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Introduction: There remains no standard imaging method
that allows computer-assisted surgery of the cochlea in real
time. However, recent evidence suggests that high-frequency
ultrasound (HFUS) could permit real-time visualization of
cochlear architecture. Registration with an imaging modality
that suffers neither attenuation nor conical deformation could
reveal useful anatomical landmarks to surgeons. Our study
aimed to address the feasibility of an automated three-
dimensional (3D) HFUS/microCT registration, and to evalu-
ate the identification of cochlear structures using 2D/3D
HFUS and microCT.

Methods: MicroCT, and 2D/3D 40 MHz US in B-mode were
performed on ex vivo guinea pig cochlea. An automatic rigid
registration algorithm was applied to segmented 3D images.
This automatic registration was then compared to a reference
method using manual annotated landmarks placed by two
senior otologists. Inter- and intrarater reliabilities were
evaluated using intraclass correlation coefficient (ICC) and
the mean registration error was calculated.

Results: 3D HFUS/microCT automatic registration was suc-
cessful. Excellent levels of concordance were achieved with
regards intra-rater reliability for both raters with micro-CT
and US images (ICC ranging from 0.98 to 1, p <0.001) and
with regards inter-rater reliability (ICC ranging from 0.99 to
1, p<0.001). The mean HFUS/microCT automated RE for
both observers was 0.17 £0.03 mm [0.10-0.25]. Identifica-
tion of the basilar membrane, modiolus, scala tympani,
and scala vestibuli was possible with 2D/3D HFUS and
micro-CT.

Conclusions: HFUS/microCT image registration is feasible.
2D/3D HFUS and microCT allow the visualization of
cochlear structures. Many potential clinical applications are
conceivable.  Key Words: Cochlea—Computer-assisted
cochlear surgery—High-frequency ultrasound—
Microcomputed tomography—US/CT registration.

Morphological study of the human cochlea is challeng-
ing due to its complex anatomy and small size. Current
medical imaging techniques have limited spatial resolu-
tion that disallows the visualization of cochlear structures,
especially the basilar membrane (BM). Indeed, the
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thickness of the BM varies from 0.2 to 5 wm and its width
ranges from 126 um (base) to 418 um (apex) (1). The
development of computer-assisted surgery (CAS) could
greatly improve inner ear surgical procedures, such as
cochlear implantation (CI). However, it remains restricted
by the spatial resolution of standard imaging modalities
(150 pm for cone beam computed tomography [CBCT]
(2), 350 wm for 1.5 Tesla MRI (3), 600 wm for classical
multidetector computed tomography (4)) and their unsuit-
ability for use in intraoperative imaging.

Brown et al. (5) were the first to publish 2D ultrasound
(US) imaging of the human cochlea. Using a 50 MHz
array, they were able to visualize the basilar membrane
through the round window with 50 pm spatial resolution.
This imaging procedure is compatible with real-time in
vivo acquisition, and thus could be used as a diagnostic



tool or integrated into a CAS procedure. Better identifi-
cation of cochlear architecture could reasonably be
envisaged with 3D high-frequency ultrasound (HFUS),
yet to our knowledge it has not been reported in the
literature. One important obstacle to overcome is attenu-
ation and conical deformation due to US complicating the
identification of anatomical structures, especially when
measuring through the thick and dense human otic
capsule. The use of a lower frequency US of 20 to
40 MHz could provide a better trade-off between resolu-
tion and penetration of the US beam into the cochlea.
Moreover, registration of perioperative US alongside a
preoperative imaging procedure that provides a better
anatomical rendering, such as X-ray, could solve the
problem of conical deformation. X-ray imaging appears
to be more appropriate than MRI for the imaging of
cochlear bony structures. Recently, microCT has also
shown interesting results for cochlea analysis (6—8), with
a spatial resolution ranging from 9 to 36 um comparable
to microscopic histology results (9). The main limitation
of microCT is the possibility of processing only small
samples, thus narrowing its suitability to small animals
and ex vivo human temporal bones.

