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Abstract: To study the structures of the scala vestibuli and tympani of miniature pigs in order to evaluate the feasibil-
ity of using miniature pigs as the animal model for cochlear implant. The temporal bones of three miniature pigs with 
normal hearing were scanned by micro-CT. With the aid of the Mimics software, we reconstructed the 3D structure of 
inner ear basing on the serial images of the miniature pig, and obtained dimensions of the scala vestibuli and tym-
pani with multi-planar reconstruction (MPR) technique. The constructed slicing images displayed the fine structures 
of the cochlea. The results of our study showed that the cross-sectional areas of the scala tympani were greatest 
at 2.67 ± 0.90 mm2 when the circumferential length from the starting point of basal turn of the cochlea reached to 
1.16 mm. The scala vestibuli has a largest width and height at the starting point of basal turn. The width and the 
height were 2.65 ± 0.45 mm and 2.43 ± 0.2 mm respectively. The largest width and height of the scala tympani 
were 2.17 ± 0.30 mm and 1.83 ± 0.42 mm. The result of our study suggests that the cochlea of miniature pigs is 
highly consistent with human’s. Miniature pigs may be used as a new model for cochlear implant. MPR technique 
may be used as a new approach to obtain further information of patient’s cochlea in surgeons which is helpful to 
select suitable cochlear implant devices and surgery approach. 
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Introduction

House had the metal coil implanted in the 
cochlea of two deaf patients, letting these two 
patients are able to hear the sound of the sur-
rounding environment through a single channel 
electrode stimulation in 1961 for the first time. 
Then, Mr. F. Blair et al. started the study on the 
auditory nerve of the living animals and human 
body after cochlear implantation. As during the 
period from 1960s to 1970s, the study on arti-
ficial cochlea had been developed and extend-
ed in worldwide, and made great progress 
which included the electrical stimulation of the 
auditory nerve, while the single electrode and 
multi electrode implanted in the scala tympani 
[1]. With the development of half century, artifi-
cial cochlea as a treatment for severe sensori-
neural deafness has made remarkable achieve-

ments; however, there are still a lot of unknowns 
in the cochlear implantation.

Rodents, including mice [2], rats [3], guinea 
pigs [4, 5], and chinchillas [6], have been used 
for investigation on CI as animal models. What 
these models have in common is that their 
sizes of cochlea are much smaller comparing 
with human.

Instead that, large animal model, such as cats 
[7], macaques [8], sheep [9] are established for 
CI research. In fact, the marmoset is a perfect 
non-human primate model for CI research, but 
its usage is limited by ethics. High gene homol-
ogy has made miniature pigs more feasible for 
ongoing in biomedical experiments, such as 
pharmaceutical discovery and artificial organs 
[10, 11]. Our earlier publications have described 
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miniature pigs as an appropriate model in ear 
surgery training [12], which have very similar 
composition of the middle ear. Furthermore, 
the miniature pig has the normal hearing range 
and the inner ear shape after birth, which are 
similar with humans [13]. Since the gene homol-
ogy, the anatomy of the temporal bone, and the 
behavioral hearing range are similar with 
humans, we need to investigate whether its 
cochlear is suitable for CI.

The cochlea is auditory organ located in petrous 
part of the temporal bone, surrounded by dense 
bone. It is composed of three parts, scala ves-
tibuli, scala media and scala tympani. The tradi-
tional method is difficult to dissect the cochlea 
from the temporal bone, and more difficult to 
obtain the parameters inside the cochlea. 
Wysocki [14] and others took the method of 
cochlea latex perfusion to obtain the specimen 
of the scala vestibuli and tympani, and then the 
specimen was cut off and measured to get 
parameters of the scala vestibuli and the tym-
pani. Li [15] took pictures of serial sections of 
non-staining temporal bone tissue under the 
microscope, and with the aid of the three-
dimensional reconstruction software, the 3D 
structure of the scala vestibuli and the tympani 
was obtained, however, the relevant parame-
ters were not obtained and measured. The flat 
fluorescent microscope (OPFOS) [16] and 
Micro-CT [17] can obtain continuous temporal 
images on the premise of the intact temporal 

bone and gain the fine structures information 
within the labyrinthine. Braun [18] used the 
Micro-CT scan to get continuous temporal 
images of thickness 5.9 μm, with the help of 
three-dimensional reconstruction software to 
reconstruct the intact cochlear structure, and 
segmented the scala vestibuli, scala tympani, 
and other fine structures within the cochlea, 
but comprehensive study on its dimensions 
was not implemented.

