinetics of synaptic release, postsynaptic mem-
brane activation, and initiation and propagation
of spikes along the auditory nerve fibers. Le-
sions interfering with the fast dynamics of
acoustic information processing at any level
from the cochlea to the auditory nerve may
disrupt temporal coding in the auditory nerve
fibers. Thus, abnormal nerve fiber discharge
may result from different mechanisms and
these, in turn, are related to different etiologies.
One typical example of presynaptic disorder
leading to the clinical picture of AN is the
abnormal function of otoferlin. Reduced activ-
ity of this protein leads to reduced vesicle
replenishment9 and elimination of the fast
phase of exocytosis."® Prolonged neural poten-
tials have been recorded by transtympanic
ECochG from children with mutations in the
OTOF gene.'! These have been interpreted as
resulting from abnormal postsynaptic activation
due to both reduction of neurotransmitter
availability at the synaptic cleft and impairment
of multivesicular release with generation of
small  excitatory  postsynaptic  potentials
(EPSPs) with abnormal morphology and dis-
persed in time.'! These mechanisms are rele-
vant from the point of view of rehabilitation
programs because cochlear implants are likely to
constitute the only useful tool for restoring
auditory perception in children with mutations

in the OTOF gene through electrical stimula-
tion of auditory nerve fibers, which are believed
not to be directly involved by the pathological
process.

Postsynaptic membrane and auditory nerve
fibers also are suited for fast and precise signal
transmission in the healthy cochlea. Demyelin-
ation of auditory nerve fibers, which is observed
in demyelinating neuropathies, is expected to
result in slowed conduction velocity with con-
sequent disruption of temporal coding of acous-
tic signalls.2 Moreover, the decrease in number
of auditory fibers found in axonal neuropathies
would result in reduced auditory input to the
brainstem.! Indeed both reduction in number
of auditory nerve fibers and demyelination of
spared axons have been observed on postmor-
tem examination in the auditory nerve of pa-
tients affected by Charcot-Marie-Tooth
disease.'® It is reasonable to expect that the
outcome of cochlear implantation in this cate-
gory of patients would depend critically on the
number of spared axons and the extension of
their involvement, whereas the effectiveness of
acoustic amplification would be completely
impeded by the desynchronization of the acous-
tic information in the auditory nerve due to
demyelination.

Another point to be considered in postsyn-
aptic disorders concerns the site and extension
of lesions. For instance, combined electrophys-
iological and audiological evaluation obtained
from two related patients carrying the R445H
mutation in the OPA7 gene has suggested that
in this disorder the lesion involves the distal
portion of auditory nerve fibers.! This hypoth-
esis is supported by a mouse model of OPA1
showing dendritic pruning of the optic nerve
fibers at an early stage of the disease.'* These
findings are relevant from the point of view of
the outcome of cochlear implantation, because
electrical stimulation through the cochlear im-
plant has restored speech perception in some
patients with the mutation in the OPA7 gene,
possibly by bypassing the lesion site with con-
sequent stimulation of the preserved portion of
auditory nerve fibers.

Extensive phenomena of demyelination
involving the whole auditory nerve have been
found on postmortem examination in one pa-
tient with advanced OPA7 disease.”® This
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finding, together with the loss of retinal gan-
glion cells and degeneration of residual axons
found in one mouse model*® would suggest that
demyelination and axonal loss affecting the
whole nerve constitute a more advanced stage
of the disease compared to the stage of dendritic
tree pruning. The outcome of cochlear implan-
tation is expected to be poor in these cases of
extensive involvement of auditory nerve with
little or no preservation of functioning nerve
fibers.