CT and US bone image registration has already been
studied for several anatomical regions (10—13), but not
yet for the cochlea. A manual US/CT registration relies
on a precise identification of anatomical landmarks in
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both modalities, and thereby is not only time-consuming
but also requires a certain expertise in the field of otology
imaging. A reliable automated registration would avoid
these two limitations and render the technique more
reproducible.

The main objective of this study was therefore to
evaluate the feasibility of a 3D automated US/microCT
registration that could be used in further works for the
development of cochlea CAS. The automated registra-
tion modality was to be validated by comparison with
a reference manual registration performed by two
experts. Our secondary objective was to assess the
performance of 2D/3D HFUS and microCT in identi-
fying with sufficient resolution guinea pig cochlear
architecture.

METHODS

Our testbed is presented in Figure 1.

Cochlea Preparation

All experiments were conducted with the approval of the
local ethics committee. We used one ex vivo cochlea removed
from a tricolored 350 g female guinea pig, a reference animal
model in cochlea studies (14). A lethal intraperitoneal injection
of sodium-pentobarbital was performed under general anesthe-
sia. The left temporal bone was removed under a microscope
and fixed with paraformaldehyde 4%.

C 3D US/CT registration

FIG.1. Testbed of our study. We used a bony sample of guinea-pig left cochlea embedded in an agar gel block with a tridimensional fiducial
frame to facilitate the registration. A, Preoperative reference high-resolution computed tomography (CT) generates a stack of CT slices, with
a possibility of multiplanar reconstruction. MicroCT was chosen because it is suitable for small-sized samples and provides higher spatial
resolution. B, Intraoperative 3D high-frequency ultrasound (US) is performed using a 40 MHz average frequency probe in B-mode coupled
with a 3D motor stage. The motor stage and the attached probe travel across the target perpendicular to the imaging orientation, which
results in a stack of US slices. Multiplanar reconstruction mode is also available. C, The two 3D stacks of images are registered to obtain a
fused image, constituting the first step toward the development of a real-time guiding system for computer-assisted surgery of the cochlea.



To facilitate the US/microCT registration, we mounted the
cochlea and a tridimensional fiducial frame (FF) in the same block
for the 3D US and microCT acquisitions. The FF had to be visible
in both US and microCT, and have a specific shape allowing an
casy identification and segmentation. It was drafted using the
computer-assisted design software Solidworks and manufactured
by a rapid prototyping machine (3D printer) Stratasys Fortus 400
mc (Stratasys, Eden Prairie, USA). We chose a triple Z geometric
model (1cm®, 2mm tube diameter) that had already been vali-
dated for stereotactic surgery (15—17). To make it visible in
microCT, we covered the FF with a blue layer of commercially
available tinted nail polish, in which we added barium sulfate
powder (Barium Sulfate ReagentPlus, Sigma-Aldrich, Saint
Louis, MO) at 200 g/L (20%) (see supplemental material appen-
dix 1, http://links.Iww.com/MAO/B208). To keep a fixed distance
between the cochlea and the FF, we embedded both within an agar
gel block (50g/L (5%) in distilled water) (see supplemental
material appendix 2, http://links.lww.com/MAO/B209). The
gel block was then cut to match the offset and depth characteristics
of the US probe.

MicroCT Acquisitions

To validate the testbed, microCT was chosen over CBCT or
classical multidetector computed tomography for its higher
spatial resolution and its suitability for small samples.

MicroCT data acquisitions were performed using the tech-
nical facilities of the Montpellier Rio Imaging platform and
Labex CEMEB. We used the commercialized microCT device
Skyscan 1076 (Brucker microCT, Kartuizersweg, Belgium),
with X-ray source 20 to 100kV, spot size <5 pm, 10W, X-ray
detector 4,000 x 2,672 pixels 12 bit. A multiplanar reconstruc-
tion was applied to the native images using the manufacturer’s
software Nrecon (Brucker microCT), producing an 18 um
isotropic 3D image.

