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|. INTRODUCTION

As one of our most important senses, the ability to hear enables us to connect to the world
for many very important, even vital, reasons. Most importantly, hearing connects us to people
enabling us to communicate in a way that none of our other senses can achieve. First of all,
prelingual hearing impaired people born as or become profoundly hearing impaired at a young
age, which condition maintained before the period of speech development. These are the
patients, who if completely lack the experience of hearing, would never learn to speak. To
prevent this, regardless of age the hearing should be restored as soon as possible [1], to avoid
the deterioration of quality of life (work, human relations etc.) [2]. However, thanks to advanced
equipment and surgical techniques, they have the opportunity to hear. Our research focuses on

the use of cochlear implants, which are the most modern implantable devices of the inner ear.

1.1. Cochlear implant (CI)

The history of cochlear implantation technology can be traced back to the 18th century.
Alessandro Volta was the first, who carried out research in 1790 with electrical stimulation of
hearing [3]. The cochlear implant directly stimulates the auditory nerve, which creates a hearing
experience for the patient [4]. This means that the device takes over the role of the inner hair-
cells. The first direct electrical stimulation of the auditory nerve occurred in the 1950s by Andre
Djourno and Charles Eyries [5].

The implant consists of two main units (Figure 1. [6]). The internal unit contains the
electrode array (EA) which is surgically inserted into the scala tympani of the cochlea. The
most common procedure to insert EA into the scala tympani via the round window (RW) is a
partial mastoidectomy followed by a posterior tympanotomy [7]. The RW anatomy is variable
among individuals [8] which in some instances requires its widening (“extended RW approach”
[9]). The electrode is placed near to the auditory nerve, so the nerve undergoes directs
stimulation. For this reason, maintaining the integrity of the auditory nerve is essential. The
other end of the electrode terminates in a transmitter/receiver unit that is implanted under the
scalp. This system converts the sound that is captured by the outer unit into electrical impulses.

The external unit includes a microphone that captures the sounds of the environment and
transmits these sounds to the speech processor. The external and internal units are connected
by a magnet through the scalp. To achieve the best hearing experience, the device should be

calibrated at least once a week and then once a month after implantation. At this time, the



calibration technician will fine-tune the set parameters of the device based on the patient's
feedback [10].
There are two main EA types, straight and precurved electrode arrays. These are described

in the following sections.

Figure 1. The placement of the Cochlear implant and its parts illustrating on
the right ear. The components of the external unit: microphone (1.), which is
located behind the ear. The speech processor (11.), which is connected with
the transmitter (111.) through the scalp by a magnet. Inside the inner ear the
electrode array implanted into the cochlear duct (1V.)

1.1.1. Cochlear implant electrode arrays

The cochlear implant EA dimensions should be matched to the size of the cochlea, when
choosing the EA for a given patient. The average length of the cochlear duct is approximately
35mm [11, 12], and the diameter of the basal turn measures approximately 2 mm. CI companies
designed the EAs by different philosophy [13, 14]. Med-EI® construct their EAs with different
lengths from 31.5 mm (STANDARD) to 15 mm (COMPRESSED), to achieve EA’s full
insertion into the cochlear duct. According to Cochlear™ Ltd. full insertion is not necessary

and only cover the basal turn of the cochlea is enough.



.1.1.1 Straight electrode array (SEA)

SEAs have been designed by multiple CI manufacturers (Cochlear™ Ltd., Med-EI® etc.).
The long lifetime and the large number of implanted devices [15, 16] show the clinical efficacy
and reliability of SEAs. These EAs are located near to the lateral wall of the cochlea. SEAs
have also been used in a significant proportion of patients with different anatomical variations,
particularly when the cochlear structure is not suitable for perimodiolar electrode placement
[17, 18] . The Slim Straight electrode with the Nucleus® C1422 and C1522 electrodes has been
shown in numerous studies [19] to be suitable for long-term low frequency hearing

preservation.

a)

Figure 2. lllustration of the main types of CI electrode arrays design. a) Slim
straight electrode, b) Precurved Slim Modiolar, electrode. These presented
electrode arrays are manufactured by Cochlear™ Ltd. .

1.1.1.2 Perimodiolar electrode array (PEA)

The scientific foundations of perimodiolar placement were established by Shepherd et al.
[20]. PEASs have been designed to be placed near to the modiolus of the cochlea therefore, the
electrodes are in closer proximity to the auditory nerve than the straight EA. There are many
positive effects, such as the stimulation takes place closer to the auditory nerve, which can be
reflected in both more effective electrophysiological parameters and improved hearing
experience. The PEA begins to take on the twisted shape of the cochlea as soon as it leaves the
EA insertion tool which can reduce the risk of any damage to the cochlea’s inner structures.
This can be justified by better hearing preservation. PEAs (C1532 and CI632 from the
Cochlear™ Ltd.) have been the most commonly used electrode arrays for patients who

experienced severe to profound sensorineural hearing loss at our Department.



Besides the many advantages of the delicate EA, it has a significant draw-back: tip fold-over
(TFO), when the EA is turned back inside the cochlear duct [21, 22]. This phenomenon should
be avoided because it can cause implant failure and a need for removal. An example of TFO is

shown on Figure 3.

Y

Figure 3. Post operative CT scans for two CI cases at our Department. a) Successfully
implantation case at the left cochlea. The EA was fully inserted into the cochlear duct, b) A
failed implantation inside the right cochlea: tip fold-over occurred. The electrode array
twisted and turned back inside the cochlea thus the array had to be removed and
reimplantation was attempted.

1.1.1.3 Half-banded and full-banded EAs

In the half-banded EAs [23], the electrode contact points are located only in the half part of
the silicon coat’s cross-section. The half-banded design enables the electrode insertion direction
critical, because it can only twist in one direction. This is unlike the full-banded electrodes,
where the electrodes fill the entire cross-section of the silicone case. For this reason, half-
banded EA’s insertion tool is equipped with an orientation marker (OM) to align the implant to

the correct trajectory.

1.2. Medical imaging

In line with the international guidelines, our patients who are candidates for cochlear
implantation, undergo imaging with Computed Tomography (CT) and/or Magnetic Resonance
Imaging (MRI) [24].

10



Pre-operative imaging is essential to diagnose any type of inner ear malformations and to
identify other abnormalities in the temporal bone. Ideally, both imaging techniques should be
used, as different areas can be examined using the two techniques as shown on Figure 4.

Post-operative imaging is important to confirm the correct electrode position and to
investigate for any abnormality such as interscalar dislocation or electrode TFO, which can be

a potential source of CI malfunction.

1.2.1. Magnetic Resonance Imaging (MRI)

During MRI, the patient is placed into a strong magnetic field. In this field, the magnetic
lines of force in the body are aligned with the magnetic field and then return to the ground state
when the field is removed. The image is reconstructed based on the time, during which the
magnetic lines of force return to their initial state. Because the principle of the procedure, this
scan is best used to image proton-rich areas, such as tissues with high water and/or fat content,
for example: the brain. On a T2 sequence the channels of the cochlear duct: the scala tympani
and the scala vestibuli are well recognized. A pre and postoperative MRI scan can be immensely
helpful in assessing whether there is damage on the cochlea and to ensure that the EA is inside

the scala tympani and has not caused any damage inside the cochlea.

b)
Scala vestibuli

N\ ‘...%s

Scala tympag
>

Cochlea

Bony la '..y'ri"‘:nth

Lateral semicircular

Posterior semicircular canal
canal

Figure 4. Comparison of CT and MRI of the temporal bone a) CT scan: the air spaces and
the bone mass around the inner ear are clearly visible. b) MRI: the fluid spaces are more
prominent and the two canals of the cochlea, the scala vestibuli and the scala tympani, are
also visible.

The majority of implants on the market are suitable for MRI scan under certain
circumstances [25, 26], that are disclosed by the CI‘s company. However, the image may be
profoundly distorted by metal artifacts. In case of CI532 at 1.5T scans the speech processor

must be removed and must use an MRI kit developed by the Cochlear Company. For 3T scans
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the magnet must be surgically removed. Usually, the membranous labyrinth can be best viewed

on T2 weighted MRI scans in axial and coronal planes, with 0.8 mm thickness.

1.2.2. Computed tomography (CT)

CT, which is an X-ray based imaging technique, shows mainly bones (where most of the
rays are absorbed) and air-filled cavities (where there is no absorption, so the area is a well-
defined and therefore pure black) with good resolution. A CT scan taken before implantation
can be used to determine if the patient is suffering from any anatomical malformation and can
establish the necessary electrode type. Postoperative CT can assess the positioning of the EA
inside the cochlea to rule out TFO or other defects (tear, partial implantation. Usually in
practice, high resolution CT scan is made in the axial and coronal sections, with 0.4 to 0.6 mm

thickness.

1.2.3. Fluoroscopy (FL)

Fluoroscopy is another X-ray imaging technique that allows visualisation of moving internal
organs (for example the heart) by taking a continuous X-ray image on a monitor. Fluoroscopy
is used in a wide range of diagnostic and therapeutic tests and procedures, such as radiological
examinations (to visualise the gastrointestinal tract), catheter insertion and manipulation (to
guide the catheter through the blood vessels). In CI surgery, the surgical team can follow on
real time the insertion of the EA, and can check the result of the surgery, such the final location
of the EA.

1.2.4. Human error factor in digital image processing

Nowadays modern computing techniques have spread almost all over the world, and have a
massive base in medical science. With the development of technology, we are able to organize
surgery in virtual reality, or create robots [27, 28], that can perform some parts of the operation.
One of its main advantages is that, with these techniques we can decrease risk of invasive
medicine. But these softwares, robots etc. were developed by humans, so their precision is
largely dependent on the human error factor. For this reason, it is very important to know how
precisely these contributors are able to work.

In most cases, the recordings that are created of the patient, require further processing. These

can be manual or automatic measurement tasks. Measurements (length, angle, area etc.) and
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segmentations (labelled parts of the image) can greatly facilitate the planning of surgery and
the success of the intervention itself.

Determination of the cochlear duct's length and/or the length of the electrode array's inserted
section, as well as the shape of the cochlea, typical measurements before CI surgery. In order
to examine the cochlea in 3D view, we need to segment it from the CT or MRI scan. In this
process the specific areas are highlighted with different colour on each image slice.
Segmentation can be performed manually, but there are also a number of automatic, semi-
automatic methods for it. Packing the created segments together can be reconstructed into a 3D
model, so that the parts considered important can be examined in a 3D environment.

In medical image processing the human factor is not negligible [29, 30]. It is important that
these tasks are carried out by a specialist or someone who is thoroughly familiar with the
anatomy of the examined area. If we intend to use the images for surgical planning, it is crucial

that the necessary measurements be correct.
1.2.5. 3D Slicer

3D Slicer is a free, open source image processing and visualisation software [31]. During
our research we used this software to carry out segmentation, 3D modelling and measurement
tasks. There are a lot of built-in functions and modules, such as: manual or semi-automatic
segmentation, registration modules and a wide range of measurement tools. Since the program
is open source, anyone can write their own program module, to solve specific tasks, that are not
implemented in the 3D Slicer [32]. The modules can also be written in C++ or python
programming language.

The software can handle a wide range of image format, including DICOM. The DICOM file
is a complex data structure that contains in addition to the image slices: patient data, the
parameters of the image, the name of the professional, who took the image, institution, device
parameters, date and time etc. A key feature of DICOM is that it groups information into a data
set. That is, a patient's CT scan is placed in a file with its identifier, so that the scan cannot be
accidentally mixed up with other patient’s data. For our research, the personal information
doesn’t required, that the DICOM file contains. 3D Slicer after loading the DICOM file converts
it into a .nrrd file, that does not contain any personal information about the patient, only the
image slices and their parameters (name, number of pixels and slices). 3D Slicer is able to create
virtual 3D models from the segmentation data and these data can be converted into .stl or .obj

files, which are the most widely used formats for 3D printers.
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1.2.5.1 3D printing

3D printing is a technology that is widespread in the medical sciences. The segmentation
results can be printed in 3D and the surgeries are much easier to plan because they are
proportionate, nearly anatomically precise due to the wide range of materials (metal, wide range
of plastic), and can be produced quickly and cheaply in large quantities [33]. In our case, we
can print the cochlea, that was segmented from the individual’s CT or MRI scan, and the
surgeon or the medical students can practice CI insertion on this model. A further advantage is
that the material of a 3D printed model is cheap and it can be printed in several copies, which
allows for the substitution of cadaver models in several instances. Our clinic is in close

cooperation with the 3D (Printing) Center of the University of Szeged [34].
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I1l. OBJECTIVES

. To investigate the extent of human error in the manual processing of medical images,
in order to decide whether the measurement work can be carried out by students.

. To develop and implement a measurement algorithm to calculate the correct alignment
of the electrode array, especially for Cochlear™ Ltd.’s Slim Modiolar (SM) electrode
array.

. To validate the developed method on a large number of patients and evaluate the results
statically.

. To create digital 3D models of the cochlea and surrounding structures (bony structure,
auditory bones, semicircular canals). To plan CI implantation for a cochlea
malformation patient and monitoring the insertion of the EA during surgery using

fluoroscopy.
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11l. MATERIALS AND METHODS

111.1. The measurement procedure

At the first stage of our research, we asked 10 students from University of Szeged. 3D Slicer
(Win10, v4.11) was used to mark several anatomical landmarks and point-like structures (Table
1., Figure 5-6.) on CT scans. From the measured and reference points, we calculated nine
anatomy planes (Table 2.). This data was used to measure the precision of the students by
comparing it with reference measurements. Based on the results obtained, we wanted to know
whether a large number of measurement tasks could be assigned to students in later part of the

research.

