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Virtual Labyrinthoscopy: Visualization of the
Inner Ear with Interactive Direct Volume
Rendering1
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Computed tomography (CT) is the modality of choice for detailed imaging of the bony labyrinth. Usually, information about the complex
three-dimensional anatomic structures of the inner ear is presented as
two-dimensional section images. Interactive direct volume rendering is
a powerful method for visualization of the labyrinth. Unlike other visualization methods, direct volume rendering enables direct visualization
of the bony labyrinth without explicit segmentation prior to the visualization process. Direct volume rendering was applied to visualization
of the structures of the temporal bone in five patients without pathologic conditions and four patients with pathologic conditions. In all
cases, clear representations of the bony labyrinth and the facial canal
were provided. Because standard CT examinations combined with interactive visualization based on direct volume rendering are used, the
method is fast and flexible. Therefore, this approach is applicable in
routine clinical work. Problems occur in patients with effusion in the
temporal bone because adjustment of imaging parameters for proper
delineation of the target structures is difficult in this situation. However, direct volume rendering can produce meaningful images of high
quality even in these problematic cases. The term virtual labyrinthoscopy is suggested for visualization of the labyrinth by using direct volume
rendering.

Abbreviations: FOV = field of view, MIP = maximum intensity projection, SSD = shaded surface display, 3D = three-dimensional
Index terms: Computed tomography (CT), image processing • Computed tomography (CT), three-dimensional • Computed tomography (CT),
volume rendering • Data fusion • Ear, labyrinth, 213.12117
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Introduction
For detailed imaging of the temporal bone in patients with fractures, congenital malformations,
or osteodystrophies involving the inner ear, computed tomography (CT) is still the modality of
choice (1,2). Typically, information about the
complex three-dimensional (3D) anatomic structures is presented as two-dimensional section images. Multiplanar reconstruction is helpful for
further evaluation but still provides only two-dimensional images. In the past, it was difficult and
time-consuming to perform 3D visualization of
the tiny structure of the inner ear on the basis of
high-resolution CT data (3,4).
Recently, direct volume rendering has received
increasing attention within the medical community (5–7) because it includes all of the image data
in the visualization process. Thereby, it provides
semitransparent views, thus giving a good impression of the spatial relationships of all structures.
So far, direct volume rendering has been applied
to visualization of the trachea, the colon, and
various blood vessels. Depending on the target
structures, names like virtual bronchoscopy (7) and
virtual colonoscopy (8) have been suggested. According to this nomenclature, we suggest the
term virtual labyrinthoscopy for visualization of the
labyrinth by using direct volume rendering. Owing to the tiny and complex structures of the inner ear, a fast and convenient analysis requires
high-quality 3D representations and real-time manipulation of the viewing direction and the color
and opacity values at any stage of the visualization process. These features are provided by interactive direct volume rendering.

Materials and Methods
Patients
Image data from five patients (three men, two
women; mean age, 55 years) examined with spiral
CT angiography for evaluation of an incidentally
discovered aneurysm were used to reconstruct
high-resolution images of the temporal bone (see
the “CT Protocol” section). These patients had
no known affliction of the temporal bone and no
history of hearing problems, dizziness, or other
symptoms related to the vestibulocochlear sys-

tem. Two female patients with tumors in the region of the temporal bone (one chondrosarcoma,
one schwannoma of the glossopharyngeal nerve)
were also included in the study. For the investigation of congenital malformations, we used image data from a female patient with an enlarged
vestibular aqueduct and a male patient with a
complex, Mondini dysplasia–like malformation
of the inner ear.

CT Protocol
All examinations were performed with a spiral
CT scanner (Somatom Plus 4; Siemens Medical
Systems, Erlangen, Germany). In the five patients
without pathologic conditions of the temporal
bone, contrast medium was administered for CT
angiography. The section thickness was 1 mm and
the table speed was 1 mm/sec, resulting in a pitch
of 1. The axial images were reconstructed with a
high-resolution algorithm in steps of 0.5 mm and
a field of view (FOV) of 60 mm2. By using a 5122
matrix, the resulting voxel size was 0.5 ´ 0.12 ´
0.12 mm. We used the same protocol to evaluate
the patient with chondrosarcoma.
The image data of the patient with schwannoma
of the glossopharyngeal nerve were used for preoperative therapy planning. Because fusion with
magnetic resonance (MR) images was envisaged,
reconstruction of the section images was performed
with an FOV of 180 mm2. For image registration,
a two-step procedure based on anatomic landmarks and consecutive automatic adjustment was
applied.
The two patients with congenital anomalies
were scanned with a section thickness of 1 mm
and a table speed of 1.5 mm/sec (pitch = 1.5).
Reconstruction was performed with steps of 1
mm and an FOV of 150 mm2 to allow comparison of both sides.

