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OPAT mutations are known to cause autosomal dominant optic atrophy (ADOA). and some types of OPAl
mutations also cause auditory neuropathy. In the present study, we evatuated the vestibular dysfunction that
accompanied auditory neuropathy in a patient with an OPAI mutation. A caloric test failed to elicit
nystagmus or dizziness in either ear. Vestibular evoked myogenic potentials (VEMPs) in the right ear were
characterized by a normal biphasic waveform. In contrast, no VEMPs were evoked in the left ear. Model
Keywords: building suggested that the OPAT mutation, p.R445H, indirectly distorts the catalytic structure of the GTPase
()I';Ai reaction center and decreases GTPase activity. The patient complained of instability while walking or moving
Vestibular dysfunction but thought these symptoms were caused by visual dysfunction. This is the first report of a detailed
Auditory neuropathy evaluation of vestibular dysfunction in a patient with an OPA1 mutation. This case suggests that vestibular
Vestibular evoked myogenic potentials dysfunction may be involved in motor instability in patients with an OPAI mutation, even when patients do
{VEMPs) not complain of vestibular symptoms. Based on this case, we suggest that vestibular evaluation should be
Caloric test performed in auditory neuropathy patients carrying an OPAT mutation, even if the patients are free of
OPAT predicted structure symptoms of vestibular dysfunction.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction examinations show features of auditory neuropathy, for which the

primary lesion is located in the inner hair cells, the auditory nerve, or the
synapses between them [4,3]. Recently, a detailed analysis of OPA1
protein expression in the inner ear was reported in rat, and OPA1l
protein was detected in the inner hair cells, outer hair cells, and spiral
ganglia in the cochlea, as well as the hair cells and ganglia in the
vestibular organ [6]. Although there have been several reports of
auditory function in patients with this OPAl mutation, the analysis of
vestibular function has not yet been reported in any OPAT mutation. In

Autosomal dominant optic atrophy (ADOA; OMIM #165500) is a
dominantly inherited optic neuropathy resulting in progressive loss of
visual acuity, color vision deficits, a centrocecal scotoma, and optic nerve
pallor [1]. ADOA is the most cornmon form of optic atrophy, with an
estimated prevalence of 1 in 50,000 individuals [2]. Although several
types of loci are known to cause ADOA, it has been reported that as many
as 89% of cases may be associated with a mutation in the gene OPA]

(3428-29) [3]. OPAT encodes a dynamin-related GTPase that is located
in the mitochondrial intermembrane space and plays a key role in
controlling the balance of mitochondrial fusion and fission. In most
cases, ADOA occurs without additional neurological symptoms. How-
ever, there are several known cases of optic atrophy associated with
sensorineural hearing loss, and the Argd45His (p.R445H) mutation of
OPAl has been reported in patients with ADOA and moderate
progressive hearing loss [4]. In patients having the p.R445H mutation,
progressive hearing impairment begins in childhood, and audiological

* Corresponding author. Department of Otolaryngology, Keio University School of
Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo, 160-8582, fapan. Tet.: + 81 3 3353
1211 fax: +813 3353 1261,

E-mail address: tati@mbf.ocn.ne.jp (K. Mizutari).

0022-510X/$ - see front matter © 2010 Elsevier B.V. All rights reserved
doi:10.1016/1.jn5.2010.03.014

this paper, we report the results of examinations for auditory and
vestibular function in a patient who presented with both hearing
impairment and vestibular dysfunction due to an OPAT mutation that
leads to distortion of the catalytic structure of the OPA1 protein.

2. Materials and methods
2.1. Auditory function tests

2.1.1. Audiometric rests

The patient underwent standard pure-tone air- and bone-
conducted audiometry (125-8000 Hz) and speech discrimination
testing using an audiometer (AA-75, Rion Co., Tokyo, Japan) and the
67-S Japanese word list.
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2.1.2. DPOAEs

DPOAES were recorded and analyzed using the 1LO-92 system
(Otodynamics Ltd, Herts, UK). DPOAE primary tones f1 and 2 were
presented at 70 dB SPL. The f2:f1 ratio was kept at 1.22, and the
frequency of f2 was changed in one-third octave steps from 708 to
6299 Hz. The levels of 2f1-f2 DPOAE were recorded. DPOAE values
were plotted on a DP-gram, which expresses the emission level as a
function of the f2 frequency.

