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1  | INTRODUC TION

The white rhinoceros, also called square-lipped rhinoceros or grass 
rhinoceros, is the largest of the five extant rhinoceros species and 
one of the two African species (Owen-Smith, 2013). Whereas two 
subspecies are officially recognized, the southern white rhinoc-
eros Ceratotherium simum simum and the northern white rhinoceros 

Ceratotherium simum cottoni, the latter is considered nearly extinct 
after the last male died in March 2018, leaving only two females in 
Kenya (Anonymous, 2018; Lemonde.fr, 2018). Today, the southern 
white rhinoceros is classified as Near Threatened because of in-
tense poaching (Emslie, 2012; Knight, 2017; Robin des Bois, 2018; 
TRAFFIC, 2018). The most recent estimates for this species are only 
20,000 animals remaining in Africa (Knight, 2017).
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Abstract
The white rhinoceros is the largest of the five extant rhinoceros species. The popula-
tion is declining rapidly because of intense poaching. However, normal anatomical 
descriptions in this species are lacking. The purpose of this study is to describe the 
osseous anatomy of the middle and inner ear of the southern white rhinoceros using 
micro-focus X-ray computed tomography imaging. Four temporal bones obtained 
from two 1-day old southern white rhinoceros preserved in 10% formalin were 
scanned. Tri-dimensional reconstructions were obtained and volumes of the middle 
ear ossicles and inner ear structures were calculated. Excellent high spatial resolu-
tion 3D images were obtained for all samples and virtual models of the auditory os-
sicles and bony labyrinth were generated. Visualization of the tympanic membrane, 
middle ear and inner ear structures was possible in all samples. Whereas the stapes 
and incus had a shape similar to their human or equine counterparts, the malleus 
showed a unique appearance with a long rostral branch projecting latero-distally to 
the manubrium. The cochlea described 2 turns rostro-laterally around its axis, with a 
medial direction of rotation. However, identification of the soft tissue structures of 
the middle ear was sometimes difficult and visualization of the small structures of the 
membranous labyrinth was not possible using this formalin fixation and alternative 
techniques should be investigated. Further investigations are needed in order to pro-
vide a complete virtual model including both soft and bone tissues of this difficultly 
accessible region.
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Recently, it was stated that normal anatomical descriptions in the 
rhinoceros were lacking (Galateanu et  al.,  2013). Studies have been 
published looking at the radiographic anatomy of the hind feet (Dudley 
et al., 2015), computed tomography (CT) anatomy of the head and pa-
ranasal sinuses of the white rhinoceros (Fritsch et al., 2004; Gerard 
et al., 2018; WitmerLab, 2012). Nevertheless, none of those studies 
investigated the middle and inner ear of the white rhinoceros.

The ear or vestibulocochlear organ is a sensory organ located 
in the temporal bone and intended for the perception of sounds 
but also changes of position of the body and more particularly 
of the head. It consists of an external -, middle - and inner ear 
(Collin, 2006).

Whereas it has been extensively described in the domestic 
mammals (Baljit, 2017; Barone, 2010, 2011), only ancient and rare 
reports describe the gross anatomy of the ear of the rhinoceros 
(Owen, 1866; Vicq-D'Azyr & Cloquet, 1819). When focusing on the 
middle and inner ear, Owen (1866) first presented a short description 
of the rhinoceros's ossicles chain, soon followed by Doran (1876). 
Hyrtl (1873) described the inner ear of the extinct woolly rhinoceros 
(Coelodonta antiquitatis). However, to our knowledge, none of those 
studies looked at the southern white rhinoceros.

Schellhorn (2018) evaluated the inner ear of the extant rhinoc-
eroses using micro-focus X-ray computed tomography (µXCT) stud-
ies. He concluded that the position of the lateral semicircular canal 
(LSC) provides information to interpret usual head postures linked 
to feeding preferences. In particular, the white rhinoceros, a strict 
grazer, had the most downward oriented head posture when LSC 
placed horizontally. But no particular anatomical description of the 
inner ear was given.

