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Introduction
Developments of radiological modalities and analytic 

techniques of imaging data have resulted in a steady increase 
in volume and improvement in the accuracy of the inner ear 
imaging in the cadaver at a level of a light microscope by using 
micro-CT and micro-MRI [1]. As scientists have workstations 
or a PC that downloaded an open-source 3D software, they 
have come to gain the capabilities for the reconstruction and 
evaluation of 3D post-processing from the volume data. The 
3D reconstructed methods such as maximum intensity pro-
jection (MIP), surface rendering, and volume rendering (VR) 
are the most common computer algorithm used to transform 
axial volume CT or MRI image data into 3D images. Therefore, 
the bony labyrinth has been popular to reconstruct from CT 
or MRI data from the 1990s [1-3]. If the soft tissue structures 
within the osseous labyrinth will be depicted, it will be the im-
age of the membranous labyrinth. In volume rendering (VR) 
algorithm, high opacity values produce an appearance like 
surface rendering, which helps display complex 3D relation-
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Purpose: A prerequisite for the modeling and understanding of the inner ear mechanics needs the accurate created 
membranous labyrinth. We will present a semi-automated methodology for accurate reconstruction of the membranous 
labyrinth in the cochlea from high-resolution temporal bone CT data.

Method: We created the new imaging technique which was combined with the segmentation methodology, transparent, 
Thresholding, and opacity curve algorithms. This technique allowed the simultaneous multiple images creating without 
any overlapping regions in the inner ear has been developed from temporal bone CT data.

Results: The reconstructed 3D images improved the in vivo cochlear membranous labyrinth geometry to realistically rep-
resented physiologic dimensions. These generated membranous structures were in good agreement with the previously 
published ones, while this approach was the most realistic in terms of the membranous labyrinth in the cochlea.

Conclusions: The precise volume rendering depends on proprietary algorithms so that different results can be obtained, 
and the images appear qualitatively different. For each anatomical question, a different visualization technique should 
be used to obtain an optimal result. All researchers can create the in vivo 3D membranous labyrinth in the cochlea in 
real-time like a retinal camera. This technique will be applied to a cone-beam CT dataset.
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ships clearly. Low opacity value creations can be very useful 
for seeing a tumor within the lumen [4,5]. It is possible to cre-
ate an image of the low-density subject behind the high-den-
sity subject according to the opacity property. Voxel opacity 
curve algorithms can be adjusted to render tissues within a 
certain density range. Thresholding extracts an interesting re-
gion by selecting a range of a target tissue voxel value [6,7]. 
Therefore, by combining these algorithms, the low-density 
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rial. High opacity values produce an appearance like surface 
rendering, which helps display complex 3D relationships 
clearly. Low opacity value creations can be very useful for 
seeing a subject within the lumen [4-8]. Hence, it is possible 
to observe the low density (high opacity) subject behind the 
high density (low opacity) subject according to the property 
of opacity. As for as the cochlea is concerned, by assigning a 
low density (high opacity) to the soft tissue and a high density 
(low opacity) to the cochlea, the soft tissue becomes clearly 
visible among its semi-transparent surroundings of the osse-
ous cochlea. Therefore, the opacity value is defined by the 
ratio of the CT values between the two subjects [8].

That is, the following equation holds:

100βα
γ

= ×

Where α is the opacity value, β is the low CT density value 
(cochlear soft tissue), and γ is the high CT density value (co-
chlea).

Select the opacity curve algorithm
A voxel opacity curve algorithm can be adjusted to render 

tissues within a certain density range. There are three opacity 
curve algorithms to reconstruct 3D images of the membra-
nous labyrinth in the cochlea as follows:

1. Upward opacity curve algorithm

As the structures over the high threshold value will show 
a constant high opacity value, under the lower threshold val-
ue is 0% opacity value. Thus, it may be used to display bright 
structures such as bone or vessels in CT data sets [6]. That is, 
this opacity curve is suitable to delineate the soft tissue struc-
tures on the bony labyrinth.

