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ABSTRACT

Objectives: Rodents are used in most otological research studies and the choice of the most appropriate animal model may be

crucial in studies of ear diseases and in the development of effective treatments. Here, we used micro-CT to compare temporal

bone anatomy between four rodent model animals (guinea pigs, gerbils, rats, and mice) and humans, aiming to better character-

ize the anatomy of the inner and middle ear, and facial nerve to support informed animal model selection in otologic research.

Methods: We generated three-dimensional reconstructions and measured the various middle (tympanic membrane, ossicular
chain, and facial nerve) and inner (cochlea, vestibular labyrinth) ear structures.
Results: Each structure of the middle or inner ear of each rodent was described and measured.

Conclusion: This micro-CT analysis of rodents can guide researchers in their choice of the most suitable middle or inner ear

models based on the specific anatomic area of interest. Our findings highlight the strengths and limitations of each species, pro-

viding essential insight that could enhance the precision and applicability of otological studies.

Level of Evidence: 4.

1 | Introduction

Choosing the relevant animal model is crucial for studying ear
diseases and effective volume-adapted treatments. Most oto-
logical research involves rodents from two families—Muridae
(gerbils, rats, and mice) and Caviidae (guinea pigs)—due to the
physiological and anatomical resemblances between the ears
of these animals and those of humans [1, 2]. Each species has
particular advantages and challenges, and selecting the most
appropriate model is a critical decision. Given the small size

and delicate structure of the ear, this choice can significantly af-
fect the feasibility of accessing key anatomical structures, such
as the tympanic membrane, ossicular chain, cochlea, or facial
nerve, and the translatability of experimental procedures to
human conditions. Nevertheless, few studies have analyzed ro-
dent ear structures specifically in the context of their relevance
to human otological research [1, 3-6]. We need to close this gap
in our knowledge to ensure the selection of the most appropriate
rodent models for addressing the objectives of particular studies,
according to the organ of interest.
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Anatomic dissection procedures have frequently been used
in studies of the morphology of the middle and inner ear
[1, 5, 7]. However, these methods are time-consuming and
may not necessarily provide a global comprehensive three-
dimensional (3D) anatomical representation. Scanning elec-
tron microscopy has also been widely used for the detailed
imaging of ear structures. However, this approach requires
prior dissection of the ear and can only be performed on a
small sample from the animal organ [1]. It can also damage
some anatomical structures.

In recent years, high-resolution micro-computed tomography
(micro-CT) has emerged as a source of innovation for ex vivo
and in vivo imaging, providing a high-resolution image without
the need for the prior dissection of specimens, facilitating faster
analyses, and specimen reuse. For the temporal bone in partic-
ular, this advanced imaging technique enables researchers to
visualize the delicate structures with unparalleled clarity and
precision, bridging significant gaps in our understanding of ear
anatomy and pathology [8].

In this study, we used micro-CT analysis to determine the most
suitable rodent species for otological research. We aimed to
compare the anatomy of the middle and inner ear, and of the
facial nerve, between rodent species and between rodents and
humans.

2 | Material and Methods
2.1 | Human Cadaveric Bones

Four thawed cadaveric temporal bones from separate donors
were used (Science Care, Phoenix, AZ, USA): two from the
right side and two from the left side. The use of human tempo-
ral bones was authorized for scientific purposes by the French
Ministry of Education, Research and Innovation (#1E20211231).
The samples were purchased already sectioned; we only reduced
their size so they would fit into the micro-CT scanner (less than
7cm in length).

2.2 | Animals

We studied both ears of thawed adult rodent cadavers follow-
ing the completion of ethically approved animal research unre-
lated to the ear and approved by the French Ethics Committee.
We used two male Hartley guinea pigs (Charles River France,
Domaine des Oncins, L'Arbresle, France), one male and one
female Mongolian gerbil (Janvier Laboratories, Le Genest-
Saint-Isle, France), two male Sprague Dawley rats (Janvier
Laboratories, Le Genest-Saint-Isle, France), and one male and
one female C57BL/6 mouse (Janvier Laboratories, Le Genest-
Saint-Isle, France).

