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Auditory maturity and hearing performance in inner ear
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Abstract The objective of this study was to assess the
auditory performance of the neural structures in response to
controlled electrical stimulation period. A prospective
cohort study focused on the intracochlear electrical stim-
ulation parameters and hearing performance of patients
suffering different cochlear malformations who were trea-
ted by cochlear implants constituted the study design. The
study sample constituted 16 patients, suffering profound
prelingual hearing impairment, diagnosed on the basis of
radiological criteria as having an inner ear malformation,
and who underwent cochlear implantation and were fol-
lowed for 24 months. Patients with common cavities,
characterized by fewer nerve structures involved, less
epithelial penetration, and deficient cochlear tonotopy
distribution showed have higher thresholds and electrical
charges than patients with cochlear hypoplasia, who in turn
have higher thresholds than patients with minor malfor-
mations (p < 0.05). Furthermore, word perception was
severely compromised in patients with a common cavity
malformation and was also poor in patients with cochlear
hypoplasia, who were unable to discriminate more than
50% of the words and relied on visual cues as a necessary
aid to communication. Better results were reached by
minor malformed inner ears. To conclude, the number of
nerve structures involved, epithelial penetration and defi-
cient cochlear tonotopy are responsible of inner ear
functionality.
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Introduction

Cochlear implantation for inner ear malformations has
been widely used in the last 15 years [1], and children with
abnormal cochleovestibular anatomy are increasingly
being considered as candidates. According to previous data
[1, 2], cochlear malformations are expected to occur in
20% of children with sensorineural hearing impairment,
with varying degrees and rates of progression of hearing
loss. As a rule, the more severe the temporal bone defor-
mity, the worse the impairment [2]. As first published by
Jackler et al. [2] and confirmed by other authors [3, 4],
inner ear malformations represent arrested cochlear
development at particular stages of the embryological
development, and are caused by genetic alterations,
infections, exposure to ototoxic substances and radiation,
among other factors. The developmental arrest is then
manifested after the individual is born.

The embryological development of the inner ear is
well known [5-7] and forms the basis of current classi-
fications of congenital malformations [2—4]. Currently,
Sennaroglu’s classification [3] seems to be the most
accurate as it uses the most sophisticated imaging tech-
niques, computed tomography (CT) and magnetic reso-
nance imaging (MRI) to identify inner ear malformations
and correlate the embryological stage with the malfor-
mation. Although embryological development, morpho-
logical data and the results and complications of cochlear
implantation have been widely reported in the literature,
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some basic aspects of the distribution of neural structures
and their auditory performance after electrical stimulation
remain unknown.

The aim of this study was to assess the auditory per-
formance of the neural structures in response to controlled
electrical stimulation period.

Patients and methods

To determine the overall hearing performance, the cochlear
neural specialization to sound and to electrical stimulation
and cochlear tonotopy of different inner ear malformations,
we designed a prospective, observational cohort study of
16 patients, suffering from different inner ear malforma-
tions, who underwent cochlear implantation and were fol-
lowed-up for 24 months at the San Cecilio University
Hospital in Granada, a tertiary reference center serving
patients with cochlear implants in the autonomous com-
munity of Andalusia (southern Spain). All the 16 patients
had profound prelingual hearing impairment and were
diagnosed on the basis of radiologic criteria (CT and MRI)
as having an inner ear malformation. We classified the
malformations according to the system proposed by Sen-
naroglu and colleagues: (1) common cavity (three patients,
18.75%), (2) cochlear hypoplasia (two patients, 12.5%), (3)
incomplete partition (four patients, 25%), and (4) minor
vestibular malformations including dilatations (four
patients, 25%) and duct malformations (three patients,
18.75%). For comparison, we studied 32 match-paired
control patients. These control patients match each mal-
formation patient on the age at deafness, the age at
implantation, sex and even cochlear implant device.
Table 1 summarizes the epidemiologic data in these two
groups. There were no significant differences between the
groups in age at cochlear implantation, sex or even hearing
thresholds, although they differed in the prevalence of
associated illnesses, which were more frequent in the group
of patients with malformations. In this group, one patient
each had one of the following diagnoses: congenital cyto-
megalovirus infection, congenital heart defect, hypergly-
cemia during pregnancy, perinatal infection, instrumental
delivery, and maternal salmonellosis during pregnancy. All
patients were implanted with Med-el devices (Combi 40+,
Pulsar Cil00 and Sonata Til00) and standard electrode
arrays except those patients suffering common cavities and
cochlear hypoplasias which were implanted with com-
pressed electrode arrays.

