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Abstract

Purpose: To develop an automated segmentation approach for cochlear microstructures [scala
tympani (ST), scala vestibuli (SV), modiolus (Mod), mid-modiolus (Mid-Mod), and round
window membrane (RW)] in clinical cone beam computed tomography (CBCT) images of the
temporal bone for use in surgical simulation software and for preoperative surgical evaluation.
Methods: This approach was developed using the publicly available OpenEar (OE) Library that
includes temporal bone specimens with spatially registered CBCT and 3D micro-slicing images.
Five of these datasets were spatially aligned to our internal OSU atlas. An atlas of cochlear
microstructures was created from one of the OE datasets. An affine registration of this atlas to
the remaining OE CBCT images was used for automatically segmenting the cochlear
microstructures. Quantitative metrics and visual review were used for validating the automatic
segmentations.

Results: The average DICE metrics were 0.77 and 0.74 for the ST and SV, respectively. The
average Hausdorff distance (AVG HD) was 0.11 mm and 0.12 mm for both scalae. The mean
distance between the centroids for the round window was 0.32 mm, and the mean AVG HD was
0.09 mm. The mean distance and angular rotation between the mid-modiolar axes were 0.11 mm
and 9.8 degrees, respectively. Visually, the segmented structures were accurate and similar to
that manually traced by an expert observer.

Conclusions: An atlas-based approach using 3D micro-slicing data and affine spatial registration
in the cochlear region was successful in segmenting cochlear microstructures of temporal bone

anatomy for use in simulation software and potentially for pre-surgical planning and rehearsal.

Keywords: atlas-based segmentation; image registration; surgical simulation; pre-surgical

planning, cochlea anatomy



Introduction

The temporal bone (TB) comprises the lateral and lower part of the skull and contains among
other structures the inner ear including the cochlea that is responsible for the final transduction of
sound into nerve signals sent to the brain. First, the sound waves pass through the external ear
canal and reach the tympanic membrane. The vibration of the tympanic membrane is amplified
through the ossicular chain before reaching the oval window membrane, where the fluid of the
inner ear is put into motion, ultimately affecting the hair cells in the cochlea responsible for
generating the nerve impulse. The snail shell-like shape of the cochlea serves to discern the
frequency and amplitude of the sound signal and typically revolves with 2% turns around the
modiolus—the conically shaped center housing the spiral ganglion and cochlear nerve.
Microstructurally, the cochlea is compartmentalized into three separate fluid-filled spaces: the
scala tympani, scala vestibuli, and scala media. The round window membrane at the other end of
the system is displaced in opposite phase to the pressure applied through the oval window

membrane.

In many cases of profound sensorineural hearing loss, especially congenital, temporal bone
surgery with a cochlear implant (CI) for direct electrical stimulation of the cochlear nerve fibers
is relevant. The surgery requires drilling of the temporal bone (mastoidectomy with facial recess
approach) to gain access to the cochlea and the insertion of the CI electrode array through the
round window membrane or through a cochleostomy (drilling of an artificial window) along the
scala tympani. Next, the electrode array is slowly inserted and follows the curvature of the
cochlea. Positioning of the electrode array is critical to obtain good patient hearing outcomes.
Optimally, the electrode array is placed entirely in the scala tympani as any displacement into the
scala vestibuli or tear of the partitioning membranes potentially causes reduced hearing outcomes
for the patient post-operatively, accounting for some of the variability in patient hearing

outcomes post implantation [1, 2].

This highlights the major role of the intracochlear anatomy and temporal bone microstructures in
surgical management. However, the scala tympani and vestibuli are not visible on typical clinical
computed tomography (CT) or cone-beam CT (CBCT) acquired pre-operatively. Micro-CT,

histology, or micro-slicing provides the contours of the scala tympani, scala vestibuli, modiolus,



and round window membrane (Figure 1). Neither are clinically viable options due to radiation
and/or the need to extract the temporal bone. Consequently, there is a need for other approaches
to estimate these structures in clinical scans. This would have multiple important uses such as
pre-surgical planning of for example, the surgical approach for electrode insertion, selection of
electrode array length, pre-surgical training and rehearsal in a virtual reality (VR) simulation
environment to optimize placement, and post-operative evaluation of electrode placement with

possible implications for electrode programming and prediction of clinical outcomes.

