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Abstract
The aim of the study was to obtain volumetric data of the components of the inner ear using three-dimensional reconstruction of
high-resolution cone-beam computed tomography (CBCT) images. Two hundred three CBCT image series of the temporal bone
from 118 anatomically normal patients (55 women and 63 men; mean age: 49.4 ± 20.4 years) with different suspected disorders
were included in this study. Normative volumetric measurements of the inner ear, the cochlea, the semicircular canals (SSC), and
the vestibule were determined using a semi-automated reconstruction method of the Workstation. Volumetric measurements were
successfully completed in all 118 patients. Mean inner ear, cochlear, and vestibule volumes were statistically significantly larger in
males than in females on both sides (p < 0.001). Regarding the semicircular canals, no statistically significant (p = 0.053) volume
difference was found. The difference between the volumes on both sides was not significant. No correlation between the patient’s
age and the volume of the compartments was seen (p > 0.05). There was no significant difference between mean bony inner ear
volumes when the clinical diagnoses were compared (p > 0.05 for all clinical diagnoses and volumes). Our study concluded that
three-dimensional reconstruction and assessment of the volumetric measurements of the inner ear can be obtained using high-
resolution CBCT imaging.

Keywords Inner ear . Cone-beam computed tomography . Imaging . Three-dimensional . Organ volume . Semi-automated
segmentation . Drug concentration

Introduction

Various pathological disorders of the inner ear are associated
with increased or decreased organ volume, for which exact

measurements of this compartment can be of diagnostic and
clinical relevance [1, 2]. Volumetric measurements are chal-
lenging due to the extremely small size, and visual inspection
of two-dimensional images is not accurate enough to identify
all pathologic disorders [3]. In 2014, Teixido et al. stated that
volumetric measurements of the inner ear might be much
more accurate when using high-resolution cone-beam com-
puted tomography (CBCT) images with a slice thickness of
only 0.1 or 0.2 mm [4]. CBCT represents a powerful diagnos-
tic tool for radiologic examinations of the temporal bone that
has increased in popularity [5–9]. Compared with convention-
al computed tomography (CT), its advantages are a higher
spatial resolution of osseous structures and a reduced effective
radiation dose due to the fact that only the anatomical region
of interest is imaged [5]. The volume can be measured using a
variety of methodological approaches such as CT or magnetic
resonance imaging (MRI). There are numerous possibilities of
image processing [4, 10–14]. However, no volumetric assess-
ment of the bony parts of the inner ear has been performed
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using the latest CBCT data. MRI is often used for the fluid
parts of the inner ear. Our study was performed to assess
volumetric measurements of the bony inner ear components
using three-dimensional (3D) reconstruction of high-
resolution CBCT data and to test the correlation of the volume
with respect to patient age, sex, and clinical diagnosis.

Methods

The study was approved by the local ethical committee
(Number 284/17). All patients signed an informed consent
before the examination. Between January 2014 and
June 2017, 203 CBCT image series of the temporal bone of
118 patients who were referred to our university hospital were
examined retrospectively. CBCT of the temporal bone on ei-
ther side was available in 85 patients (72%) and of only one
side in 33 patients (17 of the right and 16 of the left side; 28%).
The analysis included measurement of the inner ear volume,
the cochlea, the semicircular canals (SSC), and the vestibule.
The obtained volumes were compared with regard to patients’
age, sex, and inner ear clinical diagnosis.

Patient Group

The examined patient group consisted of 63men and 55wom-
en (range: 5 to 87 years; mean age: 49.4 ± 20.4 years). CBCT
was performed for different reasons. The clinical diagnosis
was hearing loss (n = 20), tinnitus (n = 3), vertigo (n = 6), to
exclude inner ear anomalies (n = 5), suspected cholesteatoma
(n = 23), suspected otosclerosis (n = 4), and surgical planning
of cochlear implant or tympanoplasty (n = 57). All patients
showed a normal configuration of the inner ear. Therefore,
no further selection was necessary, and none of the patients
had structural abnormalities. Inclusion criteria were a com-
plete data set of the entire temporal bone with complete cov-
erage of the inner ear and its components. Exclusion criteria
were incomplete data sets with missing imaging of the entire
inner ear, motion artifacts, and metal artifacts (e.g., due to
middle ear prosthesis). Patients with cochlear implants were
also excluded due to artifacts.

