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Abstract

Introduction: Animal studies are an essential method to
evaluate implants for the middle ear prior to clinical studies.
New Zealand rabbits, guinea pigs and chinchillas are, among
other small mammals, well established animal models, but
their auditory system is significantly smaller compared to
human. Hence, the suitability of the domestic pig (sus scrofa
domesticus) as a new animal model for research on the mid-
dle ear (ME), that would match the human in size, was
investigated.

Methods: Thirty halved pig heads were obtained from the
butcher and each middle ear was dissected. Using a digital
light microscope, several anatomical magnitudes were deter-
mined for 24 specimens, namely the planar projected area of
the tympanic membrane (TM), in relation to the stapes foot-
plate as well as the dimensions and weight of the ossicles,
in order to determine the effective lever ratios. Using normal
and micro computed tomography (CT), six porcine temporal
bones were scanned and the geometric data obtained were
transferred into a finite element model (FEM) simulation of
the porcine middle ear. The transfer function was determined
and compared to those from humans determined by meas-
urements and simulations, respectively.

Results: The anatomy investigated presented itself as highly
comparable to that of the human. Differing from literature,
no fourth ossicle could be found. The porcine dimensions
and lever ratios determined match the humans far better than
those of all established animal models. The obtained transfer
function was congruent to the human one. This underlines
the suitability of the pig as an animal model for middle ear
implants.
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Introduction

Rabbits [32, 33], guinea pigs [13, 30] and chinchillas [3, 5,
12] are, among other small mammals, well established ani-
mal models for investigations on the middle ear (ME) and
its implants. Prostheses have to be scaled down to fit into
the cavity of the animal ME. This procedure may lead to
distorted acoustical behavior due to scaling-effects (differing
surface/volume ratio and mass of implant) [6] and requires
additional effort to downsize the implants. Hence, an animal
model, matching the human in size, would be of interest. As
a consequence, the suitability of the common domestic pig
(sus scrofa domestica) as an animal model for investigations
on the ME should be analyzed more thoroughly. Up to date,
the pig is used for investigations upon skin [23, 24], inflam-
matory processes within the ME [18, 31], morphology of the
inner ear [21] and is proposed as an object for surgical train-
ing in otology [14, 15]. An additional comparison of the
human and porcine ME structures and bio-mechanics shall
substantiate the common pig as an animal model for ME
surgery and implants.

Materials and methods

Thirty halved heads from common domestic pigs (sus scrofa
domestica, ‘‘German Landrace’’) were obtained from the
butcher (Hans Ritter GmbH, Munich, Germany) and dis-
sected within 12 h post mortem. The specimens were ran-
domly chosen, disregarding sex or weight of the animals
which could be considered as full-grown and mature for
slaughter (90 kg+5 kg). The heads were cleaved and the
brains removed by the butchery. As inspected by an official
veterinarian, the specimens could be obtained as normal
foodstuff without any further controls or permission by an
ethics committee or any other authority.

Preparation

After first inspection for cracks within the scull, or anatom-
ical disorders, each head was dissected in order to obtain a
cube of 4X4X5 cm, containing the entire tympanic cavity
with its internal structures. Tools for this first step included
scalpels to cut soft tissue and a hacksaw to cleave bony struc-
tures. A standard procedure could be established. Using a
hand drill MicroMot 50 E (Proxxon, Niersbach, Gemany)
with flexible shaft and several types of cutters, at 24 of the
initial 30 specimens the cartilaginous and bony structures of
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the external auditory canal were removed until the tympanic
membrane (TM) could be seen over its entire planar latitude.
This second step of dissection had to be carried out very
accurately to avoid damage of the delicate structures of the
TM and ossicular chain. After removing the TM using a
sickle-shaped scalpel, the ossicles were removed with normal
tweezers and stored in a solution of 70% (by weight) ethanol
(VWR International GmbH, Darmstadt, Germany) and puri-
fied water at 4 to 8°C until further measurements.

Tympanic membrane

Before removing the TM, it was inspected using a digital
light microscope VHX 500 with an objective VH-Z20
(Keyence Corporation, Osaka, Japan). The planar projected
area of the TM, semi-major and semi-minor axes were deter-
mined with the measurement tool included in the micro-
scopes software. By inscribing a polygon in the digital image
along the boundary of the TM, the area could be calculated
automatically (Figure 1A). This procedure was repeated five
times and the average value was registered. Based upon the
microscopes depth of field (5 mm at magnification X20,
1 mm at X100), the maximal error of measurement AA.,,
due to tilt of the specimen could be calculated and was less
than 10%.