2.1.3. Auditory brainstem responses (ABRs)

ABRs were recorded using the Neuropack system (Nihon Kohden,
Tokyo, Japan) with an electrode montage of vertex ((Z) to the ipsilateral
(stimulated) ear lobe and ground to forehead (Fz). The amplifier band
pass was 100-1000 Hz. Alternating-polarity click stimuli were pre-
sented monaurally at a rate of 20 Hz at 100 dB nHL. Average responses
to 1024 clicks were collected in each of two experiments.

2.2. Vestibular function tests

2.2.1. Electronystagmography

The patient underwent an electronystagmography test battery
consisting of spontaneous, optokinetic, positional, postural, and
caloric-induced nystagmus recordings. Nystagmus was recorded
using an electronystagmograph recorder (Rion, Tokyo, Japan). Caloric
testing using 20 °C and ice-cold water (5 cm?, 5 s) was used to irrigate
the external auditory meatus to induce a thermal gradient across the
lateral semicircular canal.

2.2.2. Vestibular evoked myogenic potentials (VEMPs)

The sternocleidomastoid (SCM) muscle was chosen as the target to
record VEMPs using the Neuropack system (Nihon Kohden, Tokyo,
Japan). Surface electromyographic activity was recorded from
symmetrical sites over the upper half of each SCM, with a reference
electrode over the sternal attachment site of the contralateral SCM.
The patient was laid supine on a bed and asked to raise and orient his
head contralateral to the tested ear to maximally activate the SCM
ipsilateral to the stimulation. Responses to 200 short-tone bursts
(105 dB nHL, 500 Hz) were recorded at 100-ms intervals over a band
pass of 500-1500 Hz.

2.3. Neuroimaging studies

223.1. High-resolution computed tomography (HRCT)

The protocol for HRCT included scanning with a multi-slice
computed tomography scanner (Sensation 64; Siemens Medical
Solutions, Inc.. Malvern, PA, USA). Images were acquired with direct
axial sequences using a spiral scan procedure with a 1.0-mm
collimation. Data were reconstructed with a slice thickness of
1.0 mm using a bone algorithm.

2.3.2. Magnetic resonance imaging (MRI)

The patient was scanned on a 1.5-T MRI machine (Signa EXITE
1.5T, General Electric, Fairfield, CT, USA) with surface and head coil.
Axial three-dimensional fast imaging employing steady-state acqui-
sition (FIESTA, repetition time, 9.3 ms/echo time, 3.3 ms; scan
thickness 1.0 mm) was performed. The axial images were recon-
structed in the oblique sagittal plane traversing the internal auditory
canal (1AC), producing cross-sectional images that visualize the neural
structures of the 1AC.

2.4. Homology modeling of OPAtand ligand fitting

The crystal structure of the GTPase domain of rat dynamin 1 (PDB
1D: 2AKA) was used as a template in homology modeling because the
GTPase domain of rat dynamin 1 is closely related to that of OPAl in
both function and structure {32% amino acid sequence identity). A

program package for protein engineering and drug design, BIOCES[E]
(NEC Corp., Tokyo, Japan) [7], was used for a series of molecular
modeling. This package runs on an OCATANEZ (Silicon Graphics Inc,
Fremont, CA, USA). The GTP molecule of Ras-GTP (PDB ID: 5P21) was
fitted into the corresponding active site of the OPA1 model using DALI
(http://ekhidna biocenter.helsinki.fi/dali_server/) [8]. The p.R445H
mutation structure was superimposed on the native structure
(backbone atoms only) and displayed using UCSF Chimera (http://
www.cglucsf.edu/chimera/) [9].

3. Case report

The patient is a 28-year-old man who first presented with sudden
optic atrophy at the age of 17 years. Clinical history of vision disorder
and the result of genetic test have been reported [10}. In brief, he
received a detailed examination for visual function at age 21. His best
corrected visual acuity was 20/200 in both eyes. He had atrophy of the
optic disks, central scotoma, and generalized bilateral dyschroma-
topsia. As a result, the patient was diagnosed with ADOA, and a
genetic examination revealed a heterozygous G-to-A substitution in
the second nucleotide of codon 445 in OPA1, resulting in an Arg-to-His
amino acid substitution (p.R445H). He had no apparent family history
of either optic atrophy or hearing impairment. At that time, he was
also found to have a slight bilateral hearing impairment. The patient
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developed progressive hearing impairment, and had particular
difficulty understanding speech. He came to our department for a
hearing evaluation at age 28. Although he did not initially complain of
balance disorders, he stopped riding a bicycle at age 17 years because
of difficulty controlling balance and also started to feel unsteady
walking at that time. He thought the unsteadiness resulted from his
visual dysfunction.