2.3 | Imaging Technique
All human temporal bones and animal heads were used for mi-

cro-CT scanning (Quantum FX, PerlinElmer, Massachusetts,
USA). The scanning parameters were as follows:

— For the human cadaveric temporal bones: A field of view
(FOV) of 30mm (scan volume), with a spatial resolution
of 59um (voxel size), at 90kVp and 160uA, over an ac-
quisition time of 3min.

- For mice: FOV of 10 mm, resolution of 20 wum, at 90kVp and
160 1A, 3min.

- For gerbils: FOV of 20mm, resolution of 40 um, at 90kVp
and 160 A, 2min.

- For guinea pigs and rats: FOV of 30mm, resolution of
59 um, at 90kVp and 160 A, 3min.

Micro-CT scanning generated a high-resolution 3D volume that
could be sliced digitally in any orientation.

2.4 | Image Analysis

Image analysis was conducted by two otologists (H.D. and R.T.)
with the 3D multiplanar reconstruction viewer of the General
Public License software Horos v.3.3.6 (Horos project, Geneva,
Switzerland). Care was taken to ensure that each measurement
was performed at the same location for all animal species. The
analysis proceeded as follows:

- The axial plane was aligned with the lateral semicir-
cular canal axis (Figure 1A). The lateral external ear
canal diameter, the tympanic membrane diameter, the
lateral semicircular canal diameter and the facial nerve
diameter (second portion) were measured. On a coronal
plane intersecting with the umbo of the malleus, diam-
eters of the lateral external ear canal and the tympanic
membrane were also measured (Figure 1A).

- The incudo-malleolar complex was aligned by ensuring
that the coronal and axial planes intersected with the com-
plex axis. The lengths of the incudo-malleolar complex,
malleus, and incus were measured (Figure 2A).

- The orientation of the stapes was established by aligning
the coronal and sagittal planes with the stapes axis. We
measured the height and width of the stapes, the length
and width of the footplate, and the width of each crura
(Figure 2A).

- For cochlear analysis, the axial plane was aligned with
the middle plane of the basal turn. The sagittal plane
was matched with the middle of the basal turn, and the
coronal plane intersected with the center of the round
window and the cochlear turn at 180°. We measured the
distance from the center of the round window to the lat-
eral wall at 180° on the coronal plane (Distance A), the
height of the cochlea at the apical turn from the base to
its highest point on the sagittal plane (Distance H), and
the diameters of the round window and the cochlea nerve
(Figure 3A).

2.5 | 3D Reconstruction

We generated 3D reconstruction models using ITK-SNAP
3.4.0 (US National Institutes of Health) for semi-automated
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FIGURE1 | Tympanic membrane and cavity in humans and rodents. Micro-CT views of a right ear (A). The axis of the axial plane was aligned
with respect to the lateral semicircular canal (upper image). The tympanic membrane (dotted line) was measured on the axial plane (middle image),
and the coronal plane passing through the umbo (lower image). 3D reconstruction of the tympanic membrane (B). The dotted line delimits the part
of the membrane visible via the external auditory canal. 3D reconstruction of the middle and inner ear, lateral (upper image) and posterior (lower
image) views (C). The dotted line delimits the tympanic cavity.

segmentation, and visualized the resulting structures with continuous visual control to ensure accurate delineation of each
CloudCompare (v2.10.2). One right ear per species was se- anatomical boundary. 3D reconstructions were obtained for the
lected for this process. The segmentation was performed under middle ear (tympanic membrane, malleus, incus, and stapes),
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FIGURE2 | Ossicular chain of humans and rodents. Micro-CT views of a right ear (A). View of the incudo-malleolar complex (*malleus, *incus,

eincudo-malleolar complex) along a sagittal plane aligned with its axis (upper image). View of the stapes along an axial plane aligned with its axis

(lower image). In the image for the guinea pig, the crista stapedius is indicated by the white arrow. 3D reconstruction of the middle and inner ears,

ossicular chain view (B).

the inner ear (cochlea and vestibular labyrinth), the facial nerve,
and the tympanic cavity. The segmentation software quantified
the number of included voxels and converted this into surface
area (mm?) and volume (mm?) measurements. We computed the
area of the tympanic membrane and the stapes footplate, as well
as the volume of each ossicle (malleus, incus, and stapes), the
cochlea, the vestibular labyrinth, and the tympanic cavity (after
exclusion of ossicular volumes).