Several nongenetic etiologies are associated
with AN. Among them, the electrophysiologi-
cal profile of AN (absent ABRs and presence of
OAEs) has been found in several children dis-
charged from NICUs."”'® This finding has
attracted a great deal of attention recently in
an effort to improve newborn hearing screening
procedures and to refine the diagnosis of hear-
ing impairment. The analysis of possible mech-
anisms underlying the electrophysiological
profile of AN in these children deserves con-
sideration. First of all, in addition to an in-
creased hearing threshold, ABR absence may
result from reduced synchrony occurring at any
level from auditory nerve to brainstem gener-
ators. A reduced correlation between ABR and
hearing thresholds has been documented in
premature babies and in those suffering perina-
tal asphyxiaw_21 as well as in children showing
neurological diseases involving the central ner-
vous system (CNS).? In these cases, alterations
of ABRs might ensue from abnormal firing of
brainstem generators, which retain little or no
connection with the dynamics of auditory pe-
riphery activation. In addition, the combined
effects of prematurity and other risk factors
acting in NICUs, chiefly among them perinatal
asphyxia, impinge on cochlear function, result-
ing in various types and degrees of damage."”
Postmortem examination performed on tem-
poral bones of deceased neonates has shown
extensive hair cell loss with a higher frequency
of selective IHC loss in premature infants
compared to full-term babies.”> On the basis
of these findings, the dysfunction of IHCs has
been proposed as the primary mechanism un-
derlying nongenetic forms of AN, at least in
children discharged from NICUs.?® In this
view, an increase of the acoustic input as
obtained through amplification with hearing

aids could possibly compensate for the loss of
hair cells,! the effectiveness depending on the
total number of residual receptor elements and
the proportion of spared OHCs and IHC:s.

In conclusion, the choice and effective-
ness of assistive devices proposed for patients
with AN depend critically on the mechanisms
underlying the alteration of auditory nerve
firing and thus, on the etiology of AN dis-
orders. In this view, the evaluation of assistive
device benefit only can be obtained through
“well-controlled, longitudinal prospective
studies that provide homogeneous grouping
of participants.”24(168)

REHABILITATIVE OPTIONS

Both hearing aids and cochlear implants have
been proposed for rehabilitation of patients
with AN.1132426 Nevertheless, the heteroge-
neity of the disorder, the incomplete knowledge
of the pathological alterations and mechanisms
underlying individual diseases, and the evalua-
tion of the outcome, performed in heteroge-
neous groups of subjects, all make it difficult to
draw any conclusions.

Cochlear implantation is considered the
treatment of choice for restoring speech per-
ception in patients with AN.! However, the
outcome of cochlear implantation varies widely
among patients. Although it is generally ac-
knowledged that subjects with presynaptic AN
due to mutations in the O7T'OF gene invariably
benefit from cochlear implant use, %’ poor
outcome has been reported for patients pre-
sumed to be affected by postsynaptic disorders
possibly involving the entire auditory nerve
such as Friedreich’s ataxia and deafness-dysto-
nia-optic neuropathy (DDON) syndrome.zg’29
However, two patients showing the R445H
mutation in the OPAI gene and some patients
with mutation in the DLAPH3 gene have shown
restoration of both speech perception and
ABRs following cochlear implantation.w'30
The good outcome of cochlear implantation
in these cases has been explained by hypothe-
sizing that the lesion was confined to the distal
portion of auditory nerve fibers, at least in the
early stage of the disease.’>*°

Several studies including large numbers of

children affected by congenital AN have
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reported that many of them benefit from co-
chlear implant use. 22031 Tt is important to
outline that a significant proportion of the
children included in these studies have been
discharged from NICUs. They are believed
then to share the same pathological alterations
at the level of the auditory periphery presum-
ably consisting of predominant involvement of
IHCs with preservation of auditory nerve
fibers.2>%?

Hearing aids have always been considered
of extremely limited use in AN. Indeed, acous-
tic amplification seems to be ineffective in
acquired AN as the majority of patients refuse
to wear hearing aids. In contrast, several studies
have reported that children with congenital AN
may benefit from hearing aid use. Rance and
colleagues reported that over 50% of children
affected by congenital forms of AN are good
hearing aid users, the provision of amplification
resulting in significant improvement of open-
set speech recognition scores.®” Specifically,
hearing aid users achieved a mean 67% score
on Phonetically Balanced Kindergarten (PB-K)
word testing with a mean difference between
unaided and aided conditions of 57%. More-
over, Teagle and colleagues, who performed a
prospective study including 140 children with
congenital AN who had been identified
through a newborn hearing screening program,
reported that the percentage of hearing aid
users was 31%.%° Interestingly, the majority of
children included in both studies had been
discharged from NICUs. It can be hypothesized
that in children with congenital AN admitted
to the NICU, an increase of signal intensity
through acoustic amplification might compen-
sate for the decreased input resulting from loss
of THCs through recruitment of residual recep-
tor elements in the absence of auditory nerve
involvement. b

The majority of children included in the
studies previously reported had a difficult neo-
natal course, which could result in CNS dys-
function in a high proportion of infants. The
coexistence of CNS involvement makes it quite
challenging if not impossible to evaluate speech
perception abilities and also presumably im-
pinges on language development.”*?® Despite
these limitations, a remarkable proportion of
these children did benefit from hearing aid use.