2D/3D Ultrasound Acquisitions

The ultrasound device used was the Vevo 2100 Imaging
System (Visual Sonics Inc, Toronto, Canada), with a 40 MHz
average frequency probe (MS550D, 22-55MHz operating
frequency MicroScan transducer, Visual Sonics Inc.) in B-mode
2D. This probe allows a penetration depth of 15mm with an
offset of 1 mm, and a width of 14.08 mm. Images were taken in
several planes to better distinguish the cochlear structures.

To generate a 3D US image, the same device and probe were
used in B-mode, coupled with a 3D motor stage. The motor stage
and the attached probe travel across the target object in a series of
steps, in a direction perpendicular to the imaging orientation. At
each step, the transducer acquires one two-dimensional slice.
These slices are then combined into a whole image using the
manufacturer’s software Vevolab (Visual Sonics Inc., Toronto,
Canada). Each step (z coordinate) was 0.064 mm apart, with a
total distance traveled of 31.75mm, and number of frames
acquired of 500.

Registration

Bony structures attenuate the US wave, especially at high
frequency, as illustrated in Figure 2A, in which the surface of
the cochlea is clearly observed while the deeper areas are less
well defined. To overcome this limitation, an adapted version of
the method described by Brendel et al. (10) was followed. Our
strategy was to segment both US and microCT images to strictly
work on a common significant part, visible in both modalities,
in our case the surface of the cochlea. The 3D images were
processed using FIJI (http://fiji.sc/Fiji) open source software.

First, CT and US images were automatically converted into
1-byte images (i.e., with intensity values varying between 0 and
255). A global thresholding was then applied to the 3D microCT
based on the value given by Otsu’s method (18), which auto-
matically separates background and foreground. The automatic
threshold value obtained was 93 (Fig. 2D). For the US image,
we manually set the threshold value by visually checking that
bony structures were clearly visible while noise was attenuated.
The manual threshold value obtained was 150 (Fig. 2B). This
process was quick (less than 30s) and easily achievable as it
required neither imaging nor anatomical expertise. It led to
binary images where only the white voxels had to be registered.

Second, what part of the microCT image would be visible in
the corresponding US dataset was then estimated to generate a
““US simulated’” segmented microCT image. In the US image,
where the waves come vertically from the top, the signal was
estimated as being attenuated after 0.6 mm. A linear attenuation
was thus applied after a column of eight white voxels (corre-
sponding to 0.6 mm) in the microCT image (see Fig. 2E), using
our in-house computer application.

The segmented US image was used as the template for
registration. An automatic rigid registration algorithm based
on the maximization of the standard correlation coefficient
between the ‘‘US simulated’” microCT image and the seg-
mented US image was applied. The resulting transformation
given by the registration process was then applied to the native
microCT image, leading to aligned microCT and US images. A
synchronization of the native US image and the aligned unseg-
mented microCT image visualization windows allowed a first
visual appraisal of the registration.

To assess the FF utility, the same procedure was applied to
cropped US and microCT images excluding the FF.

Quantitative Evaluation of the Automated
Registration Algorithm Error

The precision of the automatic registration was compared to
a manual reference method based on the anatomical skills of
two senior otologists experienced in the interpretation of
cochlea imaging.

Annotated landmarks were placed by the two otology experts
on the 3D native US image. Six points were placed on the
cochlea (recognizable landmarks on the surface of the otic
capsule or within the cochlea, such as the modiolus for each
spiral turn), and six others on the FF (a total of 12 points per
expert). The same operation was performed on the aligned
unsegmented microCT image (12 points per expert).

Before evaluating the automated registration, the reliability
of the manual reference method was first ensured. This was
achieved by repeating the landmarks placement procedure five
times for every point by each observer (120 points per expert in
total) allowing the determination of an intra-rater reliability
using intraclass correlation coefficient (ICC, level of signifi-
cance p < 0.05). ICC was calculated separately for cochlear (six
points) and FF (six points) annotated landmarks using the five
repeated measurements for each observer, with both microCT
and US images. Inter-rater reliability was also determined by
comparing the average of the five repeated measurements for
the cochlea and for the FF between observers using ICC (level
of significance p < 0.05).

