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ABSTRACT

Background: Stapedotomy is the most efficient treatment for otosclerosis. The anatomical 

structure of the operation area is complex, but it has a great impact on the postoperative 

effect. We measure the anatomical parameters of the stapes and its surrounding structures to 

provide an anatomical reference for stapes surgery in otosclerosis. 

Materials and methods: Fifteen adult cadaver heads (30 samples) were scanned using 

micro-CT. The stapes, facial nerve and external auditory canal were reconstructed by image 

processing. The stapes parameters and relationships between the stapes and surrounding 

structures were measured using a three-dimensional reconstruction model.

Results: The length, width and thickness of the stapes footplate were 2.93 ± 0.17 mm, 1.46 ± 

0.08 mm and 0.30 ± 0.11 mm, respectively. The distance between the stapes footplate and 

long process of the incus was 3.79±0.39 mm. The angle of the incudostapedial joint was 

88.29 ± 11.58°. The distance from the center of the stapes footplate to the facial canal was 

1.60 ± 0.34 mm. In simulated stapes surgery, the minimum depth of the external auditory 

canal to be removed was 2.17 ± 0.91 mm, and no significant difference was found between 

the left and right sides and between men and women (P >0.05). 

Conclusions: A three-dimensional model of the stapes bone and its surrounding anatomical 

structures was established based on Micro-CT imaging. Anatomical parameters of the stapes 

bone and its surrounding structures were measured using the model. In stapedotomy, the 
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implanted piston diameter should be around 0.6mm, with a length of approximately 4.6mm. 

Care should be taken to protect the facial nerve canal during the surgery. These data provide 

reference for otologists.

Key words: stapes, stapes surgery, micro-CT, 3D reconstruction

INTRODUCTION

In 1704, Professor Valsalva found that stapes fixation is a cause of hearing loss. In 1841, 

Toynbee found 39 cases of stapes fixation after dissecting 1659 temporal bone specimens and

confirmed that fixation of the stapes and vestibular window is a common cause of hearing 

loss(1). The pathogenesis of otosclerosis remains unclear. Its pathological manifestations are 

normal bone resorption in the primary osseous labyrinth, accompanied by cavernous 

transformation with abundant blood vessels(2). Lesions around the vestibular window and 

stapes footplate can fix the stapes and lead to conductive deafness, called stapes otosclerosis. 

Lesions invading the cochlea, semicircular canal or internal auditory canal cause inner ear 

damage, such as vertigo or sensorineural hearing loss, called cochlear otosclerosis; however, 

stapes otosclerosis is more common in the clinic(3).

Patients with otosclerosis can have affected quality of life because of hearing loss. 

Presently, many studies have shown that some drugs for patients in the early stage of 

otosclerosis can delay the disease and prevent deterioration(4). However, stapes surgery 

remains the most effective and commonly used method to improve the hearing of patients 

with otosclerosis. Over the past 60 years, stapes surgery has progressed through the 

development of the stapes mobilization era, semicircular canal fenestration era, and 

stapedectomy era, among others(5). Finally, stapedotomy has become the most commonly 

used standard surgical procedure to treat otosclerosis because of its lower surgical risk, better 

surgical outcomes, and fewer postoperative complications(6).

The structure of the middle ear and inner ear is subtle and complex, the space is narrow, 

and anatomical variation exists among individual patients(7). Therefore, clarifying the 

variation of the stapes and its surrounding structures in a preoperative evaluation before 
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stapes surgery is crucial. Presently, many reports have investigated the complex anatomical 

structure of the temporal bone, but few have focused on the spatial measurement of various 

anatomical relationships of the middle ear and inner ear through the external auditory canal 

path(8, 9). Additionally, the traditional process of measuring inner and middle ear anatomical 

structures is complex, and showing the spatial relationships through conventional dissection 

and sectioning is challenging, easily leading to measurement errors(10). Therefore, a detailed 

understanding of the anatomical characteristics of the region and spatial relationships of the 

components, as well as quantification of these data for some important structures, can provide

a reference to select the surgical strategy and reduce the difficulty and risk of the operation.