Table 1. The anatomical landmarks and point-like structures, that the students had to mark on
the CT scans.

Anatomical landmarks Point-like structures
Coronal semicircular canal left and right Inion
Axial semicircular canal left and right Nasal peak
Sagittal semicircular canal left and right Back pole of rostrum

Mastoid process left and right

Table 2. The anatomical planes that were calculated from the measurements.
Abbreviation: L - Left, R - Right, cent - centroid.

Calculated anatomical planes

Plane of axial semicircular canal, both sides (ax_L, ax_R)
Plane of sagittal semicircular canal, both sides (sag_L, sag_R)
Plane of coronal semicircular canal, both sides (cor_L, cor_R)
Mastoid process - Nasal peak — Back pole of rostrum, both sides (m.n.r_L, m.n.r_R)

Nasal peak - Back pole of rostrum — Inion (cent)

16



The measurements have been carried out on skull CTs of patients of different age groups (1,
4 and 27 years old). The students received the CTs in an anonymized, bar-coded way. To have
enough measurement data from one student, these landmarks were determined on three
different days, and five times on each day, thus we received 15 measurements from each. Before
the test, the students received a basic training (3 hours long) about the usage of 3D Slicer, and
recognition of the anatomy points and landmarks on CT records. After each measurement day,

the students had the opportunity to ask whether they had marked the points correctly.

Nasal Peak
[ )

Mastoid
process

Sagital i
Semicircular Canal =2
i

Back pole of
Rostrum

Figure 5. Examples of the anatomy landmarks that had to be marked. These points
were marked on an axial CT scan at the right side. a) mastoid process , b) nasal
peak, ¢) back pole of rostrum, d) two points inside the sagittal semicircular canal
of the labyrinth

To determine the semicircular canals, the students had to mark points anywhere within the
canal (Figure 5.d). To measure the accuracy, we calculated the planes of the vestibular system
from these points. Since a plane can be determined from 3 points, the volunteers had the create
3 measurement points inside the canals. The inion was the most problematic measurement
point, because it clearly visible on 3D view only. For this reason, the students had to create a
3D model of the skull from the CT record, and mark the point on the created digital 3D model

(Figure 6.). To create this model, they had the segmented a section of the skull, that contains

17



the inion. Since 3D reconstruction image segmentation is important, this allowed us to test the

accuracy of both the model creation and the 3D point selection.

Figure 6. Digital 3D reconstruction of the skull and a magnified section
with the marked Inion.

In our study [ref. 1.], we observed how the accuracy of the measurements varied between
measurement occasions, and we also observed the effect of age. The anatomical planes and
angles defined by the points were calculated and compared with the reference dataset. In order
to measure student outcomes, we created a reference dataset, prepared by 5 different
experienced professionals. Their results were averaged to create the reference measurement
dataset. To make faster processing of the measurements, we wrote a Matlab script, to
automatically calculate the planes, distances and angles from the 10 students’ results. For the

statistical processing Excel was used.

111.2. Method to measure the correct alignment of the

electrode

Half-banded electrodes, such as the CI532 Slim Modiolar from Cochlear™ Ltd., must be
inserted in a special direction (corresponding their curvature). If the electrode insertion
happened at the wrong direction, the EA can rewind and TFO occurs [35, 36]. To prevent this,
we have developed a semi-automatic algorithm to perform the measurements related to visible
surgical landmarks that estimates the correct electrode alignment [ref. I1.].

For algorithm development, we used a preoperative CT scan (slice thickness 0.6 mm, no
gap, bone kernel) of one of our cochlear implanted patient. Selection criteria were: good quality
CT scan (high resolution thin slices up to 0.625 mm, no motion artefact) of the temporal bones,

without a reported anatomical malformation and uncomplicated cochlear implantation with a
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perimodiolar (Cochlear™ Ltd. Slim Modiolar) electrode array. For the measurements we used

the before presented 3D Slicer software.

111.2.1. The manual measurement step-by-step

1. On the axial slice, the user marked the incus short process (ISP). The ISP was chosen
as a clear anatomical landmark, due to the fact that it is a clearly visible point-like
landmark during routine cochlear implant surgery via posterior tympanotomy.

2. The user created the cochlear view [37], with rotation of the coronal slice.

3. Draw two perpendicular lines starting from the round window (RW): first represent the
insertion guide of the EA (1G), the second is the orientation marker (OM). The length
of the IG line is similar to the real device’s parameter (~6.5 mm). The OM line’s length
was not essential for the measurement. 3D Slicer has a built-in angle measurement tool,
to create perfect perpendicular lines.

Thus, three parameters were observed: 1 point (ISP) and 2 lines (IG and OM), as shown on

k.S

Figure 5. lllustration of the parameters, that required to calculate the correct implantation
angle. a) The incus short process (ISP) on the left side axial CT scan. b) The lines, that
represent the parts of the cochlear implantation tool. Red line as the orientation marker
(OM), blue line as the insertion guide (IG). These lines were drawn on the left side in
cochlear view and crossed each other at the round window (RW).

Figure 7.:

111.2.2. Scripted module to 3D Slicer

To obtain the correct alignment of insertion from the above three parameters, complex
mathematical calculations are required. As mentioned before, 3D Slicer is able to develop
custom modules, that are not built in or not downloadable. The software minimum requirements

are not so high, it can be run on an average PC (4GB RAM, Display resolution of 1024x768,
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GPU 2GB memory). Therefore, this calculation module is useable for most of the users. Since
we needed calculations that are not in the program, for this reason we had to implement a
separate module for the 3D Slicer (Figure 8.). Firstly, the module calculates the plane defined
by the lines IG and OM. This is the cochlear view itself, which is the ideal plane for the EA
insertion. Then this plane was rotated 90 degrees along the line of OM to obtain the plane
perpendicular to the cochlear view. Although the surgeon is able to visualize the depth (3D
view) with the surgical microscope, estimation of angles and planning the surgery is easier and
more accurate in one plane (2D view). For this reason, the program projected the ISP into the
previously mentioned plane (cochlear view rotated by 90 degrees). Finally, the angle between

OM and a virtual line, that connect the ISP with the RW, is defined.
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Figure 6. Our self-made implantation angle calculation module and a 3D illustration of
the calculated angle with the used anatomical landmarks. On the left side of the picture
shows the control panel of the module: after giving the 3 parameters (Insertion Guider,
Orientation Marker and Incus short process), clicking on the Apply button the program
will calculate the angle in degrees, which is marked with an alpha in the 3D model. The
view of the 3D model is closely equal to the view of the implantation procedure.

111.3.VValidation and processing of the data

After applying the algorithm on one patient’s imaging data, we have collected the last 3 years
of all our implanted patients who had preoperative CT scan [ref. 111.]. From these, we selected

those that met our requirements: high resolution temporal bone CT, malformation-free and
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implanted with SM array. In total of 80 CT scans were used. In the first few cases the results
by the module were checked by manually counting and the angles were validated on digital 3D
models using 3D Slicer’s built-in angle measurement tool. The results obtained were subjected

to statistical tests using R-Studio (R version 3.6.3, Windows 10).

111.4. Real time insertion recording

Since the measurement method was developed for non-malformation cases, a different
method was chosen for our next presented patient [ref. IV.]. The patient is a 1-year-old boy
with bilateral hearing loss, whose CT and MRI scans revealed type I11. cochlear hypoplasia [38]
of both cochlea (Figure 9.). Patients with this lesion have a normal basal turn of the cochlea,
that is followed by a vestigial second turn, making only half a turn, and the third turn is absent.
The internal structure (scala tympani, media and vestibuli) is not damaged. This cochlear
abnormality may be associated with a malformation of the organ of balance, in our case, a

partial absence of the lateral semicircular canals.

»
Vestibulur{l

Figure 7. 3D models form the preoperative CT scan (LEFT) and from the MRI scan
(RIGHT). On both images seen well the abnormality of the semicircular canals, and
the vestigial second turn of the cochlea. On the MRI scan we could establish, that the
inner structure of the cochlea is not deformed, scala tympani and scala vestibuli are
present.

The cochlear implantation of both ears was performed at the Szent-Gyorgyi Albert Clinical
Center of University of Szeged, the electrode used was the Cochlear™ Ltd.’s Slim modiolar
perimodiolar electrode (C1632). The intraoperative imaging was performed by Siemens Artis
Pheno (Siemens Healthcare GmbH, Erlangen, Germany) robotic DSA system.
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1VV. RESULTS

1IV.1. Distance between measured and reference point-

like landmarks

We measured the distance between only the point-like objects on both sides: mastoid
process, nasal peak, back pole of rostrum and inion. Due to the circular nature of the
semicircular canals the plane could be determined based on the points marked. However, the
distances between the points could not be measured.

The results are mostly similar of the 1 and 4 years old patients. On the 27 years old patient’s
scans the students achieved larger inaccuracy, so we concluded that age represents a slight
influencing factor in this examination (Figure 10.). The measurements were the most inaccurate
at inion. There the average distance between the references was 15 mm, but there were
outstanding values: 30-35 mm. The other problematic point was the back pole of rostrum, there
we measured approximately 5 mm difference from the reference data. The most accurate
results, that were closest to the reference data, were achieved on the mastoid process and nasal
peak, there the distance from the reference data was 0.5-1 mm (Figure 10.).

Since it was possible to check their results between the measurement occasions, we
examined whether there was a change between the results of the 3 measurement days. A
minimal improvement was obtained (average improvement of 0.1-0.2 mm), but the selection

on the 3D model did not improve significantly between occasions.
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Figure 8. Distances between the measured and reference point-like landmarks of all patients. The
graphs show average over 15 measurements for each student. The same numbers above the columns
and the colors are assigned to same students. On the graphs see well, that the inion was the most
inaccurate point. The best results were got at the mastoid process and the nasal peak.

IV.1.1. Angles enclosed by the calculated and reference planes

We compared the angle between the planes calculated from the students’ results and the
reference values. ldeally the planes would overlap completely so the result would be
approximately 0 degrees. This is closely achieved in the case of the Mastoid process - Nasal
peak - Back pole of Rostrum lines (the differences are mostly 0.5-1.5°), as the students were
able to mark these points with highest confidence.

The students achieved the similar results, but there was a greater variance between their
measurements of the semicircular canals (Standard deviation (SD) ~ 4-6°) for all cases (Figure
11.). For the centroid line (Nasal peak - Back pole of rostrum - Inion), the difference was large,
for 4 to 27 years old patients 10-15° difference was measured. This could be because this line

also contains the inion, which was the most inaccurate point during the research.
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Figure 9. The diagrams show the angles calculated from the average of 15 measurements per students for
three patients. This is the angle enclosed by the planes calculated from the measurements of the professionals
and the planes calculated from the measurements of the students. Same numbers above the columns and the
colors are assigned to same student. The optimal result should be zero degree, but we got approximately 15°
differences from the professionals’ measurements.
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IV.2. Correlations of the correct electrode insertion

angle

Using our method outlined in Chapter I11.2., we determined the correct implantation angle
(mean 45.0-47.2° + 10.4-12° SD) from the measurement data of 80 different patients using our
custom-made python scripted 3D Slicer module. The results obtained by the program were
checked by manual counting in the first few cases. The mean age of our cohort was 22.7 years+

SD 24.8 years. Age (when the CT scan was taken) and sex distribution are shown in Table 3.

Table 3. Sex and age distribution of patients studied.

Quantity  Youngest [years]  Oldest [years]  Average [years] SD [years]
Female 36 1 77 24.1 254
Male 44 1 75 215 245
ALL 80 1 77 22.7 24.8

In this study, the ratio of female to male patients was nearly 1:1. The youngest patient in our
study was 12 months old. For the statistical analysis we used the free-to-download R statistical

package (R version 3.6.3, IDE: R Studio, platform: Windows 10). The basic statistical results

of the measurements are presented in Table 4.

Table 4. Basic statistical results of the measurements.

Min. 1st . 3rd Max.

Angle  Quartile ~ Median Mean  QUARTILE  Angle b
Left Side | 20.5° 34.8° 44.0° 45.0° 53.7° 72.4° 12,0°
Right Side | 20.9° 40.3° 45.6° 47.2° 53.0° 75.3° 10.4°

1VV.2.1. Correlation with sex

Previous studies have raised the possibility of the differences of the cochlea anatomy
between females and males [39]. Before a two-sample t-test, it is necessary to check the equality
of the variance. The p-value of the variance test was 0.135 on the left side and 0.084 on the
right side (¢=0.01). The equality of variance was accepted due to the p>a on both sides. Then
a two-sample t-test was performed which included the angle and the sex of the patient (¢=0.01).
The p-value on the left side was 0.124 and on the right side it was 0.115. The p-values were
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higher than 0.01, therefore the sex of the patient had no statistically significant effect on the

size of the angle.

1VV.2.2. Correlation with age

We examined, whether the age of the patient has any effect on the calculated angles. Since
age is a discrete variable, a one-way Anova test was used. The p-value on the left side was
0.712 and on the right side it was 0.160. Because the p-values were higher than 0.05, age has

no statistically significant effect on the size of the angle.

