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Background: The present study aimed to investigate the visibility of small ossicle parts/landmarks on 
high-resolution computed tomography (HRCT)/3D reconstruction (3D) to investigate what improvements 
in scanning resolution are needed before accurate 3D printing of patient-specific ossicles is possible.
Methods: A total of 24 patients with sudden deafness sought consultation at the Department of 
Otorhinolaryngology Head and Neck Surgery at the Sixth Medical Center of People’s Liberation Army 
General Hospital between October 2013 and June 2014 were enrolled in the study. All participants 
underwent a 256-slice spiral HRCT temporal bone axial scan, yielding a Digital Imaging and 
Communications in Medicine documents series. These documents were then inputted into Mimics 16.0 
interactive medical image processing software for data conversion and the creation of 3D segmentation and 
visualizations of the ossicles. Finally, the 3D images were compared using multiplanar reformation (MPR) 
and 3D volume-rendering (VR) reconstructed images of ossicles to verify their consistency. These were then 
compared with the normal ossicle structure to evaluate the accuracy of the restoration. 
Results: The findings indicated that the morphology of the ossicles from the converted Mimics 16.0 data 
achieved a display rate of ≥90% when used to display 7 landmarks (the caput mallei, collum mallei, processus 
lateralis mallei, manubrium mallei, corpus incudis, crus longum incudis, and crus breve incudis). This 
demonstrates excellent matching with the images of ossicles obtained from MPR and 3D VR reconstruction. 
Kappa consistency testing found that the κ-value was higher than 0.75. When displaying the lenticular 
process, caput stapedis, crus anterius stapedis, and crus posterius stapedis landmarks. The display rate 
was around 60%, which shows good matching with the ossicles’ images obtained from MPR and 3D VR 
reconstruction, with a κ-value >0.4. However, the display rate of the stapes footplate was only 25%, showing 
greater differences with the images obtained from MPR (76.4%) and 3D VR reconstruction (52.8%), with a 
κ-value <0.4. 
Conclusions: The accuracy of the visualization of the malleus and incus after restoration via Mimics 16.0 
software, based on temporal bone HRCT data, was high, and the degree of restoration was good. However, 
the accuracy and degree of restoration of the stapes footplate require further improvement.
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Introduction

Improvements in modern imaging technology, computer-
aided design (CAD), and rapid prototyping have resulted 
in significant repair and regenerative medicine progress. 
The development of clinical medicine has also taken a 
turn toward highly individualized and precise diagnoses 
and treatments. CAD 3D printing technology, which 
comprehensively integrates different areas of material 
science, and tissue engineering, has become some of the 
most promising research areas in biomedical science (1,2). 
Based on the development of imaging technology and 
high-resolution computed tomography (HRCT) scanning, 
multiplanar reformation (MPR) and 3D volume rendering 
(3D VR) can be applied to predefine the status of the 
ossicular chain in patients (3-5). However, whether 3D 
printing technology can accurately replicate individualized 
ossicles based on HRCT data requires further analysis.

The present study aimed to investigate the individualized 
3D modeling of ossicles and carry out an accuracy study 
based on HRCT imaging data. The findings are intended to 
provide a theoretical foundation for realizing 3D printing 
individualized ossicles based on image data. 

Methods

Auditory ossicular bone image data collection

Subjects
A total of 24 patients with sudden deafness sought 
consultation at the Department of Otorhinolaryngology 
Head and Neck Surgery at the Sixth Medical Center of 
People’s Liberation Army General Hospital (Beijing, China) 
between October 2013 and June 2014 were enrolled in the 
study. 

The study was conducted following the Declaration of 
Helsinki and was approved by the Ethics Committee of the 
Sixth Medical Center of People’s Liberation Army General 
Hospital. All participants signed informed consent forms 
before participation.

HRCT data
All participants underwent a 256-slice spiral HRCT 
temporal bone axial scan, yielding a series of Digital 
Imaging and Communications in Medicine (DICOM) 
documents. HRCT scan data of normal temporal bones 
were collected before data conversion was done using 
Mimics 16.0 interactive medical image processing software 
(Materialise NV, Leuven, Belgium), computer-aided 

modeling, and 3D visualization of ossicles were carried out. 
Restoration authenticity and accuracy were verified, and the 
feasibility of 3D printing individualized ossicular prostheses 
was investigated. 