2. Trapezoid opacity curve algorithm

This opacity curve is used to display structures with voxel 
values within the defined range [7]. This is suitable for the 
surface structure of the cochlear membranous labyrinth.

3. Downward opacity curve algorithm

In the case of this opacity curve type, it is opposite to an 
upward opacity curve type. This opacity curve type can be 
used to display dark structures such as airways, or vessels in 
black blood MRA technique [9]. It can also be used with a cut 
plane to display the lumen of a vessel as etched in the plane. 
This means that lower CT value organs are distinguished from 
higher CT value subjects. So, this opacity curve is suitable for 
fibrotic structures in the cochlear membranous labyrinth.

Color shading mode algorithm
When the color shading method is used to create images, 

the image is shaded based on the orientation of the surfac-
es in the voxels that contribute to a given pixel and colored 
according to the value of these voxels [4-8]. Color shading is 
surface shading, and it can be seen in the final relationship 
that basing the opacity functions in the color space effectively 
revealed structures within volumes.

structure of the membranous labyrinth behind the bone den-
sity of the osseous labyrinth can be depicted [8]. This study 
aims to develop and use the volume rendering (VR) algo-
rithms for allowing in vivo 3D transparent visualization of the 
membranous labyrinth in the cochlea from high-resolution 
CT data sets, and to evaluate by comparing the created 3D 
microanatomical images with the previous histological ones.

Materials and Methods

Participants
Participants imaging data from 10 volunteers (5 men and 

5 women, mean age 41.7, range of age: 16-62) who visited 
for their regular medical checkups and wished to examine 
the head and temporal bone regions were obtained. These 
participants had no known affliction of the temporal bone 
and no hearing problem, or other systems related to auditory 
and vestibular systems and normal findings on both CT exams 
and physical exam by their checkups. This retrospective study 
was conducted under the approval of the clinic institutional 
review board, and the written informed consents were ob-
tained from all participants.

CT protocol
All examinations were performed with the spiral CT scan-

ner (ProSpeed AI; General Electric Systems (GE), Milwaukee, 
Wis., USA) by using an axial technique with 120 kV, 60-120 
mA, and 60 seconds scanning time. The section thickness was 
1 mm and an interval of 0.5 mm overlapping. A pitch was 
1.0. The axial images were reconstructed with a high-reso-
lution bone algorithm in steps of 0.5 mm, and a field of view 
(FOV) of 96 × 96 mm by using a 512 × 512 matrix. The dose 
length product (DLP) was recorded on the CT monitor by the 
GE medical software. The DLP ranged from 40 mGy/cm to 55 
mGy/cm.

Volume rendering (VR)
Most VR techniques will be divided into two types [4-7]. 

One is thresholding or surface-based methods. The other is 
percentage- or transparent volume-based techniques. Cer-
tain properties (opacity, color, shading, brightness) are as-
signed to each voxel value. The most important property is 
opacity or attenuation, which enables the user to hide cer-
tain objects or make them transparent. Thresholding extracts 
a region of interest by selecting a range of voxel values that 
presents a specific tissue or anatomical feature. Voxel opacity 
curve algorithms can be adjusted to render tissues within a 
certain density range. In this study, the new algorithms are 
made from a thresholding method with a transparent vol-
ume-based technology under voxel opacity curve algorithms. 
Therefore, it is necessary to choose which type of a voxel 
opacity curve algorithm and to set each parameter before-
hand for VR imaging. Setting an opacity value is an important 
factor in creating VR images [8].

Opacity value
Opacity values are determined to define the relative 

transparency of each material. High opacity values are de-
termined to define the relative transparency of each mate-
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Figure 1: The cross-section perpendicular to the modiolus to observe the entire cochlear duct. This image is made by an upward curve 
with a merged colored algorithm, and the opacity value is 40%. The DFOV is 16 mm.
Abbreviations: CD: The cochlear duct; TD: The tympanic duct; VD: Thevestibular duct; RD: The ductus reunions; M: The modiolus; SA: 
The saccule; RW: The round window; OW: The oval window.