Postprocessing
After transferring the image data to a high-end
graphics workstation (Onyx Reality Engine II;
Silicon Graphics, Mountain View, Calif), 3D visualization based on interactive direct volume
rendering was performed with a tool developed
by the Computer Graphics Group of the University of Erlangen-Nuremberg (9–11). By using the
hardware capabilities of high-end graphics workstations, semitransparent representations of the
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Figure 1. Visualization process based on high-resolution spiral CT data on the structures of the
temporal bone. (a) Section image shows a volume of interest selected for 3D visualization (yellow
square). (b) Anterolateral opaque 3D representation based on direct volume rendering shows the
selected volume of interest. (c) Anterolateral view of the right labyrinth shows an intermediate
step, during which color and opacity values are adjusted interactively. (d) Anterolateral semitransparent view shows the bony labyrinth.

structures of the inner ear were calculated. Because direct volume rendering considers all of the
image data, no explicit segmentation prior to the
visualization process was required. As a result of
the hardware assistance, both color and opacity
values were adjusted interactively to delineate all
structures related to the inner ear in real time.

After an appropriate setting for optimal delineation of the target structures is defined, the color
and opacity table can be stored and used for further studies. Owing to the tremendous acceleration of the visualization process (Fig 1), the whole
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Figure 2. Direct volume rendering of a normal left labyrinth and facial canal. (a) Anterolateral
view shows the relationship of the mastoid and labyrinthine segments of the facial nerve (arrows)
to the bony labyrinth. (b) Anterolaterocaudal view shows the relationship of the bony labyrinth to
the facial canal.

procedure, including the transfer of the data, was
performed in less than 20 minutes. The standardized user interface ensured intuitive manipulation
of any object in real time. This manipulation includes so-called clip planes, which can be applied
to cut off disturbing structures virtually within
the 3D representation. The software also allows
distance measurements directly within the 3D
scene.
For documentation of the visualization results,
high-resolution screen images of selected directions of view were stored. The main target structures were (a) the semicircular canals, (b) the ampullae and vestibule, (c) the cochlea, (d) the inner

auditory canal, and (e) the mastoid and labyrinthine segments of the facial canal. In the cases of
pathologic conditions, additional screen images
that showed the best possible representation of
the pathologic condition were stored.

Results
In the five patients without pathologic conditions
of the temporal bone, high-quality 3D visualization of the main target structures was possible
(Fig 2). The selected volume of interest was large
enough to show the entire facial canal as it runs
through the temporal bone. For optimal delineation of the bony labyrinth, structures surrounding
the otic capsule were suppressed from visualization with clip planes (Fig 3).
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Figure 3. Direct volume rendering of a normal left labyrinth
including clip planes, which suppress disturbing structures within
the 3D representation. (a) Superior view clearly shows the semicircular canals, ampullae, vestibule, cochlea, and inner auditory
canal (arrow). (b) Anterolateral view shows the turns of the cochlea and the orthogonal semilunar canals. Arrow = inner auditory canal. (c) Anterolateral view shows the cochlea in detail
and allows measurement of its diameter in a given clip plane.
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Figure 4. Chondrosarcoma of the temporal bone. (a) Gadolinium-enhanced axial T1-weighted
MR image shows a partly cystic, enhancing tumor (short arrows). There is effusion in the temporal bone (long arrow). (b) Shaded surface display (SSD) image shows bone destruction in the apex
of the pyramid (arrow). (c) Anterolateral view obtained with direct volume rendering shows the
destruction caused by the tumor (arrow). (d) Anterosuperior view obtained with direct volume
rendering does not show the inner ear clearly due to effusion within the temporal bone. Still, it is
possible to see the mastoid segment of the facial canal (arrows).

In the patient with chondrosarcoma, there was
an effusion of the temporal bone, making identification of structures difficult (Fig 4). In this case,
a large volume of interest was required for in-

spection of the tumor and its relationship to surrounding structures. To overcome this problem,
clip planes are a helpful tool for suppression of
disturbing structures.
In the patient with schwannoma of the glossopharyngeal nerve, data from MR imaging, which
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Figure 5. Schwannoma of the glossopharyngeal nerve inside the jugular foramen. (a) Fusion of MR and CT images shows a contrast-enhanced tumor (arrow) in relation to the skull base. (b) Fusion image after application of
clip planes shows that the tumor has been eliminated to provide a view of the enlarged jugular foramen (arrow). (c,
d) Superoposterior (c) and posteromedial (d) semitransparent views show the spatial relationship of the inner ear
and the tumor. Interactive measurement of distances assists in therapy planning.

shows the contrast material–enhanced tumor, were
fused with data from spiral CT, which shows the
osseous structures. Thereby, the spatial relationship of the tumor and the temporal bone including the inner ear was clearly demonstrated (Fig 5).
Despite use of a wide FOV (180 mm2), the 3D
visualization based on direct volume rendering
was of good diagnostic quality.

