
1 

 

Three-dimensional models of cochlear implants:  a review of their 

development and how they could support management and maintenance of 

cochlear implant performance  

Tania Hanekom & Johan J Hanekom 

Bioengineering, University of Pretoria, South Africa 

Running title: 3D modelling of cochlear implants 

Abstract 

Three-dimensional (3D) computational modelling of the auditory periphery forms an 

integral part of modern-day research in cochlear implants (CIs). These models consist 

of a volume conduction description of implanted stimulation electrodes and the current 

distribution around these, coupled to auditory nerve fibre models. Cochlear neural 

activation patterns can then be predicted for a given input stimulus. The objective of 

this article is to present the context of 3D modelling within the field of CIs, the 

different models and approaches to models that have been developed over the years, as 

well as the applications and potential applications of these models. The process of 

development of 3D models is discussed, and the article places specific emphasis on the 

complementary roles of generic models and user-specific models, as the latter is 

important for translation of these models into clinical application. 

 Keywords: 3D cochlear modelling, User-specific models, Volume conduction model, 

Neural model  

 

Introduction 

An understanding of the role that the electro-anatomy of the cochlea plays in hearing 

has already been recognised by Georg von Békésy in 1951. His article on the electroanatomy 

of the cochlea (von Békésy 1951) begins with the following profound statement: "For a 

thorough understanding of the cochlear microphonics it is necessary to investigate the 

electrical geometry of the cochlea, because only with a knowledge of the voltages and the 
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resistance patterns can we construct an over-all picture of the electrical situation in the 

cochlea". This statement still holds true after 65 years of research on auditory perception. 

While much progress has been made in the development of our understanding of the electro-

anatomy of the cochlea since von Békésy's rudimentary lumped-parameter description 

thereof, there is still a vast number of unknowns that need to be captured in the intricacies of 

our contemporary computational models of the auditory system.   

Three-dimensional (3D) computational modelling of the auditory periphery forms an 

integral part of modern-day research in cochlear implants (CIs). 3D CI models refer to 

models that include spatial dimensionality in the description of the functioning of the cochlea. 

These models provide a description of either the micromechanical characteristics of the 

cochlea, or of the electrophysiological behaviour of the system. This review focuses on 3D 

electro-anatomical models of the auditory system that facilitate prediction of 

electrophysiological behaviour of the electrically stimulated cochlea.  

3D CI models provide a simulated invasive view of the cochlear electro- and 

neurophysiology that facilitates a depth and scale of investigation that is not generally 

feasible in animal models and especially not in live human users. The objective of this article 

is to present the context of 3D modelling within the field of CIs, the different models and 

approaches to models that have been developed over the years, as well as the applications and 

potential applications of these models. The article also places specific emphasis on the 

complementary roles of generic and user-specific models, as the latter is important for 

translation of these models into the clinical domain.  

The cochlear implant has been established as the treatment of choice for severe to 

profound sensorineural deafness. Numbers of implant users reported in literature 

(Community 2008; De Quesada 1995; Disorders 2011; 2014; Jeschke et al. 2015; National 

Institute on Deafness and Other Communication Disorders 2014; Nussbaum et al. 2002; 



3 

 

Peters et al. 2010; Samp 2010; Zaidman-Zait 2010) show an exponential increase from 

around 5000 users in 1990 to more than 300 000 users worldwide in 2015, which is indicative 

of the exceptional success and general acceptance of the device.  Speech understanding in 

quiet has steadily increased with the developing technology until the early 2000s, but has 

stabilised at around 80% on average (Zeng et al. 2008). However, in spite of the success of 

the device, hearing performance varies greatly among individuals (Sladen et al. 2015). The 

benefit range of CIs starts at basic rhythm perception with very poor to no tonal content at the 

low end of performance, good speech perception in quiet and a considerable appreciation for 

music (Maarefvand et al. 2013) at the high end of performance. Speech perception in noise 

and music perception are generally quite poor for the average cochlear implant user, with a 

decrease in performance between quiet and +15 dB SNR of around 25% (Sladen et al. 2015) 

and around 25% melody recognition (Drennan et al. 2015) respectively. The variation in 

perceptual outcomes among CI users may be caused by a myriad of factors that include (i) 

peripheral factors such as intracochlear electrode location (Finley et al. 2008; Rebscher et al. 

2007), cochlear morphology (Frijns et al. 2001; Malherbe et al. 2013; 2015a), neural survival 

profiles(Blamey et al. 1996; Gantz et al. 1993; Hassanzadeh et al. 2002; Won et al. 2015) and 

insertion trauma (Adunka et al. 2006; Briaire et al. 2006; Verbist et al. 2009), and (ii) central 

processing aspects such as variations in the neural pathways and accompanying processing 

(Isaiah et al. 2014; Vermeire et al. 2015).   