In human anatomical sciences, µXCT imaging has been shown to 
provide high-resolution three dimensional (3D) morphological and 
anatomical data in the middle and inner ear regions in a non-destruc-
tive manner (Glueckert et al., 2018; Lee et al., 2010; van den Boogert 
et al., 2018). Doing so, it also yielded greater understanding of the 
relevant middle and inner ear functional anatomy and permitted to 
create virtual temporal bone surgical simulators (Wiet et al., 2005). It 
is also anticipated that µXCT imaging will help designing new surgical 
approaches, ossicular reconstructive materials and will contribute 
in improving and developing new cochlear and vestibular implants 
(Glueckert et al., 2018; Green et al., 1990; Mason et al., 2000; Qiu 
et al., 2003; van den Boogert et al., 2018).

The purpose of this study is to describe in detail the osseous 
anatomy of the middle and inner ear of the southern white rhinoc-
eros Ceratotherium simum simum using µXCT imaging.

2  | MATERIAL S AND METHODS

Two 1-day old southern white rhinoceros heads were donated to 
us for research purpose by a rhinoceros breeding farm. One of the 
rhinoceros calves drowned (case 1) and the other was trampled to 
death (case 2).

For this study, the heads were preserved in 10% formalin and 
transected sagittally and then transversely rostral to the ear region 
using a band saw.

Consequently, the four samples (left and right temporal bones 
of cases 1 and 2) were scanned using a micro-focus X-ray CT unit 
(Nikon XTH 225 ST, Nikon Metrology, France) at the Micro-Focus 
X-ray Tomography Facility (MIXRAD) of the South African Nuclear 
Energy Corporation SOC Ltd (Necsa) using 100 kV and 100 µA as pa-
rameters and focusing on the middle and inner ear region (Hoffman 
& de Beer, 2012).

The obtained stack images emanating from the 3D reconstruc-
tion process were analysed using VGStudio Max version 3.2 3D 
analytical software (Volume Graphics, Germany) and saved in TIFF 
format for further evaluation. Tri-dimensional reconstructions were 
obtained and volumes of the middle ear ossicles and inner ear struc-
tures (semicircular canals, vestibule and cochlea) were calculated 
using the same software.

Approval has been obtained from the Animal Ethics Committee 
of the University of Pretoria (Project V088-18). Additionally, permis-
sion has been obtained to do research in terms of section 20 of the 
animal diseases act, 1984 (ACT NO.35 of 1984).

3  | RESULTS

Excellent high spatial resolution 3D images were obtained for all 
samples, with a mean voxel size of (39.5 × 39.5 × 39.5) ± 6.4 µm3 
(Table 1). Scanning time was 66.8 min for each sample.

Excellent contrast between the temporal bone and peripheral air 
and fluids due to their different densities was achieved in order to 

Rhino 1 Rhino 2

Mean (SD)Left ear Right Ear Left ear Right Ear

Voxel size (µm3) 34.1 35.8 39.8 48.4 39.5 (6.4)

Inner ear volume 
(mm3)

240.65 189.71 234.88 232.4 224.41 (23.39)

Middle ear ossicles 
volume (mm3)

28.82 31.41 34.11 37.55 32.97 (3.74)

TA B L E  1   Voxel size, inner ear volume 
and middle ear ossicles volume measured 
using micro-focus X-ray computed 
tomography images in the left and right 
ear of two southern white rhinoceroses
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visualize the tympanic membrane, middle ear and inner ear struc-
tures inside the heads (Figures 1 and 2).

Volumes of the middle ear ossicles and inner ear structures 
(semicircular canals, vestibule and cochlea) are reported in Table 1.

Tri-dimensional reconstructions of the middle ear ossicles and 
inner ear structures were of high quality.

The hammer (malleus) has a Y-shaped configuration. The rostral 
branch of the Y appears straight, lateral ventrally, longer than the 
handle of the hammer, facing rostral. The handle of the hammer lies 
more sagittally ventrally, is curved (ventro-medial to dorso-lateral), 

points down and attaches to the tympanic membrane. The base of 
the Y-shaped malleus is the head of the hammer. It is dorsal to the 
handle and the rostral branch and articulates caudally with the body 
of the incus through the incudomalleolar joint which is clearly visible 
in the 2D slice (Figure 1 and Video S1) and 3D volumes (Figures 3 
and 4).