Considering the potential benefit of hear-
ing aid use in patients with AN, the Joint
Committee on Infant Hearing (2007) recom-
mended that children diagnosed with AN un-
dergo a trial with acoustic amplification before
cochlear implantation.17 According to Rance
and colleagues, only the children showing
scores lower than 35% on the PB-K word test
performed in the aided condition should be
selected for cochlear implantation indepen-
dently of their pure tone sensitivity.32 Thus,
cochlear implantation constitutes the treatment
of choice for all children with AN with pro-
found deafness regardless of the underlying
etiology due to the invariably poor speech
perception abilities found in the aided condi-
tion. In contrast, wide differences in speech
perception abilities have been observed among
children with AN showing moderate hearing
loss. In these cases, the decision for cochlear
implantation should be delayed to obtain an
evaluation of speech perception abilities and
language development over time.>?

In conclusion, differences in the effective-
ness of assistive device use in patients with AN
are deemed to arise from different sites of lesion
and pathophysiological mechanisms underlying
both acquired and congenital forms. Bearing in
mind the reported findings and comments, the
issue of hearing aid use in AN will be addressed
in the following sections by tentatively group-
ing patients by etiology, suggested pathophysi-

ological mechanism, and site of lesion.

ISOLATED AN

Patients with AN diagnosed at the University of
Padua Service of Audiology and Phoniatrics are
classified into several groups in Table 2 accord-
ing to etiology and the association of multisys-
tem involvement.

Among the isolated forms, biallelic muta-
tions in the OTOF gene result in congenital
profound hearing loss in the majority of
patients. One example is reported in Fig. 2,
showing the absence of ABRs associated with
the detection of distortion product otoacoustic
emissions. ECochG recordings show the low-
amplitude prolonged negative response that is
identified at very low stimulation intensities
despite profound hearing loss. Notice the
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Table 2 Cochlear Implant and Hearing Aid Users

Etiology Users Cochlear Hearing Aids Hearing
Implant before Aids
Cochlear
Implant
Isolated AN
OTOF 8/9 8 6
Cx26 m 1
Familiarity 6/10 5 2 1
Unknown 13/14 10 5 3
Non-isolated AN
OPA1 7/9 7 2
Scleroderma 1 1 1
Kasabach-Merritt 1 1
Unknown 1/3 1
NICU 17/23 4 3 13

Cochlear implant and hearing aid users among patients with AN diagnosed at the University of Padua Service of
Audiology and Phoniatrics. Patients have been classified according to etiology and the association of multisystem
involvement. The “Users” column reports the number of subjects using assistive devices expressed as a ratio of
total number of patients diagnosed with the same disorder. Columns “Cochlear implant” and “Hearing Aids before
Cochlear Implant” refer respectively to patients submitted to cochlear implantation and to those who had used
hearing aids before undergoing surgery. The “Hearing Aid"” column reports the number of subjects who only use
hearing aids due to a good outcome with acoustic amplification or to refusing cochlear implantation. Abbreviations:

AN, auditory neuropathy; NICU, neonatal intensive care unit.

presence of a small CAP superimposed on the
prolonged activity at high-stimulus intensity.
Of the nine patients with biallelic muta-
tions in the OTOF gene followed up at our
institution, eight underwent cochlear implan-
tation by 2 years of age. Disyllabic word open-
set recognition reached an 80 to 90% correct
score by 1 year of cochlear implant use. All
children had been fitted with power hearing
aids prior to cochlear implantation and showed
reasonable functional gain from 0.25 to 1 kHz
(Fig. 2).** Nevertheless, speech perception
scores as evaluated with hearing aid use on
disyllabic word recognition were lower than
30% in the aided condition for all children.
Therefore, acoustic amplification provided pa-
tients with an auditory input that resulted in
substantial improvement of hearing sensitivity
and development of some speech perception
prior to cochlear implantation. The improve-
ment of pure tone sensitivity can be explained
by hypothesizing that increasing acoustic input
results in a large amount of neurotransmitter
release with consequent enhancement of post-
synaptic membrane activation and spike trig-

gering. This hypothesis is corroborated by the

identification of a small CAP at high-stimulus
intensity in ECochG recordings (Fig. 2).