         

Figure 2: The region of measured diameter at one-quarter of the basal turn of the cochlear duct. The same view and subject as in Figure 1. 
This image is made from a trapezoid curve with a non-merged colored algorithm, and the opacity value is 40%. The DFOV is 16 mm.
Abbreviations: CD: The cochlear duct; M: The modiolus; RD: The ductus reuniens; IAN: Internal auditory nerve; SA: The saccule; UT: The 
utricle; RW: The round window; CC: The cupular cecum.
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Figure 3: Superiolateral view of the cochlea. This image is made by a trapezoid curve with a non-merged colored algorithm and 40% 
opacity value. The DFOV is 32 mm.
Abbreviations: CD: The cochlear duct; CC: The cupular cecum; SA: The saccule; UT: The utricle; RW: The round window; IAN: Internal 
auditory nerve; JB: The jugular bulb.

and the vestibule. All measurements were carried out using 
the CT workstation (Advantage version 2.0; GE Medical Sys-
tems, Milwaukee, Wis). The imaging condition was as follows; 
WW was 2000HU, and WL was 200HU. Pixel-level analysis of 
the DICOM viewer yields actual CT values of them. The results 
were shown in Table 1.

Statistical analysis
Normality of distribution was tested using the Graphical 

methods. The goodness of fit test for normality was evalu-
ated by Chi-square statistics. Data were analyzed statistical 
software available through Microsoft Excel 2013 (Microsoft 
Corporation Redmond, Washington).

Define threshold value
The statistical analysis revealed that the results were suit-

able for a normal distribution. These results showed that the 
cochlea CT values were about through 280 to 380 HU, of the 
modiolus was about through 230 to 280 HU, and of the ves-
tibule were about through 120 to 200 HU. The cochlear duct 
CT value was the soft tissues within the fluid components in 
the cochlea. By subtracting the modiolus value from the co-
chlear value, the approximate cochlear duct value could be 
obtained. The calculated value was in the range of about 70 
to 140 HU, and the average was 105 HU. To know the state 
of the vestibule together, the highest value of the vestibule 
was taken as the high threshold value. From the anatomical 
components, the medullary sheath contained fat. That is, the 
low absorption value was defined as a fat value of -100 HU, 
and the high absorption value was 200 HU of the vestibule.

Applying colors algorithm
There are two techniques to create 3D images by applying 

color methods as follows:

1. Non-merged 3D image

When a non-merged image is colored, everything in it 
takes on the same color as Figure 1, Figure 2 and Figure 3. 
To do this, select the image to be colored, then chose the de-
sired color. The coloring of a non-merged image is typically 
done in preparation for a 3D merging operation. This makes 
distinguishing the merge objects easier.

2. Merged 3D image

When the coloring is applied to a merged 3D view, each 
merged 3D model can be colored independently of the oth-
ers.

Simple segmentation algorithm
As the target organ data existed in the inner ear, roughly 

simple segmentation of the temporal bone is required using a 
front cut method [8].

Parameter Setting

Threshold value
To define the optimal threshold CT value to create 3D im-

ages of the membranous labyrinth in the cochlea, the CT val-
ues within the edge of the cochlea and the vestibule, and the 
modiolus were measured using 0.5-mm-thick axial HR-CT im-
age slices at the level through the oval window, the cochlea, 
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or Osiri X Lite software (available at http://https://www.
osirix-viewer.com) [11].

Quantitative Image Analysis based on the 
Results of the Previous Literatures

To ascertain whether the 3D created images were consis-
tent with anatomical findings, the cochlear duct width was 
measured at the position as shown in Figure 2 and compared 
with the results of the previous histological literatures. The 
result of the cochlear duct width was 0.40 to 0.60 mm, and 
then a mean ± SD value was 0.50 ± 0.08 mm. According to the 
previous literatures, Retzius reported as follows; the height 
of the lateral wall was from 0.59 to 0.3 mm, the width of the 
spiral limbus was from 0.22 to 0.23 mm, and the width of the 
basilar membrane was from 0.21 to 0.36 mm [12]. Wever and 
Laurence reported that the width of the basilar membrane 
was between 0.498 to 0.80 mm [13]. That is, the height of the 
lateral wall was about 0.50 mm, and the width of the floor was 
about between 0.40 to 0.60 mm. The difference between the 
results of previous literatures and of this study was assessed 
for significance by Microsoft Excel 2013using a Wilcoxon rank 
sum test. A p value of < 0.05 was regarded as significant.