The incus has more of a ladle shape. The cup of the ladle is the 
body of the incus, is wider and articulates with the head of the mal-
leus rostrally. The handle of the ladle, or long crus (or process) of the 
incus, then curves caudo-medially, forming the lenticular process of 
the incus, articulating with the head of the stirrup (stapes) through 
the incudostapedial joint. Dorsally the cup part of the ladle (body of 
the incus) sends a lateral pointy projection, the short crus of the incus 
(Figures 3 and 5).

The stapes is clearly visible, smaller than the other two ossicles. 
Its head articulates with the long process of the incus, whereas its 
base or footplate is attached to the membrane, or annular ligament, 
of the oval window (fenestra ovalis) on the vestibule (Figures 3, 5 and 

F I G U R E  1   Micro-focus X-ray computed tomography 2D slice image obtained from the left ear of case 1, coronal plane. The red arrow 
shows the tympanic membrane. The yellow arrow highlights the handle of the hammer (manubriummalleus) attached to the tympanic 
membrane. PPTB: Petrous part of the temporal bone. EAM: External acoustic meatus. Scale is 10 mm. The top right insert shows the region 
that has been scanned with the µXCT; this ventral view of case 1 was obtained with a 128 slice CT scan

F I G U R E  2   Micro-focus X-ray computed tomography 2D slice 
image obtained from the right ear of case 2, coronal plane. The 
green area shows the cochlea. The red areas highlight the handle 
and the rostral branch of the hammer (malleus). The blue arrow 
indicates the auditory tube. The red arrow indicates the path of the 
internal carotid artery. The yellow arrow shows the round window 
(fenestra cochleae). Scale is 20 mm

F I G U R E  3   3D volume reconstruction of the auditory ossicles 
obtained from the left ear of case 1. The body of theincus(BI), short 
crus of theincus(SCI), long crus of theincus(LCI), lenticular process of 
theincus(LPI),malleushead (MH), handle of themalleus(HM), rostral 
branch of themalleus(RBM) andstapes(S) are all visible
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6). Because of the fixative fluid contained in the middle ear, no soft 
tissue structures could be identified.

When looking at the bony structures of the inner ear, or osse-
ous labyrinth, the cochlea appears as a spiral channel starting at the 
vestibule and describing 2 turns rostro-laterally around its axis, with 
an medial direction of rotation (Figures 2, 7–9; ). The tympanic and 
vestibular ducts with associated septa (the osseous spiral lamina) are 
visible in the cochlea, as well as the central modiolus. The cochlear 
aqueduct is also visible running from the basal cochlear turn to the 

posterior cranial fossa (Figure  8). Similarly, the vestibular aqueduct 
between the vestibule and the posterior cranial fossa is also observed.

All 3 semicircular canals emerge from the caudo-dorsal part of 
the vestibule (Figures 7, 10–12). The anterior and the posterior ca-
nals have a common part, or common crus, medially, whereas the lat-
eral one is clearly isolated. The ampullae of the canals, one anterior, 
one posterior and one lateral are also visible.

F I G U R E  4   3D volume reconstruction of the external acoustic 
meatus with auditory ossicles (red) and inner ear (green) in 
place, obtained from the left ear of case 2. Lateral view. The two 
branches of themalleusare clearly visible. MP: Mastoid process of 
the temporal bone; RP: Retroarticular process (according to Endo 
et al., 1998)

F I G U R E  5   3D volume reconstruction of the auditory ossicles 
obtained from the left ear of case 1. The body of theincus(BI), short 
crus of theincus(SCI), long crus of theincus(LCI), lenticular process 
of theincus(LPI),malleushead (MH), handle of themalleus(HM) 
andstapes(S) with his anterior and posterior crus, as well as 
footplate, are all visible

F I G U R E  6   3D volume reconstruction of the auditory ossicles 
(red) and osseous labyrinth (green) obtained from the left ear of 
case 2. Lateral view. The attachment of the base of thestapesto 
thefenestra ovalis(yellow arrow) as well as the incudostapedial joint 
(blue arrow) are clearly visible

F I G U R E  7   3D volume reconstruction of the bony structures of 
the inner ear, obtained from the left ear of case 1. Rostro-lateral 
view. The yellow arrow highlights the 2 turns of the spiral cochlea. 
The blue arrow points to the vestibule. The red arrow points to the 
semicircular canals
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In the vestibule, even though some septa are sometimes visible, 
it is not possible to visualize the utricle and saccule.