Microcomputed tomography (micro-CT) is considered more appropriate to study 3D 

bone structures and microstructural changes(11). In this method, an X-ray source and detector

are used to obtain 2D images of samples that can be combined to create a 3D reconstruction. 

It is a nondestructive, noninvasive imaging technology with a high spatial resolution. 

Additionally, the scanning layer thickness can reach the micron level. This method can be 

used to segment and measure the tissue well under the condition of clearly preserving the 

internal structures of the sample, simplifying and increasing the accuracy of measuring tissue 

structures(12) .

In this study, a visually 3D reconstruction model was established based on micro-CT data

and measurements. By measuring and analyzing the relationship between the stapes bone and

surrounding structures in 15 cases, a simulated stapedotomy procedure through the external 

auditory canal was performed within the model. The possible influence and clinical 

significance of variation of the stapes and its surrounding structures on stapes surgery in 

otosclerosis were discussed.

MATERIALS AND METHODS

Materials and scanning methods

Fifteen (30 sides) adult cadaveric head specimens of Asian ethnicity (6 males and 9 

females, aged 44 ± 8.67) were obtained and immersed in formalin for preservation and 

fixation. The bilateral temporal bones of the cadaveric head were cut and separated, and parts 
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including the complete external auditory canal, middle ear and inner ear were removed. The 

use of specimens in this study was approved by medical ethics committee of the First 

Affiliated Hospital of Guangxi Medical University (No. 2021KY-E-163). The specimens 

were numbered and labeled, and the separated temporal bones were scanned by micro-CT 

(skyscan 1176; Brucker, Belgium) (scanning par ameters: tube current, 276 uA; scanning 

layer thickness, 16 μm; Scanning time, 285 ms; resolution, 1336 × 2000). The obtained image

was exported to a DCM format image for saving.

CT image reconstruction and measurement

The micro-CT images were imported into Mimics 20.0 software to reconstruct the 

complete structures of the ossicle, the horizontal segment of the facial nerve and the external 

auditory canal (as shown in Figures 1 and 2).

Using the reconstructed 3D model, the length, width and thickness of the stapes footplate

and distance between the anterior and posterior crus of the stapes were measured (as shown 

in Figure 3).

Using the reconstructed 3D model, the distance between the stapes footplate and long 

process of the incus, angle of the incudostapedial joint, distance from the center of the stapes 

footplate to the horizontal segment of the facial canal, and distance from the horizontal 

segment of the facial canal to the plane of the stapes arch were measured. The path of 

stapedotomy through the external auditory canal was simulated, the posterior upper wall of 

the external auditory canal was removed, and the depth of the posterior upper wall of the 

external auditory canal to be removed was measured under the condition of exposing the 

incudostapedial joint, stapes footplate, part of the horizontal segment of the facial nerve, and 

the long process of the incus, malleus and other structures (as shown in Figures 4).

Statistical analysis

The measured data were input into SPSS statistical software for Windows (ver. 25.0; 

SPSS, Chicago, IL, USA) for processing and analysis, and the normality test was performed. 

Numerical variables with a normal distribution were expressed as means ± standard 
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deviation, and comparisons between two groups were performed by paired t test. 

Nonparametric variables were represented as medians (P25, P75). Differences between two 

groups were analyzed by paired signed-rank test, with the test level of p = 0.05.

RESULTS

Reconstructions of the skull, skeleton, and facial nerve canal were completed for all 30 

sides. No apparent abnormalities in the middle or inner ear were observed in any of the 

specimens. The measurement results related to the stapes footplate are presented in Table , Ⅰ

and a scatter plot is depicted in Figure 5. It was found that there were no significant 

differences in the values between males and females (p>0.05), and the coefficients of 

variation among individuals were small, with almost no extreme outliers. Additionally, we 

measured the positional relationship between the stapes bone and surrounding tissue 

structures, and the results are presented in Table , along with a scatter plot in Figure 6. It is Ⅱ

important to note that "The distance between the stapes footplate and the long process of the 

incus" refers to the measurement taken with the starting point as the center of the stapes 

footplate. "The minimum depth of the external auditory canal required to remove" refers to 

the minimum depth of the posterior wall of the external auditory canal that needs to be 

eliminated, as measured in the simulated surgical model reconstructed using software. This 

depth must ensure visibility of the horizontal segment of the facial nerve, a portion of the 

long process of the incus where the piston hook is placed, as well as the overall view of the 

stapes bone. It was found that there were no significant differences in the values between 

males and females (p>0.05). However, the measurements of both ears in one female sample 

showed significant deviations from the measurements of the other samples. Finally, we 

compared our partial measurement data with those reported by other researchers (Table ). Ⅲ

