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Abstract: The objective of this paper was to investigate the suitability of the miniature pig as a large animal model
of cochlear implantation (Cl). Micro-CT scanning and three-dimensional reconstructions of the inner ear were com-
pleted in six animals. Photographs of the procedures and measurements of the inner ear were made. The Cl pro-
cedure was simulated in 10 animals. Electrically evoked auditory brain stem responses (EABRs) and radiographic
images were evaluated during or after the Cl procedure. Morphological examination and measurements of inner
ears of the miniature pigs were completed by micro-CT scanning. The height of the scala tympani was 873.12 um
in the 1st turn, 641.46 um in the 2nd turn, 445.13 ym in the third turn and 339.19 um in the fourth turn. The
length of the cochlea was 38.6 mm, larger than other animal models (7.2 mm in rats and 22 mm in macaque, for
example) and similar to that in the human (36 mm). Commercial electrodes used in humans (870 ym at the end
and 630 pm at the tip in diameter) were implanted in the pig’s cochlea, through which normal eABRs were obtained.
Radiographic images after the Cl procedure revealed electrodes located in the scala tympani of the first and second
turns. Compared with traditional animal models, greater similarities of the inner ear between miniature pigs and
humans make this animal a potentially useful model for Cl studies.

Keywords: Miniature pig, cochlear implantation, animal model, Micro-CT, electrically evoked auditory brain stem
responses

Introduction Among experimental animals, pigs are the spe-

cies most similar to humans after primates.
Artificial cochlear implantation (Cl) is an effec- Pigs have high similarity with humans in terms
tive treatment for sensorineural deafness. of the morphology and structure of their audi-
Since the 1970s, when artificial cochlea tech- tory organs. Studies have found that the struc-
nology began, artificial cochleae have continu- ture of the middle ear cavity and pharyngeal

ally been replaced by new ones. Animal testing
is especially important in validating the neces-
sary steps in the development of a new cochlea.
Traditional animal models for Cl studies include
cats, guinea pigs and other animals with
cochlear structures that differ greatly from
those of humans (Table 1) [1-4]. A new cochlear
electrode can be implanted into the animal’'s

lymphatic organization are highly consistent
between pigs and humans, making pigs a very
suitable model of otitis [5]. Because the thick-
ness and strength of pig cochlear bone wall are
very close to those of human, pig cochlea has
been widely applied in cochlear fenestration
[6], tomographic examination of fine cochlear

cochlea with a special transformation, but the structures  [7], and surgical technologies
experimental data cannot fully reflect the real research. Our earlier research found that the
situation in humans. Therefore, we need to con- size and shape of pig cochlea are very similar to
tinue looking for more appropriate animal ear those of humans. The inner ear shape is nearly
models that share greater similarities with mature, similar to humans, and the pig has nor-

humans. mal hearing at birth [8]. Therefore, pigs as a
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Table 1. Comparison of cochlear of animal models

Species Cochlear Human Marmoset Macaque Cat Guinea Pig  Rat  Miniature pig
Turns 2.5-3 2.84 2.75 3-3.5 4 2.2 3.5
Scala Tympani Length (mm) 36 16.5 22 23 16.2 7.2 38.58125

Animal models for traditional Cl include cats, guinea pigs, and other animals with cochlear structures that differ greatly from

those of humans (Marc, et al, 2011; Klinke, et al, 1999; Agterberg, et al, 2010; Luke, et al, 2012).

large animal model have promising application
in the field of otology. In this study, we investi-
gated the suitability of the miniature pig as a
new animal model of CI.

Materials and methods

Sixteen Chinese miniature pigs of both sexes
aged 6 to 8 weeks were used in this investiga-
tion. Six pigs were used for measurement of the
ear and 10 used for Cl.

The pigs were obtained from the Chinese
Agricultural University in Beijing. This species
was derived from a small-size swine species
from Guizhou Province, China, in 1985. Its
genetic background is well understood. Its fea-
tures include an inherent small size, early sexu-
al maturity, rapid breeding, and ease of man-
agement [9]. Its baseline biochemical and
hematological parameters have been clearly
established [10].

This study was carried out in strict accordance
with the recommendations of the Guide for the
Care and Use of Laboratory Animals of the
Institutional Animal Care and Use Committee of
China Agricultural University in Beijing. This
study had been approved by this committee. All
efforts were made to minimize suffering, includ-
ing: 1. Animal housing and care follows good
practice; 2. Discomfort, distress and pain are
minimized using appropriate anesthesia and
analgesia; 3. Humane endpoints are defined
and implemented; 4. Protocols involving animal
use undergo ethical review; 5. Investigators
and all personnel who handle and use animals
are appropriately trained and qualified; 6.
Euthanasia is carried out according to good
practice.