The access to the tympanic membrane though the external au-

ditory canal was calculated as the percentage of the accessible

tympanic membrane surface to the total tympanic membrane

surface. The ratio of the tympanic membrane and stapes foot-

plate areas was calculated as follows: Ympanic membrane area pp
K R stapes footplate area |

ratio of the volumes of the tympanic cavity and the ossicular

. i ity vol
chain was calculated as follows: —Ypanic cavity volume
malleus + incus + stapes volume

2.6 | Statistical Analysis

The results are presented as the mean + standard deviation (SD).
A two-way ANOVA with Tukey multiple comparisons test was
conducted on 19 morphometric parameters obtained from the
four species (guinea pig, gerbil, rat, and mouse) to assess inter-
species anatomical variation.

3 | Results
3.1 | External Auditory Canal

In humans, the mean diameter of the external auditory
canal (anteroposterior X Inferior-superior) was 5.3X7.4mm
(Table 1). In guinea pigs, this diameter was 2.7 X 2.2 mm, cor-
responding to the largest opening in rodents, while gerbils,
rats, and mice all displayed smaller canals, measuring less
than 2mm (Figure S1).

3.2 | Tympanic Membrane

The area and diameter of the tympanic membrane are reported in
Table 1. The tympanic membrane had an area of 91 mm? in hu-
mans. Inrodents, tympanic membrane area was greatest for guinea
pigs (34mm?), followed by gerbils (21 mm?) and rats (13mm?).
Mice had the smallest tympanic membrane, with a surface area of
only 5mm?. Access to the tympanic membrane was more limited
in rodents than in humans, due to the external auditory canal pro-
viding visibility for only the upper half of the tympanic membrane
(Figure 1B). The proportion of the tympanic membrane visible via
the external auditory canal was 64% for humans, 52% for guinea
pigs and gerbils, 47% for mice and only 35% for rats.
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Sagittal view
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Coronal view
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FIGURE 3 | Cochlea of humans and rodents. Micro-CT views of a right ear (A). The axial plane was aligned with the middle plane of the basal
turn (upper image). The sagittal plane was aligned with the basal turn (middle image). The height of the cochlea was measured on this plane (double
arrow, H). The coronal plane intersected with the center of the round window and the cochlear turn at 180° (lower image). Distance A was measured
on this plane (double arrow, A). 3D reconstruction of the middle and inner ears, cochlear view (B).

3.3 | Tympanic Cavity

The volume of the tympanic cavity was generally propor-
tional to animal size, with humans showing the largest volume
(625 mm?), followed by guinea pigs (287 mm?) (Table 1, Figure 1C).
Interestingly, gerbils exhibited a larger tympanic cavity (209 mm?3)
than rats (47mm?3), despite their smaller body size. This finding
highlights a species-specific anatomical feature that may influ-
ence middle ear mechanics. Mice had the smallest tympanic cav-
ity volume (6.4 mm?3), reflecting their overall smaller anatomy.

3.4 | Incudo-Malleolar Complex

In humans, gerbils, and rats, the incus and malleus are separate
articulated entities, whereas in guinea pigs and mice they are
fused, forming the incudo-malleolar complex. The volume of the
complex ranges from 0.4 to 2.8 mm? in rodents, versus 29 mm?3 in
humans (Table 1, Figure 2).

3.5 | Stapes

The human stapes has two crura and an involuted stapedial
artery. By contrast, in guinea pigs, the crista stapedius, a bony
bridge corresponding to the calcified remnants of the stapedial
artery, passes between the crura [3]. In gerbils, rats, and mice,

the carotid artery was found to pass between the crura of the
stapes (Figure 2A), as in previous studies [5, 9], decreasing ma-
neuverability. The height of the stapes was 3.7+ 0.11 mm for hu-
mans. The stapes height was significantly greater in guinea pigs
(1.6 £0.00mm) compared to gerbils (1.4+0.00mm, p=0.048)
and rats (1.3+0.03mm, p=0.0007), which displayed no sig-
nificant difference between each other (NS, Two-way ANOVA,
see Figure S1). The smallest height was observed in mice
(0.7 £0.05mm), showing a marked difference from all other spe-
cies (p <0.0001, Two-way ANOVA, see Figure S1 and Table 1).