Except for "The width of the stapes footplate", which showed a significant difference 

compared to the results of one researcher (1.46±0.08mm vs. 2.37±0.32mm), there were no 

major differences in the other measured values.

DISCUSSION
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To date, many scholars have investigated the morphology and size of the stapes(13-16). 

However, the measurement results vary widely, and few reports have focused on the system 

of measurement. Additionally, these data are not necessarily consistent with findings in 

clinical practice and are not measured according to the operation reference point. Errors in 

measurements of the temporal bone may be caused by fixation and cutting of the specimen, 

limiting the use of many anatomical measurements in surgery(17). 

In our study, we found that the measured results were consistent with those of Gu et 

al(16). However, there was a significant difference in "The width of the stapes footplate" 

compared to the results reported by Skinner et al(14). We believe that the source of this 

difference may be attributed to the variation in the racial composition of the selected samples.

Some differences were found in the size of the auditory ossicles between different races, but 

further research is required to prove whether this hypothesis is correct. Furthermore, in 

previous studies, most of the measurements were based on fixed sections of temporal bone 

specimens after anatomy for routine anatomy or two-dimensional image measurement after 

plain CT scan, which may produce errors in the processing of specimen fixation and cutting, 

and the measurement of two-dimensional images may lead to inaccurate results due to 

scanning projection, which could also contribute to differences in measurement values. 

In stapedotomy, the implanted piston can connect the auditory ossicles with the cochlear 

endolymph, causing the cochlear endolymph to vibrate and transmit sound waves to the inner

ear(18). Carefully evaluating the location of the incus and stapes attachment to the piston is 

crucial during the operation. Although not all individual prostheses can be implanted 

perpendicular to the stapes footplate at an ideal angle of 90°, the tilting angle of the prosthesis

from the direction normal to the stapes footplate was 30 degrees with a fenestration hole of 

0.6-mm diameter, with little effect on prosthesis movement and hearing effects(19). In this 

study, we found that the angle of the incudostapedial joint was 88.29 ± 11.58° (73.97°-

121.82°). For most individuals, the angle between the incudostapedial joint has little effect on

the postoperative effect. However, in a few individuals, a larger angle at the incudostapedial 

joint may potentially affect postoperative hearing recovery.

Presently, the diameter of most prostheses is 0.4 - 0.8 mm. Smaller-diameter prostheses 
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cannot better vibrate the lymph, affecting postoperative hearing improvement, while larger-

diameter prostheses carry the risk of damaging the annular ligament of the stapes and causing

the stapes footplate to float(20). In the present study, the width of the stapes footplate was 

1.46 ± 0.08 mm (1.26 - 1.61 mm), which is much larger than the diameter of commonly used 

prostheses. Therefore, when drilling the stapes footplate at the correct position of the stapes 

footplate, it will not cause damage to the annular ligament of the stapes.

An inappropriate prosthesis size is an important cause of surgical failure, If the length of 

the prosthesis is too short, it may not be able to fully extend into the vestibule, leading to 

prosthesis displacement, causing erosion and wear of the prosthesis attachment point to the 

long process of the incus, and affecting postoperative hearing recovery(14). If the prosthesis 

is too long, the utricle and sacculus may be damaged, resulting in postoperative vertigo and 

even sensorineural hearing loss. Generally, the length of the implanted piston is equal to the 

distance from the long process of the incus to the stapes footplate, plus the thickness of the 

stapes footplate and length of the piston in the vestibule after passing through the stapes 

footplate. Presently, most scholars believe that the best piston depth should not exceed 0.5 

mm(15, 21) . In the present study, the measured sum was approximately 4.6 mm, which can 

serve as a practical reference to select the prosthesis length in surgery (as shown in Figure 7).