Imaging data were generated by high-resolution CBCT
using the ProMax 3D Max ProFace (Planmeca). The follow-
ing parameters were used: When applying an intensity of a
current of 7 mA and a voltage of 120 kV, time for a complete
360-degree rotation of the c-arm was about 10 s. Factory pre-
set volume rendering was used. The field of view (FOV) was
set to a diameter of 100 mm and a height of 90 mm for adults.
For children under 18 years, FOV was set to a diameter of
85 mm and a height of 75 mm. The edge length of the cubic
voxel was 150 μm, and the focal spot was 0.5 mm× 0.5 mm.
All patients were positioned seating on a chair holding two
handles. Before the actual images were taken, a lateral and

frontal radiograph was made to confirm the correct position
of the FOV (field of view).

Image Processing

Volumetric assessment was performed using 3D reconstruction
on an AdvantageWorkstation 4.4 (GE Healthcare). All images
had been evaluated by two radiologists with a minimum of 3
and 8 years of experience in head and neck imaging in consen-
sus. The volume viewer tool (Version 7.6.29) allows the user to
segment the different tissues in two steps. After visually iden-
tifying the structures, the inner ear was separated from the bony
labyrinth. Structures of no relevance for this study, such as the
internal auditory meatus or cranial nerve canals, were cropped
out manually at first. For each side, this was repeated in every
single CBCT slice of the patients’ images. Semi-automated
segmentation was performed in a second step. We achieved
the best results using a threshold segmentation algorithm with
a voxel gray scale range of − 200 to +500 [15] as the desired
inner ear contained voxels in this range. Anatomically, the
vestibule with the horizontal, posterior, and upper SCC and
the cochlea without modiolus and cochlear aqueduct were part
of the volume measurements. The inner and external auditory
canal, Rosenthal’s canal, and the vestibular aqueduct and en-
dolymphatic sac were not included. It was not possible to quan-
tify endolymphatic and perilymphatic spaces, as they cannot be
separated using CBCT. The same imaging parameters were
used in all patients to ensure homogeneity of the results. For
the highest possible validity and to minimize some of the bias,
reproducibility of the image acquisition should be ensured. The
used gray scale does not correspond to the Hounsfield units
(HU) of conventional CT, which is a specific disadvantage of
most CBCT scanners. Using this fixed threshold, the Volume
Viewer automatically cuts out the inner ear from bony sur-
roundings and creates a 3D reconstruction (Fig. 1; Fig. 2).
After the complete segmentation process, a tool automatically
computed the volume. Each segmentation process required

Fig. 1 Three-dimensional reconstruction of the cochlea in a 57-year-old
woman presenting with hearing loss. Unsmoothed surface
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40 min. All volumetric measurements were reported in cubic
millimeters (mm3).

Statistical Analysis

Statistical analysis was performed using a suitable statistics
program (BiAS Version 11.09, epsilon Publisher). The results
were provided as mean values with the corresponding stan-
dard deviations (SD). p values less than 0.05 were considered
statistically significant. Pearson’s correlation coefficient was
determined for the correlation analysis between patient age
and inner ear volume. Testing for normal distribution was
performed using Kolmogorov-Smirnov-Lilliefors test. As all
data was distributed normally, sex-related differences were

statistically evaluated with the Students t test. One-way anal-
ysis of variance and Scheffe post hoc test were applied to
compare mean volumes between different clinical diagnoses.

Results

3D reconstruction and volumetric measurements were suc-
cessfully completed in all 118 patients (Table 1). Volumes
of the inner ear, the cochlea, the semicircular canals, and the
vestibule were obtained in all 203 CBCT image series (102
right and 101 left temporal bones).

On the right side, the mean volume of the bony inner ear
was 189.5 mm3 (range: 131–267 mm3, SD: 26.3 mm3), of the
cochlea 78.1 mm3 (range 48–107 mm3; SD 11.5 mm3), of the
SSC 51.1 mm3 (range 30–89 mm3; SD 11.9 mm3), and of the
vestibule 59.8 mm3 (range 35–86 mm3, SD 9.5 mm3).

On the left side, the mean bony inner ear volume was
193.7 mm3 (range 145–285 mm3; SD 29.1 mm3), cochlea
volume was 76.4 mm3 (range 53–106 mm3; SD 11.9 mm3),
SSC volume was 52.6 mm3 (range 33–102 mm3; SD 13mm3),
and vestibule volume was 61.9 mm3 (range 40–91 mm3; SD
10.1 mm3).

No statistically significant difference in volumes was found
when comparing both sides (p > 0.05).

No significant correlation between patient age and the vol-
ume of the single compartments on the left or right side was
seen (p > 0.05).

Compared with women, men showed a significantly
larger volume of the bony inner ear on the left and right
side (p < 0.001; Fig. 3), of the cochlea on both sides (p <
0.001; Fig. 4), and of the vestibule on both sides (p < 0.001;
Fig. 5) (Table 1). Regarding the SCC, no statistically sig-
nificant volume difference was found when comparing men
and women (p = 0.053; Fig. 6).