Anesthesia and specimen preparation

Twelve pigs were anesthetized using ether inha-
lation. Six animals were immediately sacrificed
by exsanguination from the axillary artery and
dissected within 12 h postmortem. The head
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was removed at the C2 level. Ten animals were
used to simulate Cl procedure.

Micro-CT scan and three-dimensional (3D) re-
construction of temporal bone

In six animals, a 4x4x6 cm cube of tissue con-
taining the entire tympanic cavity and petrous
bone including the inner ear was obtained from
each side. The 12 tissue blocks were scanned
using a micro-CT system (SkyScan 1172,
Belgium). Full technical details of the micro-CT
parameters, including measurement by CTvox,
modeling by CTAn, and reconstruction by
Nrecon, are given elsewhere [11-13]. The data
were processed using the VGStudio Max soft-
ware, which allowed segmentation and recon-
struction and generated animation clips of the
ear. An ear model including the external audi-
tory canal, mastoid, tympanic membrane (TM),
ossicles, petrous bone (inner ear), and soft tis-
sue (including muscles and nerve), was estab-
lished. Measurement of the inner ear, including
the height of every turn, the height of the scala
tympani, and the perimeter of every turn, was
completed.

Measurement of the area of the scala tympani
on HE staining sections

The area of the scala tympani was measured in
4 cochleae. Light microscopy (Olympus SZX10)
images of the modiolus were achieved and
depicted against a scale. The images were
transformed using the Mimics 17.00 software
in JPEG format for measurement of the length
and cross-area of the scala tympani of every
turn, which was repeated four times.

Simulated Cl procedure in 10 animals

Cl system: A cochlear implant (CS-10A; Nuro-
tron, China) with no modification (either the
speech processor or the implant) for animal
experiment was used in the study. This type of
implant has been used in numerous patients in
China. The 24-channel electrode array of the
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as shown in Figure 4. The sur-
gical time of this approach
was 2-3 hours plus half an
hour for electrode insertion.
Procedures were recorded on
photographs using an Olym-
pus DP72 camera attached to
a ZEISS microscope and pro-
cessed by DP2SW software.

Evaluation of electrically
evoked auditory brain stem
responses (EABRS)

After the electrodes were
placed in the scala tympani,
electrical stimulation with bi-
phasic, charge-balanced puls-
es (200 us/phase, monopolar
stimulation using the apical-
most electrode of the implant
and an indifferent electrode

Figure 1. Micro-CT scans and 3-D reconstruction of the miniature pig ear.
A: 3-D reconstruction of the middle ear and part of cochlea using Micro-CT
scans. B: 3-D reconstruction of the middle ear. C: 3-D reconstruction of the
cochlea. D: 3-D reconstruction of the stapes. MlJ-incudomalleolar joint, I1SJ-
incudostapedial joint, V-vestibule, SP-styloid process, TOAT-tympanic open-
ing of auditory tube, C-cochlea, M-mastoid, S-stapes, FN-facial nerve, TM-
tympanic membrane, HM-handle of malleus.

CS-10A has a length of 20.5 mm and a maxi-
mum diameter of 0.87x0.83 mm at the base
and 0.57x0.63 mm at the tip.

Cl procedure: Following a postauricular inci-
sion, a hand drill (OSSEODOC; Bien-Air Surgery
SA, Switzerland) with a flexible shaft and appro-
priate cutting burs was used to enlarge the
external auditory canal until the TM was
exposed. The tympanic cavity and cochlea were
exposed by enlarging the posterior wall of the
external ear canal, as in myringoplasty in
humans. The facial nerve, if encountered in this
course, was partially dissociated downward for
protection. Care was taken to avoid damage to
the delicate structures of the TM and ossicular
chain. A subperiosteal pocket of skull back to
the ear was created for positioning the implant
induction coil. Then a bone pocket tailored to
the size of the device being implanted was cre-
ated, and the induction coil was fixed to the cor-
tex with a fixation suture. The electrode was
implanted in the scala tympani through the
penetration in the basal turn. The outer induc-
tion coil was sutured accordingly in the scalp
and the speech processor was fixed in the back
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placed in the muscles at the
neck) was performed using an
optically isolated current sou-
rce. The presentation rate was
13 stimuli per second in all
animals. EABRs were record-
ed at varying intensities. Sti-
mulus levels were computed from peak-to-peak
amplitudes of the pulses. The highest current
level was reached when facial nerve stimula-
tion appeared. Recordings with facial nerve
stimulation resulting in muscle contractions
were contaminated with muscle activities and
discarded from further processing.