4. Results
4.1. Auditory function test results

Direct otoscopic observation revealed normal findings in both cars.
A bilateral sensorineural hearing loss of approximately 60 dB was
shown by pure-tone audiometry (Fig. 1A). The maximum speech
discrimination scores were 20% in both ears (Fig. 1B), which were
significantly worse than expected based on the results of pure-tone
audiometry. Although no differences were observed between left and
right ears, the patient reported better hearing discrimination in the
right ear (Fig. 1). ABRs were absent bilaterally even at 100 dB nHL
(Fig. 2A), but high-amplitude DPOAEs were present at all frequencies
tested in both ears (Fig. 2B).

4.2. Vestibular function test results

No spontaneous, positioning, or pressure-induced nystagmus was
found by electronystagmography. Neither 20 °C nor ice-water caloric

A ABR

stimulation of the labyrinth elicited nystagmus or dizziness in either
ear (Fig. 3A). Short-tone burst-evoked VEMP analysis revealed a
biphasic VEMP waveform in the right ear; however, the latency of
n23, which is the second wave of VEMP, was delayed. No VEMPs were
evoked in the left ear (Fig. 3B).

4.3. Neuroimaging studies

There were no abnormal findings by HRCT. In particular, no inner ear
malformation or internal auditory canal stenosis was observed (g 44,
D). By MRI, both the cochlear nerves and vestibular nerve e
detected from brainstem to the inner ear in both ears in axial [115TA
slices (Fig. 4B, E). However, the diameter of the right cochlear nerve was
0.82 mm whereas that of the left cochlear nerve was 0.69 mm, and the
diameter of the right facial nerve was 1.06 mm whereas that of the left
facial nerve was 1.02 mm in oblique sagittal reconstructions through the
IAC (Fig. 4C, F). Thus, the cochlear nerves on both sides are considered
hypoplasia according to reported criteria {11].

4.4. OPAT predicted structure

The distance between Co of R445 of OPA1 and the GTP binding
pocket is 18 A (Fig. 5). The electric field around R445 is negatively
charged due to its proximity to D450, D442, and E444. Under
physiological conditions, positively charged R445 is structurally
stable, and thus the mutation p.R445H reduces the electrostatic
stability and indirectly distorts the structure of the GTPase catalytic
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Fig. 2. (A} ABR tests revealed no ABR waveforms in this patient. {B) DPOAE recordings were normal for this patient. Residual noise levels are shown by the shaded area.
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Fig. 3. (A) Horizontal record of electronystagmograph on ice-water calorie test. Time
constants: 4, 3.0 s; b, 0.03s. No nystagmus were elicited in both side of ears. (B} Air-
conducted VEMPs, Electromyographic responses of the right (Rt) and left (Lt) SCM to right
ear stimulation. A biphasic VEMP waveform was revealed in the right ear; however, 3
latency of 023 was delayed. In contrast, no VEMPs were evoked in the left ear.

domain. In addition, salt bridges between R445 and D450 in the o3-
helix and strong electrostatic interactions between R445 and D442/
F444 are observed. The a3-helix is a key structure that constructs the
common wire frame of the G-protein core fold [7.9]. Thus, the p.
R445H mutation indirectly distorts the catalytic structure of the
GTPase reaction center and decreases GTPase activity.

5. Discussion

Several reports have described hearing impairments associated with
an OPAI mutation [4,12-16]. As with the case we present here, these
fhearing impairments wete reported to result from auditory neuropathy.
Common features in these patients include moderate hearing threshold
elevation and a severe speech discrimination disability. No vestibular
symptoms or function test results have yer been reported. To our
knowledge, this is the first report of a detailed vestibular analysis in a
patient with an OPAT mutation. Moreover, inner ear neuroimaging
studies, including HRCT or 3-D MRI, have not yet been reported in
patients with OPAT mutations. This report provides the first evidence of
cochlear nerve atrophy in the IAC in a patient with an OPAT mutation,

OPA! encodes a dynamin-related GtPase that is located in the
mitochondrial intermembrane space and plays a key role in
controlling the balance of mitochondrial fusion and fission {17}
Furthermore, release of cytochrome ¢ from mitochondria and caspase-
dependent activation of the apoptosis cascade have been observed in
the down-regulation model of expression by RNA interference in Hela

cells [17]. The OPA1 p.R445H mutation is reportedly associated with
various neurological disturbances, including ataxia, peripheral neu-
ropathy, ptosis, and cognitive impairment [18]. In cases involving the
heterozygous p.R445H mutation, ADOAs associated with deafness
have been reported [4], and these sensorineural hearing losses show
audiological features compatible with auditory neuropathy. In normal
rats, expression of OPA1 protein is seen in the inner hair cells, outer
hair cells, and spiral ganglia in the cochlea, and in the vestibular hair
cells and ganglia [6]. OPA1 protein expression has also been observed
in membranous or submembranous compartments of vestibular
ganglion cells and at the level of the calyx synapse, which typically
envelopes type 1 hair cells in the vestibular epithelium [6]. Bilateral
vestibular dysfunction in our present patient is probably caused by
dysfunction of these parts of the vestibular organs.