Since the primary objective of CI research is to inform the development of CI 

technology to the extent where technology may provide normal hearing to all severe to 

profound hearing impaired individuals, the variation in user outcomes is a major area of 

investigation. User variation in performance is a manifestation of the inherent characteristics 

of the individual auditory system that govern its behaviour in response to electrical 

stimulation.  Many of the factors that affect user performance are not well-understood, 
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clouding the optimisation process that must result in the seamless biophysical interface 

between technology and biology. Ultimately, research in CI thus aims to: 

(i) produce an exhaustive understanding of the electro- and neurophysiology of the 

human auditory system to allow researchers to develop a comprehensive 

understanding of how biological structures and processes produce the neural output 

that is observed through electrophysiological measurements from the auditory nerve; 

(ii) produce a comprehensive understanding of the entire processing pathway of sound 

from the auditory periphery to perception;    

(iii) optimize information transfer to the brain exploiting neuroplasticity for information 

decoding; 

(iv) apply knowledge of neural excitation and auditory processing to direct the design of 

CI technology so that this may exploit the characteristics of the auditory system in 

such a way that the interface is generally seamless and undetected by the human 

auditory system;  

(v) personalise cochlear implant technology to provide an optimised interface with a 

specific user's auditory system.  

 

Clarity on many of the factors that produce user variability could conceivably be more 

readily obtained if the specific system were accessible to invasive, in vivo experimental and 

quantification procedures to determine precise electro- and neurophysiological functioning in 

response to applied electrical stimuli. However, while these procedures may be a viable 

investigative option in animal models, they are for obvious reasons not suited to probe the 

auditory system of live CI users. Research into the functioning of CIs in humans must 

therefore rely on techniques and procedures that are based on psychophysical, 

neurophysiological and medical imaging data that may be collected non-invasively.  
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A systematic integration of existing and new knowledge of the functioning of the 

auditory system is required to give purpose and direction to research in user-variability. By 

implication, available information needs to be fused to provide a detailed, multi-faceted 

description of the auditory system under electrical stimulation conditions. One of the ways in 

which structure, function and data can be fused is through a model description of a user's 

auditory system. This review elaborates on the toolbase that 3D computational models of CIs 

provide to address the four aspects of CI research as presented above. In the following 

sections we first review the approach to constructing 3D models and then the various 3D 

models that have been developed over the years. We then consider application of 3D models 

in research and the translation of these models to the clinical domain and finally provide a 

perspective on the future of 3D models in CI research.  

Creation of 3D volumetric descriptions of the auditory periphery 

Initial attempts at a 3D description of the electro-anatomy of the cochlea were limited 

by the manual nature of computations until the 1980s, when personal computers became 

available.. Early models were lumped-parameter models that described the unrolled intra-

scalar structure of the cochlea, i.e. ignoring the spiralling nature of the inner ear, using active 

and passive components (Cannon 1976; Johnstone et al. 1966; Strelioff 1973a; von Békésy 

1951). However, to preserve the 3D geometric fidelity of the cochlea, a volume conduction 

(VC) description is required. For the past 15 years, VC models have been integrated with 

auditory nerve fibre (ANF) models to interpret the predicted potential distributions in terms 

of neuro-electrophysiological behaviour that may eventually be linked to perception. A later 

section will briefly consider integration of neural models with VC models of the cochlea. 

3D modelling in CI has mainly been directed at the biophysical interface between the 

auditory periphery (i.e., cochlea and peripheral auditory nerve fibres that innervate the 

cochlea) and the implant technology. The biophysical interface is a complex interaction 



6 

 

between the CI technology and the cochlear environment, and is characterised, among others, 

by the anatomical morphology of the cochlea, the electrical characteristics of cochlear tissues, 

the distribution and trajectories of neurons and their degeneration profiles, the design of the 

electrode array and its final intra-scalar location, and lesions as a result of insertion damage. 

This section will briefly interpret the five steps in a typical model generation workflow 

(MGW) to create a 3D VC model of the cochlea, namely (1) imaging of the cochlea, (2) 

geometric assessment, (3) refinement (interpolation, extrapolation and image registration), (4) 

model structure generation, and (5) physics setup and solving of the model.   

Imaging the cochlea 

The first step in the model generation workflow (MGW) is imaging of the cochlea. 

The better the imaging resolution, the more accurately the structure of the cochlea can be 

reconstructed. Various techniques are available to image morphologic characteristics, and 

these can be divided into imaging techniques that are suitable for animal or cadaveric 

materials and techniques that are suited to image live animal subjects or human users. The 

major distinction between the two types of imaging techniques is the resolution of the image 

data: the first type of technique currently provides higher resolution images in general than 

those provided by imaging that may be applied to visualise living cochleae since these make 

use of methods that are either detrimental to live tissue or destructive in nature. Figure 1 

illustrates the potential range of image resolutions among different imaging modalities. The 

highly-detailed image in Figure 1a as well as the lower-resolution micro-computed 

tomography (µCT) image shown in Figure 1b are only obtainable for non-living cochleae, 

while the conventional spiral-CT image shown in Figure 1c may be obtained for live 

cochleae.  For this reason, steps 2 and 3 of the MGW are directly affected by the imaging 

technique. A further implication is that imaging techniques applicable to non-living cochleae 

are better suited to the creation of generalised or exploratory user-specific models, while 
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techniques suitable to image live cochleae provide the source data for user-specific models 

that may be clinically applied. 

 

Figure 1. Images produced for mid-modiolar sections through the cochlea demonstrating image resolution. 