The registration error (RE) between US and microCT images
at cochlear and FF annotated landmarks for both observers
could then be calculated. The US and microCT coordinates of
each point were predicted to be identical in case of a successful
alignment. Thus, the distance between the points placed on



FIG.2. Image preprocessing before registration. A, Native US image. B, Binary US image after segmentation (thresholding value of 150).
C, Native microCT image. D, Binary microCT image after segmentation (thresholding value of 93). E, Binary microCT image after
segmentation and “US simulation.” White arrows show the orthogonal orientation of the “US simulated” waves. Attenuation was applied

after 0.6 mm (8 voxels).

microCT and US images was calculated, from which was
determined the mean RE (& standard error, [95% confidence
interval]) for the cochlea and the FF, either separately for
each observer, or as the combination of results from both
observers. Finally, the mean RE for cochlea was related to
its major axis dimension to determine a relative registration
error (RRE).

Calculations and statistics were performed using SPSS 20
software (IBM, Armonk, NY).

RESULTS

MicroCT and 2D/3D US Image Generation

Visualization of the BM, modiolus, scala tympani,
and scala vestibuli was achieved using both 2D US and
microCT. These structures are shown in Figures 3 and 4, at
the base and the apex of the cochlea, the height of which
was 5 mm.



FIG.3. 2D ultrasound of the cochlea. A, Visualization of the basilar membrane (BM) (white arrow), scala tympani (ST) (i) and scala vestibuli
(SV) (ii) at the base of the cochlea. B, Visualization of the BM (white arrow), ST (i), SV (ii) at the apex of the cochlea. C, Longitudinal view of

the modiolus all along the cochlea (white arrowheads).

FIG.4. MicroCT of the cochlea. A, Visualization of the basilar membrane (white arrow), scala tympani (ST) (i) and scala vestibuli (SV) (ii) at
the base of the cochlea. B, Visualization of the BM (white arrow), ST, SV at the apex of the cochlea. C, Longitudinal view of the modiolus all

along the cochlea (white arrowheads).

3D images were successfully generated: 409 slices for
US and 1,302 for microCT. Surface reconstructions using
FIJI software are shown in Figure 5A and B. Identifica-
tion of the BM, scala vestibuli, scala tympani, and
modiolus was made clearer using the multiplanar recon-
struction mode. The image modality providing the best
anatomical rendering was microCT, as it was not sub-
jected to the white level generated by noise in US
imaging. Furthermore, deeper parts of the bone or the
FF had a lower intensity in US than in microCT due to
wave attenuation (Fig. 2, A and C).

Registration

Results of the image processing before registration are
shown in Figure 2. The native US image (Fig. 2A) has
been simply thresholded (threshold value: 150) (Fig. 2B),
while the native microCT image (Fig. 2C) was thresh-
olded (threshold value: 93) (Fig. 2D) before undergoing
““US simulation”” (Fig. 2E).

Once segmented images were aligned, the transforma-
tion was applied to the native microCT image. By
synchronizing the native US and the aligned unseg-
mented microCT image windows (duration < 30s), we

FIG. 5. A, 3D surface reconstruction of the microCT image. B, 3D surface reconstruction of the US image.
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FIG. 6. A, US native image. B, Merged US image (red) and microCT image (green). C, microCT image after registration.

were then able to use the combination of both modalities
to precisely identify the anatomical structures-of-interest
in 3D. By assigning a color to each modality (green for
microCT, red for US), we were able to merge them into
one image (Fig. 6).

Applying the registration process on cropped images
excluding the FF, where only the cochlea was visible, did
not allow a successful image alignment.