Many reports worldwide have investigated the measurement of the relationships between

the facial canal and its surrounding structures, but the selected positioning reference points 

are not standardized, leading to very different measurements. Zhu et al.(22) chose the stapes 

head as the positioning reference point, resulting in a shortest distance to the facial canal of 

1.18 ± 0.42 mm. However, Wojciechowski et al.(23) selected the incudostapedial joint as the 

reference point, and the measured distance between the incudostapedial joint and horizontal 

segment of the facial nerve was 1.72 ± 0.33 mm. The position of perforation is considered 

close to the center of the stapes footplate, and the selection of this reference point is more 

consistent with the actual situation during the operation. To more realistically evaluate the 

actual anatomy during the operation, this study selected the reference distance as the distance 

from the center of the stapes floor to the facial nerve. Thus, the positional relationship 

between the center of the stapes footplate and the horizontal segment of the facial nerve canal
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can be better clarified and more intuitively and accurately guide the protection of the facial 

nerve during the operation.

In the traditional procedure, a small perforation is first made in the footplate, and then the

suprastructure of the stapes is removed; however, the process of perforation carries the risk of

incus dislocation, stapes footplate fracture, stapes footplate floating and inner ear injury. In 

1982, Fisch proposed a complete reversal of the procedural steps of classical 

stapedectomy(24). That is, before the suprastructure of the stapes is removed, perforation in 

the stapes footplate is made, and the piston is inserted. The suprastructure of the footplate is 

still connected to the long process of the incus, and the implanted piston can fix the stapes 

footplate during perforation to reduce the above risks. However, when a large range of lesions

around the footplate or anatomical variations exist, such as drooping of the facial nerve, 

increasing the difficulty of exposing the stapes footplate, the operation will be more difficult 

using this method(25). Therefore, this method is not suitable for use in all stapes surgeries. 

Importantly, the anatomical characteristics of this region should be evaluated accurately to 

choose the method of operation. Many studies have shown that an implant diameter of 0.6 

mm is the most suitable choice(26-28). Therefore, presently, the piston size most commonly 

used by ear surgeons is 0.6 mm. The distance between the horizontal segment of the facial 

canal and plane of the stapes arch can be used to evaluate whether the 0.6 mm perforated 

laser beam and piston can smoothly pass through the area between the suprastape structure 

and facial nerve without causing damage to the facial nerve before removing the suprastape 

structure.In this study, only 1 of the 15 specimens was found that the distance from the 

horizontal segment of the facial nerve to the plane of the stapes arch was less than 0.6mm 

(No. 10 specimen, 10L = 0.37mm, 10R = 0.48mm). It can be seen that In Fisch’s 

stapedotomy, the use of a laser beam with a diameter of 0.6 mm applies to most patients. 

To better expose the stapes footplate in stapedotomy for otosclerosis, it is often necessary

to cut off part of the posterosuperior wall of the external auditory canal according to the 

actual situation. The external auditory canal generally has an "s" shaped(29), but its shape 

varies among individuals, and the thickness of the bone to be excavated during the surgical 

procedure also differs.(30). Roychaudhuri et al.(31) measured the distance of the overhang of 
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the posterosuperior bony canal wall required to be removed for adequate exposure of the 

incudostapedial complex during stapes surgery. They evaluated the thickness of the 

posterosuperior wall of the external auditory canal to be excised and divided it into four 

groups: A: 0-2 mm, B: 2-2.5 mm, C: 2.5-3 mm, D: > 3 mm. The thickness of the external 

auditory canal to be removed in most patients (55%) was in group B. In the standard stapes 

surgery for otosclerosis, part of the long process of the incus, stapedius muscle, pyramidal 

eminence and part of the horizontal segment of the facial nerve must be exposed. In the 

present study, the thickness of the posterior superior wall of the external auditory canal to be 

removed was 2.17 ± 0.91 mm, which was similar to that measured by Roychaudhuri. Micro-

CT reconstruction was used to simulate the stapedotomy of otosclerosis through the external 

auditory canal. The head can be rotated arbitrarily according to the operation standard to 

adjust the optimal angle of the operation area, making the measurement method more 

intuitive and convenient. According to the above grouping, the thickness of the posterior 

superior wall of the external auditory canal to be removed was measured as 5.50 mm and 

5.52 mm in 2 (6.67%) of the 30 specimens (2R and 2L), values much greater than 3 mm. 