Similar to human anatomical studies, the position of the nerves 
(facial and vestibulocochlear) and vessels (internal carotid artery, 
sigmoid sinus and internal jugular vein) associated to the middle 
and inner ears could also be assumed (Figures 2 and 12) (Moon & 
Lee, 2014; Nayak, 2001; Qiu et al., 2003).

4  | DISCUSSION

Micro-focus X-ray computed tomography imaging allowed us to ac-
quire excellent 3D virtual digital images of the tympanic membrane, 
middle ear and inner ear structures on all our samples. We were able 
to describe the relevant micro-anatomy of these structures in the 
southern white rhinoceros and to create virtual models of the audi-
tory ossicles and bony labyrinth.

The mean image resolution in the present study was 39.5 µm3 
per voxel. This is similar to previous reports modelling the human 
middle ear where voxel sizes ranging from 19.5 to 76.0 µm3 were 
used (Lee et  al.,  2010; Wang et  al.,  2007). However, the most 
recent studies investigating the human inner ear now use much 
higher resolutions, between 5.5 and 15 µm per voxel (Glueckert 
et al., 2018; van den Boogert et al., 2018). One of the main limita-
tions of using such high-resolutions is the comparatively long ex-
posure and hence scanning time per specimen. The scanning time 
with our parameters was just above an hour. The only previous 

study using µXCT on the ear in the rhinoceros had a higher voxel 
size of 126–309 µm and did not describe the actual anatomy of the 
region (Schellhorn, 2018).

The µXCT scanning parameters used were 100 kV and 100 µA. 
This is comparable to previous reports where values between 
40–70 kV and 114–200 µA were used in human samples (Glueckert 
et al., 2018; Wiet et al., 2005). The higher scanning energy (kV) can 
be due to the superior size of our rhinoceros samples and the need 
to achieve good penetration of X-rays.

The scanned temporal bone specimens were fixed in formalin. 
This technique has been previously used in human studies (Wiet 
et  al.,  2005). It prevents movement that could occur with frozen 
samples melting during image acquisition. However, identification of 
soft tissue structures was sometimes difficult due to their similar 
densities. Alternative techniques to formalin-fixed µXCT imaging are 
possible in order to better describe the soft tissue structures of the 
middle and inner ear of the southern white rhinoceros. For exam-
ple, 3D virtual models of the human ear were previously obtained 
from scanned histological sections, allowing visualization of muscles, 
nerves and vessels (Green et al., 1990; Sorensen et al., 2002; Wang 
et al., 2007). Yet, this technique can display compression artefacts 
and imperfect alignment. Another option would be to add high-field 
Magnetic Resonance Imaging (MRI) images to our µXCT images to 
include soft tissue structures in our model (Wiet et al., 2002, 2005). 
Finally, recent reports showed the benefits of fixing temporal bones 
with osmium tetroxide solution (OsO4) as a contrast enhancer and 
decalcifying them with Ethylenediaminetetraacetic Acid (EDTA). 
This process gives extreme detail of the membranous labyrinth and 

F I G U R E  8   Micro-focus X-ray computed tomography 2D slice 
image obtained from the left ear of case 2, coronal plane. The 
tympanic (TD) and vestibular (VD) ducts with associated osseous 
spiral lamina (red arrows) are visible in the cochlea. The cochlear 
aqueduct is also clearly visible (blue arrow)

F I G U R E  9   Micro-focus X-ray computed tomography 2D slice 
image obtained from the right ear of case 2, coronal plane. The 
green area shows the cochlea. The red areas highlight thestapesand 
the incudomalleolar joint. The facial canal (blue arrow) and tracts 
of the cochlear (red arrow) and vestibular (yellow arrow) nerves are 
visible. IAM: Internal acoustic meatus
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neural structures of the human inner ear, permitting observation of 
individual neurons and of the organ of Corti (Glueckert et al., 2018; 
van den Boogert et al., 2018).