The Philips Brilliance iCT 256-slice spiral CT (Phillips, 
the Netherlands) was used to obtain ossicular DICOM data 
of individualized ossicles through conventional continuous 
cross-sectional scanning of axial images and the use of bone 
algorithms. The slice thickness was 0.67 mm.

Medical imaging conversion software 

HRCT image post-processing was carried out using 
the Philips Extended Brilliance Workspace (EBW) 
4.0 workstation (Philips, the Netherlands). The 3D 
visualization, segmentation, extraction, and CAD of 
DICOM data were carried out using Mimics 16.0 
interactive medical image processing software.

MPR and 3D reconstruction of ossicular HRCT data

In addition to the axial positions, 2D images of the 
other planes in the scanning data were taken from the 
MPR reconstruction. The axial images were processed 
into ossicular MPR and 3D VR data via the EBW 4.0 
workstation. To generate sharper edges, thereby facilitating 
the determination of fine structural landmarks, the Y-sharp 
bone algorithm was used for the reconstruction of slices at 
an interval of 0.34 mm. In normal adults, 128–140 slices 
were obtained, and coronal-plane images of the ossicular 
chain’s structure were retained and displayed. To display 
the ossicles’ multiple landmark structures and facilitate 
measurement, we selected slices of the malleus, incus, 
stapes, and the malleus–incus parallel plane that could 
display joints on the same slice.

CAD processing of DICOM data

Mimics 16.0 interactive medical image processing software 
was selected for the processing of the DICOM data. The 
ossicular reconstruction process and parameter settings are 
described below and in Figure 1.

Image input
Mimics 16.0 was used to read coronal-plane temporal bone 
HRCT scan images (in DICOM format). This software 
automatically reads the value of the original HRCT scan. 
Slice thickness was 0.2 mm, slice interval was 0.2 mm, and 
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pixel lattice was 0.195 mm, with a total of 75 slices.

Threshold segmentation
After the images’ quadratic differential processing, the 
threshold average of the ossicular tissues was defined 
as 1,200–4,000 HU. The threshold conversion method 
was used to further separate skeletal tissue data after the 
gradient had been adjusted.

Redundancy elimination
After segmented ossicular regional data were input, the 
ossicles were used as the center to identify the boundaries 
of the epitympanum, mesotympanum, and posterior 
tympanum. Redundant data at the sides and surrounding 
tissues on the X, Y, and Z axes were removed.

Ossicular calculation
Morphology-opening and region-growing algorithms were 
used to obtain ossicular data. 

3D segmentation
3D segmentation was carried out according to the ossicles 
selected from grayscale screening and the ossicular 
structure obtained from opening algorithms, segmented 
independently and displayed.

The assessment method for reconstructed ossicles

Three experienced doctors (2 otologists and 1 doctor 
from the imaging department) were responsible for 
carrying out independent observation of the images. A 
total of 12 anatomical landmarks in the ossicular chain 
were assessed: the caput mallei (label 1), collum mallei 
(label 2), processus lateralis mallei (label 3), manubrium 
mallei (label 4), corpus incudis (label 5), crus longum 
incudis (label 6), crus breve incudis (label 7), lenticular 
process (label 8), caput stapedis (label 9), crus anterius 
stapedis (label 10), crus posterius stapedis (label 11), and 
stapes footplate (label 12). A 3-point grading scheme 
was used to score the landmarks: 2 points for a clear 
and complete anatomical structure; 1 point for a visible 
anatomical structure, but unclear or incomplete display; 
and 0 points for a non-visible anatomical structure (6).  
When the structure assessment scores from the 3 doctors 
were the same, that score was taken as the final score of the 
structure. When the scoring was not consistent, the same score 
from 2 doctors was taken as the final score of that structure.

