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Abstract
Background  The stapes footplate (SF) and annular ligament (AL) in the oval window region are of paramount 
significances. This study aims to assess the visibility of AL and the relative positioning of the SF and vestibule using 
ultra-high-resolution computed tomography (U-HRCT).

Methods  U-HRCT images between September 2020 and April 2023 were retrospectively reviewed, and 479 ears 
deemed healthy from both clinical and radiological perspectives were included. AL was considered visible when 
manifesting as linear low attenuation between the SF and oval window, and the visibility was assessed for its four 
borders (anterior, posterior, superior and inferior). Two neuroradiologists conducted measurements independently for 
the SF length, SF-oval window angle, and SF protrusion depth into the vestibule. The results were described on the 
entire cohort, and compared by age and by sex.

Results  A cohort comprising 479 participants [median age 58 years (interquartile range 35–65); 269 females] with 479 
healthy ears were included. The inferior border of the AL region demonstrated the highest visibility (476/479, 99.4%), 
whereas the posterior border exhibited the lowest visibility rate (394/479, 82.3%). The median protrusion depth of the SF 
posterior border into the vestibule was 0.4 mm (interquartile range 0.3–0.5 mm). Statistically significant differences were 
observed within age and sex groups for the SF length and the SF protrusion depth (all P < 0.05).

Conclusions  This study established radiological features for the SF and AL in healthy ears through U-HRCT. The 
findings are essential for providing normative references, expediting disease diagnosis, and aiding in selection of 
surgical strategy.

Trial registration  Retrospectively registered.
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Background
The oval window region consists of the oval window, 
stapes, and the annular ligament (AL). Among these 
structures, the stapes footplate (SF) and AL are of para-
mount significances in sound conduction, drug delivery, 
force dynamics and disease diagnosis [1–3], which are 
closely related to the anatomical characteristics. For 
instance, in otosclerosis, the SF can exhibit either local-
ized or diffuse thickening, reducing sound conduction 
efficiency [4–6]. The anatomic properties of the AL, a 
sandwich-beam connection between the SF and oval 
window, considerably influence stapedial stiffness and 
motion, especially in pathological conditions such as 
otosclerosis and congenital SF fixation [6, 7]. Thus, it is 
essential to define the normal anatomical morphology 
of the SF and AL as a reference for disease diagnosis. 
However, the limited availability of radiographic evi-
dence arises from the difficulty in visualizing the SF and 
AL, given their extremely thin dimensions, often as fine 
as a hundred micrometers [8].

In the realm of imaging assessment, computed tomog-
raphy (CT) serves various purposes in preoperative diag-
nosis, primarily concentrating on features like the height 
of oval window niche, the SF thickness [4], and volume 
or thickness of the AL [1]. However, there is a scarcity of 
CT studies that have evaluated the relative positioning of 
these important anatomic landmarks. Recent advance-
ments in ultra-high-resolution computed tomography 
(U-HRCT) have significantly enhanced the visualization 
of delicate structures within the temporal bone, depicting 
normal anatomy and anatomical variations for structures 
such as the stapes [9] and chorda tympani nerve [10]. 
U-HRCT has also proven invaluable in providing radio-
logical evidence for ear diseases such as otosclerosis [4, 
11], facial nerve canal dehiscence [12], and cochlea new 
bone formation [13].

Therefore, the objectives of this study were twofold: 
(1) to assess the visibility of the AL and the relative posi-
tioning of the SF with the vestibule in healthy ears using 
U-HRCT, and (2) to investigate age- and sex-related dif-
ferences in these radiographic features, providing insights 
into individual anatomical variations.

Methods
Study design
This single-center retrospective and observational study, 
performed at a tertiary referral center, was conducted 
in accordance with the local institutional review board 
(approval No. 2022-P2-055 and 2024-P2-061-02) and 
the declaration of Helsinki. Written informed consent 
was obtained from all participants included in this study. 
The evaluation included both qualitative and quantitative 
analyses encompassing: (1) visualization of the AL region 
for its four borders, (2) measurement of the SF and oval 

window lengths, SF-oval window angle and SF protrusion 
depth into the vestibule.