The auditory ossicles were visible on all samples and 3D models 
we generated. Whereas the stapes and incus had a shape similar to 

their human or equine counterparts, the malleus showed a unique 
appearance with a long rostral branch projecting latero-distally 
to the manubrium. This is probably what Owen (1866) described 
as a bifid head of the malleus. This rostral branch could represent 
an overdeveloped form of the muscular process observed in ru-
minants, where the tensor tympani muscle normally inserts (Botti 
et  al.,  2006). Alternatively, this rostral branch is more likely to be 
the processus gracilis and associated bony lamella, as described by 
Doran (1876). Further details about this rostral branch and its poten-
tial function could be obtained using micro-dissection. In addition, 
no particular muscle process, as observed in cattle, was observed on 
the stapes for the stapedius muscle.

It has previously been stated that the most obvious variation in 
the inner ear of mammals comes with the number of turns of the co-
chlear coil (Webster, 1966). Whereas 2.5–2.75 turns have been de-
scribed in the human cochlea (Curtin et al., 2011; Green et al., 1990) 
and 3 turns in the equine one (Collin, 2006), only two turns were 
detected within the 3D micro-X-ray CT volumes of the cochlea of 
the southern white rhinoceros.

Distinguishing the perilymphatic spaces from the endolymphatic 
space and visualization of the small structures of the membranous 
labyrinth was not possible on our images. This could be investigated 
in future studies using special fixatives or higher scanning resolu-
tions (van den Boogert et al., 2018).

The orientation of the semicircular canals in the southern white 
rhinoceros seems similar to what has been described in men and 
horses (Collin, 2006; Green et al., 1990).

Looking at the volume of the inner ear, it is interesting to note 
that southern white rhinoceros neonates have values very similar 

F I G U R E  1 0   3D volume reconstruction of the bony structures 
of the inner ear, obtained from the left ear of case 1. Caudo-medial 
view. The yellow arrow highlights the 2 turns of the spiral cochlea. 
The blue arrow points to the vestibule. The red arrow points to the 
semicircular canals

F I G U R E  11   3D volume reconstruction of the bony structures 
of the inner ear, obtained from the left ear of case 1. Dorsal view. 
The yellow arrow highlights the lateral semicircular canal. The blue 
arrow points to the posterior semicircular canal. The red arrow 
points to the anterior semicircular canal

F I G U R E  1 2   3D volume reconstruction of the inner ear (green) 
obtained from the left ear of case 1. Medial view. The orientation of 
the cochlea and semicircular canals relative to the internal acoustic 
meatus (red arrow) through which runs the vestibulocochlear and 
facial nerves is shown. The tract of the sigmoid sinus and internal 
jugular vein is highlighted by the blue arrows (according to Qiu 
et al., 2003)
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to humans. Indeed, we report a volume of 224.41  mm3 which is 
comparable to 192.5–227.8 mm3 reported in people (Buckingham 
& Valvassori, 2001; Melhem et al., 1998). However, none of those 
studies used high-resolution µXCT images, which makes an ac-
curate comparison difficult to perform. Additionally, whereas no 
age- or sex-related differences in the inner ear volumetric measure-
ments were found in people (Melhem et al., 1998), such information 
is currently missing in the southern white rhinoceros. The appar-
ently small volume of the inner ear of the rhinoceros despite its 
important size could partially be explained by its shorter cochlea.

The paths of the nerves (mainly facial) and vessels (internal 
carotid artery and jugular bulb) were somewhat detectable using 
human descriptions, but yet appeared difficult with some varia-
tions from what has been described in men (Moon & Lee,  2014; 
Nayak, 2001; Qiu et al., 2003). Once again, additional imaging mo-
dalities, micro-dissection and histological studies could help in bet-
ter describing these paths.

It is possible to extract more 3D models from the µXCT data. 
However, because extraction and segmentation processes are time 
consuming, we focused on the auditory ossicles and osseous laby-
rinth. Previous reports mention 2 to 3 person-months to create a full 
3D virtual model of the human temporal bone (Wang et al., 2006). 
Luckily, newer image processing algorithms could expedite this step 
(van den Boogert et al., 2018).

This study describes the anatomy of the middle and inner ear of 
the southern white rhino using µXCT imaging. Despite some unique 
particularities, it shows many similar traits to its well described 
human and equine counterparts. Further investigations are needed 
in order to provide a complete virtual model including both soft and 
bone tissues of this difficultly accessible region.
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