In recent years, researchers have been focus-
ing on reducing the injury of cochlear implanta-
tion. “Implantation injury” was proposed by 
Pfingst et al [19] which refers to the injury 
caused as during the process of the insertion 
of the cochlear implant. The injury of neurons 
leads to the degeneration and apoptosis of 
neurons, which results in the loss of cell func-
tion in the end [20]. Implantation injury may 
cause temporary hearing loss or even perma-
nent low frequency hearing loss [21]. Especially 
in patients with inner ear malformation, implan-
tation injury is more likely to occur due to the 
abnormal structure of the cochlea. In addition, 
it also may cause implantation injury when 
selecting a cochlear electrode, because differ-
ent electrodes have different parameters, 
implantation depth and hardness. The study of 
the fine structures of the cochlea, especially 
the parameters of the cochlea, has aroused 
great interest of us, so as to improve the safety 
and efficacy of cochlear implantation.

In this paper, we reconstruct the inner ear bas-
ing on high-resolution micro-CT images of the 
miniature pig, and obtain dimensions of the 
scala vestibuli and tympani by using of multi-
planar reconstruction (MPR) technique with the 
aid of the Mimics software. We provide dimen-
sions of the scala vestibuli and tympani along 
the total cochlear length of the miniature pig for 
the first time. The MPR technique can also pro-
vide the objective parameters for cochlear 
implantation, especially for the patients with 
inner ear malformation, and guide the surger-
ies to choose the more suitable implanted elec-
trodes to reduce the implantation injury.

Materials and methods

Animals

Three adult miniature pigs with normal hearing 
were provided by the China agricultural univer-

Figure 1. Three-dimensional reconstruction of the 
inner ear of the left miniature pigs’ inner ear is 
processed through transparent model. The red line 
shows the cochlear length, defined as starting on the 
midpoint of the round window and coiling up to cen-
ter line of the cochlear duct.
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sity (guizhou miniature pigs), without limitation 
of sex. Took compound anesthesia by Ketamine 

them at room temperature (20°C) for thawing 
three hours before scanning. The use of minia-
ture pigs was approved by the Ethical 
Commission of the People’s Liberation Army 
general hospital.

Micro-CT scanning conditions

The six temporal bones were scanned with the 
X-ray microtomograph (model 1076, Skyscan, 
Belgium). Serial micro-CT images were taken 
under the scanning conditions of 91 kV, 80 μA 
and 200-ms exposure time [22]. Images were 
acquired with a slice thickness of 18 μm and 
876×876 pixels. We gained 1 200 images from 
each specimen approximately. Fixed the speci-
men with the sponge and the tape to prevent 
artifacts during scanning.

Reconstruction of the inner ear and measuring 
the cochlear length

The micro-CT images in DICOM format were 
inputted into Mimics 17.0 software. The range 
of the selected threshold value was 220~1 100 
and the results of the segmentation threshold 
were saved as “masks”. The masks could be 
edited by the software’s built-in toolkit such as 

Figure 2. A shows the schematic of the multi-planar reconstruction technique (MPR), getting the cross-sectional 
image which is perpendicular to the cochlear length (B). The red dot in picture (A) indicates the reslicing position.

Table 1. The two measurements of CSA of the scala tympani from 
the beginning of the cochlear length (mm2)
Random 
numbers 22 17 23 35 2 22 9 6 24 3

1 0.34 0.56 0.31 0.28 3.33 0.34 1.08 1.66 0.33 2.91
2 0.32 0.56 0.32 0.27 3.30 0.34 1.10 1.67 0.34 2.91

Figure 3. Cross-section image of the scala tympani 
displays fine structures within the cochlea clearly 
(SV, scala vestibuli; ST, scala tympani; m, modiolus; 
mai, meatus acusticus internus; lso, ligamentum spi-
ralis ossea; cp, cochlear partition). 