Statistical analysis

SPSS 18.0 software (SPSS, Chicago, IL, USA) was used for 

Figure 1 Setting of the 3D segmentation line. (A) Coronal plane; (B) sagittal plane; (C) horizontal plane; (D) real-time 3D display.
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statistical processing, and the kappa consistency test was 
used. As middle-ear diseases were excluded from the study, 
it was assumed that the ossicular chain structures would 
be normal and that the scores could be used to calculate 
the sensitivity percentage of the 3 methods for displaying 
the ossicular structure. As it has already been shown that 
MPR and 3D VR reconstruction achieves relatively good 
restoration of the ossicular chain’s morphology, the Mimics 
16.0 3D ossicular reconstruction’s consistency was tested 
against that of MPR and 3D VR reconstruction. The 3D 
VR reconstruction images were also used as a gold standard 
for evaluating the degree of restoration of the Mimics 16.0 
3D ossicular reconstruction in the 12 anatomical landmarks. 

In the kappa consistency test, a κ-value of >0.75 indicated 
very good consistency, a κ-value of 0.4–0.75 indicated good 
consistency, and a κ-value of <0.4 indicated poor consistency. 
P<0.05 was considered to be statistically significant.

Results

General characteristics

A total of 24 patients with sudden deafness (36 ears), who 
sought consultation at the Department of Otorhinolaryngology 
Head and Neck Surgery between October 2013 and June 
2014, were enrolled in the study. Fourteen patients were male, 
and 10 were female.

Ossicular images obtained from MPD, 3D VR, and 
Mimics 16.0 software

Obtaining MPR ossicular reconstruction images
To display the ossicles’ multiple landmark structures and 
facilitate measurement, we selected slices of the malleus, 
incus, stapes, and the malleus-incus parallel plane, which 
can display joints at the same slice (Figure 2).

Obtaining 3D VR-reconstructed ossicular dynamic 
images
Dynamic images were obtained after reconstruction, which 
enabled omnidirectional observation. Two observation 
directions were selected for image display: the lateral–
medial observation of the external auditory canal and the 
anterior observation of the posterior tympanum (Figure 3).

Obtaining mimics 16.0-restored visualizable ossicular 
images
Mimics 16.0 software was used to generate 3D visualizations 
from data in DICOM format, and target data were obtained 

from segmentation. Rapid prototyping output was in STL 
format, which is currently universally used for 3D printing. 
For the observation, evaluation, and design of the objects, 
the 3D images were used to synthesize images in PNG 
format to obtain independent ossicular images (Figure 4).

Consistency comparison

When comparing the Mimics 16.0-restored visualizable 
ossicles with MPR ossicular reconstruction, both methods 
had a display rate of >90% for the first 7 landmarks, and 
both had κ-values of >0.75. The display rate of the 8th 
landmark was 56.9% in Mimics 16.0 and 75% in MPR, with 
a κ-value of 0.566. The display rate of the 9th landmark was 
61.1% in Mimics 16.0 and 90.3% in MPR, with a κ-value 
of 0.616. The display rate of the 10th landmark was 54.1% 
in Mimics 16.0 and 76.3% in MPR, with a κ-value of 0.842. 
The display rate of the 11th landmark was 62.5% in Mimics 
16.0 and 84.7% in MPR, with a κ-value of 0.593. The 
display rate of the 12th landmark was 25% in Mimics and 
76.4% in MPR, with a κ-value of 0.317. All kappa tests were 
P<0.05, denoting statistical significance (Table 1).

When comparing Mimics 16.0-restored individualized 
ossicles with 3D VR ossicular reconstruction, both methods 
had a display rate of >90% for the first 7 landmarks, and 
both had κ-values of >0.75. The display rate of the 8th 
landmark was 56.9% in Mimics 16.0 and 54.1% in 3D VR, 
with a κ-value of 0.818. The display rate of the 9th landmark 
was 61.1% in Mimics 16.0 and 80.1% in 3D VR, with a 
κ-value of 0.489. The display rate of the 10th landmark was 
54.1% in Mimics 16.0 and 63.9% in 3D VR, with a κ-value 
of 0.798. The display rate of the 11th landmark was 62.5% in 
Mimics 16.0 and 81.9% in 3D VR, with a κ-value of 0.767. 
The display rate of the 12th landmark was 25% in Mimics 
16.0 and 52.8% in 3D VR, with a κ-value of 0.298. All kappa 
tests were P<0.05, denoting statistical significance (Table 2).