An abnormality in the OPA1 protein may cause mitochondrial
dysfunction, leading to insufficient energy production. Homozygous
mutant mice are not viable and show impaired development as early
E8.5. [19] This study also reported that heterozygous mutants show a
reduction in OPA1 protein level (about 50% compared with wild-type
littermates) due to rapid degradation of the mutant polypeptide [19].
Skin fibroblasts obtained from patients carrying the heterozygous OPA1
pR445H mutation show hyperfragmentation of the mitochondrial
network, decreased mitochondrial membrane potential, and an ATP
synthesis defect {4]. Our three-dimensional structure study suggests
that the p.R445H mutation reduces the electrostatic interactions and
therefore the stability of the protein and indirectly distorts the structure
of the GTPase catalytic center, thereby decreasing GTPase activity.
According to these findings, we suggest that the OPA1 p.R445H
mutation leads to severely insufficient energy production by decreasing
GTPase activity in the mitochondria. This deficiency could, in turn, affect
critical energy-dependent functions such as axoplasmic transport in
both cochlear and vestibular nerve fibers as well as optic nerve fibers.

This patient had almost normal VEMP results in the right ear but
no response in the left ear. Although the mechanisms underlying
these different responses are unclear, asyminetrical hearing impair-
ments have been reported in patients with the OPAl p.R445H
mutation [12,13]. There was no response to caloric stimulation in
either ear. The VEMP consists of myogenic potentials obtained as a
response to tone-burst stimuli and is used to test the saccule and
inferior vestibular nerve of the vestibular system. The caloric test, on
the other hand, is used to evaluate the function of the lateral
semicircular canals and the superior vestibular nerve [20], In the right
car, there was no response in the caloric test but fare VEMPs, OPAT is
expressed in sensory epithelia in both the saccule and the lateral
semicircular canal [6]. Atrophy of the superior vestibular nerve was
not detected by MRI scan. The mechanisms underlying different
responses for the caloric test and VEMPs in the right ear are uncertain.
in the present case, the patient reported slightly better hearing in the
ear that also had good VEMP responses (the right ear). It is well
established that ADOA is a progressive atrophy disease. If the main
mechanism for nerve atrophy in ADOA is the same in both the eye and
the inner ear, we speculate that nerve atrophy in the inner ear may
develop gradually from the superior vestibular nerve to the inferior
vestibular nerve in patients with the OPA! mutation. It has been
reported that VEMPs are less affected than horizontal semicircular
canal function during caloric testing in bilateral vestibulopathy {21].
We found only two reports with results of both caloric testing and
VEMP analysis in auditory neuropathy patients with causes other than
an OPAl mutation {20,22], and these revealed normal caloric
responses and abnormal VEMPs in all patients (1 ==4) with auditory
neuropathy. We revealed a different profile in a patient with auditory
neuropathy due to an OPAT mutation. We speculate that the vestibule
is also an organ that is sensitive to the mitochondrial dysfunction
associated with the OPAT mutation.

In conclusion, we have presented a case of vestibular dysfunction
accompanied with auditory neuropathy in a patient with an OPAI
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Fig. 4. Images showing the HRCT (A, D), axial MRl {FIESTA: B, E), and obligue sagittal reconstructions (C, F). The facial nerve (FN), cochlear nerve (CN), superior vestibular nerve
{SVN), and inferior vestibular nerve (IVN) can be recognized in both sides of the internal auditory canal. However, the cochlear nerves in both ears were nacrower than the vestibular
nerves in axial FIESTA slices. Moreover. the cochlear nerves on both sides were smaller than the adjacent facial nerves in obligue sagittal reconstructions.