Sectional imaging in the form of a photomicrograph of a histologic section through a guinea pig cochlea
1
 

revealing delicate details of the internal structures of the organ (a), radiation-based µCT image of a human 

temporal bone showing limited detail about the internal structures of the cochlea (b), and clinically obtained 

spiral-CT image demonstrating poor resolution and no delineation of internal structures (c). 

The choice of which imaging modality should be selected to provide the source data 

for a 3D cochlear model ultimately depends on three factors: whether the cochlea is alive or 

non-living, the type of detail that is required and the type of technology that is available to the 

research team.  While radiation-based imaging methods (e.g. the various computed 

tomography techniques) are non-destructive, they generally cannot delineate soft tissue 

structures such as the basilar membrane or scala media structures, though the spiral lamina is 

generally well-demonstrated. If visible, the location of the spiral lamina may provide some 

indication of the internal structure of the cochlea. Sectioning-based techniques need to be 

employed if micro-details of the cochlear structures are required, such as the high-resolution 

models presented by Tran et al. (2014) and Wong et al. (2016), but none of these techniques 

                                                 
1
 Reproduced with permission. 

http://ocw.tufts.edu/Content/72/imagegallery/1362321/1369037/1378580 
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are suitable for imaging live cochleae. However, sectioning-based images, such as 

photomicrographs of histologic sections, may prove valuable to augment lower-resolution CT 

delineation of the bony boundaries of the cochlea with high resolution detail of the inner 

structures of the cochlea (Malherbe et al. 2013; 2015a).  

Imaging techniques that have been used as source data to create models of non-living 

human and animal cochleae include physical sectioning techniques such as histologic 

sectioning (Liu et al. 2007; Wada et al. 1998; Zhang et al. 2011; Zhaol et al. 2007), micro-

grinding imaging (Rau et al. 2011) and serial sectioning (Tran et al. 2014), optical sectioning 

such as orthogonal-plane fluorescence optical sectioning (OPFOS) (Voie et al. 1995) and 

radiation-based μCT (Lee et al. 2010; Malherbe et al. 2013; Poznyakovskiy et al. 2008). The 

resolution of physical sectioning techniques is usually the poorest in the direction of abrasion 

(i.e. perpendicular to the plane of imaging) because of the finite thickness with which 

material may be removed to reveal a subsequent section. The details of the section are 

captured by photographic means of which the resolution is limited by the objective and the 

resolution of the charge-coupled device (CCD) sensor of the particular camera. The 

photographic resolution is usually much higher than the slice thickness of the abrasion 

process which may provide superior image quality from which the details of the delicate 

inner structures of the cochlea may be discerned and digitised to micrometre accuracy. A 

slice thickness of 100 µm has been reported for micro-grinding imaging (Rau et al. 2011) 

while serial sectioning can achieve slice thicknesses of 0.33 mm to 1 mm (Tran et al. 2014). 

OPFOS, an optical sectioning technique and μCT that is a radiation-based technique have 

been reported to provide a resolution of around 10 to 30 µm pixel size (Le Breton et al. 2015; 

Malherbe et al. 2013; Voie et al. 1993) within the context of cochlear imaging.   

Imaging modalities that are safe to use post-operatively on living cochleae are mainly 

spiral or cone-beam computed tomography (CT) and in some cases x-rays that are taken to 
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facilitate epipolar stereophotogrammetry (Yoo et al. 2004). Cochlear structures that are 

important to represent in a 3D model and that can be delineated with spiral-CT include the 

bony labyrinth, osseous spiral lamina (sometimes) and modiolus (Martinez-Monedero et al. 

2011). The integrity of the model may be validated by CT measures such as cochlear size 

variability (Pelliccia et al. 2014), cochlear length (Connor et al. 2009; Escudé et al. 2006; 

Krombach et al. 2005; Martinez-Monedero et al. 2011), mean vertical diameter (Escudé et al. 

2006; Martinez-Monedero et al. 2011), total cochlear height (Krombach et al. 2005) and 

height of the basal turn (Krombach et al. 2005), and quantified data are available in the 

literature for all of these.  Electrode position, which is a key parameter in user-specific 

models, is also assessable through CT (Escudé et al. 2006; Ketten et al. 1998a; Skinner et al. 

2002; van der Marel et al. 2014; van Wermeskerken et al. 2007; Verbist et al. 2010a; Verbist 

et al. 2010b). In addition, cone-beam CT (CBCT) is becoming commonly available in a 

clinical setting and has been used to assess cochlear length (Wurfel et al. 2014) and electrode 

location (Zou et al. 2015). CBCT also provides a significantly lower radiation dose and 

increased spatial relationship when compared to spiral-CT (Vaid et al. 2014).  

As well, magnetic resonance imaging (MRI) may be applied pre-operatively to 

quantify the geometric characteristics of the fluid-filled spaces in the cochlea for co-

registration with post-operative CT data in an attempt to increase the level of detail in the 3D 

description of the cochlear structures. MRI can be used to determine modiolar area and 

volume (Kendi et al. 2004; Naganawa et al. 1999), volume of the labyrinth (Kendi et al. 