Calculation of intra-rater reliability showed an excel-
lent concordance among trials for the placement of
cochlear annotated landmarks, for both raters, using
microCT images or US images (ICC =1 in both images,
p<0.001 for observers 1 and 2). Similar results were
found with FF annotated landmarks using microCT
(ICC=0.99, p<0.001 for observers 1 and 2) or US
images (ICC=0.98, p<0.001 for observer 1 and
ICC=1, p<0.001 for observer 2). Inter-rater reliability
was also high for cochlear points (ICC =1, p < 0.001 for
microCT and US) and for FF points (ICC=10.99,
p<0.001 for microCT and US). These high intra- and
inter-rater ICCs confirmed the reliability of manual land-
marks placement for use as a reference method.

Mean RE of the automated algorithm for cochlear points
compared with manual registration was 0.23 4+ 0.04 mm
[0.14—-0.32] for observer 1, 0.17 £ 0.03 mm [0.11-0.24]
for observer 2, and 0.17 £ 0.03 mm [0.10—0.25] for both
observers combined. This value was related to the cochlea
height of 5mm, leading to a RRE of 0.034 (see supple-
mental material appendix 3, http:/links.lww.com/MAO/
B210).

Registration errors were higher for FF points with a
mean RE of 0.38 +0.07 mm [0.23-0.53] for observer 1,
0.394+0.08 mm [0.23—0.56] for observer 2, and 0.38 4+
0.07mm [0.22—0.54] for both observers combined.

DISCUSSION

Being able to visualize and preserve the BM might
help to detect and overcome difficult surgical situations
during CI, such an altered anatomy or intrascalar fibrosis.
In addition, preservation of cochlear architecture during
CI is necessary to maintain the residual insufficient but
still useful hearing intact. Indeed, insertion of the elec-
trode array is associated with frictional forces (19) that
cause anatomical damage and compromise the preserva-
tion of remaining hearing (20,21). Imaging guidance may
also prove useful in specific and safe drug delivery to the
inner ear. While infusion-based inner ear drug delivery
methods have been assessed in animal models (22), they
have not been transposed to patients so far because of the
potential harmful effects on hearing. Indeed, although the
scala tympani insertion may not need imaging guidance,
the direction of the inserted catheter or device cannot be
monitored and may cause scala translocation, as shown
in CL

The potentially easy and cost-effective implementa-
tion of HFUS during surgery to ensure damage-free
visualization of the inner ear ultrastructure (23) makes
it a promising imaging modality for the improvement of
CI techniques. Intraoperative visibility of CI electrodes,
using US imaging (24), could help detect a misplaced
device, thus avoiding reoperation. Landry et al. have
demonstrated the feasibility of combining HFUS, auto-
mated CI insertion, and force sensing to monitor CI
insertion dynamics in decalcified cadaver cochlea (24).
These results are not applicable in vivo due to the need
for cochlea decalcification. Previous studies carried out
without decalcification showed that the visualization of
the cochlea with a 50 MHz probe was limited to a depth



of 5mm, which is not sufficient to conduct an
intracochlear procedure.

US-CT registration has been reported to be a complex
procedure (10,12,13,25-28). According to one review of
the literature by Hacihaliloglu et al. (12), described
methods can be classed into two categories: surface-
based and intensity-based registration. Either way, most
described methods concerned less complex and signifi-
cantly larger bone structures compared with cochlea
(25,28,29). With regards the surface-based approaches,
two main difficulties encountered were achieving an
accurate segmentation of bone surfaces in US data,
and an accurate initial alignment between the two modal-
ities to guide the registration. We therefore decided to use
an intensity-based method for which we chose the corre-
lation criterion as the most suitable among the several
matching criteria assessed in the literature (10,11,29,30).
The use of binary thresholded images (11) allows us to
work on images less affected by noise. The threshold
values we defined using FIJI software are applicable to
future samples. Simulation of US images from CT, such
as we performed, has been described in the literature
(10,31). However, the thresholding method and the
attenuation simulation that we employed remain rudi-
mentary and warrant refining. For instance, a sensitivity
analysis of the RE as a function of different levels of
thresholding could be interesting in future works.