Results

Volume rendering parameters
The threshold value was -100 to 200 HU, the opacity value 

was 40%, and the brightness value was 100%.

Opacity value
The opacity value was set to the average of 40%.

Brightness value
The brightness value was defined as the constant value 

of 100%.

Postprocessing
After transferring the image to the CT workstation (GE 

Medical Systems, Milwaukee, Wis., USA), 3D visualization 
based on interactive direct volume rendering was made us-
ing GE Advantage Navigator software. The direct volume ren-
dering considers some of the image data, so roughly simple 
explicit segmentation prior to the visualization process was 
required using a front cut method. The display field of view 
(DFOV) was 16-32 × 16-32 mm. As a result of this software, 
both color and opacity values were adjusted interactivity to 
delineate all structures related to the membranous labyrinth 
in real-time under the threshold value. After an appropriate 
setting, the front cut for optimal delineation of the objective 
structures was defined on axial, coronal, and sagittal projec-
tion, the color and opacity table could be stored and used for 
further studies [10]. Owing to the simple acceleration of the 
visualization process, the whole procedure was performed in 
less than 1 minute. The software allowed both distance mea-
surements and volume directly within the 3D scene. This soft-
ware was almost the same as the open-source Image J soft-
ware (available athttps://imagej.nih.gov/ij/download.html) 

Table 1: CT values (HU) of the inner ear at the level of 1st to 2nd turn of the cochlea.

Case Sex Age Side Cochlea Modiolus Vestibule

1 F 61 R 351.51 236.35 220.69

L 366.58 248.59 258.59

2 F 62 R 362.38 221.62 304.17

L 408.04 152.89 317.93

3 F 38 R 385.62 319.96 89.93

L 394.42 299.11 52.66

4 F 28 R 399.59 199.00 127.33

L 372.75 176.45 168.40

5 F 16 R 351.33 274.67 120.81

L 277.62 276.00 112.48

6 M 61 R 374.16 260.59 204.21

L 331.79 292.87 286.90

7 M 58 R 342.05 250.81 141.33

L 325.62 235.83 114.54

8 M 40 R 376.31 274.19 118.96

L 402.88 313.47 151.82

9 M 27 R 329.77 254.12 110.65

L 374.92 218.26 119.80

10 M 26 R 360.41 297.46 91.06

L 353.91 324.33 101.64

Mean 41.7 362.03 256.33 160.70

http://www.livevolume.com
http://www.livevolume.com
https://imagej.nih.gov/ij/download.html
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Quantitative image analysis
The measured result in the 3D created membranous co-

chlear duct ranged from 0.40 to 0.60 mm. A significant cor-
relation in comparison with the results of the previous litera-
tures was found p = 0.0048.

Discussion
This study aimed to investigate the non-invasive 3D im-

aging method of the membranous labyrinth in the cochlea. 
According to this study, the precise volume rendering de-
pends on proprietary algorithms so that different results can 
be obtained, and the images appear qualitatively different. 
For each anatomical question of the membranous labyrinth, 
a different visualization technique should be used to obtain 
an optimal result. And, the measured result of the width of 
the cochlear duct in this study was nearly the same as the 
histological measurement values in the previous literatures 
[12,13].

These created membranous cochlea images are similar to 
the previous histological ones [12-17]. Figure 1 is like remov-
ing the lid of the cochlea and looks like the whole soft tissue 
with the osseous lamina. The cochlear soft tissues are a spring 
duct between the tympanic duct and the vestibular duct. Fig-
ure 2 shows that the cochlear duct is winding along the mo-
diolus, and the shape of the modiolus shows the conical axis. 
In Figure 3, the cochlear duct has a shape of a triangular spiral 

Modeling
The different 3D membranous microanatomical images 

were created by three different voxel opacity curve algo-
rithms with a merged or non-merged colored technique. 
The quite different 3D images were made from the differ-
ent opacity curve algorithm, though Figure 1 and Figure 
2 were created from the same direction of the same sub-
ject. These created images were the same as that of the 
published anatomical books and the previous literatures 
[12-17].