1V.2.3. Correlation with measured side

Finally, we examined whether there are any linear connections between the measurements
on the left and right side. To check this a Pearson’s correlation test was used (Figure 12.). This
correlation test requires a normal distribution of the data set. To check this requirement, we
performed a Shapiro-Wilk test (0=0.05). The p-value was 0.187 on left side, and 0.133 on the
right side. Because the p-values were higher than 0.05, it was accepted that the angles follow

normal distribution on both sides. The Pearson’s correlation coefficient was 0.513.

Angle Right [degree]

20 30 40 50 60 70

Angle Left [degree]

Figure 10. Linear correlation between the side and the size of the
angle. As see there is a very weak positive linear correlation,
correlation coefficient is 0.513.

A significance test was performed for this correlation coefficient. The Student’s t-
distribution value was 5.271 and t7g, 0.0s= 1.99 (df=78, a=0.05, p= 1.172¢-06). Because [t|> t7s,

005 and p<a the correlation coefficient is significantly different from zero, so there is a very
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weak positive linear correlation between the measured side and the size of the angle, as showed

in Figure 10.

1VV.2.4. Electrode insertion angle in known tip fold-over patients

The insertion angles of the EA were compared in our 80 patients and to five TFO cases that
occurred in our clinic. We determined also the insertion angle of these patients using their
preoperative CT scan (Table 5.). The insertion angle was then compared to cases where a TFO
occurred to the measured average angle. Although angles of Patient 2 and Patient 3 are very

close to the mean value, the other three patients’ results are close to the endpoint of SD range.

Table 53. Determined angles of the patients where tip-fold over occurred. Marked with bold
font at the side of the implantation

Left Side Angel [°] Right Side Angle [°]
Patient 1 354 34.2
Patient 2 44.9 37.1
Patient 3 52.9 46.9
Patient 4 54.3 42.2
Patient 5 55.9 44.9
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IV.3. Imaging during cochlear implantation surgery

The process of electrode array insertion into the cochlea was monitored by a C-arm DSA

device on both sides, using its fluoroscopic function (Figure 13.). After implantation of the

second implant, a cone beam CT scan was taken with the same C-arm DSA device. As seen on

Figure 13-14. no complications were detected by video fluoroscopy and cone beam CT scan.

& My
T

'l\ s"‘é

Figure 11. Image captures at three different time from the video of the
cochlear implantation process. The video was captured by a C-arm
DSA device, using the fluoroscopic function. The insertion of electrode

was free of any complications.
During the first programming of the external speech processors for the implant, which was
performed four weeks after surgery, the child had a clear auditory experience. The child listened

with interest to the electrical signals perceived as sound on both sides of each electrode.
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Figure 12. a) Volume rendering created from the postoperative cone beam CT scan
using 3D Slicer. On this image we can see both CI devices, the inner and outer parts
also visible. b) 3D reconstruction of the left side cochlea including the inserted
electrode array. The cochlea was segmented from the postoperative CT scan. For
better visualization we made a sematic tube-like model of the EA, that not represent
the electrode’s real positions inside the EA, ¢) Postoperative CT scan of the left side
cochlea. The slice was rotated into the cochlear view. The picture shows that the
implantation was successful, the EA extending through the canal of the cochlea.
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V. DISCUSSION

V.1. Human error factor

Measurement accuracy is one of the cornerstones of our research, so we observed the
accuracy of the anatomical structures’ identification on the provided CT scans by medical
students. We used anatomical points that may relevant to the field of otolaryngology. To
simulate the changing anatomy with increasing age, the students performed measurements on
CT scans of 3 patients at different ages. Overall, we found that age was not a determinant factor
in the recognition and assignment of the landmarks. We found that there was no significant
positive change (0.1-0.2 mm) in the accuracy of the measurements between the 3 measurement
sessions. The accuracy may be potentially improved if measurements are taken more than 3
sessions or after a more detailed training.

The investigation found that, volunteers are reliable enough to recognize point-like
structures such as the mastoid process and the nasal peak. We noticed small differences (Figure
10.) between the students inside of Inion. One of our future goals is to use 3D printed models
to plan and try the surgery, so we tested the students’ accuracy to create and process 3D models.
Thus, more advanced users can determine better 3D model planning and final outcomes. The
largest deviations were found in the case of semicircular canals (Figure 11.). This can be
explained by the fact that very small volumes had to be marked and, in such dimensions, an
error of up to 1 mm can cause large deviations. These results suggest that assessment and
identifying anatomical structures using 3D Slicer software should only be given to students and

young professionals under guidance of an experienced professional.

v.2. Definition of the correct insertion angle

The next stage of the research was to investigate the average correct orientation of the ClI
electrode array’s OM, relative to anatomical landmarks. For this, we developed a new, custom
python scripted module into 3D Slicer, and we performed the measurements on 80 cochlear
implanted patients’ preoperative CT scans. We carried out statistical analysis on the results, and
this indicated that the correct alignment of the OM in a successful ClI insertion is approximately
45.0°-47.2°+£SD. We investigated also the impact of the age and the sex of the patients on the

correct insertion angle, and the statistical results did not show any connection between them.
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However, there was a weak positive linear correlation observed between the measurements on
the left and right sides.

The angles were calculated with the electrode array inside the insertion tool. In this position
the insertion tool prevents the electrode array from moving away. Once the electrode is inserted
into the cochlear duct and the insertion tool is removed, the electrode reaches more
“comfortable” position, which is not equivalent to the position it takes with the insertion guider.
Therefore, we did not perform the measurements on the postoperative scans, because the

resulting angle would not be representative.

V.2.1. Calculation of the insertion angle

We used 3D Slicer during our research to perform medical image processing. This program
is open-source, that is and advantage and disadvantage also. The positive side, that we are able
to develop new modules, that the research required or modify the software core code. These
self developed modules can be download by anyone, and due the large number of them, it is
hard to find one that's useful for the actual work. These downloadable packages are not
validated for medical applications, so they have to be done by experts, in contrast to medical
applications, where the result data is guaranteed to correspond to reality (for example when a
length measured by a user is 2.5mm it can be accepted without validation).

3D Slicer software is able to mark anything on the loaded images with their 3D coordinates.
We are able to rotate slice into non-conventional plane (different from, axial, coronal and
sagittal). With this feature we could rotated the coronal plane to the cochlear view, and marked
and measured the IG and the OM. These 3D points and vectors were loaded into our custom
python scripted 3D Slicer module, which was used to calculate the angle. The limitation of this
technique is the manual measurements on the CT scans. If the user cannot mark the landmarks
or create the exact cochlear view, the angles may be distorted.

Our study measures the correct orientation of the SM electrode’s OM, but the method can
be adopted to other half-band electrodes e.g., the Cochlear™ Ltd. Nucleus® Slim Straight and
Contour Advance. In case of half-banded electrodes, the position of the OM related to the
position of the modiolus is to be considered and the calculated angle is to be corrected
accordingly (e.g. 180° should be added if the marker or guide wire is to be positioned caudally).
For the other type, the so-called full-band electrodes do not require such measurements, because
this electrode design allows their insertion in any orientation angle (e.g. Med-EI®: FORM®

Series, CLASSIC® Series). Based on our experience, other contributing factors are likely to
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include: 1) too fast or forced insertion of the very delicate electrode array [40], ii) incomplete
loading of the array with the tip remaining and curving already outside the 1G, iii) incorrect
loading of the electrode array which causes the array to stuck in the slot of the IG, iv) incorrect
insertion trajectory vector for example if the array is directed too much towards the medial or
lateral wall of the cochlea which also may cause bending of the IG. In this situation the
deformed IG’s slot may expand which results in electrode array insertional failure. It is assumed
that incorrect insertion trajectory can also be caused by a narrow or insufficiently extended RW

or the presence of a pronounced fissula ante-fenestram.

V.2.2. Insertion angle in tip fold-over cases

Until recently, TFO of the electrode array was only of a small probability (~0,80%) seen in
lateral wall electrodes [35]. However, with the new generation of the CI, thin perimodiolar EA
model, TFO can occur in ~4.7% of cochlear implanted cases.

In this study we calculated that the average angle of the orientation marker to the ISP in
successful implantations is approximately 45.0°-47.2°+SD which was verified with a
confidence interval of 98%. We determined also the insertion angle on five known TFO case’s
preoperative CT scan, and we have found, that only some of the angles fell outside the average
range, which suggest that the TFO was caused by other factors (too fast insertion, improperly
loaded electrode, forced insertion) not the orientation of the marker, for which our method was
designed. Although the values suggested that the further the diversion from 45.0°-47.2°£SD,

the increased chance of TFO.

V.2.3. Potential impact of the study

Anatomical landmark guidance is becoming important for the future of Cl surgery [41] due
to technological advancements and improvements in surgical techniques. In our research we
used the CT data of patients, who were implanted with SM electrode array. The user guide [42]
of this device lacks a precise numerical recommendation on where the orientation marker
should point during the insertion of the electrode array, which may lead to potential
misalignment. Our study intended to quantify the optimal position of the orientation marker
relative to the visible intraoperative anatomical landmarks. Furthermore, a numerical approach
is likely to aid in personalising the electrode array insertion, since the basal turn of the cochlea
may vary between individuals [43]. This may also reduce the chance to take any damage on the
basilar membrane by inserting the electrode array, which could result in decreased residual
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hearing preservation [44]. The use of landmark based and numerical approach is also very
valuable for training less experienced surgeons to standardise the process leading to improved

consistency through an evidence based approach [45].

Vv.3. Monitoring the electrode insertion

The requirement for cochlear implantation is to take the implantation process with an EA
that allows for better speech understanding, while minimising insertion trauma [46, 47]. A thin
PM electrode array combines these advantages, but as discussed earlier, TFO can occur inside
the cochlear duct during insertion [45, 48, 49]. If this complication is detected before wound
closure, there is a good chance that it can be corrected intraoperatively. Our method presented
here, real-time tracking of the EA within the cochlear duct is possible. The membranous
labyrinth, that contains the functional system of the cochlea is surrounded by compact bone, for
which the array cannot be visualized inside the cochlea with the operating microscope, and
therefore the abnormal position of the EA is not detected by the operating surgeon. Real-time
imaging, enables immediately detection of the electrode array, if it leaves the vicinity of the
modiolus, turns back, breaks or enters into the balance organ. Depending on the type of
electrode array, by slightly retracting or removing it completely, it has a good chance of being
corrected and repositioned.

In our case with type 111 cochlear hypoplasia, the basal turn was of average size and shape.
In cochlear hypoplasia malformation, implantation of a short straight electrode array is
recommended [18]. Nevertheless, we chose a thin, pre-curved electrode because we considered
it important for the speech development of our 1-year-old patient to position the electrode array
closer to the modiolus and to minimize trauma to the cochlear structure.

In our case, no abnormality was observed using the fluoroscopy method. We confirmed that
the electrode array was fully insertable and close to the modiolus based on 3D digital models

and low-dose-rate volume tomography [50], which are performed after electrode insertion.
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V1. CONCLUSIONS

VI1.1. Examination of human error factor

In this study, we measured the accuracy of young medical students when they had to select
different anatomical structures on CT scans. We used anatomical points that may help
otorhinolaryngology researches. The one goal of this test was to give a useful guideline for the
supervisors to establish how may be their students’ accuracy in manual image processing
measurements. To simulate the changing anatomy with increasing age, the students performed
measurements on CT scans of 3 patients of different ages. Overall, we found that age was not
a determinant in the recognition and assignment of the landmarks. We found that there was no
significant change in the accuracy of the measurements between the 3 measurement sessions.
This can probably be improved if measurements are taken more than 3 sessions.

The investigation concluded that, volunteers can reliably recognize point-like structures such
the mastoid process and the back pole of the rostrum. We noticed small differences between
the students inside of Inion, but the 3D model processing caused big inaccuracy. The largest
deviations were found in the case of semicircular canals, which can be explained by the fact
that very small volumes had to be marked and in such dimensions an error of up to 1 mm can
cause large deviations and that one or two students did not select the canals correctly. The
results showed that this type of work should only be given over to students and young
professionals under the supervision of an experienced professional. With our research, we hope

to have been able to help research groups who do image processing work with students.

Vv1.2. Finding the optimal insertion orientation of ClI

electrode array

Due to the differences in the individual anatomy, this ~45.0°-47.2°+SD, angle range is not
suitable for all cases. Although there is a weak positive correlation between the angles of the
left and the right side, it is necessary to take measurements bilaterally if both sides are to be

implanted.
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Our results can serve as valuable additional information for the surgeon in planning and
performing the implantation procedure. During electrode array insertion, the plane of the basal
turn of the cochlea is not visible. The 3D models and the calculated angles provide deeper
knowledge of the individual anatomy pre-operatively. Before the insertion of the electrode array
into the RW, the surgeon can align the OM towards the ISP using the patients’ preoperative
calculated angle. This angle considers the individual anatomy of the patient and guides the
surgeon based on visible anatomical landmarks. Thus, using the quantified angle, the surgeon
does not have to rely exclusively on intuition of the cochlear basal turn during orientation.
Furthermore, consideration of cochlear anatomy during electrode array orientation potentially

reduces complications such as TFO and interscalar dislocation.