Finally, the ratio of the areas of the stapes footplate and the tym-
panic membrane was 30 for humans. A similar value (about 38)
was obtained for mice, whereas this ratio was higher (~50) in
guinea pigs, gerbils and rats, suggesting a greater amplification
of the sound waves transmitted from the tympanic membrane to
the footplate (Table 1).

3.6 | Cochlea

In rodents, cochlear morphology varies between species,
with differences in the number of turns: with 2.5 turns in hu-
mans, 3.5 in guinea pigs, 3 in gerbils, 2.5 in rats, and 2 in mice
(Table 1). A knowledge of intracochlear volume is crucial for
intra-labyrinthine therapeutic approaches. Guinea pigs have
the largest cochlear volume (11mm?). Gerbils and rats have
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TABLE1 | Comparative analysis of ear measurements obtained by micro-CT imaging for humans and four rodent species.

Human (n=4) Guinea pig (n=3) Gerbil (n=4) Rat (n=4) Mouse (n=4)
Approximate weight 70kg 400g 80g 300g 30g
External auditory canal
Diameter (mm)
Anteroposterior 5.3+0.51 2.7+0.10 2.0+0.10 1.4+0.12 1.4+0.11
Inferior-superior 7.4+0.58 2.2+0.30 1.8+0.13 2.0x+0.12 1.7+£0.07
Tympanic membrane
Diameter (mm)
Anteroposterior 10.2+0.66 6.8+0.15 4.1+0.29 3.0+0.10 1.9+0.10
Inferior-superior 11.3+0.66 6.4+0.10 6.0+0.17 4.3+0.30 3.1+0.08
Area (mm?) 91 34 21 13 5.4
Proportion of area visible (%) 64% 52% 52% 34% 47%
Tympanic cavity
Volume (mm?) 625 287 209 47 6.4
Tympanic cavity/ossicular 20 98 170 65 13
chain ratio
Ossicular chain
Malleus and incus
Separate? Yes No Yes Yes No
Length (mm)
Incudo malleolar 3.5+0.40 3.0£0.10 1.7+0.22 1.5+0.05 0.9+0.07
complex
Malleus 6.9+0.68 1.5+0.06 1.9+0.08 2.0+0.06 1.5+0.06
Incus 6.4+0.26 1.8+0.08 1.3+0.10 1.4+0.06 0.8+0.03
Volume (mm?)
Malleus 13.0 2.8 0.7 0.4 0.4
Incus 15.6 0.45 0.24
Stapes
Height (mm) 3.7+0.11 1.6+0.00 1.4+0.00 1.3+0.03 0.7+0.05
Width (mm) 2.6+0.23 1.2+£0.03 0.9+0.00 0.7+£0.08 0.4+0.03
Anterior crus width (mm) 0.22+0.04 0.13+£0.036 0.08+£0.012 0.09+0.007 0.04+0.007
Posterior crus width (mm) 0.26+0.02 0.14+0.038 0.09+0.011 0.10+0.019 0.16+0.23
Volume (mm?) 1.90 0.13 0.08 0.08 0.09
Footplate
Length (mm) 2.4+0.17 1.1+0.06 0.9+0.10 0.7+£0.09 0.4+0.04
Width (mm) 0.25+0.04 0.09+0.005 0.09+0.011 0.09+0.007 0.06+0.009
Area (mm?) 3.10 0.67 0.39 0.27 0.14
Tympanic membrane/ 30 51 55 47 38
footplate area ratio
Internal carotid artery?® No Crista stapedius Yes Yes Yes
(Continues)
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TABLE1 | (Continued)