Postoperative images and auditory thresholds
after Cl insertion

A CT scan and radiograph of the temporal bone
were obtained in all 10 pigs. The electrode was
revealed clearly in the first and second turns of
the cochlea. The auditory thresholds before
and after Cl insertion were evaluated. ABRs
were evoked with clicks and/or 5-ms tone pips
(0.5 ms rise-fall, at 30/sec) at 1, 4, 8, 16 or 20
kHz. The response was amplified, filtered, and
averaged using the Intelligent Hearing System
(Intelligent Hearing System Corp., Miami, FL).
The sound level was raised in 20- and/or 5-dB
steps. At each level, 1,024 responses were
averaged. Hearing threshold was determined
by visual inspection.
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Figure 2. 3-D reconstruction of the media wall of
the middle ear. MlJ-incudomalleolar joint, 1SJ-incu-
dostapedial joint, V-vestibule, SP-styloid process,
TOAT-tympanic opening of auditory tube, C-cochlea,
M-mastoid, S-stapes, FN-facial nerve, TM-tympanic
membrane, HM-handle of malleus.

1 mm

Figure 3. Reconstructed cochlear sections using Mi-
cro-CT scans. ST-scala tympani, SV-scala vestibular,
OSL-osseous spiral lamina, MO-modiolus.

Results
Micro-CT scan and 3D reconstruction

The ear was scanned and reconstructed using
micro-CT scans in six pigs. The scan and 3D
reconstruction combined with microdissection
of the middle and inner ears were very helpful
in revealing the anatomy of the miniature pig
ear, as shown in Figures 1 and 2. The 3D recon-
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Figure 4. Location of speech processor in a minia-
ture pig.

struction provided more accurate and clearer
views of miniature pig ear structures and their
spatial relations than did 2D microdissection.

Measurement of the inner ear

Measurement of the inner ear was completed
using software including the CTvox (measure-
ment), CTAn (modeling) and Nrecon (recon-
struction). The height of the scala tympani at
every turn was measured on a reconstructed
section of the cochlea along a virtual line paral-
lel to the modiolus. Points “b” and “c” were
crossover points of the line with the bottom of
the scala tympani and the top of the scala ves-
tibular, whereas Point “a” was at the osseous
spiral lamina level. The height of the scala tym-
pani was the distances between Points a-b and
a-c (Figure 3), and the data are shown in Tables
1 and 2. The height of the scala tympani was
873.12 ym in the 1st turn, 641.46 pm in the
2nd turn, 445.13 pm in the third turn and
339.19 ym in the fourth turn. The length of the
cochlea was 38.6 mm, larger than other typical
animal models and similar to that obtained in
the human (Table 1). The standard commercial
electrode used in humans (CS-10A) was easily
implanted in the pig's cochlea.

Measurement of the section area of scala tym-
pani on HE sections

In order to verify the feasibility of insertion of
human ClI electrodes, the section area of scala
tympani was measured on HE sections. The
area in the basal turn was 2.475 mm? and
greater than the diameter of the CS-10A elec-
trode used in the human, indicating feasibility
of insertion of human CI electrodes in the min-
iature pig (Table 3).
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Table 2. Measurement of the cochlea (um)

Turn Height of Turn
Height Scala Tympani Perimeter

1 1243.57 873.24 16512.30
2 859.32 641.46 11402.41
3 753.54 445.13 8553.11
4 532.14 339.19 2113.43

The 12 cochlear were scanned using a micro-CT system
(SkyScan 1172, Belgium). The data were processed by
the program VGStudio Max, which allowed segmentation
and reconstruction and generated animation clips of the
ear. An ear model was established and measurement

of the inner ear, including the height of every turn, the
height of the scala tympani, and the perimeter of every
turn, was completed.

No. of Turn

Table 3. The measurements of areas of the
scala tympani (mm?) in four cochleae

Cochleaes The The .The
basal turn second turn  third turn
1 2.45 0.093 0.064
2 2.46 0.094 0.062
3 2.43 0.096 0.065
4 2.42 0.093 0.069
Average 2.44 0.094 0.065

Four cochleae were examined to measure the area of
the scala tympani. The images of modiolus histologi-

cal sectionsby light microscope (Olympus SZX10) were
imported into the Mimics software 17.00 in JPEG format,
then measured the scale length and the cross-areas of
scala tympani of every turn by its measuring kit directly
four times.