Vv1.3. Cl implantation in a hybrid operating room

The aseptic environment of the hybrid operating room combines surgical equipment,
instruments, operating tables, operating lights, equipment management systems, together with
advanced imaging systems and offers the possibility to perform combined imaging-guided
procedures with minimally invasive methods. These full modern operating rooms also allow a
combination of imaging-guided surgery and open exploration also. On the other hand, if there
is a need to convert a minimally invasive surgery into an open exploration procedure, these
spaces allow for a seamless transition by providing all the necessary technical implementation
and staffing in one location. In addition, this technology has led to the development of new
procedures that offer greater options for patients with complex disease [51-53].

We recommend the introduction of intraoperative imaging for cochlear implantation centres
to ensure well-controlled, minimally invasive procedures. We expect new innovations from the
developers of C-arm X-ray fluoroscopy equipment in the routine, easy use of the devices, even
in the specific field of head and neck surgery. Intraoperative imaging replaces routine
radiographic examination in multiple views on the first postoperative day, which may be of
limited value in age-related non-cooperation due to motion artefacts and may require repeated
imaging.

By using these C-arms CT devices in a protocol-based manner, correction can be performed
in one sitting due to an abnormally positioned electrode array, consequently voiding the need
for a post-operative radiographic examination and avoiding revision with additional anaesthesia

and surgical stress.
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Osszefoglalo: Ot onkéntes egyetemistinak CT felvételeken Kellett
anatémiai pontokat kijelolni, és vizsgaltuk, hogy a mérési alkalmakkal,
hogyan valtozik a pontossaguk. A kapott mérési eredmények segitenék
a témavezet6k munkajat, amennyiben ilyen jellegii kutatasi témat
vezetnek, hogy a hallgaté eredményei mennyire relevansak.

Bevezetés

Fejlodo vilagunkban egyre nagyobb teret hodit az informatika, ami mar
az orvostudomanyokban is meghatarozé teriiletet képvisel. A technologia
fejlédésével olyan ujfajta eljarasok sziilettek, amik segitségével mar
virtudlisan is megtervezhetdk [1], sot akar el is végezhetdk az egyes mitéti
eljarasok, ezaltal csdkkentve az invaziv sebészettel jard kockazatot.

Célkitiizés

Munkéank soran az emberi hibatényez6t vizsgaltuk, amikor manualisan
kell CT felvételeket kiértékelni. A kapott eredményekbdl arra szerettiink
volna valaszt kapni, hogy egy laikus vagy palyakezd6 felhasznalé mennyire
tudja pontosan meghatarozni, bejelolni az elére megadott anatomiai
pontokat. Azért nem radiolégusokat valasztottunk erre a feladatra, mert
egyes szakdolgozati munkakhoz is sziikséges ilyen jellegli munkénak az
elvégzése, igy fontos tudni, hogy a szakdolgozd eredményei mennyire
megbizhatéak. Még fontosabb ez abban az esetben, ha az eredményeket
késdbb referencia adathalmazként szeretnénk felhasznalni.

Modszer

A vizsgalatra 6t Onkétes egyetemistat kértiink fel, akiknek a 3D Slicer
ingyenesen hozzaférhetd orvosi képfeldolgozd programmal [2,3] kellett
harom kiilonbdz6 koru (1, 4 és 27 éves) paciens koponya CT felvételein
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anatomiai pontokat (1. tablazat) kijelolni. A pontokat harom kiilonboz6
napon hatdroztdk meg és minden képet alkalmanként 6tszor értékeltek ki.
Igy az egy adott pontrdl képenként 15 mérési adat allt rendelkezésiinkre
minden hallgatd esetében. A hallgatok a mérések elvégzése elott oktatast
kaptak a szoftver hasznalatarol illetve az anatomiai pontok felismerésérdl a
CT felvételeken. Az alabbi tablazat foglalja 6ssze a kijeldlt pontokat és a
szamitott sikokat:

1. tablazat A kijelélt anatomiai pontok és a beldliik szamitott sikok

Kijelolt pontok Szamitott sikok

Mastoid csticsok Axialis sikokok

Axialis félkoros ivjaratok Sagittalis sikokok

Sagittalis félkoros ivjaratok | Coronalis sikokok

Coronalis félkoros ivjaratok | Mastoid-Orrestics-Rostrum sikok

Orrcsucs Orrcsucs-Rostrum-Inion sikok

Rostrum hatsé polusa

Inion

Vizsgalatink soran figyeltiik, hogyan valtozik a mérési alkalmak elteltével
a pontok tavolsaga egy elére megadott referencia pontcsoporthoz képest,
valamint a pdaciensek kora befolyasolja-e a kijelolések pontossagat.
Kiszamitottuk a pontok altal kijel5lt anatomiai sikokat és bezart szogeiket,
amiket szintén Osszevetettiink egy referencia adathalmazzal. A sikok
meghatarozasahoz és a kiilonbdzd szamitasi feladatok elvégzésére Matlab
programot irtunk.

Eredmények
1. Mért pontok és referencia pontok kiozotti tavolsag

Mivel a félkoros ivjaratokon kijelolt harom pont barhol lehet az adott
sikon, igy ezen pontok k6zott tavolsagot szamolni nem érdemes, igy csak a
pontszerti eseteket vizsgaltuk: mastoid csucsok mindkét oldalon, orrcstcs,
rostrum hats6 polusa, inion. Mindharom korcsoportnal kozel azonos
eredmények sziilettek, az életkor nem befolyasold tényezd. A rostrum hatso
polusan voltak a legpontatlanabbak a mérések, itt koriilbelil 20 mm-es
eltéréseket is kaptunk. Legjobb eredményt a mastoid csticsoknal értek el az
onkéntesek, ahol szinte nem is volt eltérés a referencia adatokhoz képest.
Az 1. abra szemlélteti az eredményeket, az adatok az egyik személy mérési
eredményei, alkalmanként atlagolva.
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Mért pont és referencia pont Meért pont és referencia pont tavolsag
tavolsag (1 éves) (4 éves)
g 20 € 30
= Eyn
w0 10 oo
g @ 10 I
% 0 e EEm é 0 — -
= mastoid mastoid Orrcstics Rostrum — Inion i mastoid mastoid Orrestics Rostrum — Inion
jobb bal jobb bal
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Mért pont és referencia pont tavolsag
(27 éves)

40

20 I
. W .

mastoid mastoid Orrcstics Rostrum — Inion
jobb bal

Tavolsag [mm]

Ak 1 WAk 2 BAK3

1. abra A mért és a referncia pontok kézétti tavolsag
2. A szamitott és a referencia sikok dltal bezart szogek

Kiszamitottuk mekkora a bezart szog a kimért sikok és a referencia sikok
kozott. Az egy pontra jutd méréseket (15 db) Osszevetettiik a referencia
adatokkal és ezek Osszesitett atlagat mutatja be a 2. abra:

A szamitott és a referncia sikok altal bezart szo6gek

(4 éves)
30
25
'%'n 20
£ 15
~O
. |I |I
-]
5 i b Jill
o Hm II [ ] ] II
mast_j mast_b ax_b sag_j sag_b cor_j cor_b

EHB EBD mVE EFK EHBFO

2. abra A szamitott és a referencia sikok altal bezart szogek

Idealisan a bezart szognek 0°-nak kellene lennie, ahogy a diagrammon is
lathatd ez nem valésult meg. Atlagosan koriilbeliil 20°-o0s eltéréseket
tapasztaltunk. A korcsoportok k6zott ismét nincs jelentds kiilonbség.
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Ezutan kiszamitottuk a sikok altal bezart szogeket és vizsgaltuk mekkora
az eltérés a referencia adatokhoz képest. Ezeket az eltéréseket mutatja be a

3. 4bra:
‘ || .

5 \u % g\ R
P &P ?,‘30 < &p

A szamitott sikok altal bezart szégek és a referencia szogek kozti
eltérések (4 éves)
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3. dbra A szamitott sikok altal bezart szégek és a referencia szégek kozti
eltérések

Tobbségében 10°-0s vagy kisebb eltérések tapasztaltunk, vagyis nem
valosult meg a 0°-s kiilonbség. A legnagyobb ecltérések a mastoid-axialis
sikok és a kozépvonal-sagittalis sikok kozott voltak, itt 30°-nal nagyobb
eltérések is sziilettek. Minharom korcsoportnal kdzel azonos eredmények
sziilettek.

Kovetkeztetések

Osszességében elmondhato, hogy az dnkéntesek még nem elég pontosak
szamos pont ¢és sik tekintetében. A legnagyobb eltéréseket a félkords
ivjaratoknal tapasztaltuk, ami azzal magyarazhatdo, hogy nagyon Kkis
térfogatokat kellet megjeldlni €s ilyen dimenzidkban mar akar 1 mm-es
tévedés is nagy eltéréseket tud okozni. Ezt a problémat esetleg tovabbi
mérési alkalmakkal, illetve egy még részletesebb oktatassal lehetne
orvosolni.
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Background and purpose — Our goal was to determine
the optimal orientation of insertion of the Slim Modiolar
electrode and develop an easy-to-use method to aid
implantation surgery. In some instances, the electrode
arrays cannot be inserted in their full length. This can lead
to buckling, interscalar dislocation or tip fold-over. In our
opinion, one of the possible reasons of tip fold-over is
unfavourable orientation of the electrode array. Our goal
was to determine the optimal orientation of the Slim
Modiolar electrode array relative to clear surgical land-
marks and present our method in one specified case.
Methods - For the measurement, we used the preopera-
tive CT scan of one of our cochlear implant patients.
These images were processed by an open source and
free image visualization software: 3D Slicer. In the first
step we marked the tip of the incus short process and
then created the cochlear view. On this view we drew

two straight lines: the first line represented the insertion
guide of the cochlear implant and the second line was
the orientation marker (winglet). We determined the angle
enclosed by winglet and the line between the tip of the
incus short process and the cross-section of previously
created two lines. For the calculation we used a self-made
python code.

Results — The result of our algorithm for the angle was
46.6055°. To validate this result, we segmented, from the
CT scan, the auditory ossicles and the membranaceous
labyrinth. From this segmentation we generated a 3D
reconstruction. On the 3D view, we can see the position of
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UJ MODSZER A VEKONY PERIMODIOLARIS
COCHLEARIS IMPLANTATUMELEKTRODA IDEALIS
BEVEZETESI IRANYANAK MEGHATAROZASARA
Horvath B, Perényi A, MD; Molnér FA, Csanddy M, MD;
Kiss J, MD, PhD; G, MD, PhD; Rové L, MD, PhD
Ideggyogy Sz 2021;74(5-6):191-195.

Hattér és cél — Célunk az volt, hogy meghatdrozzuk

a vékony perimodioldris elektréda bevezetésének opti-
malis irdnydt a m{téti orientdciét segité anatémiai struk-
tordkhoz képest, és kdnnyen haszndalhaté médszert dol-
gozzunk ki az implantétum mtétiének segitésére.
Bizonyos esetekben az elektrédasor a cochledn beldl
visszafordul. Véleményink szerint ennek a problémdénak
az egyik lehetséges oka az elekirédasor kedvezétlen
bevezetési irdnya. Médszerinket egy kivdlasztott specidlis
eseten mutatjuk be.

Médszerek — A méréshez az egyik cochlearis implantd-
tummal ellétott betegink preoperativ CT-felvételét
haszndltuk. A felvételt egy nyilt forraskédu és ingyenesen
hasznalhaté képmegielenitd szoftverrel, a 3D Slicerrel
dolgoztuk fel. A mérési médszer kezdeti lépése az Ull8
révid nyGlvanya cstcsénak a kijeldlése. Ezutdn létre kell
hozni a cochlearis nézetet, és ezen a nézeten két egye-
nes vonalat berajzolni: az elsé vonal az elekirédasor
vezet8jét, a masodik vonal az orientdciés jelzét jelenti.
A meghatdrozni kivént sz8g az orientdciés jelz8 és

az 018 révid nytlvénydt a kordbban felvitt egyenesek
metszéspontjdval 8sszekétd egyenes dltal bezdrt szég.

A szdmitéshoz egy sajdt python kédot haszndltunk.
Eredmények — Az algoritmusunk eredménye 46,605°
volt. Ennek validdlésdhoz a hallécsontokat és a hdartyés
labirintust kiszegmentdltuk a CT-felvételb8l, majd ebbdl
készitettink egy 3D-s modellt, amelyben lathatjuk az
el8z8 vonalak helyzetét az anatémiai struktorakhoz
képest. Ezutdn elforgattuk a 3D-s modellt a vonalakkal
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the previous lines relative to the anatomical structures. After
this we rotated the 3D model together with the lines so that
the insertion guide forms a dot. In this view, the angle was
measured with ImageJ and the result was 46.599°.
Conclusion — We found that our method is easy, fast, and
time-efficient. The surgery can be planned individually for
each patient, based on their routine preoperative CT scan
of the temporal bone, and the implantation procedure can
be made safer. In the future we plan to use this method
for all cochlear implantation surgeries, where the Slim
Modiolar electrode is used.

Keywords: cochlear implantation, surgery planning,
image processing, tip-fold over, Slim Modiolar

Cochlear implantation is an effective hearing
rehabilitation technique for patients with
severe-to-profound sensorineural hearing loss!. The
spiral ganglion cells are directly stimulated by elec-
trical signals that are transmitted via an electrode
array that is surgically inserted into the cochlea.
This can lead to buckling, interscalar dislocation or
tip-fold over??. Another possible hazard is short
circuiting and implant loss.