Human (n=4) Guinea pig (n=3) Gerbil (n=4) Rat (n=4) Mouse (n=4)
Cochlea
Number or turns 2.5 3.5 3 2.5 2
Height (mm) 4.0+0.17 3.5+0.26 1.9+0.10 1.94+0.06 1.1+0.03
Distance AP (mm) 9.1+£0.35 3.7+0.06 2.5+0.12 2.8+0.10 1.7+£0.02
Volume (mm?3) 78 11 4.9 3.7 1.08
Round window diameter 1.6+0.07 0.8+£0.05 0.6 £0.05 0.7+0.10 0.3£0.02
(mm)
Cochlear nerve diameter 2.3+£0.05 0.8+£0.05 0.5+0.05 0.6£0.05 0.5+0.09
(mm)
Posterior labyrinth
Canal diameter (mm) 1.2+0.08 0.3+0.06 0.2+0.01 0.2+0.01 0.1+0.02
Volume (mm?)
Semicircular canals 58.1 4.9 1.8 1.6 0.6
Vestibule 31.9 5.9 2.1 1.9 0.49
Total inner ear volume 168 22 8.8 7.2 2.2
Facial nerve
Diameter (mm) 1.4+0.15 0.3+£0.06 0.4+0.03 0.6 £0.06 0.2+0.02

Note: The data shown are the mean + standard deviation. For volume measurements, the mean and standard deviation are not provided, as they were calculated from
3D reconstruction models based on a single right ear per species. Distances are expressed in mm, areas in mm? and volumes in mm?.

2The internal carotid artery passes between the cura of the stapes in gerbils, rats, and mice.

bDistance A is measured as the distance from the center of the round window to the lateral wall at 180° on a coronal plane passing through the round window and the

basal turn of the cochlea.

relatively similar cochlear volumes (4.9 and 3.7mm?3, respec-
tively), whereas mice have a much smaller cochlear volume
(1.08 mm?) (Table 1, Figure 3). Finally, the diameter of the round
window in guinea pigs, gerbils, and rats (0.8 £0.05, 0.6 +0.05,
and 0.7 £0.10mm, respectively) is sufficiently large for the in-
sertion of a cochlear implant (these implants having a diameter
of about 0.6 mm) whereas that of mice is too small (round win-
dow diameter of 0.3 mm) for implant insertion.

3.7 | Vestibular Labyrinth

Vestibular volume ranged from 0.5 to 6mm? in rodents, and
semicircular canal volume from 0.6 to 5mm? (Table 1, Figure 4).
The canal diameter was quite similar among rodents and ranged
from 0.1 to 0.3mm, but much smaller than that of humans
(1.2+0.08 mm) (Figure S1).

3.8 | Facial Nerve

The diameter of the facial nerve varied among rodent from 0.2 to
0.6mm in rodents, compared to 1.4+ 0.15mm in humans (Table 1).

4 | Discussion

We did not aim here to establish a precise anatomical atlas,
but to provide otology researchers with guidance concerning

the best choice of animal model according to their area of
interest. This study described and compared the sizes of the
middle and inner ear structures between humans, guinea pigs,
gerbils, rats, and mice by micro-CT imaging. The 3D repre-
sentations obtained provide a better visualization of each el-
ement and its accessibility (tympanic membrane, ossicular
chain, and cochlea). While prior studies have examined ro-
dent ear morphometry, fewer have focused on their relevance
to human medicine [10-12]. The choice of species for studies
has generally been based primarily on the habits of researchers
and availability rather than specific anatomic considerations
[13-16]. This article provides guidance for the selection of the
most appropriate rodent study model according to the struc-
ture considered (Figure 5).

4.1 | Middle Ear Pathology
41.1 | Tympanic Membrane Manipulation

The dimensions of the external auditory canal are crucial for ac-
cess to the tympanic membrane but have been insufficiently doc-
umented in the literature [1, 17]. This information is essential for
manipulations involving the tympanic membrane: a diameter of
2mm can accommodate the smallest pediatric speculum, but at
diameters of less than 3mm, introducing micro-instruments while
maintaining a clear view of the tympanic membrane is challeng-
ing. Rats and mice therefore present certain challenges for in vivo
tympanic membrane manipulation, particularly given the limited
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area of the tympanic membrane visible (34%-47%). On the other
hand, the external auditory canal is widest in guinea pigs, facili-
tating access to the tympanic membrane. However, even in guinea
pigs, as with other rodents, only the upper portion of the tympanic
membrane is well visualized, with the lower part remaining inac-
cessible via the external auditory canal. While one might assume
that guinea pigs are the most commonly used animals for stud-
ies on the tympanic membrane, it is actually the rat that seems to
be the most widely used among rodents for tympanic membrane
manipulations, typically utilizing otomicroscopic or endoscopic
evaluation [18-22]. A few studies involving mice were also de-
scribed, generally involving the posterior superior quadrant of the
tympanic membrane [23-25]. Despite the guinea pig advantages,
probably due to factors such as greater availability, lower cost,
established research protocols, and a historical preference in bio-
medical research, other rodents seemed to be privileged in tym-
panic membrane studies.