mutation. In a standard evaluation, this patient's balance disorder could Acknowledgements
easily have been overlooked because he attributed it to his visual

dysfunction. Based on this case, we suggest that vestibular evaluation The authors give thanks to Ms. Reiko Yakushimaru and Ms. Akemi
should be performed in auditory neuropathy patients carrying an OPAT Hori for their excellent technical assistance in the audiometric and
mutation, even if the patients do not complain of balance dysfunction. vestibular tests.
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Fig. 5. Stereo view of the GTPase domain of predicted structure of human OPAL with arginine at position 445 replaced by histidine. The electric feld around R44S is negatively
charged due to the proximity of D450, D442, and E444, Positively charged R445, under a physiological environment, ts structurally stabilized, and thus the mutation p.R445H reduces
the electrostatic stability and indirectly distorts the GTPase catalytic structure, image produced using the UCSF Chimera package supported by NiH P41 RR-01081,
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Objective: Several risk factors for hearing impairment among infants treated in the neonatal intensive
care unit (NICU) have been reported, but there have been few studies that show the correlation strength
between the risk factors in NICU-treated infants and hearing impairment in childhood. The aim of this
study was to clarify the relationship between risk factors in NICU-treated infants and a deteriolation of
auditory brainstem response (ABR) threshold in their childhood.

" . Methods: One hundred one NICU-treated infants with ABR threshold of 50 dBnHL or more underwent
Respiratory distress - 2nd ABR test at 20 months after delivery. Multiple regression analysis was performed with ABR
Congenital diaphragmatic herniation - R . :

CRP threshold change as an objective variable and risk factors as explanatory variables.
Results: Two ABR tests of the 101 infants resulted in that 7 showed an elevation of ABR threshold by
20dB, 70 showed a drop of ABR threshold by 20 dB, and 24 showed no significant change. Multiple
regression analysis revealed that the factors contributing to the elevation of ABR threshold were
congenital diaphragmatic hernia, severe respiratory disease, and a high C-reactive protein (CRP) level.
Conclusions: In the infants treated in NICU, an incidence of ABR threshold of 50 dBnHL or more was 9.0%,
and 6.9% of the infants with the ABR threshold abnormality showed a significant elevation of ABR
threshold in their childhood. Factors significantly related to an elevation of ABR threshold were a history
of congenital diaphragmatic hernia, severe respiratory disease, and elevation of CRP. In infants with such
factors, periodical examination of hearing is required.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Keywords:

Auditory neuropathy

1. Introduction correlation strength can facilitate diagnosis of hearing impairment

in potentially diseased infants by means of intensive hearing tests

Advances in perinatal medicine have increased the survival rate focusing on limited subjects with risk factors that are closely

of infants who are admitted to the neonatal intensive care unit
(NICU). However, many infants discharge from the NICU have
medical problems including communicative and/or cognitive
difficulties due to hearing impairment and brainstem dysfunction.
The occurrence of these auditory impairments is known to be
related to risk factors [1], such as low birth weight (<1500 g).
severe birth asphyxia, assisted ventilation for >5 days, adminis-
tration of ototoxic drugs 2], intrauterine infection, central nervous
system abnormalities, hyperbilirubinemia, and congenital syn-
dromes [3]. However, the correlation strength between the risk
factors in NICU-treated infants and hearing deterioration in their
childhood has not been fully determined. Elucidation of the

* Corresponding author at: National Center for Child Health and Development, 2-
10-1 Okura Setagaya-ku, Tokyo 157-8535, Japan. Tel.: +81 03 3416 0181;
fax: +81 03 3416 2222.
E-mail address: morimoto-n@ncchd.go.jp (N. Morimoto).

0165-5876/% - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.ijpor!.2010.04.001

related to hearing deterioration. This approach would be cost-
effective.

Therefore, we aimed to clarify the correlation strength between
risk factors in NICU-treated infants and hearing deterioration that
appeared in childhood (over 1-year old). In the present study, we
defined an elevation of ABR threshold by >20dB between two
testing sessions as a significant change indicating the existence of
hearing deterioration.

2. Subjects

A total of 1121 neonates were treated in the NICU of the
National Center for Child Health and Development (Tokyo, Japan)
from March 2002 to October 2005 and underwent an auditory
brainstem response (ABR) test before discharge from the NICU for
the purpose of hearing screening. Initial examination revealed that
125 infants had ABR threshold of 50 dBnHL or more in 1 or both
ears. Of these 125 infants, 101 were eligible for this study after
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excluding 10 infants with conductive hearing loss (3 for auditory
canal stenosis and atresia, 7 for otitis media with effusion) and 14
infants who were lost to follow-up.

Most infants underwent the initial ABR test within 6 months
after delivery, but some infants with a poor performance status
could not do so until 8 months.