Simulated ClI procedure in 10 animals

Cl procedure: The pig skull appeared more com-
pact with a significantly smaller brain capacity
than in humans. Anatomically, the temporal
bone was located in the same position as in
humans, including the squamous, mastoid, and
tympanic (which was not obvious) parts as well
as the styloid process. The mastoid air cell sys-
tem lay medial to the temporomandibular joint
and inferior to the tympanic cavity. The external
ear canal was very long and orientated strictly
upward and backward. Although the locations
of the mastoid and external ear canal in the
miniature pig differ significantly from those in
humans, this did not appear to influence the ClI
procedure. The miniature pig cochlea had 3.5
turns. Eleven to 14 active electrodes could be
implanted in the basal and second turns, which
yielded very satisfactory results.
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Cl trial simulation (Figure 4) and scala tympani
measurement on micro-CT scans showed an
appropriate scala tympani size for the Cl elec-
trode used in humans, which needed no addi-
tional modification for the animal trials.

Evaluation of EABRs

EABRs in tested animals revealed a morpholo-
gy characteristic of acoustically evoked brain
stem responses (Figure 5). In most animals,
waves lll and V could be consistently differenti-
ated. Additional waves appeared at high stimu-
lus levels. When at least one wave was present,
usually wave V, it was demonstrated that the
electrodes worked efficiently. The latency of
wave lll was around 2.5 ms and that of wave V
was around 3.6 ms. The prolongation of wave
latencies with decreasing stimulating current
levels was not as significant as that seen in
acoustic ABR test.

Postoperative images and auditory thresholds
after Cl insertion

In the 10 temporal bones radiographed, the
electrode was revealed clearly in the first and
second turns of the cochlea (Figure 6). Auditory
thresholds immediately after Cl surgery were
evaluated (Table 4). No recognizable wave-
forms were seen up to 100 dB SPL sound for 4
to 32 kHz, in contrast to the normal ABR thresh-
olds of 35to 40 dB SPL in pigs. Auditory thresh-
olds one week after ClI could be found in Table
4.

Discussion

Pigs and miniature pigs as animal models for
medical studies

Animal models of human diseases have always
played a central role in biomedical research for
the exploration and development of new thera-
pies [2]. However, the evolutionary gap between
humans and many of the animal models (such
as rodents) has always hampered direct appli-
cability of the knowledge gained for human
therapy [2]. A crucial prerequisite for the devel-
opment of safe preclinical protocols in biomedi-
cal research is the use of a suitable animal
model that would allow for human-related vali-
dation of valuable research information gath-
ered from experimentation with lower mam-
mals [2]. Thus, a suitable animal model is very
important in biomedical research. Rodents and
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power in the understanding of

III
|

sajc1 c2| genetic complexity. The simi-

2 larities of numerous physio-
logical functions between pigs
and humans have stimulated
a wide range of biomedical
studies. However, traditional
pigs tend to be large in size
and difficult to manage.

Different types of miniature
pigs have been bred, including
the Chinese experimental min-
iature pig [10]. Its characteris-
tics include inherent small
size, early sexual maturity,
rapid breeding, and ease of
management [9]. Compared
with rodents, the advantage is
obvious-the miniature  pig
shares more similarities to

Figure 5. Electrically evoked brainstem evoked responses (EABRs) in the
miniature pig revealed a morphology characteristic of acoustically evoked
brainstem response, at nine different current levels (highest current level

at the top).

Figure 6. Temporal bone radiographs in the ten pigs
undergone CI. The electrode is revealed clearly in the
first and second cochlear turns.

nonhuman primates (for ethical reasons) are
not always suitable animal models.

As a domesticated eutherian (placental) mam-
mal, the pig has evolved similarly to humans
and represents a taxon with diverse selected
phenotypes [14]. The pig also represents an
evolutionary clade distinct enough from pri-
mates and rodents to provide considerable
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7.0 > humans and thus results of
biomedical research using the
pig are more relevant. More-
over, there are fewer ethical
concerns with pigs than with
nonhuman primates. Addition-
ally, the miniature pig is more
cost-effective than traditional pigs. Miniature
pigs have been extensively used as a large ani-
mal model in many biomedical experiments
and studies of artificial organs [5-8]. The physi-
ology and morphology of the ear of the minia-
ture pig, including conventional histological
analyses using HE staining sections used by
our team, have been investigated [8]. In this
study, we assessed the suitability of the minia-
ture pig as a new animal model for Cl.