The highest proportion of the cochlear implants
(CI) that were implanted at the Department of
Otorhinolaryngology, Head and Neck Surgery,
University of Szeged were Cochlear™ Nucleus®
CI532 and CI632 since 2015. Both devices are
mounted with one of the thinnest perimodiolar elec-
trode arrays (Slim Modiolar)®. Periomodiolar
means that the electrode array is pre-curved and this
property predisposes its close-to-modiolus or modi-
olus hugging position. The reason our team has pre-
ferred this specific electrode array is: its potential to
be superior to the thicker Contour Advance and
straight electrode with regards to proximity to the
modiolus; lower energy consumption for stimula-
tion and less trauma to the cochlea’ . On the other
hand, although easy after proper training, the inser-
tion procedure can be challenging'!. An adverse
event, tip fold-over of the Slim Modiolar electrode,
has been reported with higher incidence than with
other electrodes.

In our opinion, one of the possible reasons of tip
fold-over is unfavourable orientation of the elec-
trode array. Thus, proper orientation of the elec-
trode during insertion can be considered a possible
method of prevention of tip fold-over. Our goal was
to determine the optimal orientation of the Slim
Modiolar array relative to clear surgical landmarks
and present our method in one selected case.
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egyUtt, hogy az elekirédasor vezet8je pontként dbra-
zolédjon. A szdget Imagel-jel megmérve az eredmény
46,599° lett.

Kovetkeztetés — Megdllapitottuk, hogy médszerink
egyszer(, gyors és id8hatékony. A m{tétet minden beteg
szdmdra egyedileg lehet megtervezni a m{tét el8tt készi-
tett CT-felvétel alapjdn, és segitségével biztonsdgosabbé
tehetd a vékony perimodioldris elektréda implantécidja.
A jdv8ben tervezzik, hogy minden vékony perimodioléris
elekiréddval folytatott mitét elétt elvégezzik a méré-
seket, ezdltal névelve az implantécié sikerességét.

Kulcsszavak: cochlearis implantécié, mitéti tervezés,
képfeldolgozés, tip-fold over, Slim Modiolar

Methods

For the measurement, we used the preoperative CT
scan (slice thickness 0.6 mm, no gap, bone kernel)
of one of our cochlear implant patients. Selection
criteria were good quality high-resolution CT scan
of the temporal bones, without a reported anatomi-
cal malformation and uncomplicated cochlear
implantation with a perimodiolar (Cochlear™ Slim
Modiolar) electrode array. The good quality of the
CT scan and the normal anatomy of the selected 70-
year-old male subject was confirmed by a radiolo-
gist who obtained subspecialisation in head and
neck imaging. These images were processed by an
open source and free image visualization software:
3D Slicer (version: 4.10.1, operating system
Win10)'>-!4, that is available on all platforms (Win,
Mac, Linux). This software is able to read many
image file formats, including DICOM. After having
imported the DICOM files, we converted the image
series into single “.nrrd” files, the proprietary file
format of 3D Slicer. By doing this conversion
process, 3D Slicer anonymizes the images, after
which the images do not contain any personal infor-
mation on the patient.

In our case study we present our semi-automatic
algorithm to perform the measurements related to
visible surgical landmarks.

In the first step, the user created the cochlear
view (Plane A)'. The basal turn of the cochlea is
best seen in one special plane, i.e. the cochlear
view. This plane can be easily created by rotating
the coronal plane. The plane of the cochlear view is
practically the plane of the proper electrode inser-
tion.

Subsequently, the user created two straight lines:
the first line represented the insertion guide of the
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of angles and planning the surgery is easier and
more accurate in one plane (2D view). For this rea-
son, we projected Line 1. and Line II. onto one com-
mon plane (Plane B). This plane is perpendicular to
the Plane A Line 1., and parallel with Line IL
(Figure 2).

Plane B will be outside the real surgical view.
Nevertheless, we do not need to move the Plane B
(projection plane) into the view of the surgery,
because the projection does not change the meas-
ured angle. For this mathematic problem, we wrote
an algorithm in python (Python 3), to quantify the
angle enclosed between these lines in degrees.

Results

The good quality of the CT scan of the right tempo-
ral bone was confirmed by a trained head and neck
radiologist. The radiologist also confirmed that the
temporal bone was free of anatomical malforma-
tion, which was consistent with the official radiolo-
gist’s report. Each step by the user (determination
of the landmarks, lines and planes) was approved
by the radiologist. The postoperative radiography
showed unremarkable position of the electrode
inside the cochlea (Figure 3.A). On Figure 3.B is
shown a microscopic view with the landmarks
(incus short process, round window) and the elec-
trode array with the insertion sheath. The result of
our algorithm for the angle between the projected
lines (incus—round window and insertion direction)
was 46.605 degrees. To validate this result, with 3D
Slicer we segmented the auditory ossicles and the

Figure 1. A. The cochlear view of the right cochlea
(Plane A), and the lines defined as Line 1. (insertion
guide) and Line II. (orientation marker, called winglet),
B. the tip of the incus short process on the axial plane
in the right temporal bone (arrow)

Plane B

cochlear implant (Line I.) and the second line the
orientation marker (winglet, Line II.) shown in
Figure 1.A. These two lines are perpendicular to
each other and intersect at the round window.
Finally, the user marked the tip of the short process
of the incus (Figure 1.B). The incus short process
was depicted on the CT scan and was connected
with the cross-section of the winglet and the inser-
tion guide. This is the line to which we compare the
position of the winglet.

The above mentioned three parameters are suffi-
cient to calculate the optimal angle of the orienta-
tion marker. We determined the angle enclosed by
Line II. and the line between the tip of the incus

h d th . f Line 1. and Figure 2. Plane A: the cochlear view of the right cochlea with
S ,Ort process an t © CI'OSS.—SGC'UOII ot Line 1. an the drawn lines (Line 1. and Line I1.) as shown by arrows, Plane
Line II. This third (virtual) line is coded as Line IIl. . 0 projection plane that contains the line of the orientation

Although the surgeon is able to visualize the depth  arker (Line I1.). The user projected the reference line onto
(3D view) with the surgical microscope, estimation  Plane B
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Figure 3. A. Postoperative 3D volume tomography of the inserted electrode, reconstruction in the cochlear view. B. The
microscopic view through the posterior tympanotomy to the landmarks (incus short process, round window) and orientation
of the electrode array with the insertion sheath. C. 3D model of the auditory ossicles (i.e. incus, malleus and anterior crus
of stapes) and the membranaceous labyrinth. Black line: reference line (Line IIl.), white line: orientation marker (Line I1.),

the angle (measured with ImageJ) was approx. 47 degrees

membranaceous labyrinth (on CT the liquid and air
are hypodense). From this segmentation, we gene-
rated a 3D reconstruction. On the 3D view we can
see the position of the lines, as shown previously on
Figure 1.A and Figure 2 (Line 1., Line II.) relative
to the anatomical structures (Figure 1.B).
Afterwards, we rotated the 3D model together with
the lines (Line I., Line II. and Line III.) so that the
insertion guide (Line I.) forms a dot as shown in
Figure 3.C. In this view the angle was measured
with ImageJ and the result was 46.599°.

Discussion

Our goal was to determine the optimal orientation
of insertion of the Slim Modiolar electrode and
develop an easy-to-use method to aid implant plan-
ning and surgery. Reference structures that can be
clearly visualized during surgery and clearly
noticed on the CT image, are essential. The short
process of the incus and the round window were
chosen as clear anatomical landmarks, due to their
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Abstract

Purpose During cochlear implantation surgery, a range of complications may occur such as tip fold-over. We recently
developed a method to estimate the insertion orientation of the electrode array. The aim of the study was to determine the
optimal angle of orientation in a cohort of cochlear implanted patients.

Methods On eighty-five CT scans (80 uncomplicated insertions and 5 cases with tip fold-over), location of the electrode
array’s Insertion Guide (IG), Orientation marker (OM) and two easily identifiable landmarks (the round window (RW) and
the incus short process (ISP)) were manually marked. The angle enclosed by ISP-RW line and the Cochlear™ Slim Modiolar
electrode array’s OM line determined the electrode array insertion angle.

Results The average insertion angle was 45.0-47.2° +10.4—12° SD and was validated with 98% confidence interval. Based
on the measurements obtained, patients’ sex and age had no impact on the size of this angle. Although the angles of the tip
fold-over cases (44.9°, 46.9°, 34.2°, 54.3°, 55.9°) fell within this average range, the further it diverted from the average it
increased the likelihood for tip fold-over.

Conclusion Electrode array insertion in the individually calculated angle relative to the visible incus short process provides
a useful guide for the surgeon when aiming for the optimal angle, and potentially enhances good surgical outcomes. Our
results show that factors other than the orientation angle may additionally contribute to failures in implantation when the
Slim Modiolar electrode is used.

Keywords Cochlear implant - Slim Modiolar - Medical image processing - 3D Slicer - Neuro-otology surgery

Abbreviations Introduction

CI  Cochlear implant

CT Computed Tomography Cochlear implantation is a modern and effective hearing
IG  Insertion Guide rehabilitation technique for patients with severe to profound
ISP Incus short process sensorineural hearing loss [1]. The speech processor, which
OM Orientation marker is worn behind the ear, detects sound and converts it into
RW  Round window an electrical signal. The internal unit is implanted surgi-
SD  Standard deviation cally to position the stimulating electrodes close to the spiral

ganglion cells in the cochlea and directly stimulate them
with these electrical signals. The most common procedure
to advance the electrode array into the scala tympani of the
cochlea is performed by the posterior tympanotomy, by
opening the facial recess, via the round window (RW). The

P< Bence Horvath
horvath.bence.3 @stud.u-szeged.hu

' Doctoral School of Clinical Medicine, University of Szeged, bony overhang that restricts the access to the RW membrane
Szeged, Hungary is usually removed. The RW anatomy is variable among
2 Department of Oto-Rhino- Laryngology and Head- Neck individuals which in some instances requires its widening
Surgery, University of Szeged, Szeged, Hungary (“extended RW approach”) [2]. Possible complications of
3 Faculty of Medicine, University of Szeged, Szeged, Hungary electrode array insertion are interscalar dislocation and tip
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fold-over [3]. Potential further hazards are formation of short
circuits and implant dysfunction. Using the recommended
cochlear implant soft surgery techniques [4], it is possible to
preserve residual hearing and this would require the preser-
vation of the internal structure of the cochlea.

The highest proportion of the cochlear implants (CI)
that were used since 2015 at the Department of Otorhino-
laryngology, Head and Neck Surgery, University of Sze-
ged, based on preferable low-trauma procedure and audio-
logical benefits [5] have been Cochlear™ Nucleus® CI532
(Fig. 1.) and CI632. Both devices are mounted with one
of the thinnest perimodiolar electrode arrays (Slim Modi-
olar) [6]. Perimodiolar electrode arrays are pre-curved and
this property supports their close-to-modiolus or ‘modiolus
hugging’ position. In our clinic, the perimodiolar electrode
array is preferred over the straight and the thicker Contour
Advance arrays because of the lower energy consumption for
stimulation and less trauma to the cochlea [7]. However, tip
fold-over of the Slim Modiolar electrode has been reported
with a higher incidence than for any other electrode arrays
[8]. One of the possible reasons for tip fold-over is the unfa-
vourable orientation of the electrode array adopted during
insertion [8].

The aim of the study was to determine the ideal angle
of orientation by calculating the proximity of the electrode
array to intraoperatively visible anatomical landmarks, visu-
alised by CT scan, in a cohort of cochlear implanted patients.

Materials and methods

All patients who had severe to profound hearing loss and
received cochlear implantation with a Slim Modiolar
device (Cochlear™) between January 2016 and Septem-
ber 2021 (Table 1) were included in this study. Ethical
approval was obtained from the local ethical research com-
mittee, University of Szeged, Szent-Gyorgyi Albert Medi-
cal Center, Regional and Institutional Human Biomedical
Research Ethics Committee (Szegedi Tudoméanyegyetem,

Fig.1 Cochlear™ Nucleus® CI 532 Slim Modiolar practice cochlear
implant. The major parts of the device: a Cochlear implant electrode,
b Insertion Guide (IG; white line), ¢ Orientation marker (OM; red
line), d Electrode lead. These lines (white and red) are marked on the
subsequent CT scan (Fig. 2a) and 3D model (Fig. 3a and b) for easier
orientation
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Szent Gyorgyi Albert Klinikai Kézpont Human Orvosbi-
oldgiai Regiondlis és Intézmenyi Kutatisetikai Bizottsag)
and the appropriate informed consent was obtained from
patient or guardian. Our inclusion criteria of CT scans
included: good quality high-resolution CT scans of the
temporal bones and clear visible structure of the coch-
lea and auditory ossicles (high-resolution thin slices up
to 0.625 mm, with no motion artefact). Exclusion criteria
were cochlear malformations [9], cochlear ossification,
and obliterative post meningitis changes. Eighty consecu-
tive CT scans of cochlear implanted patients who under-
went uncomplicated implantation with Slim modiolar elec-
trode and complied with the above criteria were analysed
to determine the ideal insertion angle. Preoperative CT
scans of five patients with electrode array tip fold-over
were additionally analysed.