3. Methods
3.1. ABR examination

The initial ABR test was conducted with a Neuropak (Nihon
Koden, Tokyo, Japan) during natural sleep in the NICU before
discharge and was performed at 1-33 weeks after delivery. Click
stimuli were presented to alternating ears 1000 times at a rate of
9.5 Hz through headphones. The analysis time was 10 ms. To
determine the hearing threshold, stimuli started from 105 dBnHL
and were decreased to 30 dBnHL in steps of 20 dB. In addition,
1000 clicks were presented at 0.1 ms intervals and the threshold
was defined by detection of the V wave. The infants were classified
into three groups by comparison between the two ABR testing
sessions: infants with a decrease of the ABR threshold by >20 dB in
at least 1 ear (improved group), those with an increase of the
threshold by >20dB (worsened group), and others (unchanged
group).

3.2. Distortion products otoacoustic emission (DPOAE) test

We conducted a DPOAE test in 64 of the 101 infants in which the
ABR threshold was 50dBnHL or more during stay in NICU,
excluding those in whom it could not be done due to behavioral
problems. An OAE analyzer (model ER32, Grason-Stadler, USA, L1/
L2 = 65/55 dBSPL) was employed, and infants who responded to
noise levels of 2, 3, and 4 kHz with >3 dB amplitude in the DP gram
were regarded as having a positive test.

3.3. Behavioral audiometric evaluation

Behavioral audiometric evaluation was performed in 101
infants in whom the ABR threshold was 50 dBnHL or more and
in whom no disjunction was detected between ABR threshold and
hearing threshold.

3.4. Associated risk factors

The risk factors shown in Table 2 were investigated.

Abnormalities seen in brain CT or MRI included cerebral
calcification, hydrocephalus, periventricular leukomalacia and
abnormal myelinization. Craniofacial malformation included
premature craniosynostosis such as Crouzon’s disease and Apert
syndrome. EEG abnormalities included spike & sharp waves, slow
dominant rhythm and diffuse slowing. C-reactive protein (CRP)
elevation was determined when the maximum value measured
within about 1 month after birth was more than 1 mg/dL. History
of birth asphyxia (Apgar score <4 at 1min and <6 at 5min),

Table 1
Change in ABR threshold.

severe respiratory disease (pneumocnia or pneumothorax), me-
chanical ventilation (infants requiring a ventilator for more than 5
days), hypotension (decreased urine output due to hypotension
and use of vasopressors), congenital diaphragmatic hernia, and
heart disease (coarctation of the aorta, patent ductus arteriosus,
ventricular septal defect, etc.) were assessed. Use of ototoxic drugs
such as aminoglycosides (gentamycin, amikacin, and vancomycin)
and use of muscle relaxants such as pancronium bromide before
the second ABR were also assessed. Chromosomal aberration such
as 21-trisomy was also checked.

3.5. Statistical analysis

Multiple regression analysis was performed with a change of
the ABR threshold as an objective variable and the above-
mentioned risk factors as explanatory variables. A probability
(p) value of less than 0.05 was considered statistically significant.

3.6. Institutional board

The study was conducted in accordance with ethical principles
described in the Declaration of Helsinki and was approved by the
Ethics Committee of the National Center for Child Health and
Development.

4. Results
4.1. Incidence of ABR threshold elevation in NICU infants

The initial ABR test revealed that 101 of the 1121 infants had
ABR threshold of 50 dBnHL or more. Of those 101 infants, 57
infants (5.1%) showed ABR threshold of 50dBnHL or more
bilaterally and 44 infants (3.9%) had a threshold of 50 dBnHL or
more in 1 ear, and 20 infants (1.8%) showed ABR threshold of
90 dBnHL or more bilaterally. In the second ABR test, 28 infants
(2.5%) had ABR threshold of 50 dBnHL or more bilaterally, 9 (0.8%)
had ABR threshold of 50 dBnHL or more in 1 ear and 19 infants
(1.7%) had a threshold of 90 dBnHL or more in both ears. When
compared with the initial test, 7 of the 101 infants showed an
elevation of the ABR threshold by >20 dB, 70 showed a decrease of
the threshold by >20dB, and 24 showed a change of less than
20 dB (treated as ‘no change’). In the 70 infants with ABR threshold
decrease, 65 infants showed a normal threshold of ABR (30 dBnHL)
bilaterally in the second test. Consequently, at the second test, 65
infants had ABR threshold of 30 dBnHL in both ears and the other
36 infants had ABR threshold of 50 dBnHL or more in at least 1 ear.

Nineteen (46%) of the 41 infants with ABR threshold of
70 dBnHL or more in the initial test showed an improvement:
the ABR threshold in the second test was less than 70 dBnHL
(Table 1). Also, 51 (85%) of the 60 infants with ABR threshold of 50-
70 dBnHL in the initial test showed ABR threshold of less than
50 dBnHL in the second test, whereas 5 (8.3%) of the 60 infants with
ABR threshold of 50-70dBnHL in the initial test showed a
deterioration: the ABR threshold in the second test was 70 dBnHL
or more.