(30 mg/kg) and xylazine (0.1 
mg/kg) through muscle injec-
tion of the miniature pigs [13]. 
Decapitated the miniature 
pigs after satisfactory anes-
thesia quickly and obtained 
six halved heads. Preserved 
them at -20°C, and just left 
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calculating polylines and editing mask. 
Reconstructed the three-dimensional models 
of the inner ear.

Rotated the images of the reconstructed 3D 
cochlea continually and draw the center line of 
cochlear duct manually by the software’s built-
in toolkit. The cochlear length was defined as a 
curved line drawn from the midpoint of the 
round window to the terminal point of the apical 
turn through the center line of cochlear duct, 
which was consistency with Wysocki and 
Johnson (Figure 1).

Reslicing images and measures of the scala

Serial images of the temporal bone inputted 
into the Mimics software made up the totally 
3-dimensional data set. The new section image 
was consisted of arbitrary planar extraction 
from the 3-dimensional data set, which was 
also called the reslicing image. The “online 
reslice” function of the software allowed cus-
toms to obtain the parallel images across the 
defined curves and the parallel curves, and to 
get the cross-sectional images which were per-
pendicular to the defined curves and the paral-
lel curves. The defined curve was set as the 
cochlear length (Figure 2A) and we can get the 
serial cross-sectional images along the cochlea 
coiling (Figure 2B). The “lasso” function of the 
software picked up the area automatically 
according to the similar grey value, drew the 
outline of the scala vestibuli and tympani accu-
rately, and calculated the area, width and 
height of the corresponding region. We gained 
images with a slice thickness of 18 μm from 
each specimen after reconstruction. We con-

ducted a measurement every 55 serial images, 
namely at 1 mm intervals of the cochlear 
length.

Statistics

To assess the consistency of the measure-
ments, we measured the CSA of the scala tym-
pani in different positions of the miniature pig 
(numbered 1 L) again. Here, the different posi-
tions were determined by random numbers. In 
other words, the value of the random numbers 
represented the distance from the beginning of 
the cochlear length. Extractions of random 
numbers were as follows: 22, 17, 23, 35, 2, 22, 
9, 6, 24, 3. The two measurements of CSA of 
the scala tympani were listed in Table 1 in the 
above-mentioned positions. A method of Bland-
Altman by the MedCalc 15.0 software was 
used to evaluate the consistency of the mea-
surements. The consistency interval is defined 
between d-1.96Sd and d+1.96Sd.

Results

The fine structures of the cochlea

When finished the MPR, the fine structures of 
the cochlea can be displayed clearly (Figure 3), 
including the scala vestibuli, scala tympani, 
modiolus, meatus acusticus internus, ligamen-
tum spiralis ossea and cochlear partition. 
Cochlear partition is the compound structures 
which is regarded as the lamina spiralis ossea 
extending to the lateral wall of the cochlea, 
including vestibular membrane, basilar mem-
brane and spiral ligament, dividing the cochlea 
into scala vestibuli and tympani [18]. In fact, 
the cochlea consists of three lymphatic spaces. 
The scala vestibuli and tympani are full of peri-
lymph, while the scala media is filled with endo-
lymph. Because of the resolution limitations to 
soft tissue of the micro-CT, the temporal bone 
images with a slice thickness of 18 μm we 
obtained could not distinguish the vestibular 
membrane from basilar membrane clearly.

The cross-sectional area of the scala

The start of the scala tympani was identified as 
the round window, while the scala vestibuli 
started from the oval window. At the beginning 
of the first 0.96 mm of the cochlear length, the 
CSA of the scala tympani increases rapidly 
while the scala vestibuli decreases continually. 
The CSA of the scala tympani is greatest (2.67 

Figure 4. Cross-section area of the scala vestibuli 
and tympani along the cochlear length of the min-
iature pig.
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± 0.90 mm2) at 1.16 mm from the beginning of 
the cochlear length. It shows that CSA of the 
scala tympani is larger than scala vestibuli in 
the first 1.16-13.60 mm. After the point of 
13.60 mm, they are very close and keeping 

stable relatively by contrast of these two datas 
(Figure 4).