Tang et al.(32) measured the shortest distance between the midpoint of the posterior wall of 

the external auditory canal and facial nerve as 3.37 ± 0.34 mm. When the posterior wall of 

the external auditory canal was cut deep, there was a risk of damaging the facial nerve and 

causing postoperative facial paralysis. In the measurement results of this study, for a small 

number of individuals, when the posterior wall of the external auditory canal is removed 

during the standard operation, there may be a risk of damaging the facial nerve that increases 

the difficulty of the operation; thus, preoperative assessment should be fully done. During the

operation, the position of the facial nerve should be accurately evaluated according to the 

actual situation. The external auditory canal should not be chiseled blindly.

In this study, micro-CT images were used to measure the spatial relationship between 

stapes and their surrounding structures. On the one hand, it can more clearly and intuitively 

reflect the shape of stapes without damaging the accuracy of fine structure measurement; on 

the other hand, it also makes the structure of the stapes and surrounding surgical area better 

displayed. However, only 15 cadaveric head specimens were used in this study, which is 
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insufficient. We recommend that future studies focus on larger sample sizes to better 

understand stapes variation among different sexes, ages, and genetic backgrounds. Future 

studies are warranted to reconstruct more middle ear and inner ear structures, further explore 

the relationship between the stapes and saccule, utricle, chorda tympani nerve and peripheral 

blood vessels, and make the surgical area structure of the stapes clearer. Additionally, more 

factors must be comprehensively analyzed that affect the surgical operation and more 

practical references are required for otologists. Due to the limitations in specimen size, 

Micro-CT cannot be directly applied in clinical practice. In recent years, researchers have 

shown interest in the application of Cone Beam CT (CBCT) for measuring the ossicles and 

surrounding tissue structures(33). CBCT offers higher resolution compared to traditional CT 

and eliminates the sample size restrictions associated with Micro-CT. This makes CBCT 

potentially valuable for preoperative assessment in stapedotomy. Further research will be 

conducted to explore its potential in this regard.

CONCLUSIONS

A 3D model of the stapes bone and its surrounding anatomical structures was established 

based on Micro-CT imaging, and anatomical parameters of the stapes bone and its 

surrounding structures were measured using the model. Based on these data, we recommend 

an implanted piston diameter of 0.6mm and a length of approximately 4.6mm for 

stapedotomy. We found that the distance from the center of the stapes footplate to the facial 

nerve was 1.60±0.34mm, highlighting the need for special attention to the position of the 

facial nerve during the procedure. Lastly, we measured the thickness of the excised posterior 

superior wall of the external auditory canal, which needs to be removed during stapedotomy, 

to be 2.17±0.91 millimeters, providing anatomical references for otologists.
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Table . Ⅰ Measurements of stapes footplate parameters

Total (n=30) Male (n=12) Female(n=18) p RI

The length of stapes

footplate（mm（

2.93±0.17 2.97±0.22 2.90±0.13 0.537 2.87-3.00

The width of the stapes

footplate（mm（

1.46±0.08 1.45±0.06 1.46±0.09 0.945 1.43-1.50

The distance between the anterior

and posterior crus of the

stapes（mm（

1.65±0.28 1.75±0.20 1.58±0.30 0.066 1.55-1.75

The thickness of the stapes

footplate（mm（

0.30±0.11 0.32±0.09 0.28±0.12 0.568 0.26-0.34

p >0.05:  considered  to  be  no  significantly  different.  RI  was  calculated  using  the  2.5th  and  97.5th

percentiles.