2004; Melhem et al. 1998; Neri et al. 2000), cochlear nerve preservation (Ketten et al. 1998b; 

Lane et al. 2007) and length of the cochlea (Sobrinho et al. 2009), which are all parameters 

that may either be incorporated into the 3D geometry or used to validate the integrity of a 

model representation of a cochlea. MRI is specifically used for evaluating luminal 

ossification and inner ear patency before cochlear implantation (Chaturvedi et al. 2006; 
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Fishman 2012; Murugasu et al. 1999; Seitz et al. 2001; Taha et al. 2015; Vaid et al. 2014) 

which are important factors to consider when developing user-specific models.  

Geometric assessment 

The first important set of geometric assessment tools is image post-processing to 

enhance the features in the image that are important to describe the geometry. These include 

deblurring algorithms to enhance delineation of anatomical features and implant electrode 

positions in the cochlea (Wang et al. 1998). 

Once an image or image stack of the cochlea has been obtained, the next phase in the 

development of 3D computational models is capturing of geometric parameters from the 

image data. The first consideration in 3D image data is to orient the visual representation of 

the data relative to the geometry of the cochlea. The preferred view for digitisation of 

geometric parameters to construct cochlear models is a mid-modiolar view that is derived by 

reconstructing the image data using the cochlear view (Verbist et al. 2010b). This view 

allows visualisation of the different cochlear canals. By reslicing the reconstructed image 

data at fixed degree intervals around an axis directed through the centre of the modiolus, the 

geometric characteristics of the structure may be determined. 

Landmark assessment is frequently used to register coordinates for model generation. 

An anatomical landmark is a meaningful point that ensures correspondence within 

measurements of a structure. Identification of landmarks is a time-consuming process that 

requires considerable anatomical understanding (Bookstein 1997) and is usually a manual 

process. Examples of anatomical landmarks in cochleae that are relevant to the construction 

of 3D models are the lateral-most point on the cochlear wall, the lateral-most and medial-

most points of the spiral lamina and the points that define the cochlear inlet. Using a 

midmodiolar approach to visualise the image data, a specific landmark would be followed 

along its spiral trajectory and its coordinates registered around the reconstructed image stack.  
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Segmentation is an alternative procedure that involves the identification of different 

anatomical structures that make up the cochlea by means of selection of the structures either 

manually by an experienced investigator (Seemann et al. 1999), semi-automatically with the 

aid of software packages such as Amira
2
 (Wang et al. 2006) or ScanIP (Tran et al. 2014) or 

fully automatically through the use of sophisticated software (Noble et al. 2011; Reda et al. 

2014). Semi-automatic or automatic segmentation methods usually rely on the colour or 

grayscale value of a pixel that is associated with a specific structure or tissue. Experience 

with the anatomy of the structure that is segmented is again important to set up the correct 

parameters for segmentation procedures.   

The trajectory of the electrode array may be determined either by landmarking or by 

segmentation processes as described for delineation of the cochlear structures. This may, 

however, be complicated by metal artefacts that are produced in CT images and cause 

oversaturation of the image in the vicinity of the electrode contacts (Skinner et al. 1994).  The 

exact location of extra-cochlear return electrodes may additionally be determined from 

imaging data for inclusion in 3D models (Malherbe et al. 2015b). 

Refinement: interpolation, extrapolation and image registration 

The type of procedure that was used to assess the geometry will determine how much 

data refinement is required. Images with high resolution and clearly discernible tissue 

boundaries may be suitable for automatic segmentation and subsequent automatic model 

generation, thereby rendering the refinement step in the MGW redundant.  This approach has 

indeed been tested, but it tends to allow a restricted description of the inner structures of the 

                                                 
2
 3D software platform for visualizing, manipulating, and understanding biological image data. 

http://www.fei.com/software/amira-3d-for-life-sciences/ 
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cochlea, e.g. the cochlea would be rendered as one fluid-filled cavity or at most be resolved 

into separate descriptions of the scala tympani and scala vestibuli (Noble et al. 2011).  

 However, to generate models with a high level of detail, researchers must typically 

resort to semi-automatic (Tran et al. 2014) or manual methods (Malherbe et al. 2015a). The 

raw data obtained in this manner are frequently not suitable to translate into a 3D model 

structure because of noise introduced by the geometric assessment method. For example, in 

landmark assessment as employed by Malherbe et al. (2015a), the representation of points on 

structures parallel to the modiolar axis tend to be noisy in the direction parallel to the axis, 

while it may be more accurately assessed in a direction perpendicular to the axis simply 

because it is easier to place a point on the transition of the boundary than on a line along the 

boundary. This concept is illustrated in Figure 2 that demonstrates the ambiguity in one of the 

dimensions of measurement. 