The required quality of the CT scans and the normal
anatomy of the selected patients were confirmed by a radi-
ologist with a subspecialisation in head and neck imaging.
These images were processed by an open source free image
visualization software: 3D Slicer (version: 4.10.1, operat-
ing system Winl0) [10], which is available on all platforms
(Win, Mac, Linux). After having imported the DICOM files,
we converted the image series into single “nrrd” files, the
proprietary file format of 3D Slicer. This conversion pro-
cess anonymized the images, after which the images did
not contain any personal information of the patients. This
conversion does not introduce distortion or any anomalies
into the image.

Calculations were carried out as described in our previ-
ous paper [11]. In brief, on cochlear view (Fig. 2a) [12] in
which the basal turn of the cochlea is best seen, two straight
lines were drawn. The first line represents the insertion guide
(IG; white) of the CI and the second line is the orientation
marker (OM; red) shown in Fig. 2a. These two lines are per-
pendicular to each other and intersect at the round window.
This view is the plane of the ideal electrode array insertion.

Then the tip of the incus short process (ISP) was marked
(Fig. 2b; blue dot) on the axial CT scan and then connected
with a virtual line to the round window (ISP-RW, Fig. 3).
This line was projected into a common plane with the line
of OM. We compared the position of the OM to this ISP-RW
virtual line (Fig. 3a; angle o).

The above-mentioned three parameters (lines of IG and
OM, ISP) are sufficient to calculate the ideal alignment of
the OM and were chosen as measurements, because they are
clearly visible during surgery (Fig. 3c and d). The RW was
also marked, but its coordinates were not used for the calcu-
lations. We created a custom scripted module in 3D Slicer.
The 3D coordinates of OM, IG and ISP were loaded into this
module to determine the angle enclosed by the line of OM
and virtual ISP-RW line. The spatial location of the selected
structures during surgery is illustrated in Fig. 3.
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Fig.2 a The lines that repre-
sent the parts of the cochlear
implants as introduced on

Fig. 1: white line: insertion
guide (IG), red line: orientation
marker (OM). These lines were
drawn and cross each other in
the round window (RW; green
dot). b The incus short process
(ISP) is indicated on the axial
plane (blue)

Fig.3 a A 3D model that illustrates the lines and the anatomical
structures in the anterior view, « is the calculated angle, in this case
a=45.07°. Red line represents OM, yellow line represents the refer-
ence ISP-RW line that links the incus short process (ISP) and ends in
the round window (RW). IG is perpendicular to the round window. b
A 3D model in an inferior view, showing the location of each previ-
ously mentioned lines on one CT slice (Fig. 2; cochlear view). ¢ A

Table 1 Distribution of cases by sex and age

Count Young-  Oldest Average Standard
est [years] [years] deviation
[years] [years]
Female 36 1 77 24.1 254
Male 44 1 75 21.5 24.5
All 80 1 77 22.7 24.8

y-
"Axial view

surgical image of the view during implantation; the ISP and RW are
marked. These are chosen as measurements, because these anatomi-
cal landmarks are clearly visible during surgery. d The identical sur-
gical image with the CI electrode, IG is closely perpendicular to RW.
The line of OM and the line reference ISP-RW are indicated (dashed
lines). These lines enclose «, the angle to be determined

Results

Basic statistical analysis of the electrode array
insertion angles

From eighty different patients, we determined the average
angle using our previously developed method [11]. The
calculations were performed using our python scripted
3D Slicer module. The results obtained by the program
were confirmed by manual measurement of the first five
patients’ angles (left and right sides). Since the manual
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Table 2 Statistical analysis of
the measured angles on both

Minimum angle  Istquartile Median Mean 3rd quartile Max. Angle  Standard

; deviation
sides
Left side 20.5° 34.8° 44.0° 45.0°  53.7° 72.4° 12,0°
Right side  20.9° 40.3° 45.6° 47.2°  53.0° 75.3° 10.4°
Fig.4 Histogram of the angle Left Side : P
distribution on both sides, mean nght Side
is 45.0 (left side), 47.2 (right <
side), standard deviation: 12.0 - ] ] . & ]
(left side), 10.4 (right side). We _
established with Shapiro—Wilk - -
test that the data follow normal o — — 7] ]
distribution, @=0.05, p values: . N - |
0.187 (left side), 0.133 (right -~ - E o i
side) 8 © — 8 =
< - -
o -
o~ -
o o JU =

calculations were equal to the values obtained by the mod-
ule, we accepted that the program worked correctly. The
average age of our cohort was 22.7 years + 24.8 years SD.
The distribution of sex and age when the CT scan was
obtained are shown in Table 1.

The ratio of female to male patients in this study was
almost 1:1. The youngest participant in this study was
12 months old. A statistical analysis was carried out using
a free-to-download statistical function package (R version
3.6.3, IDE: R Studio, Platform: Windows 10) and the results
are shown in Table 2.

There was no significant difference between whether the
implantation was carried out on the right or the left side.
The average angle was close: 45.0-47.2° +10.4-12.0° SD
(Table 2 and Fig. 4). Afterwards, a 98% confidence interval
was calculated for the mean on both sides. On both sides the
p value was less than 0.02, thus we can establish that, with
98% probability, the sample mean can represent the popula-
tion mean. Thus, the expected value of the insertion angle
is approximately 45.0-47.2° +10.4-12.0° SD.

Correlation of electrode array insertion angle
with the side (left or right) of insertion

First, we examined whether there are any linear connec-
tions between the left side and right side measurements. For
this a Pearson’s correlation test was used. It was confirmed
that the values of the angles follow a normal distribution,
because this is essential when using Pearson’s correlation
test. For this, we used the Shapiro—Wilk test (@ =0.05). On
the left side, the p value was 0.187, whereas on the right
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Fig.5 Scatter plot of the angles, showing a weak positive linear con-
nection between the left and right side measurements (Pearson’s cor-
relation coefficient: 0.513) Significance test of the correlation coeffi-
cient: coefficient. The Student’s z-distribution’s ¢ value was 5.271 and
t78. 0.05=1.99 (df=78, a=0.05, p=1.172¢ - 06). Because Ifl>t75 (s
and p<a the correlation coefficient is significantly different from
Zero

side, the p value was 0.133 (Fig. 4). Because the p values
were higher than 0.05, it was accepted that the angles follow
normal distribution. The Pearson’s correlation coefficient
was 0.513. A significance test was performed for this cor-
relation coefficient. The Student’s ¢ distribution value was
5.271 and t7g 95=1.99 (df=78, a=0.05, p=1.172¢ - 06).
Because ltI> ;5 o5 and p <a the correlation coefficient is
significantly different from zero, there is a weak positive
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linear correlation between the measured side and the size of
the angle different from zero, which means there is a weak
positive linear correlation shown in Fig. 5.

Correlation of electrode array insertion angle
with the sex and age of the patients

Previous studies have raised the possibility of the anatomical
differences of the cochlea between females and males [13].
We extended our study to compare the different sexes and
the size of the electrode array insertion angle. Before a two-
sample  test the equality of the variance was assessed. The
p value of the variance test was 0.135 on the left side and
0.084 on the right side (¢=0.01). The equality of variance
was accepted due to the p > a on both sides. Then a two-
sample ¢ test was performed which included the angle and
the sex of the patient (¢ =0.01). The p value on the left side
was 0.124 and on the right side it was 0.115. The p values
were higher than 0.01, therefore the sex of the patient had no
statistically significant effect on the size of the angle.

Then it was examined whether the age of the patient has
any effect on the calculated angles. Since age is a discrete
variable, a one-way Anova test was used. The p value on
the left side was 0.712 and on the right side it was 0.160.
Because the p values were higher than 0.05, indicating that
age has no statistically significant effect on the size of the
angle.

Electrode array insertion angle in known tip
fold-over patients

To compare the electrode array insertion angle in our eighty
patients and tip fold-over cases, we determined the insertion
angle in five previously implanted patients with confirmed
electrode array tip fold-over after the cochlear implanta-
tion (Table 3). For this study, preoperative CT scans were
used. We then compared the insertion angle where the tip

Table 3 Tip fold-over cases Leftside Right side

angle [°] angle [°]

Patient 1 35.4 34.2
Patient 2 44.9 37.1
Patient 3 52.9 46.9
Patient 4 54.3 422
Patient 5 55.9 44.9

The angles determined in the
five patients where tip fold-
over occurred. These patients
had bilateral cochlear implanta-
tions and the angles in bold are
the side where the tip fold-over
occurred

fold-over occurred to the average angle. Although angles of
Patient 2 and Patient 3 are very close to the mean, the others
(Patient 1, Patient 4 and Patient 5) are close to the endpoint
of SD range.

Discussion

This study investigated the average OM orientation to ana-
tomical landmarks, determined by a custom-made Python
script, in eighty cochlear implanted patients’ preoperative
CT scans. The statistical analysis indicated that the align-
ment of the electrode array in a successful CI insertion is
approximately 45.0°+ 11° SD. Furthermore, there is no
impact of the age or the sex of the patients on the insertion
angle. However, there was a weak positive linear correlation
observed between the left and right sides.

Calculation of insertion angle

3D Slicer software is able to mark anatomical structures,
such as the short process of the incus (ISP) on the axial plane
of a CT scan. When changed to the coronal plane, it could
be rotated to the cochlear view, where the insertion guide
(IR) and the orientation marker (OM) could be marked and
measured. These 3D points and vectors were loaded into a
custom python scripted 3D Slicer module, which was used
to calculate the angle. The limitation of this technique is the
manual measurements on the CT scans. If the user cannot
mark the landmarks or create the exact cochlear view, the
angles may be distorted.

With the advancement of imaging techniques and soft-
ware (e.g. 3D Slicer, RadiAnt DICOM viewer), it is rela-
tively easy to identify anatomical landmarks on a CT scan
and calculate the insertion angle. It was previously demon-
strated that an anatomical landmark-based approach such as
using the centre of the round window at the bony overhang,
the basal and apical centre of the modiolus, can be used
as a cochleostomy target [14]. This consequently provided
valuable information for an image-guided robotic system to
carry out the exact surgical drilling based on the estimated
optimal trajectory. In this study, the ideal insertion angle
of the CI electrode array into the cochlea was identified.
However, it would be useful to incorporate the positioning
of the cochleostomy that would guide the implant electrode
array into the cochlea.

Insertion angle in tip fold-over cases
Until recently, tip fold-over of the electrode array was only

small probability (~0,80%) seen in lateral wall electrode
arrays. However, with the new thin perimodiolar electrode
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array model, tip fold-over can occur in~4.7% of cochlear
implanted cases [8].

In this study, we calculated that the average angle of the
OM to the ISP in successful implantations is approximately
45.0-47.2° +10.4-12° SD which was verified with a confi-
dence interval of 98%. Furthermore, after determining the
insertion angle on five known tip fold-over cases’ preopera-
tive CT scans, the angles did fall within the average range.
Although the values suggested that the further the diver-
sion from 45.0° to 47.0° + SD, the increased chance of tip
fold-over. However, in Patient 2 and Patient 3 the measured
angles were in the average range, it is possible that the tip
fold-over was caused by factors other than the insertion
angle alone.

Based on our experience, other contributing factors are
likely to include: (i) too fast or forced insertion of the very
delicate electrode array [15], (ii) incomplete loading of the
array with the tip remaining and curving already outside
the IG, (iii) incorrect loading of the electrode array which
causes the array to stuck in the slot of the IG, (iv) incor-
rect insertion trajectory vector, for example, if the array is
directed too much towards the medial or lateral wall of the
cochlea which also may cause bending of the IG. In this situ-
ation, the deformed IG’s slot may expand which results in
electrode array insertional failure. It is assumed that incor-
rect insertion trajectory can also be caused by a narrow or
insufficiently extended RW or the presence of a pronounced
fissula ante-fenestram.

Potential impact and future applications

Anatomical landmark identification during electrode array
insertion in CI surgery has been continuously investigated.
A study by Meshnik et al. [16] used eight cadaveric human
temporal bones and applied a similar technique to our study:
the fusion of microCT imaging with Analyze imaging soft-
ware analysis alongside a custom-written script to determine
five possible insertion vectors for the most optimal electrode
array site of insertion. However, their study was tailored for
cochleostomy approach, therefore, it is not possible to make
a direct comparison. The close relationship of the optimal
insertion vectors to the facial nerve warrants an investigation
to assess whether the optimal angle of orientation identified
in this study may also need to take into consideration the
location of the facial nerve.

Furthermore, anatomical landmark guidance is becoming
important for the future of CI surgery due to technological
advancements and improvements in surgical techniques. The
CI632 implant user guide [17] lacks a precise numerical rec-
ommendation on where the orientation marker should point
during the insertion of the electrode array, which may lead
to potential misalignment. Our study intended to quantify
the optimal position of the orientation marker relative to the
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visible intraoperative anatomical landmarks. Furthermore,
a numerical approach is likely to aid in personalising the
electrode array insertion, since the basal turn of the cochlea
may vary between individuals. This may also reduce the
chance of damaging the basilar membrane by the electrode
array, which could result in decreased residual hearing pres-
ervation [18]. The use of landmark based and numerical
approach is also very valuable for training less experienced
surgeons to standardise the process leading to improved con-
sistency through an evidence-based approach [19].