These results show that ossicular morphology converted 
by Mimics 16.0 software had a display rate of >90% when 
used to display 7 of the landmarks (the caput mallei, collum 
mallei, processus lateralis mallei, manubrium mallei, corpus 
incudis, crus longum incudis, and crus breve incudes). 
The Mimics 16.0-restored images showed excellent 
matching with the ossicular images from MPR and 3D VR 
reconstruction. In displaying the lenticular process, stapedis 
caput, crus anterius stapedis, and crus posterius stapedis, the 
display rate was around 60%, with κ-values of >0.4, showing 
good matching with the ossicular images from MPR and 3D 
VR reconstruction. However, the display rate of the stapes 
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footplate was only 25% and showed greater differences, 
with 76.4% in MPR and 52.8% in 3D VR.

Discussion

The temporal bone is the most complex in the human 
body in terms of anatomical structure, and its ossicles 
are located deep within it. The ossicular chain that is 
formed of the 3 ossicles comprises the most delicate and 
complex joint connections in the human body. In a normal 
middle-ear structure, due to the vibration area’s ratio 
and the length of the lever arm, when sound waves are 
transmitted to the vestibular window through vibrations 
in the tympanum and the activity of the ossicular chain, 
sound pressure is amplified up to 22 times. Therefore, 
ossicular chain lesions may be severely detrimental to 

this amplification effect. Clinically, hearing loss caused 
by ossicular chain lesions is usually at around 30 decibels, 
reaching up to 50–60 decibels in severe cases. If moderate 
or severe hearing loss is due to a break in one of the links 
in the mechanical transduction device of the middle ear, 
tympanoplasty and ossicular chain reconstruction can 
be carried out to bridge this air-bone gap and restore 
connectivity in the ossicular chain, or even achieve precise 
anatomical reduction (7,8).

Ossicles have a delicate structure and are deeply 
located, meaning they cannot be directly observed by 
routine examination. Only temporal bone imaging can 
provide relatively intuitive information. However, due to 
the scanning slice thickness and conventional CT scans’ 
resolution, it is impossible to fully appraise the ossicular 
lesions’ situation. However, with the widespread clinical use 

Figure 2 MPR reconstructed ossicular chain images. (A) Malleus slice; (B) incus slice; (C) stapes slice; (D) malleus-incus joint slice. Caput 
mallei (Label 1), collum mallei (Label 2), processus lateralis mallei (Label 3), manubrium mallei (Label 4), corpus incudis (Label 5), crus 
longum incudis (Label 6), crus breve incudis (Label 7), lenticular process (Label 8), caput stapedis (Label 9), crus anterius stapedis (Label 
10), crus posterius stapedis (Label 11), anstapes footplate (Label 12). MPR, multiplanar reformation.
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of HRCT, high-quality images of the human body can more 
easily and rapidly be obtained, enabling a much clearer 
display of the bone structures inside the temporal bone, 
particularly the ossicular chain (3). 

HRCT is a form of CT imaging technology that uses 
high-resolution bone algorithms for reconstruction. It 
sacrifices some density resolution to highlight spatial 
resolution, providing the most optimal match between the 
two. Slice thicknesses <1 mm (the slice thickness used in 
the present study was 0.625 mm) results in a significant 
reduction in the partial volume effect due to structural 

overlap; therefore, the images obtained are more accurate, 
fine, and hierarchical. This is particularly the case for 
displaying bone changes, which is significantly superior to 
the images obtained through conventional CT scans. 