 

 

Figure 2. Landmarks parallel to the modiolar axis are easier to resolve in the direction of the x-axis (A), i.e. 

their y-axis representation tend to be noisy, while landmarks parallel to the x-axis are easier to resolve in the y-

direction (B) with a noisier assessment of their x-axis representation. 
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To use these data effectively, pre-processing is required to mitigate the effect of 

measurement errors by smoothing out the boundaries and in this way also simplify reading 

and reconstructing geometries from the input values to the 3D modelling software.  One pre-

processing approach is curve fitting on a set of measurements that describe the trajectory of a 

specific landmark along the cochlear spiral. Approaches that have been followed include a 

helicospiral approximation method that fits a circular representation of the combined area of 

the scala tympani and scala vestibuli to a helicospiral model (Yoo et al. 2000b), interpolation 

of the data through third order cubic splines (Malherbe et al. 2013), and the use of a 

procrustes (scaling, translating and mirroring) approach to fit measured landmarks to cochlear 

spirals obtained from literature (Malherbe et al. 2015a). The level of accuracy that may be 

achieved through curve fitting methods depends on the number of data points that describe 

the landmark. A single mid-modiolar section was used to create the guinea pig model of 

Malherbe et al. (2013) and the cat model of Kang et al. (2015) by fitting spirals through the 

landmarks measured on this image. However, additional sections had to be measured at the 

base of the cochlea since the spiral description of this area was insufficient as a result of local 

irregularities in shape. An improved description of the characteristics of the spiral may be 

obtained by employing more data points to describe the trajectory of the landmark (Malherbe 

et al. 2015a) or by using data that was obtained through segmentation methods on a high-

resolution image stack (Wong et al. 2016). 

Image registration, i.e. the process of transforming different sets of geometric data 

into one coordinate system, is also widely used to improve the level of detail in models. This 

technique is particularly appropriate when the main geometric data source has low resolution. 

Examples where this approach was followed abound, for instance 3D localisation of 

individual cochlear implant electrodes by the use of two X-ray images registered with a spiral 

computed tomography technique (Yoo et al. 2004), description of inner structure details by 
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registration of µCT or CT data with templates of the cochlear structures that were derived 

from high-resolution images of histologic sections (Malherbe et al. 2013; 2015a), and a 

method that uses a semi-automatic technique to create 3D models of the guinea pig cochlea 

by registration of µCT and histological images (Lee et al. 2010). 

Identification of the electrode array trajectory for inclusion into user-specific models 

also requires data refinement as CT and X-ray imaging are the only options available for live 

cochleae and, as mentioned, metal artefacts produce significant overexposure on these 

images.  Most approaches to estimate the position of the electrode array relies on intensity 

thresholding to localise the voxels with the highest numerical values which indicate the 

locations of the electrodes (Malherbe et al. 2013; Teymouri et al. 2011). 

Model structure generation 

Model construction involves the creation of 3D geometric entities based on the 

processed anatomical measurement data.  Various techniques have been developed for 3D 

model generation of the cochlea. The first VC model of the cochlea developed by Girzon 

(1987) simply sampled the geometry on a fixed grid with a maximum of 512 x 512 x 37 

elements throughout the cochlear volume. The grid size, and therefore the resolution of the 

model, was mainly limited by the computational effort that the numerical method that was 

used required.  

Extrusion of a template description of a section through one turn of the cochlea 

followed the initial grid sampling approach (Finley et al. 1990) and is one of the simplest 

methods that can be used to prepare geometries for volume and boundary based numerical 

methods such as the finite element (FE) and boundary element (BE) methods. Extrusion has 

been and is still being applied to generate rotationally symmetric models (Frijns et al. 1996) 

and spiralling models (Briaire et al. 2000b; Hanekom 2001; Kang et al. 2015) of the cochlea. 
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A related technique is to place a simplified representation of the cross section of the 

scalae perpendicular to a spiral that follows a central path through the ducts. This is relatively 

uncomplicated to set up with modern software if the relevant geometric parameters are 

available. The resulting framework is then converted into a meshed polygon description of 

the cochlea (Yoo et al. 2000a). 

Semi-automatic to automatic segmentation through region growing processing is a 

method that is widely used to visualise cochlear structures (Rodt et al. 2002; Seemann et al. 

1999). It creates volumes by merging neighbouring pixels that satisfy a homogeneity 

criterion. Any 2D image stack that provides differentiation among the structures of interest 

through intensity or colour variation may be subjected to this type of processing. This method 

has been employed to create VC models of the cochlea, but typically requires an increased 

amount of manual intervention with an increased need for detail (Tran et al. 2014; Wong et 

al. 2016). Surface face models that can be imported in modelling software packages by 

conversion into, for example, an STL file format may then be created from the volumes that 

result from this process. The general approach is supported by a wide variety of dedicated 3D 

software such as Amira (Li et al. 2007) or ScanIP (Tran et al. 2014), or through the use of a 

workflow that prepares the segmentation data through custom code and then uses 3D 

rendering software to create the volumes  (Rau et al. 2011).  

Landmarking provides an alternative approach to region growing processing to 

develop the model structure. General technical computing software such as Matlab
3
 can be 

used to interpret geometry from the refined landmark data generated in the third MGW step. 

Anatomical structures are delineated by creating a wire framework from the landmarks that 

describe them. The framework is used to creating surfaces that outline each structure. These 

                                                 
3
 Technical computing language. http://www.mathworks.com/ 
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are then described in a format that can be interpreted by finite element modelling software 

such as Comsol
4
 (Malherbe et al. 2013).  

The electrode array may either be reconstructed using the same approach as followed 

for reconstruction of the cochlear anatomy, or modelling can be based on the known 

dimensions of the array as provided by the manufacturer and then inserted into the cochlear 

model using a registration process (Kalkman et al. 2015; Tran et al. 2014).  