The height and width of the scala

Width was measured parallel to the cochlear 
partition where the distance within the scala 
was greatest. Height was also the greatest dis-
tance taken perpendicular the width measure-
ment. Figure 5A shows the comparison of the 
height of the scala vestibuli and tympani, and 
Figure 5B shows the comparison of the width of 
the scala vestibuli and tympani. They have 
shown striking similarity. Before the first 0.90 
mm of the cochlear length, the height and the 
width of the scala tympani are rapidly increas-
ing, while the height and the width of the scala 
vestibuli are decreasing. At this stage, both the 
width and height of the scala vestibuli are larg-
er than those of the scala tympani. From the 
0.90 to 12.57 mm of the cochlear length, it 
shows a reversal result, that is, the height and 
the width of the scala vestibuli are rapidly 
increasing comparing with the decreasing scala 

Figure 5. A. Height of the scala vestibuli and tympani along the cochlear length of the miniature pig. B. Width of the 
scala vestibuli and tympani along the cochlear length of the miniature pig.

Figure 6. A. Width and height of the scala vestibuli along the cochlear length of the miniature pig. B. Width and 
height of the scala tympani along the cochlear length of the miniature pig.

Figure 7. Comparison of the cross-sectional area of 
the miniature pig, the guinea pig, the cat, the marmo-
set and the human along the cochlear length.



Inner ear structure of miniature pigs measured by MPR technique

714 Am J Transl Res 2018;10(3):709-717

tympani. After then, the height and width of 
both scala vestibuli and scala tympani reach to 
a stable stage.

The variation trends of the height and width of 
scala vestibuli and scala tympani of the minia-
ture pig are similar. The width is larger than the 
height both in the scala vestibuli and tympani. 
The width and the height of the scala vestibuli 
are maximum (2.65 ± 0.45 mm, 2.43 ± 0.29 
mm respectively) at the starting point of the 
cochlear length and minimum at the ending 
point. The maximum of the scala tympani has a 
width of 2.17 ± 0.30 mm and a width of 1.83 ± 
0.42 mm (Figure 6A, 6B).

Comparison of the CSA of the scala tympani 
between the experiment animals and humans

Comparing the miniature pig, the guinea pig, 
the cat and the marmoset with the human 
(Figure 7), the CSA of the scala tympani of the 
miniature pig is obviously much close to the 
humans’, while other animals are much smaller 
than human. At the beginning 6.85 mm of the 
cochlear length, the CSA of the miniature pig is 
larger than human, greatest to 2.67+0.90 mm2, 
whereas the maximum CSA of the human is 
2.00 mm2. Between 0-6.85 mm of the cochlear 
length, the CSA of the miniature pig is larger 
than human, while it turns a reversal result at 
the phase of 6.85-33.10 mm.

the ten groups are all in the consistency inter-
val, presenting great consistency of the mea-
surements (Figure 8).

Discussion

The highlight of this research is to provide a 
non-destructive method for fine structures of 
the cochlea, comparing with the latex mold 
technique [14] as well as the histological sec-
tion technique [25]. Here, the MPR technique 
we introduced is not strange in the clinical 
application. Liu et al. [26] apply the MPR tech-
nique in measuring the cochlear length. MPR 
technique has obvious advantages in diagnos-
ing the fistula of semicircular canal to display 
the whole semicircular canal and the position 
of the fistula [27]. MPR technique integrating 
with radiological images is expected as an 
accurate imaging diagnostic method for preop-
erative evaluation of CI. 

The CI animal model we choose should have 
the most similar CSA parameters with humans. 
We compare the CSA of the scala tympani with 
the miniature pig, human [14] and other com-
monly used experimental animals (guinea pig, 
cat and the marmoset) [8, 23]. The results of 
our study show a high similarity with Wysocki 
[5]. The dimensions of the scala tympani (CSA, 
height and width) include three phases, such 
as fast-rising period, slow-dropping period and 

Figure 8. Evaluating the consistency of the measurements: the hori-
zontal axis represents CSA of the scala tympani of the miniature pig, 
while the vertical axis stands for the difference of the two measure-
ments. The two dashed lines are d-1.96Sd and d+1.96Sd, respectively.

It should be emphasized that the 
methods used for these species 
were inconsistent. Miniature pig as 
well as the marmoset [8] measures 
were gained basing on micro-CT. 
The human [14], and cat [23] mea-
surements were taken by using of 
physical measurements of latex 
molds, while the guinea pig [24] 
measurements were reconstructed 
by using of three-dimensional MRI 
images. 