Eligible participants
Consecutive patients who underwent U-HRCT exami-
nation at our institution between September 2020 and 
April 2023 were initially included. Patients suspected 
of having otological related diseases (i.e., otitis media, 
cholesteatoma, otosclerosis, Meniere’s disease or con-
genital malformation) underwent U-HRCT examination. 
As we aimed to study ears that were both radiologically 
and clinically healthy, the following exclusion criteria 
were applied in patients: (1) age under 18 years, (2) with 
presence of external auditory canal, middle ear, or inner 
ear diseases for both ears, (3) with abnormal clinical or 
imaging findings (audiometric, otoacoustic emissions, 
acoustic immittance, otoscopy or gadolinium-enhanced 
imaging) for both ears, (4) with incomplete clinical infor-
mation, and (5) whose images demonstrated inadequate 
coverage or severe motion artifacts interfering with 
image interpretation (Fig. 1). All patients visited our hos-
pital for otologic conditions; none underwent U-HRCT 
examination solely for the purpose of this study.

U-HRCT protocols
The temporal bones were scanned unilaterally with a 
U-HRCT scanner (Ultra3D, LargeV, Beijing) at 100–110 
kVp, 120–180 mAs, and both temporal bones of each 
patient were scanned. The focal spot size of the X-ray 
source was 0.25 mm (IEC 60336) and the detector pixel 
size was 0.0748  mm × 0.0748  mm. The device incorpo-
rated a 35-mm collimation, a field of view of 65 mm, and 
a voxel size of 0.1 mm × 0.1 mm × 0.1 mm. The U-HRCT 
scanning generated isotropic voxels, enabling visualiza-
tion of the temporal bone structures from any desired 
direction. The exposure dose ranged from 156 to 295 µGy 
m2 for each scan.

Fig. 1  Flow chart of the study
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Imaging analysis
Standard observation orientation
Images of the included ears were displayed using an 
offline software (RadiAnt DICOM Viewer, 2020.2, 
Medixant, Poland). The standard observational plane, 
defined as the axial plane aligned parallel to the long 
axis of the stapes, was established through precise 
adjustments in the coronal and sagittal views. First, the 
sagittal position line was adjusted parallel to the tym-
panic facial nerve canal’s long axis. Then, in the coro-
nal plane, the slice through the SF center was selected, 
and the axial position line was reoriented vertical to the 
tympanic membrane. With these adjustments, the stan-
dard axial, sagittal, and coronal planes were conclusively 
established.

Visibility of the AL region
The visibility of the AL region was assessed for its four 
borders: anterior, posterior, superior, and inferior. All 
axial and coronal slices featuring the SF were utilized to 
assess the visibility of the anterior/posterior and supe-
rior/inferior AL borders, respectively. (Fig.  2). The AL 
was considered visible when it appeared as a linear low-
attenuation on any of these slices (Fig. 3). Visibility of the 
AL region was determined by 2 dedicated neuroradiolo-
gists (R. T. and N. X.) with 8 and 4 years of experience in 
reviewing head and neck imaging. In cases of discrepan-
cies, the two observers reached a consensus.

Quantitative analysis of SF and oval window position
The measurements were conducted by the two indepen-
dent neuroradiologists manually, who were blinded to the 
participants’ clinical data. The images were randomized, 
and measurements were conducted on the axial image at 
the SF center with the following steps. (1) Four reference 
points were selected: the anterior and posterior borders 

of the SF, and the anterior and posterior bony ridges of 
the oval window. The distances between the anterior and 
posterior ridges of the SF and oval window were defined 
as their lengths, respectively (Fig.  4). (2) To define the 
positional relationship of the SF and vestibule, an addi-
tional point of the SF that extended most inward into 
the vestibule (SFmedial) was chosen. Two lines, one con-
necting SFmedial to the anterior ridge of the oval window 
(LSF−oval window) and the other linking the anterior and 
posterior ridges of the oval window (Loval window), were 
delineated. The relative positioning was determined by 
the angle formed by LSF−oval window and Loval window (as SF-
oval window angle) and the distance between the SFmedial 
and Loval window (as SF protrusion depth) (Fig. 4).