At first glance, the mean automated algorithm RE of
0.17mm seems better than the 0.5mm previously
reported by Brendel et al. in their study on the spine
(10), or the 1.6 mm reported by Penney et al. in their
study on the pelvis (13,28). However, the distance error
must be interpreted with regards to the dimensions of the
studied organ, which is not so easy considering the
anatomic complexity of each organ. As a rough compar-
ison, our RRE was 0.034, versus 0.0625 for Brendel et al.
(relating to an 8 cm major axis of the vertebra) and 0.08
for Penney et al. (relating to a 20 cm major axis of the hip
bone).

The difference between the mean distance errors
based either on the cochlea landmarks or on the FF
landmarks is remarkable, leading to question of the
choice of FF geometry. Indeed, a parallelepiped shape
might have been more appropriate for land-marking than
the cylindrical frame we used. The registration failure
observed in the present feasibility study when only
considering the cochlea would support the relevance
of using a FF. However, the registration algorithm needs
refining in future in vivo works toward one that no longer
requires the FF. One way of doing this may be modifying
the segmentation to reduce the noise from the US image
and increase the number of black and white voxels,
thereby obtaining a better alignment using the standard
correlation criterion. Another possibility would be to
dependona ‘‘natural’’ FF such as the ossicular chain that
displays very specific geometry that is clearly visible
with US (32).

Our study presents promising results for the morpho-
logical study of the cochlea using 2D and 3D US. Wave

attenuation and noise remain the two main limitations. The
main cause of attenuation in our setup was the interposition
of thick bone. The challenge would be even greater if
applied to human temporal bone known to be denser than
that of the guinea pig. This problem was experimentally
overcome by other teams using previous bone thinning or
decalcification (24), yet obviously remains unavoidable
with in vivo procedures. Considering that the higher the
frequency of US, the higher the spatial resolution and the
shallower the depth of penetration, one could choose to
favor increased depth at the expense of resolution. Never-
theless, this limitation justifies all the more the need for
registration with a CT-based imaging to compensate for
the lack of anatomical rendering.

A next step toward in vivo application of our approach
will be the use of CBCT instead of microCT, raising the
issue of its insufficient spatial resolution to visualize
cochlear structures. Nevertheless, Zou et al. have vali-
dated the reliability of CBCT compared with microCT in
identifying the scalar location of cochlear implant elec-
trode after round window insertion (33). Other publica-
tions have confirmed that while CBCT is unable to
actually visualize the BM, it is reliable to assess an
electrode array placement in the scala tympani in human
temporal bones (34,35). Consequently, it could be used in
future works for US/CT registration to compensate for
the US limitations described above.

We used a commercially available high-frequency
device, which does not have suitable dimensions for in
vivo procedures. The latter would require a relevant place-
ment of the US probe, which is achievable if using a
miniaturized probe able to be inserted through the eardrum
to fit the middle ear dimensions. Significant advances have
been made to this end (36), especially by Brown’s team who
designed a miniaturized high-frequency endoscopic phased
array (37,38). Another limitation of our study is that all
experiments were carried out on one cochlea; more datasets
would indeed have helped improve statistical power. Nev-
ertheless, we consider our experimental setup as a repre-
sentable one that led to reliable results, especially the
feasibility of a US/microCT registration. Finally, even if
not assessed in our study, it is noteworthy that US can be
used to perform vibrometry, a useful feature to study intra-
cochlear dynamics (4,23,38,39).

CONCLUSIONS

Our study confirms that US/microCT automated reg-
istration is feasible using a rigid registration algorithm
based on the standard correlation criterion, and thus has
many potential clinical applications. In addition, 2D/3D
HFUS allows the visualization of small structures in the
vicinity of the cochlea, especially the BM. Together, the
3D HFUS and microCT offer the possibility of multi-
planar reconstruction and image processing that provide
a clearer visualization.

Our future works will focus on improving this inno-
vative approach by attempting to overcome several
challenges: 1) coming up with an FF-independent



algorithm; 2) determining the optimum US frequency
offering the right balance between spatial resolution and
wave attenuation in human cadaver ex situ temporal
bone; 3) assessing the use of CBCT instead of microCT
for US/CT registration; 4) designing a miniaturized US
probe for safe in vivo applications.
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