All patients in both groups underwent pre-operative
radiologic examination (CT and MRI) and hearing tests
with click-evoked auditory brainstem responses. In order to
asses the correct electrode insertion, the intra-operative
assessment included Stenvers X-ray imaging, and cochlear
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implant objective measures such us the impedance telem-
etry, performed in all patients, and the compound action
potentials electrically evoked (eCAP) which were only
measured in those patients implanted with Med-el Pulsar
Cil00 and Sonata Til00 cochlear implants. After surgery,
intracochlear electrical stimulation parameters (threshold,
maximum comfort level, electrical pulse width, minimum
electrical charge needed to evoke an auditory signal, and
number of active electrodes) and auditory skills (listening
progress profile and monosyllabic-trochee-polysyllabic
word test, translated and validated for the use with Spanish
speakers) were tested. Patients’ hearing skills were evalu-
ated and the cochlear implant settings were adjusted fre-
quently during 24 months.

Data for the two groups were compared with SPSS v.17
software. Because of the sample size, we used nonparametric
statistical tests: Mann—Whitney U and Kruskal-Wallis test.

Results

Table 2 shows the mean hearing thresholds before cochlear
implantation in each group and the 24 month-postoperative
electrical stimulation values (threshold, minimum electric
charge needed to evoke an auditory signal and number of
active electrodes). Deactivated or inactive electrodes were
not used to calculate mean values for the variables reported.

There were no statistically significant differences in
mean hearing thresholds between patients with and without
malformations. All patients had severe, profound hearing
impairment (Table 1). Both groups differed significantly
(Mann—Whitney U test, p < 0.05), however, in mean
electrical threshold and minimum electrical charge at
threshold 24 months after surgery. Although our analysis
of mean hearing thresholds did not distinguish between
different malformations, mean electric charge at threshold
was higher in patients with more severe malformations
(common cavity and cochlear hypoplasia) than less severe
malformations (incomplete partition and vestibular mal-
formations), and these differences approached significance
(Mann—Whitney U test 0.05 < p < 0.1).

Although the cochlear implant insertion was complete in
all patients, the mean number of active electrodes was
significantly lower in patients with inner ear malformations
(Mann—Whitney U test p < 0.05). In patients with a com-
mon cavity malformation the mean number of electrodes
activated was lower than in patients with other malforma-
tions (Mann—Whitney U test p < 0.05).

Hearing skills measured through LiP and MTP tests
24 months after cochlear implantation (Fig. 1) showed
improvement after cochlear implantation. Also, mean
scores after cochlear implantation were significantly lower
in patients with an inner ear malformation than in patients
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Table 1 Epidemiological data of patients included in the study

Malformation group (n = 16)

No malformation group (n = 32)

Age at cochlear implant in months x (sd) [1]
Sex n (%) [2]

52.25 (33.63)

38.55 (15.86)

Male 11 (68.75%) 20 (62.5%)

Female 5 (31.25%) 12 (37.5%)
Hearing threshold (dB HL) x (sd) 100.94 (9.87) 111.56 (9.95)
Patients with associated pathologies n (%) 6 (37.5%) 0
Cochlear implant devices n (%)

Med-El Combi 40+ 9 (56.25%) 14 (43.7%)

Med-El Pulsar CI100 5 (31.25%) 18 (56.3%)

Med-El Sonata TI100 2 (12.5%) 0

X (sd) means the mean and standard deviation

n(%) means the number of patients and percentage of the total number of patients

Table 2 Auditory performance measured as the sensitivity to acous-
tic stimuli before cochlear implantation (hearing threshold) and as the
sensitivity to the intracochlear electrical stimulation delivered through

the cochlear implant (electrical threshold, electrical charge at
threshold and active electrodes)

Common cavities Cochlear Incomplete Vestibular All malformations Control patients
hypoplasias partition malformation
Hearing threshold 103.33 (11.54) 110 (0) 95 (10.80) 100.71 (9.32) 100.93 (9.86) 111.56 (9.79)

(dB HL) [1] x (sd)[2]

Electrical 338.98 (78.43) 344.92 (73.71) 312.40 (130.4) 268.13 (99.83) 302.08 (98.25) 135.73 (91.98)
threshold
(Cu) [3] x (sd)

Electrical 4224454 20100.86 12613.16 13847.95 22201.63 5384.92
charge at (22320.28) (4.461.46) (7044.2) (7457) (13758.07) (4793.85)
threshold
(Cu) x (sd)

Active electrodes x (sd) 5.33 (4.04) 8.50 (4.95) 10.50 (1.29) 8.14 (3.24) 8.25 (3.38) 10.25 (1.77)

Hearing level in decibels

X (sd) means mean and standard deviation

Cu means coulombs

with no malformation (Mann—Whitney U test p < 0.05).  Discussion

The only exceptions to this trend were the slightly but
nonsignificantly higher LiP and MPT3 test scores
24 months after implantation in patients with incomplete
partition and vestibular malformation. Patients with a
common cavity malformation scored lower on all tests
compared to control patients, whereas patients with
cochlear hypoplasia scored lower on the MTP3 and MTP12
tests (Mann—Whitney U test p < 0.05). No statistical dif-
ferences (Mann—Whitney U test p > 0.1) were found in
MTP6 scores of patients suffering cochlear hypoplasia.