Fig. 2 Three-dimensional reconstruction of the semicircular canals in a
48-year-old woman presenting with hearing loss. Unsmoothed surface

Table 1 Volume results related to
gender. Values are expressed as
mean ± standard deviation in
mm3

Sex Right side Left side

Inner ear Male 199.3 ± 24.9 205.2 ± 26.2

Female 178.4 ± 23.4 181.6 ± 27.3

Cochlea Male 82.8 ± 10.3 80.8 ± 10.8

Female 72.8 ± 10.5 71.8 ± 11.4

Semicircular canals Male 53.0 ± 12.2 55.0 ± 12.8

Female 48.9 ± 11.2 50.0 ± 12.9

Vestibule Male 63.8 ± 9.0 65.8 ± 10.7

Female 55.4 ± 8.1 57.7 ± 7.4

Number of inner ears 203

Number of patients 118

Number of men/women 63/55

Mean age in years (range) 49.4 ± 20.4 (5–87)
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With regard to the different clinical diagnoses and their
corresponding volumes, no statistically significant difference
could be found of the inner ear, SCC, vestibule, and cochlea
(p > 0.05 for all clinical diagnoses and volumes; Table 2).

Discussion

The intention of our study was to evaluate the applicability of
the most recent CBCT imaging technique for volumetric mea-
surements of the bony inner ear. Moreover, we aimed to pro-
vide a range for further research. Inner ear shows a complex
geometry, and volumes are extremely small. A semi-
automated 3D reconstruction process was selected as a suitable
method. Right and left inner ears were assessed successfully.
No significant difference was found when comparing both
sides. Thus, our results confirm the applicability of CBCT data
for volumetric measurements. Male patients had a statistically
significantly larger volume of the inner ear, the cochlea, and
the vestibule. No gender-specific volume differences were
found for the semicircular canals. None of the volumes corre-
lates statistically significantly with age. There was no signifi-
cant difference between the volumes when clinical diagnoses
were compared. Diagnosis was hearing loss, tinnitus, vertigo,
to exclude inner ear anomalies, suspected cholesteatoma,
suspected otosclerosis, and surgical planning of cochlear im-
plant or tympanoplasty. Our intention was to carry out the
measurements in everyday routine with regard to the technical
equipment. Volumetry of the inner ear is not performed clini-
cally as a matter of routine.

It is worth pointing out that our results can only restrictedly
be compared with those of other studies, as volumetric assess-
ment of the osseous inner ear using CBCT has not been de-
scribed before and no gold standard to assess the accuracy
exists. Moreover, the methods of volume measurement differ
from study to study, which makes comparisons more difficult.

Using MRI not all bony structures are displayed in detail [14].
If CT is used, a smaller reconstruction increment comes at the
cost of a higher radiation dose [4, 16]. CBCT provides a pow-
erful diagnostic tool for temporal bone disorders [7, 9] with a
high spatial resolution and three-dimensional visualization of
high-contrast structures [16, 17]. A slice thickness of up to
0.125 mm is possible at an acceptable low radiation dose
[18], especially in limited FOV [19]. Previous studies of vol-
umetric measurements by various researchers using CBCT
included ablation volumes of the lung, pharynx, respiratory
tract, skin tumors, and bones as well as the orbit and optical
canal [20–23]. To assess the volume of various human organs,
GE Advantage Workstation has been used before by many
authors [24–26].

Our results are in the range of previous findings (Table 3).
In previous studies, the mean inner ear volume ranged from
182 to 228 mm3 (median: 196 mm3). In our patient cohort, the
mean inner ear volume amounted to 191.6 mm3. In 2001,
Buckingham and Valvassori [12] measured the amount of
water displaced by submerging a plastic cast. A methodolog-
ical problem was a certain shrinkage artifact in the preparation

Fig. 3 Box-plots demonstrating meanmale and female inner ear volumes
in mm3 of the left and right side. The mean volume of the inner ear on
both sides was statistically significant larger in males

Fig. 4 Box-plots demonstrating mean male and female cochlear volumes
in mm3 of the left and right side. The mean volume on both sides was
statistically significant larger in males

