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Abstract 

Hypothesis: The aim of this study was to present and validate the accuracy of a 

method to predict the required cochlear implant (CI) electrode array length for a 

specific angular insertion depth.  

Background: The human cochlea exhibits remarkable interindividual morphological 

differences. The prediction of the required array length for a specific angular insertion 

depth can help to improve the outcome of cochlear implant surgery. 

Methods: We estimated the linear insertion depth required for an angular insertion of 

540° using computed tomography images of 16 temporal bone specimens (8 Thiel 

fixed, 8 Formalin fixed). Free fitting electrode arrays were marked accordingly and 

inserted through a custom-made insertion guide tube. The achieved angular insertion 

depths were assessed using postoperative micro-computed tomography scans. 

Results: In the Thiel specimens, the difference between the aimed depth of 540° and 

achieved insertion depth was small (average 529°, p = 0.076), with a mean prediction 

error of -11° (maximum 30°), indicating a small underestimation. By contrast, we 

observed early resistance during the insertions in the Formalin specimens, resulting 

in a mean error of -131° and bending of the electrode array in the cochlear basal turn 

in 4 of 8 specimens. 

Conclusion: The equation presented in this study for calculating linear insertion 

depths can be helpful for the selection of adequate electrode array lengths in a 

clinical setting. The Thiel conservation is a highly suitable model for cadaveric 

electrode insertion studies. A free online calculator is available at 

http://www.hno.insel.ch/de/forschung/ci_estimator/. 

  

http://www.hno.insel.ch/de/forschung/ci_estimator/
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Introduction 

The human cochlea exhibits remarkable variability in size and shape. For example, 

the diameter of the cochlear basal turn can range between 6 and 10 millimeters, and 

the number of turns can vary between 2.2 and 2.9 turns [1-7]. Using the cochlear 

morphology to improve treatment outcomes of cochlear implant (CI) surgery has 

recently received more attention. As a consequence of the variability of the human 

cochlea, fully inserted CI electrode arrays with the same length are placed at varying 

angular insertion depths in different individuals. Hearing-preservation CI surgery aims 

to select array lengths to fit the patient’s anatomy. An over insertion can cause 

considerable trauma to intracochlear structures, e.g., basilar membrane rupture [8,9]. 

By contrast, partial insertion of the CI array may lead to incomplete coverage of the 

cochlear sensory range [10] and can cause a mismatch between the cochlear 

characteristic frequencies and stimulation electrode positions [11-13]. 

To improve control over the insertion process and achieve favorable CI array 

placement, preoperative image-based selection approaches have been investigated. 

A common method is to estimate the cochlear duct length based on its correlation 

with the size of the cochlear basal turn [14-18]. The cochlear diameter can be 

determined by a single measurement from preoperative image data, such as 

computed tomography (CT) scans, acquired clinically. Then, using logarithmic 

equations, the required linear insertion depth for a specific angular insertion depth 

can be predicted. The method enables a fast assessment; however, the method is 

prone to measurement errors caused by suboptimal image slicing views through the 

cochlear basal turn [19]. Moreover, the morphological variability of the cochlea is not 

fully captured by logarithmic models. Additional errors are introduced by manual 

array insertion during CI surgery. First, the electrode arrays have to be inserted to a 

specific linear depth, which is difficult to achieve and maintain with the manual 
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technique. Second, the insertion has to be smooth to provide an array course without 

bending.  

In the presented temporal bone study, we aimed to evaluate the accuracy of a 

method to predict the required electrode array length with minimized errors sources, 

i.e., by ensuring (i) an optimal slicing view to measure the cochlear diameter, (ii) a 

constricted array insertion trajectory, and (iii) a controlled and reproducible insertion 

depth. Under these conditions, we hypothesize that an angular insertion depth of 1.5 

turns (i.e., 540 degrees) can be reproducibly achieved for CI electrode arrays. The 

secondary aim of the study was to compare two different temporal bone conservation 

methods, i.e., Thiel versus Formalin, with regard to their suitability for temporal bone 

studies with deep CI array insertions. 