The etiology, morphology and functional consequences of
inner ear malformations have received renewed interest in
the recent years with the advent of surgical treatment and
rehabilitation with cochlear implants [1, 5-10]. Studies to
date have offered new concepts regarding embryological
development [5-7],which have been reflected in new
morphological classifications whose effectiveness, limita-
tions and complexities have been analyzed [2, 3].
The present study clarifies some basic aspects of the
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Fig. 1 Auditory functionality measured with speech discrimination testing and LiP, MTP3, MTP6, MTP12 in patients with and without inner ear
malformations, before surgery (pre) and 24 months after cochlear implantation (post)

distribution and functioning of neural cochlear structures in
malformed cochleas, based on histological analysis, on the
responsiveness to intracochlear electrical stimulation and
on speech discrimination tests.

Embryological development of the inner ear begins at
28-32 days with the appearance of nerve fibers that extend
from the cochleovestibular ganglion to the otic epithelium.
Thereafter, nerve fibers: (1) mature and increase in number,
(2) penetrate toward the cochlear epithelium to give rise to
ciliated cells, (3) continue to specialize, and, (4) distribute
in an organized fashion in the modiolus of the cochlear
turns to give rise to the final tonotopic array [2, 3, 5-7].
Functional maturity is attained with anatomical maturity of
the inner ear [11].

The different inner ear malformations can appear as a
result of the arrest in the embryological development at
different stages. These arrests condition the presence or the
absence of different structures in the mature inner ear.
Even more, the maturity and also the functional charac-
teristics of the inner ear structures may be then compro-
mised. In this connection, our results show that patients
with an inner ear malformation (all as a group and when
considered according to the specific type of malformation)
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had significantly higher mean electrical thresholds than
patients with no malformation. When we compared
patients with specific types of malformation, we found that
electrical thresholds were inversely related to the degree of
cochlear differentiation, although the differences between
types of malformation were not statistically significant.
These results, which were unanticipated in part, were fur-
ther corroborated by the electrical charge at threshold (Cu/
s), a measurement that accurately quantifies the minimum
energy needed for an electric pulse to evoke an auditory
response. Patients with a common cavity malformation
have higher threshold electrical charges than patients with
cochlear hypoplasia, who in turn have higher thresholds
than patients with minor malformations such as incomplete
partition or vestibular malformations. The differences
between these subgroups were statistically significant.

In patients with inner ear malformations, the higher
electrical charges needed to evoke auditory responses and
the limited battery voltage made it necessary to increase
pulse duration, which resulted in a decreased stimulation
rate. The decreased stimulation rate limited the hearing
performance of patients with cochlear malformations
receiving cochlear implants [12, 13]. In order to improve
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stimulation rates, stochastic behavior and auditory cell re-
synchronization, we deactivated those electrodes with
higher charges [14].

Hearing skills paralleled electrical stimulation thresh-
olds. Naturally, all patients in our study had significantly
improved word perception and identification as a result of
their cochlear implant and rehabilitation. It should be
emphasized that the percentage gains in word perception
and identification paralleled the degree of cochlear differ-
entiation. These results are consistent, in part, with findings
reported by other authors [8—10], although not all studies
considered different malformations separately. The results
were not distributed homogeneously across different inner
ear malformations. Patients with vestibular malformations
and minor malformations (incomplete partition or Mondini
deformity) obtained scores similar to those of patients with
hearing impairment but no malformation. In contrast,
patients with major malformations (common cavity or
cochlear hypoplasia) obtained significantly lower mean
scores compared to other patients. Moreover, word per-
ception was severely compromised in patients with a
common cavity malformation (MTP3, MTP6 and MTP12),
and was also poor in patients with cochlear hypoplasia,
who were unable to discriminate more than 50% of the
words and relied on visual cues as a necessary aid to
communication. These findings are consistent with earlier
results [10, 15, 16]. The reduced number of neuronal cells,
their limited penetration in the epithelium, the lack of
specialization and compromised tonotopy thus led to lim-
ited auditory performance even in response to electrical
intracochlear stimulation.

Finally, although the severity degree of the malforma-
tion treated with cochlear implants seems to be the most
important factor that affects hearing perception in cochlear
malformation patients, many other variables may be rele-
vant in these outcomes. These variables are related to: (1)
the patient, such as the age at the onset of the hearing loss,
the previous auditory experience, the age at implantation,
co-morbidities and socioeconomical aspects, (2) the
cochlear implant, such as the cochlear implant device, the
electrical stimulation strategy, the electrode guide type, the
number of inserted electrodes, the number of active elec-
trodes and the electrode guide disposition inside the major
cochlear malformations, and (3) the hearing rehabilitation.
Most of these variable influences have been solved by
matching controls to each malformation patient but fewer
data was collected from the electrode guide insertion, the
electrode guide disposition inside major malformations and
the families’ socioeconomical characteristics. These vari-
ables may affect the present results and should be assessed
in future studies.
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