Fig. 5 Box-plots demonstrating mean male and female volumes of
vestibule in mm3 of the left and right side. The mean volume on both
sides was statistically significant larger in males
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process. Teixido et al. [4] calculated a mean volume of
221.47 mm3. Their CT-derived inner ear volumetric measure-
ments could not find a difference in the volume of the laby-
rinth between males and females, using the Amira software.
Melhem et al. [14] measured a mean volume of 227.8 mm3,
and no age or sex-related differences in the inner ear volumes
were found. Possible age-dependent alterations of the SCC
were not calculated, and they did not mention cochlear,
SCC, and vestibule volumes separately. Gürkov and Berman
[10] aimed to volumetrically quantify endolymph and peri-
lymph spaces of the inner ear by using MRI sequences in only
16 patients. Their measurements are coherent with the range
of ours. Kendi et al. [11] were able to measure very similar
volumes of the inner ear and cochlea in only 29 healthy vol-
unteers, despite a different methodology using MRI and a
different workstation (ViStar Workstation). Igarashi et al.
[27] reported the inner ear volume by manually drawing the
borders of the inner ear structures to be 204.5 mm3 and the
cochlear volume to be 83.6 mm3. Histological slides and a
microcomputer digitizing tablet were used (Table 3).

Our results are in line with other publications in that the
inner ear volume does not correlate with the patient’s age.
Adult size is reached at birth [14]. Age-independent bone

remodeling processes that could influence the measured bony
inner ear volume were reported [28]. Many other authors not
only examined a smaller number of patients with different
clinical pictures but also did not look at the parts of the osse-
ous inner ear and the different disease entities separately.
Enlarged fluid volumes are associated with vertigo, tinnitus,
and hearing loss [29]. According to findings of Jerin et al.,
short-term and medium-term symptom severity fluctuations
did not involve variations of the hydroptic ear [30]. Other
authors report that hydrops volume was independent from
vestibular symptom severity [31]. This could be an explana-
tion of our results as we could not find different bony volumes
between audiovestibular symptoms. Pathophysiological
mechanisms remain unclear as we only carried out a quanti-
tative analysis of the volume. Accurate analysis using symp-
tom diaries or complete disease courses could reveal a stron-
ger association of volumes and related pathologies. The final
diagnosis of the patients after completion of all clinical exam-
inations was not yet known.

Through early recognition of patients with congenital
hearing loss who show a normal configuration of the inner
ear but an abnormal volume, CBCT imaging might influ-
ence the severity and progression of hearing loss or balance
disorders [14]. Moreover, local drug application within the
inner ear is common in otolaryngology practice. Measuring
the inner ear volume to estimate the concentration of
transtympanic administered gentamicin for Menière dis-
ease might prevent from total deafness in patients due to
too high gentamicin doses [4].

The present study has the following limitations. The study
population was very heterogeneous, and their reasons to un-
dergo CBCT might have influenced the volume. No longitu-
dinal analysis was performed. The distinction between the
temporal bone and the liquid-filled inner ear succeeded.
Nevertheless, recognition of tissue borders using a threshold
is fraught with possible bias.

We also arrived at the conclusion that our results should be
further evaluated in homogeneous patient population.

Fig. 6 Box-plots demonstrating the nonsignificant difference between
males and females in the volume of the SCC on the left and right side

Table 2 Comparison of the mean bony inner ear volumes between clinical diagnoses using one-way analysis of variance and Scheffe post hoc test

Clinical diagnosis Number of patients Inner ear volume (mm3) Cochlea volume (mm3) SCC volume (mm3) Vestibule volume (mm3)

Hearing loss 20 186.1 ± 20.1 74.4 ± 12.9 51.0 ± 8 60.3 ± 8.1

Vertigo 6 194.8 ± 8.4 78.5 ± 6.1 51.2 ± 10.4 66.4 ± 8.7

Tinnitus 3 163.3 ± 19.8 71.3 ± 5.8 38.7 ± 6.8 53.3 ± 9.5

Suspected cholesteatoma 23 197.2 ± 32 79.1 ± 12.2 54.2 ± 14.4 63 ± 10.1

Suspected otosclerosis 4 184.5 ± 39.2 76.1 ± 10.9 46.3 ± 14.8 57.5 ± 14.2

Surgical planning 57 192.8 ± 26.1 77.8 ± 11.1 51.4 ± 10.8 60.5 ± 9.7

Exclude inner ear anomalies 5 205 ± 42.1 80.1 ± 12 57.8 ± 24.5 65.4 ± 8.1

There was no significant difference (p > 0.05 for all clinical diagnoses and volumes). Data are mean ± standard deviation in mm3 . SCC, semicircular
canals
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Conclusions

In conclusion, three-dimensional reconstruction and assess-
ment of the volumetric measurements of the inner ear can be
obtained using high-resolution CBCT imaging. There were no
significant differences between the bony inner ear volumes
and the clinical diagnosis. Our volumetric study provides an
important basis for further evaluation of pathologies.
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