Ossicles

All ossicles were weighed with an analytical balance L230S
(Sartorius, Gottingen, Germany) with an accuracy of 0.1 mg
and observed under the digital light microscope. The main
intention of further investigations was to determine the lever
ratio between the malleus and the incus and the aerial ratio
between the TM and the stapedial base. In the absence of
established methods of measurement for porcine ossicles,
those common for human ones were used as far as available
and reasonable.

Determined were length of the manubrium according to
Nomura et al. [26] and the effective lever, assuming the cen-
ter of ratio during oscillation to be in the head (Figure 1B).
The finding of Masali [22], that for human ossicles the effec-
tive lever of the malleus and length of the manubrium are
identical, was not transferred to the pig. Thus, for the porcine
malleus, a circle was constructed, matching its head. The
distance of its centre to the umbo along the axis of the manu-
brium was taken as the effective lever. Height and width of
the incus and its effective lever were determined according
to Nomura et al. [26] (Figure 1C). Dimensions of the stapes
were determined according to Farahani and Nooranipour [9],
namely height and width as well as the angle between both
crura (Figure 1D). Not a single stapes could be dissected
entirely, as all footplates stayed affixed in the oval window
(OW) when removing the stapes. The planar projected area
of the OW was measured and taken as the area of the sta-
pedial base (Figure 1E).

FEM simulation

Five of the porcine temporal bones, still containing the ossi-
cles and the TM, were used to perform imaging using CT in

the same way as is customary when examining humans (bone
window). These scans, using a Somatom Sensation 16 (Sie-
mens Health Care, Erlangen, Germany), were carried out for
preliminary testing and to compare the imaging with those
from human temporal bones. Another specimen, still con-
taining all structures of the ME, was scanned using micro
computed tomography (u-CT) with a TomoCheck® (Werth
Messtechnik GmbH, GieBen, Germany) with a voxel-size of
24 pm (edge length). The obtained data were segmented
using Amira 5 (Visage Imaging, Carlsbad, CA, USA) to
obtain a computer aided design (CAD) model of the ME
structures. All dimensions of the virtual ME were compared
to those measured at the real ones. Using Catia V5R18 (Das-
sault Systemes, Vélizy-Villacoublay, France) and Ansys
Workbench 11 (Ansys Inc., Canonsburg, PA, USA) an FEM
model was created, consisting of the TM, malleus, incus and
stapes. The external auditory canal, and pneumatised struc-
tures of the ME were neglected, a common for these types
of models [10, 11, 16]. Incudo-malleolar (IM) joint, incudo-
stapedial (IS) joint, all ligaments and muscles, ligamentum
annulare and the inner ear were implemented congruent to
the human ME model established by Hoffstetter et al. [16].
As no values for pigs were available in literature, material
properties were taken from established FEM simulations for
the human ME [10, 11, 16]. As the boundary condition, a
fixed bearing was applied to the border of the TM, repre-
senting the annulus fibrocartilaginous, and to the ends of all
ligaments and muscles. For more details on the FEM model
set up please refer to [16]. The porcine FEM model was
excited with a sinusoidal sound pressure level (SPL) of 90
dB over a frequency range of 0.1 Hz to 10 kHz (Figure 2)
applied to the TM. According to literature, for an SPL up to
90 dB, linear material properties can be assumed [7, 10, 34,
36]. As transfer function (TF) the peak amplitude of the pis-
ton-like motion of the stapes footplate depending on the fre-
quency was determined.

Results

The ME anatomy of the pig ear appeared highly similar to
the human. The standard procedure established enabled dis-
section of the porcine middle in a reproducible manner.