Second result

<50dBnHL =50, <70dBnHL >70, <90dBnHL =90dBnHL
Initial result <50dBnHL 0 (cases) 0 0 0 0
=50, <70dBnHL 51 4 1 4 60
=70, <90dBnHL 10 1 4 2 17
>90dBnHL 6 2 0 16 24
67 7 5 22 101
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Table 2
Risk factors for ABR threshold change.
Improved ABR Unchanged ABR Worsend ABR p-Value Correlation
threshold (n=70) threshold (n=24) threshold (n=7) coefficient

Congenita! diaphragmatic hernia 0 2 3 0.000° 042
CRP elevation 7 10 4 0.002° 033
Severe respiratory disease 4 4 2 0.003 029
Hypotension 28 13 2 0.082 0.19
Birth weight average (g) 2003 + 851 1882919 2560+ 628 0.206 0.18
Birth weeks average (weeks) 342446 339455 37.7+20 0.305 0.14
EEG abnormality 15 10 0 0.147 0.12
Abnormality seen in brain CT or MRI 21 13 2 0.352 0.09
Use of muscle relaxants 14 7 5 0.560 0.08
Muitiple pregnancy 6 4 o] 0.602 0.05
Craniofacial malformation 4 0 o 0.669 0.04
Mechanical ventilation 7 17 5 0.802 0.03
Heart disease 0 3 ¢} 0.807 0.02
Ototoxic drugs 18 16 S 0.865 0.02
Asphyxia 14 11 2 0.891 0.02
Chromosomal aberrations 8 4 2 0.889 0.01
" Pa<0.01,

4.2. ABR threshold change and risk factors

Among the 7 infants with an elevated ABR threshold, 3 had
congenital diaphragmatic hernia. Of those 3 infants, only 1
received extracorporeal membrane oxygenation therapy (ECMO)
and the other 2 received high frequency oscillatory ventilation. All
3 had persistent pulmonary hypertension of the newborn (PPHN).
Including infants who needed ventilation because of tracheo-
esophageal fistula or postoperative pneumothorax, 5 of the 7
infants had a history of respiratory support and 6 had received
ototoxic drugs. On brain CT or MRI, 2 infants showed brain atrophy
and 1 had chronic subdural hematoma, while 1 had an abnormal
electroencephalogram.

Among the 68 infants with a decrease of the ABR threshold. 25
(37%) were presumed to have central nervous systemn abnormali-
ties due to changes on the electroencephalogram or brain CT scans,
22 (32%) had received ventilation, 18 {26%) had received ototoxic
drugs, and 10 (15%) had an elevated CRP level.

Of the 26 infants who showed no significant change of ABR
threshold (within 20 dB), 18 (69%) had a presumed central nervous
disease due to abnormalities on their electroencephalograms or
brain CT scans. Nineteen infants (73%) had been on a ventilator, 17
(65%) had received ototoxic drugs such as vancomycin or
gentamycin, and 10 {38%) had an elevated CRP level.

Table 2 shows the results of multiple regression analysis with
change of ABR threshold as the objective variable and risk factors
as the explanatory variables. The risk factors contributing
significantly to ABR threshold change were a history of congenital
diaphragmatic hernia (standardized coefficient=0.41; p=0.001),
an elevated CRP level (standardized coefficient = 0.33; p=0.002),
and a history of severe respiratory disease such as pneumonia or
pneumothorax (standardized coefficient = 0.28; p = 0.005). Other
risk factors did not have a significant influence.

4.3. DPOAE and ABR threshold changes

When DPOAE testing was done in 64 infants (98 ears) with ABR
threshold of 50 dBnHL or more during their stay in the NICU, 29
infants (50 ears) were negative and 37 infants (48 ears) were
positive.

Among the 29 infants with negative DPOAE, 22 ears of 14
infants showed a decrease in the second ABR threshold by >20 dB
and 8 ears of 5 infants showed an elevation in the threshold by
>20dB. Among the 14 infants in whom the ABR threshold
decreased, 5 had central nervous system abnormalities such as

delayed myelinization. Five of those 14 infant had chromosomal
aberrations such as 21-trisomy.

Among those 37 infants with positive DPOAE, 10 had
abnormalities on brain MRI or electroencephalography, including
delayed myelinization and periventricular leukomalacia in 1 infant
each. [n addition, among those 37 infants, 38 ears of 31 infants
showed a decrease in the ABR threshold by >20dB and 1 ear of 1
infant showed elevation of the threshold by >20 dB.