Measurement of the scala tympani

Knowledge of the dimensions of the scala tym-
pani in both humans and experimental animals
is necessary for the continued development of
cochlear implants. Such information would
ensure that scala tympani electrode arrays are
not inserted past a point in the cochlea dimen-
sionally smaller than the electrode array. This
knowledge will also provide necessary anatom-
ic information required for the development of
improved scala tympani electrode arrays [15].
Dimensions of the cochlea in humans and labo-
ratory animals have been reported by several
authors [16-22]. However, these reports have
some limitations, and the methods are compli-

Am J Transl Res 2016;8(12):5494-5502



Animal model of cochlear implantation

Table 4. The thresholds of the miniature pig
the after Cl insertion (dB SPL)

Instant test  One week

. Preop-
Frequencies ) postopera-  postopera-
eration ) A
tion tion
Click 32+4.2 >100 77+3.1
1000 Hz 38+2.4 >100 79+4.5
4000 HzZ 37+3.5 >100 79+4.2
8000 HZ 474+2.6 >100 94+2.8
16000 HZ 3145.2 >100 114+5.7
20000 Hz 33+2.7 >100 112+3.7

cated. We designed a new and simple method
of measuring the scala tympani by micro-CT
according to the following theory.

Previous evidence [23-27] from electrode
insertion studies in human temporal bones
suggested that the banded electrode array of
the cochlear implant (Nucleus; Cochlear,
Centennial, CO, USA) lay along the outer wall of
the scala tympani. Recent acute electrical
stimulation studies in cats showed that EABR
thresholds decreased and the dynamic range
increased as the banded electrode array was
moved from the outer wall of the scala tympani
toward the modiolus [28]. These results sug-
gest that an electrode array placed close to the
modiolus would be capable of exciting a greater
number of discrete groups of auditory nerve
fibers. Additionally, the scala tympani is some-
what smaller in height than in width [22].
Therefore, we believe that the osseous spiral
lamina is a limiting factor for the size of more
effective electrode arrays. If the electrode array
is smaller than the distance from Point a to b, it
can be inserted into the scala tympani closer to
the modiolus. The distance from Point a to b
(Figure 3) as the height of the scala tympani is
more relevant. We believe that our method,
which utilizes micro-CT, is simple and valid. The
banded scala tympani electrode array from
Cochlear has a maximum diameter of
0.87x0.83 mm and tapers to a tip diameter of
0.57x0.63 mm. This electrode array has been
designed for insertion to a depth of 20.5 mm
from the round window. The data in Table 2
reveal that the scala tympani of the miniature
pig is suitable for the electrode array, which
needs not to be modified for animal trials. And
In order to verify the feasibility of insertion of
human CI electrodes, the cross area of scala
tympani was measured on HE sections and was
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shown to be greater than the CS-10A electrode
used in the human. The results support the fea-
sibility of insertion of human CI electrodes in
the miniature pig (Table 3). The smaller cross
area of the second may be related with col-
lapsed vestibular membrane.

Simulation of Cl procedure in the miniature pig

The Cl procedure was simulated in the minia-
ture pig (Figure 4). The EABR results after elec-
trodes were implanted in the scala tympani
(Figure 5) proved that the electrodes worked
efficiently. Temporal bone radiographs (Figure
6) clearly showed that the electrode was in the
firstand second turns of the cochlea. Immediate
ABRs showed no recognizable waveforms up to
100 dB SPL for 4 to 32 kHz (Table 4). Potential
mechanisms of instant hearing loss following Cl
surgery include direct mechanical trauma to
the basilar membrane or osseous spiral lami-
na. ABR thresholds one week after Cl revealed
residual hearing, indicating that damage by CI
insertion did not cause complete hearing
destruction (Table 4). The level of residual hear-
ing at one week following Cl surgery may
depend on the level of restoration of cochlear
internal environment, although further work is
needed to determine the exact mechanisms.

Our CI simulation and the micro-CT scala tym-
pani measurement results show that the size of
the miniature pig scala tympani can receive Cl
electrodes used in humans without the need
for modification. This helps validate Cl animal
trials, which would allow for continuous im-
provement of electrode array designs.

Compared with traditional animal models, simi-
larities between miniature pig and human inner
ears make this animal a potentially useful
model for applications in Cl research.
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