Assessment the consistency of the 
measurements

The horizontal axis represents CSA 
of the scala tympani of the minia-
ture pig, while the vertical axis 
stands for the difference of the two 
measurements. The two dashed 
lines are d-1.96Sd and d+1.96Sd, 
respectively. The result shows that 
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plateau. The width is larger than the height 
along the cochlear length both in the scala ves-
tibuli and tympani. It must be emphasized that 
the data used for comparison are obtained by 
different methods. To our surprise, the minia-
ture pig is highly consistent with the human in 
the sizes of the scala tympani. Nevertheless, 
the comparison is provided with the reference 
for choosing the animal model for cochlear 
implantation.

McClay et al. [28] found that more than 20% 
patients with congenital hearing loss were 
associated with inner ear malformations. With 
the improvement of cochlear implantation tech-
nology, severe hearing loss associated with 
inner ear malformation is also an indication for 
cochlear implantation, and these patients also 
obtain satisfied effects more than we expected 
[29]. However, the abnormal structures result-
ed from the inner ear malformation increase 
more surgery difficulties and more postopera-
tive complications of cochlear implantation. 
Routine imaging examinations including HRCT, 
MRI are used for CI patients preoperatively. The 
obtained images cannot reflect the actual posi-
tion of the cochlea within the temporal bone. 
With the help of the “online reslice” function of 
the software, we can gain the miniature pig CSA 
along the cochlear length. This MPR technology 
is expected to be applied in CI, so as to guide 
surgeons to choose the most appropriate elec-
trode and improve success of the complex 
cochlear implant.

In recent years, the importance of protecting 
the residual hearing during cochlear implanta-
tion has been recognized by otologists. The 
residual hearing is beneficial to improve the 
speech recognition in noise environment and 
music appreciation [30], so as to improve the 
quality of life in patients. The loss of residual 
hearing is the result of multiple factors, and the 
selection of implantation electrodes is just one 
of them [31]. Cochlear manufactures have also 
introduced many types of short electrodes with 
different length and different parameters, such 
as Flex24, Flex20EAS from Med-EI and Hybrid 
L24 from Cochlear. Compared to the Combi40+ 
Med-EI, CI422 Nucleus and other standard 
length electrodes, the short electrode has 
advantages of short implanted length and 
small electrode parameters. Although the short 
implanted electrode can achieve well-pleasing 
hearing effects in the early stage, it does not 

mean that the smaller the implanted electrodes 
are the better hearing effects we get. Friedmann 
and his team [32] compared the hearing effects 
from the CI422 Nucleus and Hybrid L after 
1-year implanting, finding that the speech rec-
ognition rate in standard implanted electrode 
group is better than the short implanted elec-
trode group. Implantation injury includes the 
early stage and the late stage. Early injury is 
mainly caused by direct mechanical injury to 
the basilar membrane and the stria vascularis 
during the process of electrode insertion. The 
late injury is presumably caused by the results 
of the chronic inflammatory reaction, the for-
mation of fibrous tissue around the electrode 
and ossification of the never in the scala tym-
pani after cochlear implantation [33, 34]. The 
long-term mechanism of the loss of the residu-
al hearing is unclear, but recent evidences sug-
gest that [32, 35] choosing a suitable implant-
ed electrode combined with minimally invasive 
surgical approach can reduce the implantation 
injury and protect the residual hearing. The 
residual hearing is pursued by all otologists. 
MPR technique provides us with detailed 
dimensions on the scala vestibuli and tympani, 
which is referenced in choosing appropriate 
implanted electrode.

The dimensions of the cochlea present the min-
iature pig as highly comparable to that of the 
human. This underlines the suitability of the 
miniature pig as an animal model for cochlear 
implant. The emergence of animal models pro-
vides us with conditions for research on the 
electrophysiology of auditory pathway from hair 
cells to the auditory cortex. The application of 
MPR technique may be a new approach to pro-
vide more detailed information of the patients 
to reduce the implantation injury for evaluating 
the structure of the inner ear, also guiding the 
surgeries choosing the suitable implanted 
electrodes.
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