TM and ossicles

By outer appearance, the TM greatly resembled the human
eardrum. The same was observed for the ossicles. Only the
incus appeared smaller in relation to the malleus and featured
a more bulky shape than in humans. Striking was the simi-
larity of the stapes. A fourth ossicle, as described by some
authors [8, 25], named os lenticulare and located between
stapes and incus, fixed via ligaments to the latter, could not
be observed. The values obtained from measurements were
compared to those from pigs, rabbits, guinea pigs, chinchillas
and humans, taken from literature [10, 17, 19, 22, 26, 27,
29, 31, 37, 38] (Table 1). For those values that influence the
lever ratio and the aerial ratio, the aberration to humans as
reference is given in percent. Thereby the minimum distance
between the ranges of values was considered.
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Figure 1 Light microscope image of the measurement of ossicles. (A) Tympanic membrane: determined were semi-major (SMA~y,) and
semi-minor axes (SMlp,,) as well as the planar projected area Ary,. (B) Malleus: determined were length of the manubrium Ly, according
to Nomura et al. [26] and its effective lever EL,;, assuming the center of rotation during oscillation to be in the head. (C) Incus: determined
were height H; and width W, and its effective lever EL; according to Nomura. (D) Stapes: determined were height Hg, width Wy and the
angle a; between both crura according to Farahani and Nooranipour [9]. (E) Oval window: a single stapes could not be dissected entirely.
Thus, semi-major (SMAqw) and semi-minor axes (SMlgy) as well as the planar projected area Ay of the oval window, were determined
the same way as the TM and these values were taken as data for the stapes footplate.

FEM simulation

The CT images of the porcine ME were highly similar to
comparable human ones. The structures of the auditory sys-
tem such as ossicles, TM or the helical cochlea, could be
seen clearly and in the same quality as when examining a
human. The results obtained by wCT imaging featured con-

gruent results but with a resolution significantly increased.
The CAD model of the ME, built by segmentation of the
WCT raw data, showed an ossicular chain and a TM con-
gruent to the findings during preparation. All values of the
model were compared to those determined by measurement
and found to be within the dispersion of values. The TF
determined, displayed in Figure 3, was compared to those of
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Figure 2 Tllustration of the porcine FEM middle ear model estab-
lished. Ligaments, muscles and inner ear are not displayed. The
lateral surface of the TM was excited with a SPL of 90 dB over a
frequency range of 0.1 to 10 kHz. As result, the transfer function,
namely the peak amplitude of displacement of the stapes depending
on frequency, was determined.

the human derived from both simulations and measurements
[1, 10, 11, 16, 35, 36].

Discussion

The outer appearance of the porcine auditory system signif-
icantly differs from that of the human. Eye-catching is the
significantly longer outer ear canal and the differing arrange-
ment and spatial orientation of the auricle, external acoustic
meatus and tympanic cavity as described by Gurr et al. [14]
and Pracy et al. [31].

TM and ossicles

The anatomy of the porcine ME cavity highly resembled that
of the human. This finding is congruent to the results of
Pracy et al. [31] and Guirr et al. [14, 15]. Porcine TM and
stapes are particularly comparable to the human ones. No
findings suggested that the proposal of Gurr et al. [14], to
use the porcine temporal bone as an object for surgical train-
ing, be rejected.

The fact that all stapedial bases stayed affixed in the oval
window, might indicate that the porcine stapes superstructure
is significantly more delicate, or that the porcine annular liga-
ment is stiffer than the human one. The latter would have a
significant impact on the comparability of human and por-
cine sound conduction. Although FEM simulation did not
indicate such a correlation, this topic should be analyzed in
more detail.

The finding that no os lenticulares could be found, might
be explained by the similarity of the bony and cartilaginous
structures of the porcine ossicular chain. According to Ellen-
berger and Baum [8], Nickel et al. [25] and NuBhag [28],
this fourth ossicle is firmly attached to the incus by cartilage
and small ligaments. More details about this structure in pigs
could not be found in literature. It is possible that these two
ossicles cannot be distinguished, or even show rigid bonding,
as is reported for the malleus and incus in guinea pigs by

Amin and Tucker [2] or in the chinchilla by Vrettakos et al.
[37] who examined five animals. The topic of a fourth ossi-
cle within the human ME has been discussed for more than
two hundred years. In a comprehensive study, Chien et al.
[4] analyzed this structure in humans and found signs that
indicate a bony connection, ergo three ossicles, as well as
signs that indicate more cartilaginous bonding, suggesting
four ossicles. The resolution of the wCt used was not fine
enough to sufficiently distinguish between cartilage and bone
and thus the CAD data used for FEM simulation could not
elucidate this issue. The use of advanced techniques for
imaging could solve this problem.