 

Materials and Methods 

Study Design  

We performed a prospective single-blind comparison study in human temporal bones 

(N=31). The study consisted of two parts: (i) derivation of an estimation equation from 

a set of 15 human temporal bones and (ii) accuracy evaluation of an additional set of 

16 temporal bones. The study protocol was approved by our institutional review 

board (KEK-BE 2016-00887).  

 

Estimation Equation 

We analyzed data sets of micro-computed tomography (µCT) images (isotropic voxel 

size of 0.018 mm) from 15 Thiel-fixed human temporal bones that were previously 

implanted with free fitting electrode arrays (Flex28 and Standard, Med-El, Innsbruck, 

Austria) using a robotically assisted procedure [20,21]. The robotic system enables 

an access tunnel of 1.8 mm diameter to be drilled directly into the cochlea and is 

currently undergoing clinical evaluation [22,23]. In the µCT data, we segmented the 
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cochlea and inserted electrode arrays in addition to generating three-dimensional 

surface models (Figure 1a). To enable reproducible measurements, we applied the 

cochlear coordinate system described by Verbist et al. [24] for referencing. In each 

specimen, a zero-reference angle plane [25] intersecting the modiolar axis and the 

center of the round window (RW) was aligned (Figure 1b). The cochlear basal length 

(CBL) [26], also referred to as ‘A’ value [7], was measured as the distance from the 

RW through the center of the modiolus to the opposite lateral wall (Figure 1c).  

 

We use the term linear insertion depth (LID) to describe the length along the inserted 

electrode array and the term angular insertion depth (AID) to describe the angular 

position of the tip of the electrode array after insertion into the cochlea. To measure 

the LID in our data, three-dimensional third-order splines were fit to the center of the 

segmented electrode arrays up to two turn lengths (Figure 1d). This approach is 

representative for the prediction of electrode array lengths for two reasons: (i) our 

data was measured in a three-dimensional view and not in a projected two-

dimensional view [27], and (ii) the measured LID directly represents the inserted 

electrode array, not the lateral wall of the cochlea [27]. In cases, in which the arrays 

were not fully inserted up to 2 turns, the array position was approximated by the 

position of the basilar membrane as seen in the µCT data. The mean CBL of the 15 

specimens was 9.3 mm (standard deviation: 0.3 mm). In the obtained dataset, we fit 

the parameters of a logarithmic equation (adapted Escudé’s equation) [27] to predict 

the LID (in mm) for a specific CBL (in mm) and targeted angular insertion depth AID 

(in degrees): 

 

LID = 2.43 ∙ CBL ∙ ln(1 +
AID

248
)   (1) 
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For example, if a surgeon wanted to achieve an angular insertion depth of 400 

degrees in a cochlea with a diameter of 9 mm, an electrode array length of 21 mm 

would be required. Conversely, the equation (1) can be rewritten to estimate the 

angular insertion depth AID (in degrees) for any given linear insertion depth LID (in 

mm) and cochlear base length CBL (in mm): 

 

 AID = 248 ∙ (eLID (2.43 ∙ CBL)⁄ − 1)  (2) 

 

For instance, a 20-mm electrode array would result in an AID of approximately 360 

degrees when fully inserted into a cochlea with a diameter of 9 mm. The same 

electrode array would achieve an AID of 540 degrees in a cochlea with a 7 mm 

diameter. 

 

Accuracy Evaluation  

We prepared 16 additional temporal bones to evaluate the accuracy of the LID 

prediction equation (1). Eight Thiel-fixed [28] and 8 Formalin-fixed specimens were 

CT imaged (SOMATOM Definition Edge, Siemens, Erlangen, Germany) with a voxel 

size of 0.156 x 0.156 x 0.2 mm3. In this preoperative data set, the cochlear basal turn 

was visualized via oblique slices that were aligned with the basal turn plane of the 

cochlea [24]. Again, the CBL was measured between the RW center and opposite 

lateral wall (Figure 2a). Using our equation, we estimated the LID (in mm) required 

for an AID of 540 degrees (i.e., 1.5 turns) for each specimen. This length was defined 

as the aimed insertion depth and was marked on the electrode arrays (Flex28, Med-

El) under microscopic view using a waterproof line marker.  