Physics setup and solving of the model 

Tissue impedance characteristics 

After the geometry of the model has been created, the electrical characteristics for tissues 

need to be assigned. In an electrically stimulated cochlea, current flows from a stimulating 

electrode to a return electrode via the cochlear tissues. The shape and resistivities of these 

tissues determine the path that current will follow (Micco et al. 2006). Obtaining an accurate 

geometric representation of cochlear structures will not result in more accurate predictions of 

current patterns if the resistivities assigned to those structures are not accurately represented 

in the model.  

Traditionally, tissue impedances are implemented as pure resistances based on the 

observation by Spelman et al. (1982) that minimal phase lag occur in cochlear tissues up to 

12.5 kHz. A basic set of tissue resistivities that are used in 3D VC models has been reported 

in numerous studies (Frijns et al. 1996; Hanekom 2001; Rattay et al. 2001a). The majority of 

these values were obtained from guinea pig or gerbil animal models as human data are not 

available and were originally compiled from Strelioff (1973b), Spelman et al. (1982) and 

Finley et al. (1990). Some of these values, like that of perilymph, can be assumed to be fairly 

representative of the human case as the chemical composition of perilymph is fairly universal 

                                                 
4
 Multi-physics finite element analysis software. http://www.comsol.com/ 
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across mammals. Other values, such as that of bone, may differ greatly from the human case 

as the density and porousness of bone varies between species. Micco et al. (2006) ascribed 

the difference in bone resistivity between the guinea pig and gerbil to this difference where 

the guinea pig has compact bone and the gerbil has thin and porous bone. This variation in 

values may be the reason why a large range of values have been used to describe cochlear 

bone in modelling studies.  

Bone resistivity has been shown to significantly affect the predictions from 3D VC 

models (Kalkman et al. 2014b; Malherbe et al. 2015b) and the value thereof has been updated 

from the original value of 0.156 S/m to an order of magnitude lower based on electric field 

impedance measurements in implant users. 

Kalkman et al. (2014a) optimised the conductivity of the modiolus to reflect fluid 

compartments in the structure, also based on electric field impedance measurements in users. 

Table 1 summarises the most common conductivity values that are currently used in VC 

models of the cochlea. 

Table 1. Current conductivities of cochlear structures used in purely resistive 3D VC models of the cochlea. 

Recently updated values are indicated by an asterisk. 

Cochlear structure Conductivity [S/m] 

Basilar membrane  0.0125 

Bone 0.0154* 

Brain 0.2 

Metal electrodes 1000 

Organ of Corti 0.012 

Peripheral axons - axial 0.3333 

Peripheral axons - transverse 0.067 

Modiolus 0.3* 

Reissner's membrane  0.000098 

Scala Media 1.67 
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Scala Tympani 1.43 

Scala Vestibuli 1.43 

Scalp 0.33 

Silicone rubber 1 x 10
-7

 

Spiral ganglion 0.3333 

Spiral ligament  1.67 

Stria vascularis 0.0053 

 

Some researchers have argued that the capacitive effects of tissues, and especially the 

electrode-electrolyte interface, cannot be ignored in VC models of the cochlea.  A study by 

Wong et al. (2015) investigated the effect of frequency dependence of tissue resistivities on 

the predicted potential waveforms. They modelled the stimulus as a biphasic constant current 

pulse that was represented by the sum of a number of Fourier harmonics. A 3D model of the 

cochlea was subsequently solved for a set of impedance values relevant to each harmonic and 

the resulting potential waveform was reconstituted by summing the results over frequencies. 

Considerable differences between the quasi-static and time-dependent formulations of the 

problem were found, especially in the nerve tissue that exhibited a substantial reduction in 

voltage magnitude over the duration of each phase of the waveform. This finding challenges 

the existing assumption that neural activation may be predicted by a quasi-static solution to 

the potential field predicted by a 3D FE model. 

Choi et al. (2006; 2014) demonstrated the effect of the electrode-electrolyte interface 

on the prediction of electric field image data in 3D VC models of the cochlea.  They 

implemented the interface though a simple lumped element model that consisted of a 

capacitor that represents the double layer capacitance of the electrode-electrolyte interface, 

and a parallel resistance that allows faradaic current injection. It is well-known that electrode 

impedance changes over time, whether caused by encapsulation of the electrode array 
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(Hanekom 2005; Newbold et al. 2014) or by a change in the properties of the electrode-

electrolyte interface brought about by charge injection through the interface (Newbold et al. 

2014).   

These studies underscore the importance that the role of inclusion of time-dependent 

tissue characteristics, and especially a time-dependent description of the electrode-electrolyte 

interface play in prediction of neural excitation with 3D models and that this should be 

explored further. While purely resistive models have gained widespread acceptance because 

of their demonstrated ability to predict typical electric behaviour and neural responses to 

intracochlear electrical stimulation, they still lack robust predictive ability. This is especially 

important in the light of future development of models for specific live CI users that may be 

employed to optimise mapping parameters and diagnose problems with their implant. 