When HRCT is applied to the temporal bone, the 
quality of imaging tests on the ear is greatly improved, 
making it one of the most crucial examination methods 
currently used for middle-ear disease and suspected 
ossicular chain abnormalities (9). We used this technique 
in the present study to obtain clearer and finer scan images 
with sharper edges. Such images are particularly suitable 

Figure 3 3D volume-rendering reconstructed ossicular chain images. Observation from the left ear’s posterior superior angle (A) and the 
anteromedial angle of the left ear (B). Caput mallei (Label 1), processus lateralis mallei (Label 3), manubrium mallei (Label 4), corpus 
incudis (Label 5), crus longum incudis (Label 6), crus breve incudis (Label 7), crus anterius stapedis (Label 10), crus posterius stapedis (Label 
11), stapes footplate (Label 12).

Figure 4 Mimics 16.0 3D visualizable ossicular chain images. (A) Left external auditory canal observation angle; (B) left posterior tympanum 
observation angle. Caput mallei (Label 1), collum mallei (Label 2), processus lateralis mallei (Label 3), manubrium mallei (Label 4), 
corpus incudis (Label 5), crus longum incudis (Label 6), crus breve incudis (Label 7), lenticular process (Label 8), caput stapedis (Label 9), 
crus anterius stapedis (Label 10), crus posterius stapedis (Label 11), stapes footplate (Label 12). For ease of understanding, the 12 labels 
correspond to the 12 anatomical markers of the ossicle, which are consistent in the pictures and diagrams. 
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for displaying anatomical locations with multiple delicate 
bone structures. High-quality CT images can also be used 
in conjunction with high-speed computing workstations for 
reconstruction to obtain 2D and 3D images of the temporal 
bone and ossicles. This provides intuitive 3D image data, 
resulting in a clearer and more comprehensive display of 

the ossicles and surrounding structures.
In the present study, the highly integrated Mimics 

16.0 medical 3D image generation and editing software 
was selected for converting data for subsequent CAD. 
This system can identify DICOM data and input CT, 
magnetic resonance imaging, ultrasound, and even positron 

Table 1 Comparison of mimics 16.0 and MPR in the reduction accuracy of ossicles

Order
Mimics 16.0 MPR

κ-value P value
2 1 0 Display rate (%) 2 1 0 Display rate (%)

1 34 2 – 97.2 35 1 98.6 0.965 0.000

2 33 2 1 94.4 34 2 97.2 0.941 0.000

3 33 1 2 93.1 33 2 1 94.4 0.896 0.000

4 32 4 – 94.4 33 3 95.8 0.967 0.000

5 34 2 – 97.2 35 1 98.6 0.917 0.000

6 30 6 – 91.7 31 5 93.1 0.940 0.000

7 33 2 1 94.4 34 2 97.2 0.880 0.000

8 13 15 8 56.9 23 8 5 75.0 0.556 0.000

9 14 16 6 61.1 29 7 90.3 0.616 0.000

10 14 11 11 54.1 24 7 5 76.3 0.842 0.000

11 18 9 9 62.5 28 5 3 84.7 0.593 0.000

12 2 14 20 25.0 23 9 4 76.4 0.317 0.000

MPR, multiplanar reformation.

Table 2 Comparison of mimics and 3DVR in the reduction accuracy of ossicles

Order
Mimics 16.0 3D volume-rendering

κ-value P value
2 1 0 Display rate (%) 2 1 0 Display rate (%)