Preserving residual hearing and developing a less trau-
matic insertion of the electrode array have been main goals
for many institutions, which could potentially be achieved
using robotic surgery [20-22]. There is limited knowledge
on post-robotic insertion hearing outcomes, but recent stud-
ies have shown that the robot itself is able to decrease the
involuntary movements such as tremor; creates a smooth
insertion and the translocated electrodes were decreased in
comparison to manual insertion with reduced intracochlear
damage, however, navigation and preoperative planning
are still under refinement. The optimal angle of orientation
identified in the current study, together with the anatomical
reference points for electrode array with proven consistent
clinical outcomes, could aid the development of preoperative
input data for personalised robotic array insertion.

Conclusion

Due to the differences in the individual anatomy,
this ~45.0°—47.0° + SD angle range should not be applied
automatically for all cases. Although there is a weak positive
correlation between the values of left and right side angles,
it is necessary to take measurements bilaterally if both sides
are implanted. Although this method was developed for the
Slim Modiolar electrode, this method could be adopted to
other electrode arrays with half-band electrodes (e.g. the
Cochlear™ Nucleus® Slim Straight and Contour Advance).
If half-band electrodes are used, the position of the OM
related to the position of the modiolus should be considered
and the calculated angle should be corrected accordingly
(e.g. 180° should be added if the marker or guidewire is
to be positioned caudally). The full-band electrode types,
however, do not require such measurements, because their
design allows their insertion in any orientation angle (e.g.
MEDEL®: FORM® and CLASSIC® Series). Our results can
serve as valuable additional information for the surgeon in
planning and performing the implantation procedure. Dur-
ing electrode array insertion, the plane of the basal turn of
the cochlea is not visible. The 3D models and the calculated
angles provide deeper knowledge of the individual anatomy
pre-operatively. Before the insertion of the electrode array
into the RW, the surgeon can align the OM towards the ISP
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using the patients’ preoperative calculated angle. This angle
considers the individual anatomy of the patient and guides
the surgeon based on visible anatomical landmarks. Thus,
using the quantified angle, the surgeon does not have to rely
exclusively on intuition of the cochlear basal turn during
orientation. Furthermore, consideration of cochlear anatomy
during electrode array orientation potentially reduces com-
plications such as tip fold-over and interscalar dislocation.
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Uj miitéti képalkot6 lehetSség
a belsofiil-implantatum elektrodasoranak
dinamikus helyzetmeghatarozasara
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Bevezetés: A cochlearis implantitum egy mitétileg behelyezett elektromos eszkoz, amely az akusztikus hanghullimo-
kat elektromos jelekké alakitja, kozvetlendl a halléideget stimulalja, igy segiti a stilyos foka hallassériiléssel vagy teljes
hallasvesztéssel €16k életét. Cochlearis implanticiot kovetSen a legjobb rehabiliticiés eredmény elérésének technikai
feltétele tobbek kozott az esetre szabott elektrodavilasztds és az elektrodasor teljes, kontrollalt, szovédménymentes
bejuttatdsa a scala tympaniba, mikézben a cochlea belsé struktiaraja a lehetd legkisebb mértékben sériil. A rutin int-
raoperativ elektrofiziolégiai tesztek fontos informaciét adnak a késziilék miikodSképességérdl és a halldideg stimuld-
cidjardl, azonban nem hagyatkozhatunk rijuk az elektrédasor cochledn beliili helyzetének igazoldsiban. Mivel eléfor-
dulhat, hogy a rendelkezésre dll6 elektrofizioldgiai vizsgilatok eredménye megfelels, és mégis rendellenes helyzetbe
keriil az elektréda, az arany standardot a képalkot6 vizsgilatok jelentik.

Modszer: Kozleményiinkben egy modern, hibrid m{t6 dltal nytjtott technoldgiai hattér Gj alkalmazasi teriiletét mu-
tatjuk be. Szimultan kétoldali cochlearis implantaciot végeztiink Cochlear Nucleus Slim Modiolar tipust perimodio-
laris elektrodasorral, a belsd fiil fejlédési rendellenességével rendelkez8 betegen. Az intraoperativ képalkotdst Siemens
Artis pheno C-karos robot digitilis szubtrakcids angiografids rendszer biztositotta valds idejd dtvilagito és volumen-
tomogrifids funkciéval.

Eredmények: Az intraoperativ képalkotds altal dinamikusan kovethetd az elektrodasor bevezetésének folyamata, ellen-
GrizhetS az elektrédasor statikus helyzete, igy kivalthaté a rutinnak szamité posztoperativ képalkotd vizsgalat.
A rendellenes helyzetbe kertild elektrodasor pozicidja egy iilésben korrigalhatd, az 1jbdl bevezethetd, igy elkertilhetd
az Gjabb altatassal jard, bizonytalan kimeneteld revizios mitét.

Kovetkeztetés: A hibrid mitd jol kontrollalt, minimdlisan invaziv eljirdsok elvégzését biztositja. Kiilondsen a hallo-
szerv fejlédési rendellenessége vagy egyéb, az elektrédinak a cochledba vezetését nehezit rendellenesség esetén ja-
vasolt a mtitSi képalkot6 diagnosztika.

Orv Hetil. 2021; 162(22): 878-883.

Kulcsszavak: cochlearis implantdtum, Slim Modiolar elektrédasor, cochlearis malformatio, hibrid miité, intraopera-
tiv képalkotds

A novel intraoperative imaging tool to follow the cochlear implant electrode
array insertion dynamics

Introduction: The cochlear implant is a surgically inserted electrical device that converts acoustic sound waves into
electrical signals to stimulate the cochlear nerve, thus helps the rehabilitation of people with severe to total hearing
loss. One of the most important technical conditions for achieving the best rehabilitation result after cochlear implan-
tation is the personalized choice of electrodes. Additionally, it is vital that there is a complete, controlled, uncompli-
cated delivery of the electrode array to the scala tympani while minimizing damage to the inner structures of the
cochlea. Routine electrophysiological tests provide important information about device functionality and auditory
nerve stimulation. However, they probably do not show an abnormal position of the electrode array within the coch-
lea. Thus, imaging studies remain the gold standard.
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Method: In our paper, we present a novel application field of the modern technological background provided by a
hybrid operating room. Simultaneous bilateral cochlear implantation was performed with cochlear implants with
perimodiolar electrode array (Nucleus Slim Modiolar) in a patient with cochlear malformation. Intraoperative imag-
ing was provided by a Siemens Artis pheno C-arm robot digital subtraction angiography system with real-time fluo-
roscopy and volume tomography function.

Results: Intraoperative imaging ensures dynamic follow-up of the introduction and static determination of the posi-
tion of the electrode array and replaces routine postoperative imaging. If the electrode array was inserted in an ab-
normal position, the revision can be performed in the same sitting. Also, the revision surgery with a potential risk of
uncertain outcome, alongside additional anaesthesia, can be prevented.

Conclusion: The hybrid operating room ensures that well-controlled, minimally invasive procedures are performed.
Intraoperative imaging can be imperative in malformed cochleae and conditions that may complicate electrode inser-
tion.

Keywords: cochlear implant, Slim Modiolar electrode array, cochlear malformation, hybrid operating room, intraop-
erative imaging

Perényi A, Nagy R, Horvith B, Posta B, Dimédk B, Csanady M, Kiss JG, Rové L. [A novel intraoperative imaging tool

to follow the cochlear implant electrode array insertion dynamics]. Orv Hetil. 2021; 162(22): 878-883.

(Beérkezett: 2020. oktdber 16.; elfogadva: 2020. november 27.)

Roviditések

CT = (computed tomography) komputertomografia; DSA =
(digital subtraction angiography) digitdlis szubtrakciés angio-
grafia; ESRT = (electrical evoked stapedius reflex threshold)
az elektromosan kivaltott stapedius reflex kiiszobe; MR =
(magnetic resonance) mdgneses rezonancia; NRT = (neural
response telemetry) idegivalasz-telemetria

Cochlearis implantacié sordn a megtelel§ elektrédasor
pozicionaldsa kihivast jelenthet olyan esetekben, mint a
belsé fiil fejlédési rendellenessége vagy a halloszerv rész-
leges hidnya, kotGszovetes dtalakuldsa vagy elcsontoso-
ddsa. Az esetek nagy tobbségében az ilyen rendellenes-
ségek mutétet megeléz8en azonosithaték szeletel§
képalkoté eljarasokkal (CT- és/vagy MR-vizsgilattal).

Az ezen esetek adta behelyezési nehézségek felismeré-
se befolydsolhatja a sebészt a beiiltetett eszkoz (elektrod-
dasor) kivalasztisiban, vagy modositast igényelhet a md-
téti megkozelités.

Szovédmények még kell6 eldvigydzatossig és gon-
dossag mellett is kialakulhatnak. Az elektrédasornak a
cochledba torténé bevezetését kovetéen szembesiilhe-
tink azzal, hogy rendellenes helyzetbe keriilt. Ilyen
rendellenes pozicio lehet a részleges bevezetés, a meg-
toretés, a felgylir6dés vagy akar visszatekeredés (1. abra)
és az egyensulyszervbe kertilés [1-3]. Szamos publikd-
ci6 szerzGi beszamoltak mér az elektrédasor behelyezé-
se sordn az Un. interscalaris diszlokdciordl, ami azt jelen-
ti, hogy az elektroédasor atszakitja az alapi hartyat, és igy
a scala tympanibdl részben a scala vestibuliba keriil at [ 1,
4, 5]. Ismertink olyan eseteket is, amelyeknél évekkel a
mitét utdn az elektrédasor migralt a cochledn kiviilre
[1,5,06].

Klinikai protokollunkban a cochlearis implanticié so-
ran alkalmazott altalanos vizsgalati modszereink az im-

pedanciavizsgilat, az elektromosan kivaltott stapedius-
reflex kiiszobének (electrical evoked stapedius reflex
threshold, ESRT) mérése és az idegivilasz-telemetria
(neural response telemetry, NRT). Ezek a mérési mod-
szerek nem jelzik egyértelmten az elektrédasor rendelle-
nes bevezetését, hanem az elektrédasor dllapotardl (sza-
kadas, sériilés), kornyezetének elektromos vezetSképes-
ségérdl és a kozolt elektromos jel dltal stimulalt idegele-
mekben kivalthaté akciés potencidl jelenlétérél adnak
informaciét. A legtobb, cochlearis implanticiot végzd
kozpont szamdara miitéti képalkoto vizsgalat nem all ren-
delkezésre, ezért dltaliban a miitét masnapjan végeznek
képalkoté vizsgalatot, ami lehet rontgenfelvétel, *cone-
beam’ (kiipsugaras) CT- vagy hagyomanyos (multi slide)
CT-vizsgélat [7].

Amennyiben az elektroda bevezetését kovetSen azon-
nal felismerjilk az elektrodasor rendellenes helyzetét,
még ugyanabban az iilésben megtorténhet a repozicio-
nalas. Intraoperativ képalkotasra alkalmas késziilékek a
mobil rontgen, az atvilagitd, a fekvs *cone-beam’ CT- és
a DSA-késziilék. Ha azonban intraoperativ képalkotasra
— mint a vilag legtobb, implanticidt végzs fiilészeti ma-
t6jében — egyeldre nincs mod, akkor a korrekcié Gjabb
mtétet jelent. Ezért az intraoperativ képalkotas lehetd-
sége ¢és szerepe felértékelsdik, és igy egy tilésben elvé-
gezhetd az elektréda reimplantacidja [ 3, 8-11]. Kilono-
sen fontos az elektrédasor tipusianak helyes megvalaszta-
sa és pozicidjanak ellenbrzése a cochlea fejlédési rendel-
lenességei [12] esetében.

A kontrollilt, szovédménymentes implanticiét nagy-
mértékben el8segiti a modern technolégiai hittér. Ezen
technoldgiak készségszint haszndlata, a pontosan Osz-
szehangolt csapatmunka hatékonysiga biztositja a gyors
és eredményes beavatkozasok szamdt. Erre alkalmas,

igen effektiv kozeg lehet a hibrid m{tS, mely a hallasja-
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elektrodasor

1. dbra

2. 4bra

A Slim Modiolar elektrédasor cochledn beliili visszatekeredése gyakorld modellen (1/a) és posztoperativan készitett rontgenfelvételen (1,/b). A mo-
dellen az 5. elektréddndl, a rontgenfelvételen a 4. elektroddndl lithato az elektrédasor cstiesi szakaszinak cochledn beliili visszatekeredése

Az 1 éves paciensiink jobb oldali labyrinthusinak bels6, folyadéktartalmi részérdl készitett haromdimenzios rekonstrukcios képek, a koriilotte 1évé

csontallomany dbrazoldsa nélkiil; CT alapjan (2/a) és MRI alapjan (2/b). A cochlea dtlagos méretii alapi kanyarulatat kovetSen a masodik kanyarulat
csokevényes, mindossze fél fordulatot tesz, és hidnyzik a harmadik kanyarulat

CT = komputertomogrifia; MRI = médgnesesrezonancia-képalkotas

vité implanticié esetében nemzetkozi viszonylatban
nem elterjedt médszer. A hibrid mit6 egy fejlett opera-
cids tér, amely 6tvozi a hagyomanyos miitét egy képal-
kotok altal vezérelt intervencids csomaggal. Ez a kombi-
ndci6 rendkiviil osszetett, fejlett mitéti eljardsokat tesz
lehetévé. Nemesak a miitStipusokat kombinalja, hanem
csapatok is egyesiilnek, és multidiszciplinaris klinikusi
csoportot alkotnak, felkésziilve a betegek Osszetett igé-
nyeinek kielégitésére. Bar a képalkotas hosszt ideje a
standard mdtSk része lehet, a mobil C-karos atvilagitd
késziilék, ultrahang vagy endoszkép jelenlétével, ezek
egytittes haszndlata és megfelel6 technikai hattere a hib-

rid m{t6k jellegzetessége.