Statistical analysis
Statistical analyses were performed using SPSS soft-
ware (version 26.0, IBM SPSS). The qualitative data were 
expressed using numbers (percentages), and the quanti-
tative data were presented as median (interquartile range, 
IQR) due to their abnormal distribution. Interobserver’s 
absolute agreement for quantitative measurements (dis-
tance and angle) was assessed using the two-way random 
intraclass correlation coefficient (ICC) with a 95% con-
fidence interval (CI) based on the average values from 
both observers. The ICC values were interpreted as fol-
lows: poor < 0.50, moderate 0.50–0.75, good 0.75–0.90, 
and excellent > 0.90.

In addition, data were reported for the entire sample 
and compared by age (≤ 65 years vs. >65 years) and by 
sex (female vs. male). To compare inter-group differ-
ence for the visibility of AL posterior border, the Pearson 
chi-squared test was used. Specifically, the Fisher’s exact 
was used for the anterior, superior and inferior border 
visibilities in the age and sex comparisons due to unbal-
anced categories. For example, only 9 (2.5%) and 2 (1.7%) 

Fig. 2  Standard observation planes and slices for evaluation of the annular ligament. Visibility of the anterior and posterior borders are evaluated from 
axial images (green lines in a, as appeared in b-e), while the superior and inferior borders are assessed on coronal images (blue lines in f, as manifested 
in g-j)
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anterior borders were not visible in the ≤ 65 years and 
> 65 age groups, respectively, while the remaining 354 
(97.5%) and 114 (98.3%) anterior borders were visible 
in these groups, respectively. The Mann-Whitney test 
was used for comparing quantitative data (distance and 
angle). Statistical significance was set at P < 0.05.

Results
Characteristics of eligible participants
A total of 479 participants (median 58 years, IQR 35–65 
years, range 18–88 years; 269 female participants, 56.2%) 
with 479 healthy ears were finally included in the study 
(Table 1). That is, the analysis was performed for one ear 

per participant. The clinical and imaging results were 
normal for all included ears.

Interobserver agreement
The ICCs for quantitative measurements were all excel-
lent with the values of 0.94 (95% CI 0.93–0.95) for the SF 
and oval window lengths, 0.96 (95% CI 0.95–0.97) for the 
SF-oval window angle, and 0.93 (95% CI 0.91–0.94) for 
the SF protrusion depth (Table 2).

Visibility of the AL region
Among the four borders, the inferior border of the AL 
had the highest visibility, recognized in 99.4% (476/479) 

Fig. 3  Visibility of the annular ligament (AL) region for anterior and posterior (a-b) and superior and inferior (c-d) borders, with the solid circle indicating 
the visible area of the AL region and the dashed circle indicating the invisible area
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Fig. 4  Schematics (upper row) and U-HRCT images (lower row) illustrating distance and angle measurement. (a) oval window region, while b and c are 
the magnified images. (b) lengths of the stapes footplate (SF, blue) and oval window (yellow). (c) the SF-vestibule angle (α) formed by the line connecting 
the most medial point of SF (SFmedial) and the anterior bony ridge of the oval window (LSF−oval window, blue line) and the line connecting the anterior and 
posterior bony edges of the oval window (Loval window, yellow line). The SF protrusion depth (D) is defined as the distance between SFmedial and Loval window
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cases, while the posterior border had the lowest visual-
ization rate at 82.3% (394/479). Visibility for the supe-
rior border was 99.2% (475/479), whereas the anterior 

border presented a slightly lower visibility rate of 97.7% 
(468/479).

Positional relationship of the SF and vestibule
The SF length had a median value of 2.7  mm (IQR 
2.6  mm, 2.9  mm) and the median oval window length 
was 2.9 mm (IQR 2.7 mm, 3.0 mm), with a minimal and 
maximal value of 2.3 mm and 3.6 mm, respectively. The 
posterior border of the SF protruded the vestibule with a 
median depth of 0.4 mm (IQR 0.3 mm, 0.5 mm) (Fig. 5), 
with a minimal value of 0.1 mm and a maximal value of 
1.2  mm. The median SF-oval window angle was 12.1° 
(IQR 9.4°, 15.3°).