The dimensions of the ossicles determined are comparable
to the values determined by Pracy et al. [31], but slightly
smaller. This may be due to different breeds being used for
investigations. Unfortunately, Pracy did not specify the
breed.

Among all established animal models used for investiga-
tions on the ME, only the TM of the chinchilla (100%) meets
the area of the human eardrum, just as the porcine does
(99%). The porcine area ratio (152%) and lever ratio (114%),
however, are closer to those of the human than those of the
chinchilla (156% and 200%, respectively), as determined by
Vrettakos et al. [37]. According to Nummela [27], the rabbit
features an area ratio highly comparable to human (91.3%)
but the TM only features approximately half the size (56%).
Masali [22] suggested that for investigations on all mam-
mals, the length of the manubrium should be taken as the
effective lever of the malleus. Regarding the significantly
longer neck of the porcine malleus compared to that of the
human, this suggestion is questionable. Following Masali’s
proposal, the lever ratio measured would have been
decreased by approximately 20% and then match the human
one (100%). This may substantiate the idea presented that
the center of rotation is located within the head of the mal-
leus, although shifting depending on frequency. This method
to determine the effective lever can easily be transferred to
all mammals and may display reality in a better way. When
comparing the lever ratios, it is important to remember that
these are not fixed but highly dependent on the exciting fre-
quency. This fact was not considered when determining the
lever ratio. As the measurements were performed according
to established data, a comparison to them is reasonable.

It may be concluded that, concerning its dimensions, lever
ratio and area ratio of the porcine ME are more similar to
the human ones than those from established animal models.
As the porcine lever ratio and area of the TM are congruent
to those of humans, the pig appears to be a suitable animal
model for investigations on ME implants. A more detailed
analysis of the porcine ME is encouraged.

Simulation

Human and porcine ME can hardly be distinguished using
standard CT. The surrounding structures, however, show sig-
nificant differences. Contrary to humans, the hypotympanon
in pigs is locular and called cellulae tympanicae — no mas-
toid process can be found. These results are congruent to the
findings of Pracy et al. [31], who performed comparable
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Figure 3 Stapedial base displacement (piston like motion) at 90 dB SPL at the TM of the porcine FEM middle ear model established.
The curve is in high accordance with those determined for the human by measurements and simulations [1, 10, 11, 16, 35, 36] (all curves

normalized to a SPL of 90 dB).

scans. In terms of imaging by CT, porcine and human ossic-
ular chain, TM and cochlea can be considered as equivalent.

Investigations on the mechanics of the porcine ME, as
demanded by Gurr et al. [14], were carried out by an estab-
lished tool, an FEM simulation [10, 11, 16]. All dimensions
of the model presented were within the dispersion of values
resulting from measurement. This can be considered as rep-
resentative of all of the pigs investigated. The TF of the pig
is comparable to that of the human, determined by simulation
and measurement, respectively. This may indicate that the
mechanics of the porcine ME are comparable to those of the
human middle ear.

Outlook

For the first time, the porcine ME was investigated with the
focus on its biomechanics. Although the results must be con-
sidered as preliminary results, the findings indicate that the
dimensions and kinematics of the TM and ossicular chain in
humans and pigs are highly comparable. More detailed
investigations of the suitability of the domestic pig as an
animal model for investigations on the ME appear
worthwhile.

The results indicate that the porcine lever ratios match
human lever ratios. Additional investigations on the spatial
orientation of the ossicles, however, are necessary. These
include measurements of the distance of the umbo to the
stapes head and base, as well as the angles between the axis
normal to the TM, the axis along the umbo and the axis
normal to the stapedial base. These data are essentially to
evaluate the comparability of human and porcine ME, how-
ever, limited results are available for established animal
models.

The quality of the FEM model presented is not fully
resolved. It is possible that the material properties of the
porcine ME structures differ significantly from the human
ones used for simulation. The TF of the model established
could be cross-checked by measurements, as done by Kuro-
kawa and Goode [20] or Voss and Goode [36], using a laser
doppler vibrometer. The fundamental suitability of human
material properties might then be proved or disproved.

A more thorough investigation of the joints between the
ossicles might be useful and may suggest that the porcine
ME could become an object of investigation to elucidate the
functionality of these structures in humans. These easily
obtainable samples could be used to increase the knowledge
of the functionality of the human ossicular chain.
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