Table 3 shows a list of the infants who had positive DPOAE with
ABR threshold of 70 dBnHL or more in the initial test. ABR
threshold in the second test was unchanged and worse in 5 and 1 of
the 6 infants, respectively. Of the 6 infants, 4 had been on a
ventilator, 3 had received ototoxic drugs, and 2 and 1 had a history
of hypotension and an elevated CRP level, respectively. Five of the 6
infants had suffered from hyperbilirubinemia (8.28-14.70 mg/dl)
and had received phototherapy.

5. Discussion

ABR threshold elevation in the second test was seen in 7 of 101
NICU-treated infants with ABR threshold of 50 dBnHL or more in
the initial test. The ABR threshold elevation was significantly
correlated with congenital diaphragmatic hernia, severe respira-
tory disease, and a high C-reactive protein (CRP) level.

All of the 7 infants who had ABR threshold elevation were
diagnosed as having definite hearing loss at 20 months after
delivery by a battery of audiological tests, and 5 of the 70 infants
who had a decrease in ABR threshold were also diagnosed as
having definite hearing loss in at least 1 ear at 20 months after
delivery. Hence, this indicates that this study did not show risk
factors correlated to hearing loss but showed risk factors correlated
to ABR threshold elevation. The ABR threshold elevation is
considered to reflect a part of progressive hearing losses [4,5], a
part of delayed-onset hearing losses [6,7] or others. The 7 infants
with ABR threshoild elevation probably had progressive hearing
loss because their ABR threshold in the initial ABR test (before
discharge from the NICU) had already been high (50 dBnHL or
more).

It has been reported that NICU infants show a 10- to 20-fold
increase of risk factors for impaired hearing compared with
healthy newborns because of poor performance status and long-
term hospitalization {8]. Possible causes of hearing impairment
include congenital factors such as genetic or anatomic abnormali-
ties and acquired factors such as use of ototoxic drugs and
excessive noise in the NICU, but the contribution of each factor
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remains unclear because a combination of several factors may
contribute to hearing impairment. The results of the present study
revealed that a history of severe respiratory disease, elevated CRP,
and congenital diaphragmatic hernia were significant predictors of
an elevation of ABR threshold. Severe respiratory disease can
reduce oxygenation of the brain and oxygenation of the inner ear,
which impair cochlear oxygenation, and cochlear hypoxia is
presumed to be associated with delayed-onset hearing loss [9]. It
has been reported that approximately 26-50% of infants with
congenital diaphragmatic hernia suffer from delayed-onset
hearing loss {7}, and it has been suggested that aminoglycosides
or PPHN with ECMO may be involved [10]. Yoshikawa et al. also
reported a correlation with elevated CRP and ABR threshold
elevation and concluded that the variable may predict hearing
deterioration [11].

In the present study, ABR threshold decrease was seen in 60% of
the infants who had shown ABR threshold of 50 dBnHL or more
before discharge from the NICU. This suggests that abnormalities
such as auditory canal stenosis or residual mesenchymal tissue
due to immaturity at birth influence the initial ABR test results, so
that the infants can show spontaneous improvement with growth
[12]. Another reason may also be related to the decrease in ABR
threshold: incomplete myelinization frequently seen infants with
Down's syndrome causes immature auditory pathways [13],
resulting in high threshold of ABR seen in the initial test. The
incomplete myelinization mechanism can explain the cases with
an elevated ABR threshold and positive DPOAE test: approxi-
mately 80% of the cases eventually showed ABR threshold
decrease.

Yoon et al, [14] called for a protocol in which infants with risk
factors for delayed or progressive hearing loss would be followed
by periodical infant hearing tests until the age of 5 years, while
infants without risk factors who show normal results of the initial
hearing test would be examined again at 1 year. It was also
proposed by JCIH that hearing of normal infants and hearing of
NICU infants should be monitored by different methods [15]. Since
NICU infants are more likely to show delayed intellectual
development, they often have communication disorders that
may mask hearing deterioration. Therefore, in infants with hearing
deterioration-related risks clarified by this study, we should
provide periodic medical evaluation and management of language
and inteliectual development in addition to hearing elevation
[16,17].

6. Conclusion

Among 1121 infants treated in the NICU, 101 (9.0%) showed
ABR threshold of 50 dBnHL or more before discharge from the
NICU. Seven of those 101 infants showed an elevation of ABR
threshold by >20 dB when ABR testing was repeated at 20 months.
Risk factors for elevation of ABR threshold are a history of
congenital diaphragmatic hernia, severe respiratory disease, and a
high CPR level.
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