We have previously reported on our experience with segmenting otic and surface-based temporal
bone structures [3, 4] using atlas-based segmentation for use in our surgical simulation software
[5, 6] and we now present a method for segmenting cochlear microstructures not readily observed

in clinical CT images of the temporal bone.

Methods

The overall goal of this study was to develop an automated approach for segmenting the scala
tympani (ST), scala vestibuli (SV), modiolus (Mod), mid-modiolus axis (Mid-Mod), and round
window membrane (RW) in clinical CBCT images of temporal bone. The approach was based
on images that were obtained from the publicly available OpenEar (OE) Library ex vivo
specimens of temporal bones [7]. An atlas-based segmentation was developed that was based on
the affine registration of one of 3D micro-slicing data from the OE library to the CBCT data. A

flowchart of the workflow is presented in Figure 2.

Study Sample: A total of five datasets (DELTA, EPSILON, ETA, GAMMA, and THETA) from
the OE Library were used to develop the atlas-based segmentation approach. One of the 3D
micro-slicing data (ZETA) was of insufficient quality to accurately segment the cochlear
microstructures for validation. All of these temporal bones were human adult specimens and did

not have any otologic pathology.

OpenEar Library Specimen Preparation: The complete description of the OpenEar Library
specimen preparation is found in the paper by Sieber ef al. [7]. The general steps of their

preparation were as follows: CBCT images of the temporal bone specimens were acquired at a



voxel size of 0.25 mm using a 3D Accuitomo 170 Digital CBCT scanner (J. Morita Tokyo Mfg.
Corp., Japan). After CBCT imaging, the specimens were fixed in 4% Formol, dehydrated in a
series of ethanol exchanges, stained with 0.1% Acid Fuchsin, and embedded and cured in epoxy
resin. The embedded specimens were then re-imaged using CBCT at a voxel size of 0.125 mm.
Micro-slicing was performed by sequential grinding and microscopic imaging of the specimen
block face at 20x magnification. The 2D images were spatially registered to the high-resolution
embedded CBCT scan. The final resolution of the registered 3D micro-slice images was an in-

plane pixel size of 0.05 mm and a slice thickness of 0.15 mm.

OpenEar Library Atlas Preparation: For this study, the unembedded CBCT images were
spatially aligned to our internal OSU atlas [3, 4] rescaled to 0.08 mm. The reason for setting the
OSU atlas to this scale is to match the clinically acquired CBCT data at our institution. This scale
can be changed based on the scale of the data being segmented. The OE CBCT images were
rigid body registered to the OSU atlas using a region that included the otic capsule (Figure 3a
and b). Elastix 4.7 [8-10] was used for the registration with the following parameters: A multi-
resolution pyramid with 4 levels using Advanced Mattes Mutual Information, adaptive stochastic
gradient descent optimizer, maximum number of iterations 500, and a 3™ order B-spline
interpolator. The OE 3D micro-sliced images were then rigid body registered to the OE CBCT
registered data using the same rigid body registration previously described. This registration was
performed for the 5 datasets selected from the OE library. One of the OFE datasets (THETA) was

used as the OE atlas for subsequent validation in the other OE datasets.

The cochlear microstructures (scala tympani, scala vestibuli, modiolus, mid-modiolus, and round
window membrane) were manually outlined by an expert (SA) using the OE spatially registered
micro-slicing images and ITK-SNAP 3.6 [11] using a digital Wacom Cintiq Pro 13 pen display
(Wacom Co., Ltd, Japan). This took 6-8 hours per data set.

Atlas Segmentation: The 3D micro-slicing image for THETA aligned to the OSU atlas was
affine registered to the four other spatially aligned OE CBCT images using a cropped region that
included only the cochlea (12 x 12 x 9.6 mm) (Figure 3c) and the same registration approach

previously described. An affine registration was chosen primarily due the limited sample size



available for evaluating shape variations of the cochlea. It allows for proportional changes in
shape due to anatomical variation between cochlea without the need for prior shape information
that is required for the deformable registration. The cochlear microstructures manually outlined
by the expert were spatially transformed to match the registration. Further ‘cleaning’ of the
transformed structures were as follows: Any region of the transformed ST and SV that were
outside the cochlea (i.e. in bone) were removed from the segmentation using a globally
segmented bone image and Otsu multi-level threshold with three levels (bone = level 3) [12].
The atlas-transformed RW was translated to match an automatically segmented outline of the
round window opening in the CBCT image. This round window opening was determined
automatically by identifying the narrowest corresponding points on the outline of the cochlea in

this region (Figure 4).