The images of the two patients with congenital
malformations, which were reconstructed with a
wide FOV (150 mm2), resulted in 3D visualizations of worse quality compared with those of the
other patients. However, the reconstructed images were still of diagnostic value (Figs 6, 7).
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Figure 6. Enlarged vestibular aqueduct. (a) Section images (presented from superior [left] to
inferior [right]) show an enlarged vestibular aqueduct (arrows). (b) Superior view obtained with
direct volume rendering shows the spatial relationship of the funnel-like enlarged vestibular aqueduct (arrow) to the other structures of the inner ear. (c) Posterior view obtained with direct volume rendering shows the inside of the “funnel” (arrow).

Discussion
In 1993, Casselman et al (12) described use of a
high-resolution MR imaging sequence for imaging of the inner ear. By using a 3D constructive
interference in the steady state sequence and
maximum intensity projection (MIP), 3D visualization of the membranous labyrinth in living
subjects was easily performed.
Before this development, it was very difficult
to produce 3D images of the inner ear from imaging studies in living subjects. For spatial understanding of the complex anatomy of the temporal
bone, including the inner ear, drawings in anatomy
books were the only source of information (13).

However, 3D visualization of the bony labyrinth from CT data is difficult due to the tiny size
of the structures and their location within the
temporal bone, which consists of many air-filled
chambers. Therefore, it is almost impossible to
visualize the structures of the inner ear with any
commonly used technique without time-consuming explicit segmentation.

Volume Rendering
versus Other Commonly
Used Visualization Techniques
Various visualization techniques have been applied
to produce 3D representations of the inner ear
based on CT data. Reisser et al (4) and Frankenthaler et al (14) used automatic segmentation
tools to extract the target structures from the im-
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Figure 7. Complex deformity of inner ear structures. (a) Section images (presented from inferior [top left] to superior [bottom right]) show a small, irregular cochlea (short arrow); a short inner auditory canal (long arrow); a long labyrinthine segment of the facial nerve (arrowhead); and
deformity of the temporal bone. (b) SSD image (posterosuperior view) of the skull base shows
winglike deformity of the petrous parts of the temporal bones (arrows). (c) Superior view obtained
with direct volume rendering shows the deformities. (d) Anterior view obtained with direct volume
rendering shows only one turn of the cochlea (arrow).

age data set. The method used by Frankenthaler
et al (14) produced beautiful 3D images of the
labyrinth, the ossicles, and even vessels. However,
a time-consuming process of several hours is required for segmentation of the image data and reconstruction of the geometric model. Therefore,
it is difficult to apply this approach in routine
clinical work. Conversely, direct volume render-

ing takes into account all of the information inherent in the CT data and provides a semitransparent representation of all structures. Because
time-consuming preprocessing is not required,
the analysis focuses on the visualization process
exclusively.
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Figure 8. Commonly used visualization techniques. (a) SSD image (anteromedial view) shows the inner ear. Only
parts of the structures are seen. (b) MIP image (anterolateral view) from high-resolution MR imaging data shows
the inner ear.

For a better understanding of our approach,
direct volume rendering is compared with SSD
and MIP, which are commonly used for 3D visualization.
Shaded Surface Display.—In SSD, user-selected
upper and lower thresholds are used to define a
specific range of Hounsfield units to be displayed.
Owing to the nature of the CT data, the result is
opaque surface representations. To enhance the
impression of depth, light effects producing shadows are included in the visualization. The drawback is that only the first voxel within the selected
range of Hounsfield units along every ray of sight
is displayed. Therefore, all structures behind that
voxel are invisible (15). In theory, it should be
possible to depict the structures of the inner ear
just by selecting thresholds between the low value
of air and the high value of bone. However, owing to partial volume effects, it is impossible to
suppress the bone structures surrounding the inner ear. With a lot of patience, it is possible to
create 3D representations (Fig 8a) that require
time-consuming work but are of little diagnostic
value.