Age- and sex-specific differences
Visibilities for the AL borders (anterior, posterior, supe-
rior and inferior) were consistent between age groups 
(≤ 65 years vs. >65 years) and between females vs. males 
(all P > 0.05, Table 3).

For quantitative data, significant differences were 
observed between participants aged ≤ 65 years and 
> 65 years. The former group showed greater SF length 
[2.7 mm (IQR 2.6 mm, 2.9 mm) vs. 2.6 mm (IQR 2.5 mm, 
2.8  mm), P = 0.002], oval window length [2.7  mm (IQR 
2.6  mm, 2.9  mm) vs. 2.7  mm (IQR 2.5  mm, 2.8  mm), 
P < 0.001], and SF protrusion depth [0.4  mm (IQR 
0.3  mm, 0.5  mm) vs. 0.4  mm (IQR 0.3  mm, 0.4  mm), 
P = 0.001] (Table 4).

In terms of sex-specific comparison, males overall 
showed larger values than females. For example, males 

Table 1  Demographic and clinical data of the participants
Variable Value
Age (y)
  Mean ± SD 51.9 ± 17.3
  Median (IQR) 58 (35, 65)
  Range 18–88
Sex, n (%)
  Female 269 (56.2)
  Male 210 (43.8)
Side, n (%)
  Left 235 (49.1)
  Right 244 (50.9)
SD = standard deviation; IQR = interquartile range

Table 2  Interobserver’s absolute agreement for quantitative 
measurement of the oval window region
Quantitative 
measurement

Observer 1 Observer 2 ICC 95% CI

Oval window length 
(mm)

2.8 (2.7, 3.0) 2.9 (2.7, 3.0) 0.94 0.93–0.95

Stapes footplate 
length (mm)

2.7 (2.6, 2.9) 2.7 (2.5, 2.9) 0.94 0.93–0.95

Stapes footplate-oval 
window angle (°)

11.7 (9.3, 15.2) 12.2 (9.2, 15.2) 0.96 0.95–0.97

Stapes footplate pro-
trusion depth (mm)

0.4 (0.3, 0.5) 0.4 (0.3, 0.5) 0.93 0.91–0.94

ICC = intraclass correlation coefficient; CI = confidence interval

Fig. 5  The posterior border of the stapes footplate protruding the vestibule, as illustrated in the schematic diagram (a) and U-HRCT image (b)
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had a longer oval window length [2.9 mm (IQR 2.8 mm, 
3.1  mm) vs. 2.8  mm (IQR 2.7  mm, 3.0  mm), P < 0.001], 
a longer SF length [2.8  mm (IQR 2.6  mm, 2.9  mm) vs. 
2.7 mm (IQR 2.5 mm, 2.8 mm), P < 0.001] and a deeper 
SF protrusion into the vestibule [0.4  mm (IQR 0.3  mm, 
0.5  mm) vs. 0.4  mm (IQR 0.3  mm, 0.5  mm), P = 0.043], 
but the SF-oval window angle was not significantly differ-
ent between males and females (P = 0.323) (Table 4).

Discussion
The SF and AL are crucial for sound conduction, drug 
delivery, force dynamics, and disease diagnosis [1–3], 
all of which are related to their anatomical features. In 
the present study of 479 healthy ears using U-HRCT, we 
found that 17.7% of the posterior AL border might not 
be visible in healthy ears, and the posterior border of 
SF protruded into the vestibule with a median depth of 
0.4 mm. These findings can provide a normal anatomical 
reference for the oval window region, aid in disease diag-
nosis, and inform surgical strategy decisions.