With regard to other patients showing
isolated AN (Table 2), one carried biallelic
mutation in the GJB2 gene; in six subjects the
disorder was familiar although no gene muta-
tion was identified, whereas in the remaining
subjects, no etiologic factors were found. Fif-
teen of 24 subjects (nine children and six adults)
underwent cochlear implantation with a good
outcome as the percentage of correct scores on
open-set disyllabic word recognition varied
between 70 and 100% by 1 year of cochlear
implant use. Of these, seven patients had worn
hearing aids before cochlear implantation with
improvement of hearing sensitivity; however,
mean scores on open-set disyllabic word recog-
nition were lower than 10% in the aided
condition. Therefore, also for patients with
isolated AN not related to mutations in the
OTOF gene, using acoustic amplification im-
proved hearing sensitivity but not speech
perception.

Three patients with isolated AN were
“pure” hearing aid users. Among them, one
girl showing profound hearing loss due to
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Figure 2 Hearing thresholds, distortion product otoacoustic emissions (DPOAEs), auditory brainstem
responses (ABRs), and electrocochleography (ECochG) potentials collected from one child with biallelic
mutation in the OTOF gene. Audiometric evaluation (upper left) was performed in the free-field by visual
reinforced audiometry. Both unaided and aided thresholds, which were obtained with the child wearing both
hearing aids, are reported. Notice that the functional gain was good, but the aided thresholds at high
frequencies appeared beyond the intensity range calculated for conversational speech.3* DPOAEs were
recorded from both ears whereas ABRs were absent. ECochG recordings showed the presence of the typical
prolonged negative potential, which was recorded as low as 70 dB sound pressure level (corresponding to 40
dB normalized Hearing Level (nHL)) despite the profound hearing loss estimated on the basis of audiometric

evaluation.

biallelic mutation in the G/B2 gene used acous-
tic amplification because the parents refused
cochlear implantation. Interestingly, one child
affected by congenital AN of unknown etiology
did benefit from hearing aid use (Fig. 3). He
had passed neonatal hearing screening with
OAEs and was diagnosed with severe hearing
loss at the age of 18 months on the basis of
parental concern about sound sensitivity. ABRs
were absent and ECochG recordings showed
the typical pattern of prolonged negative po-
tentials. Hearing threshold evaluation obtained
by visual reinforced audiometry indicated severe
hearing loss. The child was fitted with power
hearing aids and the aided thresholds showed
good functional gain from 0.25 to 4 kHz. He
reached a 100% correct score on both open-set
disyllabic word and sentence recognition with

hearing aid use as evaluated at the age of 3 years.
Because the development of expressive lan-
guage also showed remarkable progress over
time, this child has not been selected for
cochlear implantation thus far.

The third subject was a 14-year-old girl
showing isolated AN with unknown etiology
initiated in childhood, with difficulty in under-
standing speech. Audiometry indicated moder-
ate hearing loss; OAEs were recorded from
both ears and ABRs were absent. Also in this
case, prolonged negative potentials were re-
corded by transtympanic ECochG. The girl
was fitted with hearing aids and showed rea-
sonable speech perception performance with
the use of acoustic amplification as correct
scores on open-set recognition of disyllabic
words and sentences were 65 and 95%,
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Figure 3 Hearing thresholds, distortion product otoacoustic emissions (DPOAEs), auditory brainstem
responses (ABRs), and electrocochleography (ECochG) potentials collected from one child with isolated
auditory neuropathy (AN). Audiometric evaluation was performed by visual reinforced audiometry. Unaided
thresholds were obtained with headphones whereas aided thresholds were evaluated separately for each ear.
Notice that the aided thresholds appeared within the intensity range calculated for conversational speech at all
the tested frequencies.>* DPOAEs were detected in both ears whereas ABRs were absent. Also in this child
the ECochG recordings showed the presence of the typical prolonged negative potential, which was recorded
as low as 60 dB peak equivalent sound pressure level (corresponding to 30 dB normalized Hearing Level
(nHL)) despite the profound hearing loss estimated on the basis of audiometric evaluation.

respectively. She also used lipreading for com-
munication and was able to use the speaker-
phone. This patient was not selected for
cochlear implantation due to the reasonably
good speech perception abilities.