Application of source and boundary conditions 

The development of a 3D VC model is completed by application of boundary 

conditions. These include the specification of the source (the current or voltage applied to the 

active electrode) and sink (the grounding condition on the return electrode) as well as the 

conditions that apply at the boundaries between tissues and at the boundary of the model 

domain. It should be noted that cochlear implants usually stimulate with constant current and 

not voltage. Stimulation with current minimizes effects of the tissue impedance and a 

changing electrode-electrolyte impedance. A charge continuity condition is imposed on the 

boundaries among tissues while boundary conditions that are implemented on the model 

domain's outer boundary depend on the specific implementation of the domain surrounding 

the cochlear model.  

The majority of 3D VC models of the electrically stimulated cochlea are either 

embedded into a finite (with air around, i.e. no charge continuity) or an infinite bone volume 

(i.e. charge continuity into an infinite domain) (Frijns et al. 2000b; Hanekom 2001; Malherbe 
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et al. 2015b). Recently the model domain was also implemented with an elliptic head model 

consisting of bone surrounded by air (Malherbe et al. 2015b), a basic head model consisting 

of skull, scalp and brain volumes (Malherbe et al. 2015b) and a detailed head model 

reconstructed from a sectional imaging process (Tran et al. 2014). Figure 3 shows the head 

model solved for stimulation with an electrode inside the cochlea. 

Implementation of the return electrode, specifically for monopolar stimulation, proved 

to be an important factor in the prediction of both the potential field inside the cochlea as well 

as the resulting neural excitation profiles. The return electrode could be implemented to 

simulate an ideal spherical current return path by grounding the outer surface of a bone 

volume around the cochlear model, by applying the grounding condition to a part of the 

model, such as at the base of the cochlear nerve, or by implementing a realistic return 

electrode geometry into the VC description of the system. Recent studies have investigated 

the effect of the implementation of the return electrode on predictions from 3D VC models 

and found that it is necessary to include an accurate description of the return electrode 

geometry in these models to enable acceptable predictions of current paths through the 

cochlear volumes (Malherbe et al. 2015b; Tran et al. 2014; Wong et al. 2016).  

 

Figure 3. Head model with cochlea showing the potential field as a result of intracochlear stimulation. 
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Meshing and solving of the model and interpretation of results 

While not necessarily reported, meshing of biological structures for numerical 

analysis is frequently a rigorous task that may require frequent intervention to sort out 

meshing errors. Built-in meshing algorithms in numerical modelling and analysis software 

packages have improved over the years, but complex geometries may sometimes require the 

use of dedicated meshing software to resolve the mesh. Many analysis software packages, 

such as Comsol and Ansys for finite element analysis, are available and the choice of 

modelling platform depends on the MGW that is followed to create the model.  The output of 

a 3D VC model is a potential distribution throughout the modelled cochlea that may be used 

to assess the electric behaviour of the system, or that may be interpreted in terms of neural 

excitation behaviour through integration with a neural model. The approach to interpretation 

of results will become clear throughout the discussion of the various models that have been 

created and their application in the remainder of the article. 

Landmark-based model generation workflow example 

As an example of the workflow described above, this section presents the landmark-

based MGW that is employed by the University of Pretoria group to construct user-specific 

models of living cochleae. Details about the specific implementation of this workflow may be 

found in Malherbe et al. (2013; 2015a; 2015b). The MGW inherently makes provision for an 

improvement of the integrity of the dimensional characteristics of the model with improved 

quality of the image data, but more importantly, it actively seeks to accommodate low-

resolution data. It therefore does not limit the applicability of the technique to high-quality 

data, but allows a usable representation of the anatomic landmark features of the individual 

implanted system. This is important for a number of reasons. First, high-quality data sets are 

not always available, especially in developing countries. Second, older data sets obtained 

with lower-resolution technology may contain important information such as a clearer 
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delineation of the cochlear canals prior to ossification that may have taken place since 

acquisition of the image data. This argument also applies to pre-operative image data that are 

free from metal artefacts from the electrode contacts and may thus be registered with post-

operative image data where aspects of the cochlear morphology may be obscured.  

 The image source data from which the models are constructed are clinically obtained 

CT data. An oblique reconstruction of  a cube of approximately 50 mm side length around the 

inner ear is performed parallel to the basal turn of the cochlea (Connor et al. 2009). This 

image set is then resliced radially from the centre of the modiolus at 1 degree increments 

(angle θ measured from the centre of the round window) for 360 degrees. The result is a set 

of 360 mid-modiolar images from which the cochlear dimensions can be measured.  

 Landmarks that define the most distal boundary of the cochlear wall and the most 

superior boundary of the cochlear duct are measured and used as the base spirals around 

which the model is constructed. To extrapolate the apex boundaries (which are generally 

difficult to distinguish on CT images) and smooth out measurement errors introduced by the 

low resolution of the data, the measured landmarks are mapped onto template spirals that 

were obtained from cochleae illustrated in literature (Erixon et al. 2009). A procrustes 

approach is used to determine the best template to apply for this process.  