Validation: The results from the automated segmentations were then quantitatively and visually
evaluated. For the quantitative evaluation, four quantitative metrics, the DICE, average
Hausdorff distance (AVG HD), maximum Hausdorff distance (MAX HD), and volume similarity
(VS), were calculated for the ST, SV, and the Mod. The DICE and VS were measured for the
segmented volumes using Taha et al.’s quantitative evaluation tool [13]. The DICE coefficient is
a measure of the amount of overlap between two segmented structures. The VS measures how
close the volumes are to one another. The AVG HD and MAX HD were measured using the
surface outlines of the manually and automatically segmented structures in MeshLab v1.3.4 [14].
The AVG HD, MAX HD, and the distance between the centroids of the automated and manual
segmentation were measured for the RW. The difference in the angle (dr) and the distance (df)
was calculated between the automated and manual Mid-Mod axes using the line equations

presented in Demarcy et al. [15],

d (Ll, ]) |sin‘1(||zi><zv||)|e[0,n]
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where the Mid-Mod axes are represented as lines (Li) and (Lj) and L = {p + sz|s € R}, and zis a
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Visual verification was performed by comparing the automatically segmented structures with the
manually segmented structures in a 2D and 3D viewer. No manual adjustments were made to the

automated segmentations after visual verification.

The automated segmentation approach was further evaluated using a sample of 11 preoperative
temporal bone CBCTs scans obtained from adult patients who had undergone CI surgery at the
Ohio State University within three years prior to the study. The scans were all performed on a
clinical CBCT scanner (3D Accuitomo 170, J. Morita Tokyo Mfg. Corp., Japan) at a voxel size
0f 0.08x0.08x0.08 mm. The cochlea, round window, and end points of the Mid-Mod axis were
manually outlined on the clinical CBCTs by an expert in cochlear anatomy (SA). The scala
tympani and vestibuli from the automated atlas-based segmentation were combined for
comparison to the manually traced cochlea in the clinical CBCTs. The three cochlea

microstructures were validated using the same metrics as described for the OE datasets.

Results

The results of the quantitative analysis are presented in Table 1. The mean DICE metric for the
ST and SV was 0.77 and 0.74, respectively. The mean AVG HD for the ST and SV was 0.11 and
0.12 mm, respectively. The mean DICE metric for the Mod was 0.59, however the VS was 0.95
and AVG HD was 0.17 mm. The mean distance between the centroids for the RW was 0.32 mm
and the mean AVG HD was 0.09 mm. The mean distance and angular rotation between the Mid-

Mod axes were 0.11 mm and 9.8 degrees, respectively.

An example of the automated segmentation based on the atlas masks is presented in Figure 5.
The red outlines in this image represent the manually segmented structures and the green outlines
represent the atlas-based segmented structures. Overall, the segmentation of the structures
appears consistent between the manually and automatically segmented images with slight
differences observed for the scalae at the apex and slight shifts in the boundaries of the modiolus.
The best segmentation was observed in ETA and the worst was observed in EPSILON. The
increased errors observed with EPSILON were mainly due to processing artifacts in the micro-
slicing images, that made manual segmentation of the cochlear microstructures difficult, as

opposed to errors associated with the automated segmentation approach.



Three dimensional plots of HD distance for the automatically and manually segmented structures
are presented in Figure 6. The left column of this figure illustrates the HD for the ST, the middle
column HD for the SV, and the right column HD for the Mod. The rows from top to bottom are
DELTA, EPSILON, ETA, and GAMMA. The mean MAX HD distance between manual and
automated was 0.62, 0.60, and 0.33 mm for ST, SV, and Mod, respectively. However, the mean
AVG HD distance between manual and automated segmentation was 0.12, 0.11, and 0.17 mm
for ST, SV, and Mod, respectively. The greatest variation in HD in segmentation of the scalae
were observed in the apical region, on the inside of the first half of the basal turn, and at the
interface between the scalae in the 1-1.5 turn. These HDs were on the order of 0.30 - 0.35 mm.
The greatest variation in HD on the Mod was also observed on the first half of the basal curve

and were also on the order of 0.30-0.35 mm.