We used a robotic system to drill a direct cochlear access tunnel in all 16 temporal 

bones [20,21]. A custom-designed insertion guide was deployed inside the tunnel to 

bypass the middle ear cavity and mastoid air cells and to constrict the insertion 



 

 6 

vector from the surface of the mastoid to the RW (Figure 3). Two experienced 

surgeons were instructed to insert the electrode arrays until they reached the aimed 

insertion depth, i.e., until the marked line aligned with the RW membrane, or until the 

first point of resistance occurred. The surgeons performed the insertion in a blinded 

fashion, i.e., they were neither informed about the aimed angular insertion depth, size 

of the cochlea nor specific linear insertion depths. Upon insertion completion up to 

the marked line, the guide tube was carefully removed, the electrode arrays were 

fixed using bone wax and the specimens were prepared for postoperative imaging 

using a µCT scanner (Xtreme CT2, Scanco Medical, Brüttisellen, Switzerland). In the 

postoperative data set (with an isotropic voxel size of 0.06 mm), we assessed the 

achieved angular insertion depth in degrees (Figures 2b/c), the inserted scala, and 

the smoothness of the array course. We performed two-sided single sample t-tests to 

determine whether the achieved postoperative AID was different from the aimed AID 

of 540 degrees (significance level α=0.05). 

 

Results 

A summary of the results from the Thiel and Formalin fixed specimens are provided 

in Tables 1 and 2. On average, the cochleae in the Thiel specimens were smaller 

than in those the Formalin specimens (CBL of 8.9 mm vs. 9.4 mm). The average LID 

required for an AID of 540 degrees in all specimens was 25.7 mm, ranging from 23.3 

to 28.1 mm.  

Insertions were achieved without explicit difficulties in Thiel specimens. All of the 

electrode arrays were fully inserted into the scala tympani. Figure 4 shows the 

postoperatively achieved AID for the Thiel and Formalin specimens. In the Thiel 

specimens, the difference between the aimed depth of 540 degrees and the achieved 

insertion depth was small (average 529°, p = 0.076), with a mean error of -11° 

(maximum 30°), indicating a small underestimation. By contrast, we encountered 
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resistance during insertion into the formalin-fixed specimens, resulting in difficulties in 

advancing the array to the targeted LID. In fact, it was not possible to insert the 

electrode array up to the mark in any of the formalin-fixed specimens. The AID of the 

electrode arrays inserted in the Formalin specimens were substantially smaller than 

that of those aimed at 540 degrees (average 409°, p < 0.0001). The mean error was 

-131 degrees (maximum 205°). In 4 of 8 cases, bending of the array in the proximal 

basal turn was observed, probably causing additional deviations from the prediction. 

Examples of the insertion outcome in Thiel and Formalin specimens are illustrated in 

Figure 5. 

 

Discussion 

We present an equation to estimate the linear insertion depth (LID) for any arbitrary 

targeted angular insertion depth (AID) of CI electrode arrays in human cochleae. We 

evaluated the prediction accuracy of the required array length for a targeted insertion 

of 1.5 turns (540°) in a temporal bone model. Under optimal experimental conditions, 

we observed a mean prediction error of -11 degrees in Thiel specimens. To our 

knowledge, this is the first study to assess the prediction of a preoperatively defined 

angular insertion depth using a logarithmic model. Of course, any targeted insertion 

angle can be achieved using the methods described in this study. The equation can 

be applied to any lateral wall electrode array. A free online calculator is available at 

http://www.hno.insel.ch/de/forschung/ci_estimator/. 

 

Due to the exceptional conservation of soft tissue, the Thiel conservation technique 

has repeatedly been demonstrated to be appropriate for studying the mechanical 

properties of the human ear and performing surgical training under realistic 

conditions [29-32]. Given the limited availability and difficult storage conditions of 

fresh human specimens, the Thiel method appears to be a highly suitable model for 

http://www.hno.insel.ch/de/forschung/ci_estimator/
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deep cochlear insertion studies, as previously suggested by our team [8]. By 

contrast, we observed a high error of -131 degrees in Formalin-fixed specimens. 