In conclusion, a trial with hearing aids in
patients with isolated AN is highly recom-
mended before considering the option of co-
chlear implant use. Indeed, acoustic
amplification provides the majority of patients
with an acoustic input prior to cochlear implan-
tation. This may help to prevent colonization of
secondary auditory cortical areas by other sen-
sory modalities, particularly visual informa-
tion.® Importantly, some patients with
isolated AN may turn out to be good hearing
aid users.

NON-ISOLATED AN

The majority of subjects with non-isolated
AN followed up at our institution (Table 2)
underwent cochlear implantation. The out-
come was more variable compared with that
found in isolated AN as two patients out of
eight scored less than 30% on open-set disyl-
labic word recognition by 2 to 3 years of
cochlear implant use. In the remaining sub-
jects, correct scores on a disyllabic recognition
test ranged from 50 to 90% by 1 year of
cochlear implant use. Although all patients
underwent a trial with hearing aids, only three
had used acoustic amplification prior to co-
chlear implantation with some improvement
of hearing sensitivity but no advantage in
speech perception.
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The failure of acoustic amplification in
non-isolated AN can be explained by the
mechanisms underlying the hearing disorder.
Because in the majority of patients the under-
lying lesion results in reduction of spike trig-
gering and slowed conduction velocity in
residual axons, increasing the intensity of
acoustic input can hardly restore synchrony of
nerve fiber discharge. In contrast, electrical
stimulation through cochlear implants may
improve speech perception by bypassing the
site of lesion and/or by stimulating spared nerve

fibers.

NONUSERS OF ASSISTIVE
DEVICES

Six patients of 34 with isolated AN, and four
subjects of 14 with non-isolated AN did not use
any assistive device (Table 2). The reasons were
refusal to undergo cochlear implantation, miss-
ing appointments on follow-up, and not being
selected for cochlear implantation.

CHILDREN DISCHARGED FROM
NICUs

Over 50% (13 of 23) of children showing the
electrophysiological profile of AN who are
followed up at our institution (Table 2) are
hearing aid users, which is in line with the
findings reported by Rance and colleagues.32
Of the remaining children, four showed se-
vere to profound deafness and underwent
cochlear implantation after a trial of hearing
aid use, and three proved to have normal
hearing thresholds with normal speech per-
ception and obviously are not using any
assistive device. Importantly, ~70% of chil-
dren had a difficult neonatal course and
showed signs of CNS pathology. As a conse-
quence, speech perception abilities could not
be evaluated in most of them. In contrast,
reliable hearing thresholds have been obtained
at different times from all.

On average, hearing aid users showed
moderate hearing loss and aided thresholds
pointed to good functional gain. Speech per-
ception abilities could be evaluated in four
children only, with scores of 80 to 90% on
open-set recognition of disyllabic words.

In conclusion, the majority of children
included in this group appear to be good
hearing aid users. This is deemed to ensue
from the pathophysiological mechanism under-
lying AN, which should mainly be related to
IHC dystunction.

CONCLUSION

The outcome of different rehabilitative options
in patients with AN shows a wide range of
variability. Some patients are poor users of
hearing aids and cochlear implants, others
achieve variable improvement in hearing sensi-
tivity with assistive device use, and yet other
patients have a definite advantage. This wide
variability results from both site and extension of
lesion as well as the precise mechanisms dis-
rupting fast secure transmission of auditory
information from the cochlea to the brainstem.
In general, the majority of patients with genetic
AN benefit from cochlear implant use with a
clear advantage for those with isolated AN. In
contrast, over 50% of children discharged from
NICUs are good hearing aid users. Due to the
high incidence of CNS involvement in this
population of children with consequent difficul-
ty in the evaluation of rehabilitation outcome,
caution should be exercised in the process of
selection for cochlear implantation.
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