The results of the quantitative analysis for the clinical CBCTs are presented in Table 2. The
mean DICE metric, AVG HD, and VS for the cochlea were 0.87, 0.11, and 0.98, respectively.
The mean distance between the centroids for the RW was 0.24 mm and the mean AVG HD was
0.12 mm. The mean distance and angular rotation between the Mid-Mod axes were 0.11 mm and
8.50, respectively. An example of the automated segmentation based on the OE atlas masks is
presented in Figure 7. The red and green outlines in this image represent the automatically
segmented ST and SV, respectively. The blue outline is the manually segmented cochlea. The
outer surface of the combined ST and SV is closely aligned with the manually segmented
cochlea as shown in a three-dimensional plot of the HD distance for one of the clinical datasets
presented in Figure 8. The greatest variation in HD of the cochlea was observed at the first half

of the basal turn near the Mod and was on the order of 0.30—0.35 mm.

The total time for automated segmentation of the cochlear microstructures was 108 secs, with 78
seconds for rigid body registration of the OE data to OSU atlas space, 21 seconds for the affine
registration of the OE micro-slice atlas to the CBCT images, and 9 secs for ‘cleaning’ the

transformed structures.

Discussion



Our overall goal was to develop an automated segmentation approach that could accurately map
cochlear microstructures for use in our simulation and pre-surgical planning software. Visual
inspection of the segmentations and the quantitative metrics for our method validate that the
atlas-based affine registration of 3D micro-slicing data to CBCT data is good for this purpose.
For example, the mean HD for ST and SV were 0.11 and 0.12, respectively. This was similar to
what Kjer et.al. [16] observed using a statistical deformation model and B-spline parameters, and
was lower than what Nobel ef al. [17] observed (0.20 mm) using a statistical shape model. Large
variations in HD, in the order of 0.3-0.35 mm, were observed for the scalae in the apical region
beyond the second turn of the cochlea. This region is less critical in evaluating CI position within
the cochlea since CI electrodes do not cover this region within the cochlea. Large variations in
HD were also observed at the interface between the scalae in the middle turns of the cochlea.
However, the basilar membrane is on the order of 0.23-0.28 mm in this region [18] which is
similar to the variation we observed in this region. The last region that we observed large
variation in HD was on the inside of the first half of the basal turn. The CI electrode stimulates
this region of the cochlea and consequently, accuracy in the calculation of the distance of the CI
electrode contacts to the spiral ganglion (modiolar distance used as a proxy) is more important
for this region for example if this information is to be used for image-guided programming [19].
The larger variations in HD for the Mod were consistent with that observed in the modiolar

region of the scalae and is consistent with variation observed in the adjacent structures.

The center of the RW and the Mid-Mod are important landmarks for defining an internal
cochlear coordinate system [20] used in evaluating individual electrode locations with

respect to auditory nerve endings (spiral ganglion cells). The Mid-Mod constitutes the Z-axis in
this coordinate system. Demarcy et al. [15] developed an automated method for defining the
Mid-Mod based on the centerline of the cochlea spiral. They used the mean distance and angular
rotation between two lines defined in 3D space for evaluating the errors in predicting this axis
automatically. They compared their automated method with manual estimations made by four
experts and calculated that the inter-observer variability in manually identifying the Mid-Mod
was 10.0° for the rotation angle, and 0.14 mm for the distance between the axes. We observed a
mean difference in Mid-Mod angular rotation between our automated and manual method of

9.8°, and distance between the axes of 0.11 mm. These are withinthe variability of the manual
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estimations made by the expert observers reviewed by Demarcy. The observed Mid-Mod
rotation in our analysis is similar to that in Demarcy’s automated method based on the centerline
of the cochlea, however, the distance between the axes is slightly better using our method. The
center of the round window is used as the zero-reference angle for this coordinate system. We
observed a mean difference in distance between the centroids of the RW determined

automatically and manually of 0.32 mm and a mean AVG HD of the RW surface of 0.09 mm.