1 34 2 – 97.2 34 2 – 97.2 1.000 0.000

2 33 2 1 94.4 33 1 2 93.1 0.949 0.000

3 33 1 2 93.1 32 2 2 91.7 0.829 0.000

4 32 4 – 94.4 31 5 – 93.1 0.751 0.000

5 34 2 – 97.2 34 2 – 97.2 1.000 0.000

6 30 6 – 91.7 32 4 – 94.4 0.949 0.000

7 33 2 1 94.4 33 1 2 93.1 0.889 0.000

8 13 15 8 56.9 11 17 8 54.1 0.818 0.000

9 14 16 6 61.1 22 14 – 80.1 0.489 0.000

10 14 11 11 54.1 19 8 9 63.9 0.798 0.000

11 18 9 9 62.5 24 11 1 81.9 0.767 0.000

12 2 14 20 25.0 8 22 6 52.8 0.298 0.000
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emission tomography scan data. It can then use plane data 
accumulation to construct 3D models and segmentation 
tools, which are used to highlight the given target region 
rapidly. These are then output in an STL format. This 
system can provide images at the axial, coronal, and 
sagittal planes of the raw data in image visualization. After 
obtaining 3D images from the reconstruction of the target 
region, 3D image panning, zooming, and rotation can be 
carried out for multifaceted, multi-angle observation of the 
images. Besides restoring observation images, this system 
also offers measurement, analysis, surgery simulation, 
mirror imaging technology, and other functions. The 
system is currently widely used in orthopedics and cosmetic 
surgery, and there have even been reports on its relevant 
applications in otomicrosurgery. A possible reason for this 
is that the ossicles have a delicate structure, which current 
imaging methods cannot display.

In the present study, Mimics 16.0 software was first 
used to extract ossicles from temporal bone HRCT scans 
successfully. Different tissues or cells’ physical density 
and the characteristics of different grayscale shadows in 
the slice images were used in different algorithms, such as 
grayscale interpolation and contour interpolation (grayscale 
interpolation is a true sense of 3D interpolation). Region 
growing and region opening were used for the extraction 
and segmentation of ossicles. This was used to generate a 
digitized 3D model with triangles as its basic unit.

Although the data source for Mimics 16.0 3D conversion is 
the same as that of CT post-processing techniques (MPR and 
3D VR), it was not possible to ascertain the consistency and 
accuracy of data after Mimics 16.0, MPR, and 3D VR processing 
due to differences in computing methods and users. The Mimics 
16.0 restorations’ accuracy was verified via the identification 
of the delicate anatomical structures from individualized 
ossicles and comparison between images obtained by CT post-
processing and normal ossicular structures. Statistical results also 
demonstrated these differences.

Ossicles are delicate and small, and the stapes is one of 
their smallest components. An adult human’s crus anterius 
stapedis and crus posterius stapedis are extremely delicate 
(10,11), with their smallest diameter being 0.3 mm. However, 
the HRCT slice thickness used for scanning in the present 
study was 0.625 mm, and its accuracy can only reach 0.4 
mm after split-layer scanning. The display of the crus 
anterius stapedis and crus posterius stapedis was therefore 
poor (54.1% and 62.5%, respectively), and the display rate 
of the stapes footplate was even lower at only 25%. This is 
because the stapes are buried inside the vestibular window 

by the annular stapedial ligament as there is close contact 
between the annular stapedial ligament and the vestibular 
window. The density of the stapes footplate is only slightly 
lower than that of the incus and malleus and similar to that 
of the annular stapedial ligament; the grayscale shadows 
display very similarly in the image. These mixed shadows 
cannot be distinguished through technical methods, and 
intentional human distinction and segmentation would result 
in unavoidable assumptions and oversight, which would affect 
the accuracy and authenticity of the restoration.

Due to scanning accuracy and unique anatomical 
structure, it was not possible in the present study to 
reconstruct a satisfactory individualized model of the stapes 
(12,13). With further development of imaging technology, 
a decrease in the thickness of CT scanning slices, and an 
increase in the CT resolution rate, it would be possible to 
reconstruct accurate, individualized stapes. 

Based on the present study, surgery simulations can be 
carried out using the CAD module by inputting the ossicles’ 
HRCT data with lesions or defects (14). Either mirror 
imaging or the use of the normal ossicular morphology as a 
standard can then be employed for the virtual realization of 
the anatomical repair of the defective malleus, incus, or even 
stapes (15-18). The application of suitable ossicular prosthesis 
materials in TDP rapid prototyping for the accurate repair 
of the ossicles is expected to change conventional ossicular 
reconstruction’s current status, making it less time-consuming 
and effort-intensive, and more accurate.

The present study had several limitations. First, this trial 
was not a randomized controlled trial. Second, this was only 
a single-center trial, and the sample size was small. Finally, 
both methods used were based on the same original CT data.

Conclusions

The accuracy of the visualization of the malleus and incus 
after restoration via Mimics 16.0 software, based on temporal 
bone HRCT data, was high, and the degree of restoration 
was good. However, the accuracy and degree of restoration 
of the stapes footplate require further improvement.
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