Maximum Intensity Projection.—The other
common approach, which is based on MIP, does
not require selection of any thresholds. MIP displays only the brightest voxel along every ray of
sight. As a result, all darker voxels in front of or
behind a brighter voxel are not displayed. Thus,
the depth information is lost, but some of the
density information is preserved (15). Ambiguities easily occur because the displayed voxels are
not necessarily part of the target structure, and
important parts of a structure may disappear with
only slight changes in viewing direction.
Obviously, the method is of no value for displaying hypoattenuating structures like the labyrinth
due to the distribution of the data values within
the structures of the temporal bone. However,
the method is applicable for 3D display of the inner ear on the basis of high-resolution MR images (Fig 8b) (12).
Interactive Direct Volume Rendering.—In
contrast to SSD and MIP, direct volume rendering uses all of the information contained inside a
volume, thus allowing production of more meaningful images. By assigning a specific color and
opacity value to every attenuation value of the
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CT data, groups of voxels are selected for display.
Depending on the selected opacity (high opacity
produces low transparency, low opacity produces
high transparency), nontransparent images similar to SSD images or semitransparent 3D representations providing views of all interior structures of the temporal bone are possible (5–7).
The software developed by the Computer
Graphics Group of the University of ErlangenNuremberg is accelerated by hardware, thus taking advantage of the blending and interpolation
capabilities of high-end graphics workstations.
This feature allows real-time manipulation of any
visualization parameter and guarantees highquality 3D visualization of the inner ear (9–11).
By interactively adjusting color and opacity values, the transition between soft tissue and bone
structures is clearly displayed within the semitransparent representation, thus taking advantage of
the partial volume effect. The use of clip planes
allows one to cut off parts of the volume virtually,
making visualization of the target structures more
convenient. In addition, interactive measurement
of point distances directly within the 3D scene
assists in therapy planning (Figs 3c, 5c, 5d).
For high-resolution visualization, as shown in
our examples, sophisticated software in combination with high-end graphics workstations is mandatory. Most of the volume rendering packages
commercially available today do not provide the
required high image quality.

Problems and Limitations
A major problem in 3D visualization is effusion
within the temporal bone. To delineate the structures of the inner ear and the facial canal, it is important to have no objects of similar attenuation
in the vicinity. Otherwise, it is difficult to sufficiently differentiate the target structures (Fig 4).
Choosing a smaller volume of interest and applying clip planes improve the results achieved with
direct volume rendering. In comparison, methods
based on automatic segmentation perform poorly
in this situation.
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Virtual labyrinthoscopy can be performed with
data from routine spiral CT examinations. After
selection of an appropriate volume of interest
within the section images (Fig 1), the whole visualization process is performed in less than 20 minutes without any explicit segmentation. To produce high-quality images, it is mandatory to use
high-resolution CT images with the smallest possible section thickness, reconstruction of overlapping sections, and a narrow FOV mainly containing the target structures.
The relationship between the FOV and image
quality is demonstrated in two cases of congenital
malformations (Figs 6, 7). The section images in
these cases were reconstructed with an increment
of 1 mm and an FOV of 150 mm2. The result was
decreased quality of the 3D visualization.
If comparison of both sides is necessary, two or
more sets of section images with a different FOV
have to be reconstructed from the raw data. As a
rule of thumb, the quality of the 3D images increases with decreasing size of the voxels of CT
data.

Clinical Use of
Virtual Labyrinthoscopy
In our preliminary study, we demonstrated the
usefulness of virtual labyrinthoscopy in cases of
congenital malformations. By using interactive
direct volume rendering, the relationship between
the structures of the inner ear is understood more
easily. The method is also useful for preoperative
therapy planning in patients with tumors of the
temporal bone. In these cases, the location of the
tumor relative to other structures inside the temporal bone is conveniently analyzed within the
semitransparent representation. In the future, it
should be possible to integrate this visualization
approach into surgical navigation systems, thus
providing the surgeon with additional orientation
during surgery in the area of the inner ear.
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Conclusions
Virtual labyrinthoscopy is a new approach to interactive 3D analysis of the inner ear. Major advantages of this technique are that it is reliably
performed with standard spiral CT examinations
and does not require explicit segmentation of the
image data. Because the whole procedure is performed within a very short time, it is suitable for
application in routine clinical work. Problems occur in patients with effusion in the temporal bone
because adjustment of imaging parameters for
proper delineation of the target structures is difficult in this situation. However, direct volume
rendering is the only technique to produce meaningful images of high quality even in these problematic cases. The fast availability of a 3D representation as additional information after routine
examinations with spiral CT makes this method
a useful tool for further analysis of anomalies and
tumors within the temporal bone.
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