Anyag ¢s modszer

Paciensiink 1 éves, kétoldali teljes hallasvesztéssel é16 fia-
gyermek, akinek a kivizsgilas részeként elvégzett CT- és
MR-vizsgalataival mindkét belsé fiil malformatidja volt
kimutathaté. A gyermek mindkét cochledjanak uan.
III. tipustt cochlearis hypoplasidjit azonositottuk a
Sennaroglu-féle besorolas [12] szerint. Ez az elviltozas
azt jelenti, hogy a cochlea atlagos méretd alapi kanyaru-
latdt kovetSen a mdsodik kanyarulat csokevényes, min-
dossze tél fordulatot tesz, és hidnyzik a harmadik kanya-
rulat. A cochlea bels§ szerkezete (scala tympani, media
és vestibuli) megtartott. Ez a cochleamalformatio tirsul-
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hat az egyensulyszerv fejlédési rendellenességével, igy
esetiinkben a lateralis ivjaratok részleges hianyaval (2.
abra).

A két fiil cochlearis implantaciéjat egy tilésben, 2020-
ban, a Szegedi Tudomdnyegyetem Szent-Gyorgyi Albert
Klinikai Kozpontjinak hibrid mttéjében végeztiik el,
Cochlear Nucleus CI632 tipust, perimodiolaris tulaj-
donsiagti elektrédasorral rendelkezé implantitummal
(Cochlear Ltd., Sydney, Ausztrilia). Az intraoperativ
képalkotdst Siemens Artis pheno (Siemens Healthcare
GmbH, Erlangen, Németorszig) robot DSA-rendszer
biztositotta.

A cochlearis implanticidhoz a legelterjedtebb mdtéti
modszert alkalmaztuk: retroauricularis feltirast kovets-
en részleges mastoidectomiat végeztiink, majd vigyazva
az arcidegre, posterior tympanotomids nyilast készitet-
tiink. Az elektrodasort ezen keresztiil bejuttatva a dob-
iregbe, a cochlea kerek ablakdn keresztiil teljesen beve-
zettiik a cochlea scala tympani jiratiba. A rutin
elektrofiziolégiai mérési protokollt (impedancia, ESRT,
NRT) kovettiik.

Eredmények

Az clektrodasor cochledba torténé bevezetésének folya-
matat a C-karos DSA-késziilék segitségével, az atvilagitd
funkcioval kovettiik kiilon-kiilon a két oldalon (3. és 4.
abra).

Az clektrodasor bevezetésckor az operiald fiilsebész
nem érzékelt akadilyozo tényezdt, és az intraoperativen
elvégzett rutin elektrofizioldgiai mérések az implantatu-
mok miikodSképességét igazoltak. A masodik implanti-
tum beiiltetését kovetGen ugyanazzal a C-karos DSA-
késziilékkel rétegfelvételeket készitettiink a koponyardl
(5. abra).

Az implantitumhoz tartozé kiilsé beszédprocesszo-
rok els§ programozisakor — amelyet a mitétet kovetd
negyedik héten végeztiink — a gyermeknél egyértelmd
halldsélményt tapasztaltunk. Az implantitum 22 stimu-

= A

operatér

detektor

3. 4bra

EREDETI KOZLEMENY

4. dbra C-karos DSA-késziilék segitségével valos idejd atvilagitd képsor

készithetd az elektrédasor bevezetésérdl. Az elektrodasor vége a
cochlea basalis kanyarulatinak medialis caudalis részében (4 /a),
cranialis részében (4,/b) és a teljes bevezetés dllapotiban (4/c)

laléponttal rendelkezik, melyek segitségével meghata-
roztuk a gyermek elektromos komfortkiiszobét. Az
elektromos komfortkiiszob az a legmagasabb draminten-
zitas-érték, amely a hall6palya intenziv stimulaldsit jelen-
ti, de még nem kelt kellemetlen, tdl hangos érzést.
A gyermek mindkét oldalon, minden elektréda esetében
érdekl6déssel figyelt a hangként érzékelt elektromos je-
lekre.

Mté6i helyzetkép. A C-karos DSA-késziilék helyzete a mitSasztalhoz és az operatérhoz képest (3 /a dbra). A 3 /b dbra bal oldaldn, a C-karos DSA-

késziilék flat panel” detektordnak takardsiban 1évé monitoron a mikroszkoprol kivezetett mitéti kép, a jobb oldalin Iévé monitoron a valds idejii at-

vildgité kép lithato, az elektréda bevezetésekor

DSA = digitalis szubtrakcids angiografia
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5. ibra
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Wi

L: 5674 WW: 20874

A Siemens Artis pheno késziilékkel készitett, tobb sikban rekonstrudlt volumentomogrifids felvétel. A jobb oldali képen az Gn. cochlearis

nézetet mutatjuk be a cochlea alapi kanyarulatirdl, benne a teljesen bevezetett és perimodiolaris helyzeti elektrédasorral

A késbbiekben havi rendszerességgel jelent meg hoz-
zatartozoéival dllapotellenérzésre, melyeken wjabb be-
szédprocesszor-programozis  tortént az elektromos
komfortkiiszob valtozisinak kovetésére. Edesanyja ho-
naprél hénapra Gjabb eredményeket osztott meg: kez-
detben a gyermek felfigyelt a kiilsé zajokra, a beszédhan-
gokra, majd az egyszer(i utasitisokra. A mdtétet kovetd
kilencedik hoénapra a ritmika nélkiili giigyogést tudatos,
egyszerd hangformalas valtotta fel. A gyermek kornye-
zetében jelen 1év6 hangok, a sziilSk és a fejlesztGpedago-
gus altal tanitott hangok utanzasat meghatiroz6 ered-
ményként konyvelhetjiik el a beszédfejlédésének ttjan.
A hallas mellett a gyermek mozgaskoordinacidja is jelen-
tésen fejlédott.

Megbeszélés

A cochlearis implantacié kovetelménye az inszercios trau-
ma minimalizalasa mellett a minél jobb beszédértés lehe-
t6ségének biztositasat lehetévé tevd, elektrodasorral fel-
szerelt implantitum betltetése [13, 14]. A vékony
perimodiolaris elektréda 6tvozi ezen elényoket, ugyanak-
kor bevezetésekor mis elektrédatipusokhoz képest gya-
koribb jelenség az elektrédasor csticsi részének cochlean
beliili visszacsavarodasa [1, 3,9-11, 13]. Amennyiben ez
a szovédmény még sebzaras elbtt észlelésre kertl, jo
eséllyel korrigalhaté ugyanabban az tlésben. A kozlemé-
nyiinkben bemutatott médszer — az elektrodasor beveze-
tésekor végzett dtviligitas — valds idGben képes kovetni az
clektrodasor utjit és helyzetét a cochledn beliil. A cochlea
funkciondlis rendszerét tartalmazé hértyds labyrinthust
kompakt csontillomany veszi koriil, ezért vizualisan nem
tudjuk kovetni az operacidés mikroszképpal az elektroda
ujat. A rendelkezésre allo rutin elektrofiziologiai vizsga-

latokkal nem ismerhetd fel biztonsiggal az elektrédasor
rendellenes helyzete, és az operdlé sebész sem érzékeli
azt. A val6s idejl képalkotd vizsgalattal azonnal felismer-
hetd, ha az elektrédasor a modiolustdl eltiavolodik, visz-
szacsavarodik, megtorik vagy az egyensulyszervbe kertil.
Az clektrédasort kissé visszahtizva vagy teljesen eltavolit-
va — az elektrodasor tipusitél fiiggen — az j6 eséllyel kor-
rigalhato és jo pozicidba helyezhets vissza. A II1. tipusa
cochleahypoplasids esettinkben a basalis kanyarulat atla-
gos nagysagl,, megtartott volt. Cochlearis hypoplasia
malformatioban a rovid egyenes elektrodasor betiltetését
ajanljak [12]. Esetiinkben azért valasztottuk a vékony,
clégorbitett elektrodat, mert 1 éves pacienstinknél fon-
tosnak tartottuk a beszédfejlédés szempontjabdl az elekt-
rédasor modiolushoz kozeli helyzetét és a cochlea szerke-
zetében okozott trauma minimalizaldsat.

A Szegedi Tudomanyegyetem Szent-Gyorgyi Albert
Klinikai Kézpontjaban mitikodé hibrid miits a legmo-
dernebb képalkotd késziilékkel felszerelt egység. A Sie-
mens Artis pheno C-karos robot DSA-késziilék egyesiti a
mobil réntgen, az atvilagitd és a *cone-beam’ CT-készii-
lékek elényeit: nagy teljesitményti, gyors, minden irany-
ba jol poziciondlhat6 sugarforrassal és *flat panel” detek-
torral rendelkezik, ami lehetévé teszi, hogy az elektroda
bevezetését a cochledba valds id6ben kovethessiik atvila-
gitdssal, nagy felbontasi monitoron. Emellett volumen-
tomogrifia is készithet$ vele, amely a cone-beam’ CT-
nek megfelels, nagy felbontast képeket biztosit alacsony
sugardozissal és kevés fém miitermékkel [15]. Esetiink-
ben az atviligitds mddszerével rendellenességet nem ta-
pasztaltunk. Az elektroda bevezetését kovetSen elvég-
zett, alacsony sugirdézisi volumentomogrifia alapjan
igazoltuk, hogy az elektrodasor teljesen bevezethetd
volt, és a modiolushoz kozel kertilt.
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Kovetkeztetés

A hibrid mtit6 aszeptikus kornyezete egyesiti a sebészeti
berendezéseket, mlszereket, miitéti asztalokat, operaci-
0s lampékat, berendezést kezelS rendszereket a karokra
rogzitett fejlett képalkotd rendszerekkel egytitt, és lehe-
téséget kindl kombinalt képalkotassal vezérelt eljarasok
végrehajtasara, minimdlisan invaziv médszerekkel. Ezek
a korszeri mitSszobak lehetévé teszik a képalkotds-ve-
zérelt mitét és a nyitott feltirdsok kombinaciéjat is. Ez a
technolégia 4j eljarasok kifejlesztéséhez vezetett, ame-
lyek el6nyos lehetSségeket kindlnak a komplex betegség-
ben szenved§ paciensek szaméra [16-18].

A cochlearis implantaciés centrumok szamara ajanljuk
az intraoperativ képalkotas bevezetését jol kontrollalt,
minimdlisan invaziv eljardsok biztositisira. A C-karos
rontgenatviligitd berendezések fejlesztbitdl Gj innovici-
6s eredményekre szamitunk a késziilékek rutinszerd,
konny( haszndlataban, akar kilon a fej-nyak sebészet
igényeinek megfelelSen. Az intraoperativ képalkotas ki-
valtja a rutinszer@ien az els§ posztoperativ napon tobb
nézetben végzett rontgenvizsgilatot, mely az életkorbodl
adéddéan nem egyiittmiikodd gyermekek esetében a
mozgasi mitermékek miatt korldtozottan értékelhetd le-
het, és a vizsgalat megismétlését teheti sziikségessé.

Ezen korszerti médszerek protokollszerd alkalmazasa-
val a rendellenes helyzetbe keriil$ elektrédasor korrekei-
6ja egy tilésben elvégezhetd, igy kivilthaté a mdtétet
kovetd rontgenvizsgalat, elkertilhetS az Gjabb altatassal
¢és miitéti megterheléssel jard revizio.

Anyagi tamogatis: A kozlemény megirasa, illetve a kap-
csol6dd kutatdmunka anyagi timogatisban nem része-
stilt.

Szerzdi munkamegosztds: P. A. és N. R. megosztott elsé
szerzéként jegyzik a kéziratot. P. A.: Az dbrik megszer-
kesztése, az intraoperativ képalkotas kivitelezése, a kéz-
irat szovegezése. N. R.: Az abrik megszerkesztése, az
elektrofiziolégiai vizsgilatok elvégzése, a kézirat szove-
gezése. H. B.: A képalkoté vizsgilatok rekonstrukeiéji-
nak elkészitése és az intraoperativ képalkotas kivitelezése.
P. B.: A szakirodalom dttekintése, a kézirat véglegesitése.
D. B.: A szakirodalom attekintése, elektrofiziologiai
mérések elvégzése. Cs. M.: A kézirat szakmai véleménye-
zése és a publikiciora valo felkészitése. K. J. G.: Az elekt-
rofiziol6giai mérések ellenérzése, az eredmények érté-
kelése; tudomanyos tanacsadds. R. L.: Az implanticios
team vezetdje; a cochlearis implantacio elvégzése, a vég-
leges kézirat véleményezése, a publikicié folyamatinak
nyomon kovetése, iranyitasa. A cikk végleges valtozatat
valamennyi szerz§ elolvasta és jovihagyta.

Erdekeltségek: A szerzéknek nincsenek érdekeltségeik.
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