Considering the comparable size of the cochleae in both groups, as shown in Tables 

1 and 2, the occurrence of bending inside the basal turn in 50% of specimens 

indicates an increased rigidity of the intracochlear structures in Formalin-fixed 

specimens (Figure 5b). This increased rigidity is due to cross-linking of proteins with 

the consecutive hardening of soft tissues during fixation in a formaldehyde solution. 

Therefore, we consider the Formalin model unsuitable for deep cochlear insertions 

studies and do not believe that it is suitable for surgical training regarding the 

cochlear implantation procedure.  

 

Strength and limitations 

The presented adapted Escudé equation was derived from three-dimensional 

measurements along the electrode array and can be applied to arbitrary angular 

insertion depths. However, the equation is more complex in comparison to the linear 

equations presented by Alexiades et al. [15]. For the application of the equation, we 

believe that the provided online calculator could be a helpful interactive tool. The 

good predictive values of our study are due to the use of optimized experimental 

conditions, which were: (i) standardized alignment angles due to the transmastoid 

robotic middle ear access, (ii) a constricted electrode array insertion vector along the 

drilled tunnel, and (iii) a smooth and controlled array insertion due to the use of an 

insertion guide tube.  

The clinical validity of our equation was not tested in this study. We expect that 

additional error sources related to the manual array insertion procedure as well as 

inherent deviations caused by the simplification of the cochlear shape using a single 

logarithmic function will worsen the prediction accuracy. 
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Implications 

Our results, in addition to findings reported in the literature, suggest that a 

preoperative estimation of the LID based on the measurement of a single value in 

preoperative high-resolution CT is a practical approach for patient-specific electrode 

array selection. This estimation may have important clinical implications, such as 

avoidance of under- or over-insertion to allow for full cochlear coverage. An electrode 

array that is too short to cover the cochlea may not enable sufficient stimulation of 

low frequency regions. By contrast, intracochlear damage may occur if a long 

electrode array is inserted into a small cochlea. Furthermore, the risk of occurrence 

of extracochlear contacts is increased when the electrode array is too long. In this 

context, the provided equations can help surgeons reliably select a suitable electrode 

array length from portfolios provided by different CI manufacturers and ultimately 

benefit the patient’s prognosis [18]. We must consider that further technological 

improvements, such as an automatized manipulator that allows for a controlled and 

steady array insertion, may allow the transfer of the above-described optimal 

preconditions into the clinical setting. Moreover, the structural preservation of 

intracochlear structures and smooth positioning of the electrode may benefit optimal 

electrical stimulation of the cochlea. Eventually, the provided equations and 

technological improvements may have an impact on hearing preservation. However, 

this needs to be addressed in clinical studies that assess hearing outcome.  

 

Conclusion 

The presented equation for the calculation of LIDs can be helpful for the selection of 

adequate electrode array lengths in the clinical setting. Thiel conservation represents 

a highly suitable model for cadaveric electrode insertion studies.  
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Figure Legends 

 

Figure 1. (a) Three-dimensional surface model based on micro-computed 

tomography images of a human cochlea with an implanted electrode array. (b) 

Cochlear coordinate system according to Verbist et al. [24]. (c) Measurement of the 

cochlear base length (CBL) from center of the round window through the center of 

the modiolus (along the x-axis). (d) Spline fitting of the electrode array course to 

approximate the linear insertion depth (LID).  

 

Figure 2. (a) Measurement of the cochlear base length (CBL). (b) Postoperative view 

of the inserted electrode array. (c) Assessment of the angular insertion depth (AID). 
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Figure 3. Microscopic view in a Thiel-fixed specimen during electrode array insertion. 

External auditory canal (1), insertion guide tube (2), electrode array with marker ring 

(3), long process of the incus (4), stapes (5). 

 

Figure 4. Comparison of the angular insertion depths achieved in the Thiel-fixed and 

Formalin-fixed specimens. The solid lines depict the mean values.  
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Figure 5. View of the cochlear basal turn (left pictures) and maximum intensity 

projection of the inserted electrode array (right pictures) in micro-computed 

tomography images. (a) Assessment of a Thiel fixed specimen ‘T2’. (b) Assessment 

of a Formalin fixed specimen ‘F7’. CBL = cochlear base length; AID = angular 

insertion depth. 
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