Table . Ⅱ Measurements of relationships between the stapes and surrounding structures.
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 Total (n=30) Male (n=12) Female(n=18) p RI

The distance between the stapes

footplate and the long process of

the incus（mm（

3.79±0.39 3.75±0.31 3.82±0.44 0.631 3.65-3.94

The angle of the incudostapedial

joint（°（

88.29±11.58 82.31±8.00 92.28±12.05 0.11 83.97-92.62

The distance from the center of

the stapes footplate to the facial

canal (mm)

1.60±0.34 1.63±0.25 1.58±0.37 0.802 1.47-1.73

The distance from the horizontal

segment of the facial canal to the

plane of the stapes arch (mm)

1.05±0.31 1.11±0.21 1.01±0.36 0.302 0.93-1.17

The minimum depth of the

external auditory canal required to

remove (mm)

2.17±0.91 1.93±0.47 2.33±1.09 0.723 1.83-2.51

p >0.05:  considered  to  be  no  significantly  different.  RI  was  calculated  using  the  2.5th  and  97.5th

percentiles.

Table . Ⅲ Comparison of human stapes dimension with data in the literature (mean±standard deviation)

Present data Takahashi and
Sando (17)

Skinner et al.
(16)

Sim et al. (15) Gu and Dongdong
(18)

The length of stapes

footplate

2.93±0.17 - 3.60±0.495 2.81±0.158 2.89± 0.15

The width of the stapes

footplate

1.46±0.08 - 2.37±0.32 1.27±0.109 1.42 ± 0.09

The distance between the

stapes footplate and the

long process of the incus

3.79±0.39 3.80±0.28 - - -

the angle of the

incudostapedial joint

88.29±11.58 - 93.0±8.27 - -

n 30 9 13 53 12
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Figure 1. The 2D image of stapes was obtained by micro-CT scanning. (A) and (B) shows 

the length and width of stapes footplate; (C) shows the thickness of the stapes footplate and 

the distance between the anterior and posterior crus of the stapes. Abbreviations: CC, 

cochlea; EAC, external auditory canal; IC, incus; ST, stapes, TB, temporal bone; VT, 

vestibule.

Figure 2. The 2D image of stapes was obtained by micro-CT scanning. (A) shows the angle 

of the incudostapedial joint; (B) shows the distance between the stapes footplate and the long 

process of the incus; (C) shows the distance from the center of the stapes footplate to the 

facial canal and the distance from the horizontal segment of the facial canal to the plane of 

the stapes arch. Abbreviations: CC, cochlea; EAC, external auditory canal; FN, facial nerve; 

IC, incus; ST, stapes, TB, temporal bone; VT, vestibule.

Figure 3. The 3D image of stapes was obtained by micro-CT scanning.

Figure 4. The 3D image of stapes was obtained by micro-CT scanning. (A) and (B) show the 

spatial relationship between the stapes and the incus; (C), (D) and (E) show the spatial 

relationship between the stapes and the facial nerve. (F) shows the minimum depth of the 

external auditory canal required to remove. Abbreviations: EAC, external auditory canal; FN,

facial nerve, MA, malleus; IC, incus; ST, stapes; STM, Stapedius muscle.

Figure 5. Scatter diagram of data distribution. (A) Distribution of the length of stapes 

footplate; (B) Distribution of the width of stapes footplate; (C) Distribution of the distance 

between the anterior and posterior crus of the stapes; (D) Distribution of the thickness of 

stapes footplate.

Figure 6. Scatter diagram of data distribution. (A) Distribution of the distance between the 

stapes footplate and the long process of the incus. (B) Distribution of the angle of the 

incudostapedial joint. (C) Distribution of the distance from the center of the stapes footplate 
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to the facial canal. (D) Distribution of the distance from the horizontal segment of the facial 

canal to the plane of the stapes arch. (E) The minimum depth of the external auditory canal 

required to remove (mm)

Figure 7. Calculation of the length of implanted piston. The distance between the stapes 

footplate and the long process of the incus is approximately equal to 3.8 mm; the thickness of

the stapes footplate is approximately equal to 0.3 mm, and the best piston depth should not 

exceed 0.5 mm, so the measured sum was approximately 4.6 mm.

17
