4.1.2 | Incudo-Malleolar Complex Manipulation

A key element of the anatomy of the incus and malleus in rats
and mice is that these two ossicles are fused [1]. This fusion is a
distinct anatomic difference relative to humans. Therefore, for
investigations involving these ossicles, other species, such as
guinea pigs or gerbils, should be preferred. Guinea pigs are espe-
cially useful for this purpose, given their larger size, facilitating
manipulations of middle ear structures [1, 3, 5, 17, 26].

Most appropriate animal models for studies of various otological conditions.

4.1.3 | Otosclerosis

The possibilities for stapes manipulation are limited for the
Muridae family (gerbils, rats, and mice) due to the persistence
of the stapedial artery [1, 3]. Guinea pigs should therefore be fa-
vored for such studies as this species has a stapes about half the
size of that in humans and an equivalent structure.

4.1.4 | Cholesteatoma

he —Ympanicevityvolume __ 170y ratjo was highest in gerbils
malleus + incus + stapes volume

(Table 1), further attesting to the suitability of this species as
a model organism for investigating cholesteatoma pathogene-
sis. The gerbil is already a recognized model for cholesteatoma
research due to its tendency to develop this condition sponta-
neously, making it the only species other than humans known
to do so [27-30]. In fact, the cauterization model of the Auditory
Tube described by Wolfman and Chole in 1996, observed the
occurrence of pars flaccida retraction and cholesteatoma forma-
tion in gerbils [31]. This model has been widely used ever since.

4.2 | Inner Ear Treatment
Mice emerged as the principal model species for the devel-

opment of animal models of human deafness, following the
analysis of their genome. This is a model for which genetic
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manipulations are well-established, allowing the reproduction
of human deafness conditions [6, 15, 32, 33]. They have been
widely and successfully used to explore various aspects of au-
ditory gene therapy [34]. However, they may not constitute an
optimal model for certain inner ear studies, as not all applica-
tions are based on genetics. Some manipulations may require a
larger cochlea, in which it is easier to perform manipulations,
with more than 2.5 turns of the cochlea or better access to the
scala vestibuli [15]. Guinea pig cochleas, which have 3.5 turns
and a volume of ~11mm?3, have long been known to display
physical similarity to the human cochlea [35]. Guinea pigs have,
thus, been widely used as an animal model for cochlear implant
studies [36-41], investigations of cochlear hair cell regeneration
[42], and studies of hearing loss [39], and inner ear drug delivery
[34]. The smaller size of the mouse cochlea and rat makes im-
plantation technically challenging and precludes use of human
ClI electrode arrays. Yet, commercially available electrode arrays
have been developed for pre-clinical studies focused on hearing
preservation after cochlear implantation, such as the animal
array HLO3 for mice [43, 44] or HLOS for rats [45] (Cochlear).

4.3 | Facial Nerve Regeneration

Facial expressions have been recognized in various animal
species, including guinea pigs, mice, and rats [46]. Rats are an
excellent model for investigating facial nerve regeneration be-
cause they display positively valenced behavior. This provides
a straightforward and dependable readout for measuring func-
tional recovery. Furthermore, rats are particularly suited for
facial nerve studies due to their favorable nerve anatomy [16]—
specifically, a larger nerve diameter and a relatively superficial
anatomical course, which facilitate dissection, surgical manipu-
lation, and post-operative assessments [5].

5 | Conclusion

Micro-CT imaging is an accurate technique that can enhance
our knowledge of rodent temporal bone anatomy for otological
research. Through comparisons of various rodent species, it
can provide crucial insight into the most appropriate model for
particular studies based on the specific anatomic features inves-
tigated (middle ear, inner ear or facial nerve). This technique
can therefore guide researchers, helping them to make informed
choices of experimental model and therefore to optimize the
translatability of the results to human conditions. Ultimately,
the findings of this study not only refine current methodologies
in otological research, but also pave the way for more innovative
approaches, potentially leading to more appropriate solutions.
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