The relation between the created image and the algo-
rithm was as follows:

1. An upward opacity curve with a merged color algorithm 
made the soft tissues of the membranous cochlea on the 
bone (Figure 1).

2. A trapezoid opacity curve with a non-merged colored 
algorithm made surface imaging of the cochlear membranous 
labyrinth (Figure 2 and Figure 3).

3. A trapezoid opacity curve with a merged colored algo-
rithm created the transparent membranous labyrinth in the 
cochlea (Figure 4).

4. A downward opacity curve with a merged colored al-
gorithm reconstructed the fibrotic minute structures in the 
cochlear membranous labyrinth (Figure 5).

         

Figure 4: Anterior cochlear cut image. This image is made by a trapezoid curve with a merged colored algorithm and 40% opacity value. 
The DFOV is 32 mm.
Abbreviations: CD: The cochlear duct; SM: The spiral membrane; LS: The osseous lamina; M: The modiolus; CN: Cochlear nerve; G: 
The spiral ganglion; IAN: Internal auditory nerve; FN: Facial nerve; SA: The saccule; UT: The utricle; AA: The anteriorampulla; CC: The 
common crus; RW: The round window; OW: The oval window; M: The malleus; I: The incus.
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sibility of the scientist to determine whether the inter-slice 
distance used for a particular exam is acceptable. Despite 
the intra-slice distance is 0.5 mm in this study, the created 
3D microanatomical images are in good agreement with the 
previously published ones. However, the more the amount of 
accurate thin-section 2D data, the more accurate 3D recon-
structed images will be created.

The problem of threshold value adapted to any 
CT or a cone-beam CT

It is defined that the threshold value is obtained from the 
CT of this study. Therefore, this value   cannot be immediate-
ly adapted to any CT. However, this defined threshold value 
will be referred to when setting a threshold value with differ-
ent CT machines. When these algorithms will be applied for 
a cone-beam CT (CBCT), we must convert a gray scale value 
to a Hounsfield unit value. Some studies have shown a strong 
linear relationship between Hounsfield units (HU) and gray 
scale [19,20]. Gray scale is different from HU due to higher 
noise levels, more scattered radiation, high heel effect, and 
beam hardening artifacts [21,22]. However, we can adapt the 
rough converted HU obtained from gray scale. Therefore, we 
believe that this method can also be used for a cone-beam 
CT (CBCT).

Conclusions
The new interactive transparent volume rendering algo-

tube, and the end of the duct showed like a snakehead is a 
cupular cecum, and the saccule shows an egg shape from this 
view. Figure 4 is the anterior cochlear cut image. This image 
shows that the cochlear duct is a spiral duct and a triangular 
shape in the cross-section. The duct is suspended between 
the osseous spiral lamina of the modiolus. The spiral mem-
brane is located within the cochlear duct. The spiral ganglion 
is situated along the modiolus. Figure 5 represents that the 
spiral membrane is a spiral winding within the cochlear duct. 
The diameter of the cochlear duct in Figure 2 and Figure 3 is 
wider than that of this spiral membrane. The width of a spiral 
winding becomes wider from the base through the apex. This 
image is similar to the histological one of the organs of Corti, 
et al. [16]. Therefore, it is possible to observe the status of 
the membranous cochlea in real-time without using harmful 
procedures.

The problem of resolution
The resolution of 3D images is primarily determined by 

the resolution of the original acquisition images and the in-
ter-slice distance. Although the pixel size of the original 2D 
image is large, the voxel size of the reconstructed display 3D 
image is smaller in the practical 3D image. This cause will be 
based on an algorithm of 3D configuration [18]. It is not possi-
ble to identify details within the exam with dimensions in the 
order of or less than the inter-slice distance with any degree 
of reliability. Therefore, at all times, it remains the respon-

         

Figure 5: Superior view of the cochlea. This image is made by a downward curve with a merged colored algorithm. The opacity value 
is 40%, and the high threshold value is 200 HU. The DFOV is 32 mm.
Abbreviations: SM: The spiral membrane; UT: The utricle; SA: The saccule; IAN: Internal auditory nerve.
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sium on Volume Visualization, San Francisco, CA, USA, P: 23-30.