The stapes, as the auditory ossicle connecting the 
incus and vestibule, has significant pathophysiological 
importance along with the AL region [1–3, 14, 15]. The 
mechanical properties of the AL region affect stapes 
vibration and sound conduction efficiency under physi-
ological and pathological conditions, such as otosclerosis 
[1–3]. Histological studies have shown that the posterior 
and superior borders of the normal AL are firmly fixed, 
whereas the anterior and inferior borders are more 
relaxed, permitting mobility of the SF in these directions 
[16]. This finding aligns with the present study where 

U-HRCT showed the highest visibility at the inferior bor-
der and the lowest at the posterior border. Diagnosing 
AL diseases necessitates discretion to differentiate them 
from the pathological conditions, considering specific 
signs proposed from previous studies [5, 6].

In this study, we defined standard observation plane to 
observe the oval window region. The tympanic segment 
of the facial nerve and the tympanic membrane were 
considered the reference anatomic landmarks. Although 
the facial nerve might course tortuously in the axial ori-
entation, the sagittal position line was placed between 
the semicanal of the tensor tympani and the pyramidal 
eminence. That is, the sagittal plane was determined by 
positions of these two landmarks, regardless of the nerve 
tract in between. Likewise, although the tympanic mem-
brane changes position depending on the middle ear/
external ear pressure, the position line was placed con-
necting the superior and inferior ridges of the tympanic 
annulus, remaining unaffected by the invagination of the 
tympanic membrane. In addition, the excellent interob-
server agreement for quantitative measurements sup-
ported the idea to use these two landmarks to define a 
reliable standard observation plane for assessing the oval 
window region.

In contrast to previous studies where the optimal inser-
tion depth of the piston in stapedotomy surgery ranged 
from 0.5 to 1.0 mm [17–20], the present study found the 
median protrusion depth in healthy ears was 0.4 mm. The 
normal positioning of the SF within the vestibule, with-
out inducing symptoms such as hearing loss or vertigo, 
suggests a need for reassessing the conventional insertion 

Table 3  Qualitative features of the oval window region within the entire patient and group-wise comparison
Visibility for AL border, n (%) Overall

(n = 479)
Age Sex
≤ 65 years
(n = 363)

 >65 years
(n = 116)

χ2 P value Female
(n = 269)

Male
(n = 210)

χ2 P value

Anterior border 468 (97.7) 354 (97.5) 114 (98.3) - 0.636* 262 (97.4) 206 (98.1) - 0.763*

Posterior border 394 (82.3) 292 (80.4) 102 (87.9) 3.379 0.066 220 (81.8) 174 (82.9) 0.093 0.760
Superior border 475 (99.2) 360 (99.2) 115 (99.1) - 1.000* 266 (98.9) 209 (99.5) - 0.635*

Inferior border 476 (99.4) 360 (99.2) 116 (100.0) - 1.000* 266 (98.9) 210 (100.0) - 0.260*

*The Fisher exact test is used for comparison of the anterior, superior and inferior border visibilities due unbalanced categories, and comparison of the posterior 
border is performed using the Pearson chi-squared test

Table 4  Quantitative features of the oval window region within the entire patient and group-wise comparison
Measurement of distance 
and angle, median (IQR)

Overall
(n = 479)

Age Sex
 ≤ 65 years
(n = 363)

 > 65 years
(n = 116)

U P value Female
(n = 269)

Male
(n = 210)

U P 
value

Oval window length (mm) 2.9
(2.7, 3.0)

2.7
(2.6, 2.9)

2.7
(2.5, 2.8)

16019.0 < 0.001 2.8
(2.7, 3.0)

2.9
(2.8, 3.1)

34375.5 < 0.001

Stapes footplate length (mm) 2.7
(2.6, 2.9)

2.7
(2.6, 2.9)

2.6
(2.5, 2.8)

16974.0 0.002 2.7
(2.5, 2.8)

2.8
(2.6, 2.9)

33531.5 < 0.001

Stapes footplate-oval window 
angle (°)

12.1
(9.4, 15.3)

12.1
(9.4, 15.3)

11.8
(9.4, 14.6)

20346.0 0.585 11.8
(9.5, 14.8)

12.3
(9.3, 15.8)

26759.5 0.323

Stapes footplate protrusion 
depth (mm)

0.4
(0.3, 0.5)

0.4
(0.3, 0.5)

0.4
(0.3, 0.4)

16664.0 0.001 0.4
(0.3, 0.5)

0.4
(0.3, 0.5)

31275.0 0.043

The analyses are performed using the Mann-Whitney test; IQR = interquartile range
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depth of piston. It is reasonable to postulate that the 
insertion of piston might be optimal when simulating the 
exact natural position of the stapes. Therefore, surgeons 
should be aware of the anatomical diversity and evalu-
ate the SF-oval window relationship when making treat-
ment plans, especially concerning piston length. Another 
possible explanation for this finding is that although SF 
protruded the vestibule, the AL tissue sealed the poste-
rior border, preventing the SF from penetrating into the 
inner ear and thereby sparing patients from the associ-
ated symptoms.