The application of our approach to a clinical CBCT dataset resulted in validation metrics similar
to those observed for the OE datasets. However, the DICE metric for the cochlea compared to
the combined scalae was significantly better at 0.87. This may be due in part to the larger size
and more regular shape of the structure being tested (i.e., whole cochlea vs. individual scala).
Although there is no ground truth available for the individual scala in these datasets, we observed
a uniform scaling of these structures from the base to the apex within the cochlea. Previous
studies indicate that there is a significant variation in the shape of these microstructures between
different specimens, however, the overall change in diameter, height, and cross-sectional area
within a single cochlea decreases fairly uniformly from the base to apex and this pattern has been

shown to be well conserved and rather uniformly scaled between cochlea [21].

The results of our study suggest that affine registration may be sufficient for cochlea
microstructure segmentation in clinical CBCT images, however, additional testing with a larger
number of samples is needed to confirm this. Two factors that may have contributed to our
results are (1) that our method is based on volumetric registration of images as opposed to using
extracted structures or surfaces of structures, and (2) we used CBCT images resampled to an
isotropic voxel size of 0.08 mm as opposed to standard clinical CT images with a typical voxel
size on the order of 0.2—0.3 mm. We evaluated whether the affine registration approach differed
from a rigid body registration and observed that the quantitative validation metrics were similar
for both registrations. However, a visual review of the HD for the surface of both scala indicated
that the affine registration was consistently better than the rigid body for identifying the outside

edge in the first half of the basal turn. The improvement in this region was 0.25 mm or more.
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The primary advantage of our proposed method is that it is fully automated and fast (< 2 min),
making it clinically useful for pre-surgical planning and post-implant evaluation. It also does not
require an accurately segmented cochlea prior to fitting a model to the data which can be difficult

in clinically acquired images where patient motion and image artifacts can be significant.

Since there are few landmarks available within the clinically acquired CBCT images to segment
some of these microstructures directly, we must rely upon the information obtained from high-
resolution ex vivo imaging methods such as micro-MRI [22], micro-CT [15-17], or microscopy
[7, 23] imaging to predict them in clinical images. Although histology and micro-slicing images
can provide high-resolution information about these structures, preparation processing artifacts
can negatively impact manual outlining of microstructures from these images. Additionally,
there is inherent variability in the manual segmentation of images used for the validation of these
approaches [24]. This variability has largely been ignored in the evaluation of cochlear
microstructure in previous studies due to the significant amount of time required to manually
trace the structures for validation. Nonetheless these errors exist and can be quite significant (i.e.,

in the order of 10-20% error for measurements in volume).

In Figure 9, we illustrate how the segmented cochlear microstructures can be used to visualize
the placement of CI electrodes in 3D for a cochlear implant patient. These images were created
using our OE atlas-based segmentation approach applied to a patient after CI implant surgery at
our institution. CBCT images (0.08 mm isotropic voxels) were acquired pre- and post-implant
and spatially aligned to the OSU atlas as described previously [3, 4]. The post-implant image
was then rigid body registered to the pre-implant image and the electrodes were segmented in the
post-implant image using a global threshold. The OE atlas was affine registered to the pre-
implant image, and the cochlear microstructures were segmented. The cochlear microstructures
and electrodes were combined into a single-color overlay and merged with the pre-implant image
for interactive 3D volume visualization. In Figure 9a, you can readily observe how the CI
electrode (yellow) enters through the round window membrane (orange) and wraps around the
modiolus (magenta) inside the scala tympani (red). Future work will focus on using pre-implant

images in our surgical simulator [5, 6] for pre-surgical planning to optimize implant placement
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and post-implant images for visualizing final outcomes and for image-guided programming of

the CI as described by Noble et al. [19].