5. Kniss J, Premože S, Hansen C, et al. (2002) Interactive translucent 
volume rendering and procedural modeling. IEEE Computer So-
ciety, Washington DC, USA, P: 109-116.

6. Heath DG, Soyer PA, Kuszyk BS, et al. (1999) Three-dimensional 
volume rendering of spiral CT data: Theory and method. Radio 
Graphics 19: 745-764.

7. Fishman EK, Ney DR, Heath DG, et al. (2006) Volume rendering 
versus maximum intensity projection in CT angiography: What 
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8. Tanioka H, Tanioka S, Kaga K (2020) Vestibular aging process 
from 3D physiological imaging of the membranous labyrinth. Sci 
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rotid arteries: Evaluation with "blackblood" MR angiography. 
Radiology 177: 45-50.

10. Nakao M, Watanabe T, Kuroda T, et al. (2005) Interactive 3D re-
gionextraction of volume data using deformable boundary ob-
ject. Stud Health Technol Inform 111: 349-352.

11. Amato AC (2016) Surface Length 3D: An OsiriX plugin for mea-
suring length over surfaces. J Vasc Bras 15: 308-311.

12. Retzius G (1884) Das Gehӧrorgan der Wirbeltiere. Morpholo-
gisch-histologischeStudien. II. Das Gehӧrorgen der Vӧgel und 
der der Sӓugetiere. Stockholm, Denmark: Samson & Wallin, 
Stockholm.

13. Wever EG, Lawrence M (1954) Physiological acoustics. Princeton 
University Press, New Jersey, USA.

14. (1989) Human temporal bone research workshop report. Ann 
Otol Rhinol Laryngol 98: 143.

15. Water TR (2012) Historical aspects of inner ear anatomy and bi-
ology that underlie the design of hearing and balance prosthetic 
devices. Anat Rec 295: 1741-1759.

16. Nomura Y (2006) Morphology in otology. Chugai Iguku, Tokyo, 
Japan.

17. Toyoda S, Shiraki N, Yamada S, et al. (2015) Morphogenesis of 
the inner ear at different stages of normal human development. 
Anat Rec 298: 2081-2090.

18. Lorensen WE, Cline HE (1987) Marching cubes: A high resolution 
3D surface reconstruction algorithm. ACM Computer Graphics 
21: 163-169.

19. Oliveira ML, Tosoni GM, Lindsey DH, et al. (2014) Assessment 
of CT numbers in limited and medium field-of-view scans taken 
using Accuitomo 170 and Veraviewepocs 3De cone-beam com-
puted tomography scanners. Imaging Sci Dent 44: 279-285.

20. Razi1 T, Emamverdizadeh P, Nilavar1 N, et al. (2019) Comparison 
of the Hounsfield unit in CT scan with the graylevel in cone-beam 
CT. J Dent Res Dent Clin Dent Prospects 13: 177-182.

21. Valiyaparambil JV, Yamany I, Ortiz D, et al. (2012) Bone quality 
evaluation: Comparison of cone beam computed tomography 
and subjective surgical assessment. Int J Oral Maxillofac Im-
plants 27: 1271-1277.

22. Parsa A, Ibrahim N, Hassan B, et al. (2012) Reliability of voxel val-
ues in computed tomography for preoperative implant planning 
assessment. Int J Oral Maxillofac Implants 27: 1438-1442.

rithm is created in combination with thresholding, opacity 
curve, and transparent algorithms. This new technique allows 
simultaneous multiple images creating without any overlap-
ping regions in the inner ear, and all scientists can use it easi-
ly. Hence, this technique can study the cochlear membranous 
labyrinth in real-time like a retinal camera. And this technique 
will be applied to cone-beam CT (CBCT) data.
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