The U-HRCT device used in this study exhibits a sig-
nificantly augmented spatial resolution when contrasted 
with high-resolution CT, which improves the display rate 
of delicate temporal bone structures in healthy controls 
[10] and patients with ear diseases [6, 11–13]. Specifi-
cally, visualization of the AL region requires heightened 
CT resolution, a criterion met by U-HRCT with its 
0.1  mm resolution. AL on CT images presents as a lin-
ear low attenuation between the SF and bony edge of the 
oval window [5, 21]. On U-HRCT images, the display 
rates were all exceeding 82% for its four borders. Reports 
on the thickness of AL using micro-CT have been docu-
mented [1]; however, the practical application of micro-
CT in clinical settingis limited to imaging specimens 
only [18]. Therefore currently, U-HRCT remains the best 
option for clinical practice in AL visualization, and quan-
titative analysis of the AL should be conducted in future 
studies.

Through group-wise comparison, the SF length, oval 
window length and the SF protrusion depth showed ana-
tomical variations by age and sex. Although conventional 
views suggest that temporal bone structures are fully 
developed post-birth, age-specific differences of normal 
temporal bone have been reported for the external ear 
[22], mastoid air cell volume [23], sutures and fissures 
[24], Eustachian tube [25], and mastoid thickness [26]. 
All these differences might be influential factors for ana-
tomical features of the oval window region. Age-related 
differences may also be correlated to the decrease in the 
number of vestibular ganglion cells in the saccule and 
utricle, which commences around the age of 60 years [27, 
28]. These physiological changes could result in a grad-
ual reduction of vestibular size, consequently impacting 
the morphology of the SF and oval window. For the sex-
specific changes, male cranium increases in size after the 
age of 14 years and generally have larger temporal bone 
than females [23, 24, 29]. The noted differences may be 
associated with factors such as population size, eligible 
participant selection, and the methodology employed in 
measuring the sexual dimorphism [30]. Overall, age- and 
sex-related anatomic variations in oval window region 
should be considered during individualized assessment, 
especially for patients in need of stapedotomy treatment.

There are several limitations of this study. First, it can-
not be guaranteed that the included study cohort had 
not experienced short-term otological symptoms such 
as mild otitis externa. However, the stringent inclusion 
and exclusion criteria minimized the risk, and no partici-
pants reported such symptoms for included ears. Second, 
to establish normative values for the oval window region 
in live, healthy ears, anatomical dissection was not per-
formed as the reference standard. Nonetheless, CT is a 
crucial non-invasive method for imaging the temporal 
bone, and the radiographic measurements by CT exhibit 
equivalency with in situ measurement [31]. Third, this 
study did not include patients who underwent stapes sur-
gery. In the future, including such patients will allow for 
a more comprehensive assessment on how preoperative 
and personalized analysis of natural stapes positioning 
can influence therapeutic outcomes. Last, since patients 
with bilateral ear diseases were excluded and only one 
healthy ear per patient was evaluated, no bilateral assess-
ment was done, which could introduce some individual 
bias.

Conclusions
In conclusion, this study established the normative refer-
ence for AL visibility and the positional relationship of 
the SF and oval window in healthy ears using U-HRCT. 
A certain proportion of the posterior border of AL was 
not visible, and the posterior border of SF protruded into 
the vestibule. Differences related to age and sex were also 
observed. These findings are crucial for improving dis-
ease diagnosis and guiding surgical strategies, especially 
for patients requiring surgical treatment in the oval win-
dow region.
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