A major limitation of this study is the small sample size used for validating the model. However,
these types of studies (embedding, micro-slicing, and processing) are laborious and costly, and

we are grateful to our colleagues for making the OpenEar data available to the community.
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Figure Legends

1. a. and b. 2D axial micro-slicing images of temporal bone with labeled structures: ST (red),
SV (green), Mod (magenta), Mid-Mod (yellow), and RW (orange) ¢. and d. Segmented

cochlear structures rendered in 3D.
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Rigid body register OE CBCT to OSU Atlas CT

Rigid body register OE Micro-slice to OE CBCT

N

Affine Register OE atlas in cropped cochlear region

A

Clean Cochlear Microstructures

\

Validation with Manually Segmented Microstructures

2. Atlas-based segmentation flowchart. The first two rigid body registrations are performed to
orient the OpenEar (OE) datasets to the OSU atlas space. The affine registration of the OE atlas

to the spatially oriented data is the for atlas base segmentation of the structures.
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3. 2D axial slice of a. OSU atlas (red outline indicates region used for rigid body registration to
OSU atlas), b. (OE) THETA CBCT spatially registered to OSU atlas, and ¢. cropped ROI of OE
THETA micro-slice data spatially registered to OE THETA CBCT used for the affine
registration to cropped spatially aligned OE CBCT images.

4. 2D axial CBCT image of cochlea illustrating automatically identified points (red) on round

window opening.
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5. 2D axial micro-slice images with manually labeled structures (red) and automatically labeled

structures (green). a. ST, b. SV, ¢. Mod, d. and RW.
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6. HD between automatically and manually segmented ST (a DELTA, ¢ EPSILON, e ETA, g
GAMMA) and SV (b DELTA, d PSILON, f ETA, h GAMMA). The white arrows in a represent

the regions where we typically observed variations in HD in the range of 0.30—0.35 mm.
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7. 2D axial clinical CBCT image of cochlea illustrating automatically identified scala (red = ST,
green = SV) and manually identified cochlea (blue)

8. HD between automatically and manually segmented cochlea for one of the clinical CBCT
images. The white arrow represents a region near the modiolus where we typically observed
variations in HD in the range of 0.30—0.35 mm. This is mainly due to the limitation of manually

tracing the cochlea in this region
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9. 3D rendering of cochlear implant (yellow) in patient CBCT illustrating how the implant
electrode enters through the round window (orange) and the electrodes wrap around the

modiolus (magenta) and are placed within the ST (red) and do not breach the SV (green).
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Table 1. Quantitative Validation Metrics - Mean (SD)

Structure DICE AVG HD (mm) MAX HD (mm) VS

Scala Tympani
Delta 0.765 0.1 0.72 0.95
Epsilon 0.703 0.13 0.89 0.92
Eta 0.846 0.1 0.79 0.92
Gamma 0.759 0.12 0.73 0.89

Mean (s.d) 0.77 (0.06) 0.11 (0.01) 0.78 (0.08) 0.92 (0.03)
Scala Vestibuli
Delta 0.69 0.11 0.65 0.97
Epsilon 0.73 0.12 0.65 0.97
Eta 0.80 0.11 0.85 0.91
Gamma 0.73 0.13 0.89 0.92

Mean (s.d) | 0.74 (0.05) 0.12(0.01) 0.76(0.13) 0.95 (0.03)
Modiolus
Delta 0.57 0.17 0.83 0.98
Epsilon 0.54 0.17 0.99 0.91
Eta 0.70 0.13 0.66 0.97
Gamma 0.56 0.2 1.39 0.92

Mean (s.d) 0.59 (0.07) 0.17(0.03) 0.97 (0.31) 0.95(0.04)
Round Window Distance between | AVG HD (mm) | MAXHD (mm)
Membrane centroids (mm)
Delta 0.44 0.1 0.44
Epsilon 0.41 0.1 0.56
Eta 0.11 0.08 0.29
Gamma 0.33 0.08 0.39

Mean (s.d) 0.32 (0.15) 0.09 (0.01) 0.42(0.11)
Mid Modiolus Distance between Angular Rot

lines (mm) (degrees)

Delta 0.15 5.9
Epsilon 0.05 16.4
Eta 0.01 6.5
Gamma 0.25 10.2

Mean (s.d) 0.11(0.11) 9.8(4.8)
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Table 2. Quantitative Validation Metrics clinical CBCT- Mean (SD)

Structure DICE AVG HD (mm) MAX HD (mm) VS
Cochlea 0.87 (0.02) 0.11 (0.01) 0.63 (0.02) 0.98 (0.02)
Distance between | AVG HD (mm) MAX HD (mm)
centroids
RW membrane 0.24 (0.18) 0.12 (0.07) 0.28 (0.06)
Distance between Angular
lines rotation
(degrees)
Mid-Modiolus 0.11 (0.06) 8.46 (5.48)
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