 The next challenge is to include inner-structure details that are not visible on 

conventional CT images either because the contrast is too low (as in the case of non-bony 

structures) or because the structures are comparable to or smaller than the voxel size of these 

images. Image registration between dimensions measured from a user's CT imaging data and 

a template model that was constructed from a mid-modiolar section through a human cochlea 

is used to augment the low-resolution CT data. The basic approach is to remap the template 

containing the inner structures so that its boundaries corresponded with the trajectory of the 

boundary template. This requires moving each cochlear duct until its outer boundary 
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intersects the template boundary. The final high-resolution representation of the cochlea 

containing the electrode array is constructed from the registered data set. An example of a 

user-specific model is shown in Figure 4. 

 

 

Figure 4. The model framework is used to define surfaces that delineate each structure, which are then exported 

to the finite element modelling software where volumes are created for volume conduction analysis. The figure 

shows a user-specific cochlear model with the electrode array (light red) where it enters the spiral. The scala 

vestibuli is shown in blue. 

The user-specific models also include a description of the head volume, as it was 

shown that the specific implementation of the return electrode affects predictions about 

current distribution in cochlear models (Govindasamy 2012). The base model to describe the 

head volume is a generic head model that consists of the skull, brain volume and scalp. The 

dimensions of the structures are changed to reflect the size of the corresponding structures as 

measured from the CT data of the specific CI user.  
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Models in literature  

Having considered the processing whereby 3D models are developed, the models that 

are available in literature are discussed next. While the ultimate goal of 3D models of the 

periphery is to investigate the relation between stimulus and response in human implantees, 

the fact that animal models have routinely been used to investigate the electrically stimulated 

mammalian auditory system experimentally, justified and drove the development of 3D 

models of animal cochleae. Because of the invasive nature of experimental animal models, 

3D computational models of these animals have the benefit of using invasively measured data 

to inform the development of the computational description of the processes underlying 

peripheral auditory excitation. This approach provides a more dense representation of the 

peripheral auditory system than what is possible for living human models where data need to 

be collected through mainly non-invasive means. Ideally, some of the information density in 

these animal models may then be used to enrich the equivalent living human models. This 

also means that the development of animal models did not precede human cochlear models, 

but took place in parallel to either probe the electrophysiology of the auditory system or to 

inform the development of human models. In this section the different models that have been 

developed are reviewed, while the expression of the models in research and clinical 

application is explored in the next section. 

Animal models 

The most common animal model in CI research is the guinea pig because of the 

favourable trade-off among cost, quality of specimens and ease of performing micro-

dissection and histologic procedures (Albuquerque et al. 2009). For this reason a number of 

guinea pig CI models have been published, e.g. the models by Frijns et al. (1995); Malherbe 

et al. (2013) and Wong et al. (2016)). Cat is also a popular experimental animal model 

(Hatsushika et al. 1990) for which a 3D model has recently been developed (Kang et al. 
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2015), while other experimental animal cochlear models like mouse (Irving et al. 2013), 

ferret (Hartley et al. 2010) and monkey (Pfingst et al. 1979) have not yet been described in 

3D computational models. 

The seminal work in animal modelling was done by Frijns and colleagues at the 

University of Leiden. In 1995, Frijns, de Snoo and Schoonhoven presented a rotationally 

symmetric 3D boundary element (BE) model of a guinea pig cochlea coupled with an active 

nerve fibre model (Frijns et al. 1995), which pioneered the integration of VC models with 

active neural models. The model was used to translate the potential distributions predicted by 

the VC models to neural response patterns and proved to be more accurate than the previous 

unrolled cochlear models. The geometry was constructed from a photomicrograph of a 

section through the second turn of a guinea pig cochlea by extruding the boundaries of the 

segmented image around the modiolus to create a rotationally symmetric structure. This 

approach was ideally suited to the BE method that allows for the discretisation of only a few 

surfaces instead of discretisation of a volume, as is the case with finite elements or finite 

differences. With this technique it is also possible to add a mesh afterwards, thereby avoiding 

rebuilding of the entire geometry when alterations are made (Briaire et al. 2000a). Model 

predictions proved to be in good agreement with published electrical ABR data. 

This model was used to study the influence of temporal stimulus parameters and 

electrode configurations on the spatial selectivity of electrical stimulation (Frijns et al. 1996). 

This line of work was continued in 2000 with the extension of the model and the realisation 

of a 3D tapered spiral with macro electrodes and a procedure to generate the mesh to solve 

the electrical volume conduction problem (Briaire et al. 2000a), complemented by an article 

describing application of the model to predict the neural response to an arbitrary cochlear 

implant (Frijns et al. 2000a). The model first predicted the potential distribution through the 

cochlear volume and then applied a nerve fibre model to predict excitation profiles. An 
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evaluation of preferential current paths in a guinea pig cochlea model was investigated 

(Briaire et al. 2000b) and a comparison with the results with a human model, generated 

following the same procedure, was made (Frijns et al. 2001). Westen et al. (2011) used this 

model to test the hypothesis that ECAP amplitude is linearly related to the number of excited 

nerve fibres and found that this is only true at low stimulus intensities.  The implication is 

that ECAP amplitude may not be a good predictor of objective mapping parameters such as 

maximum loudness level.  This series of articles all described a generic representation of a 

guinea pig cochlea, as it extrapolated the findings based on a single geometry to typify the 

biophysical behaviour of the auditory periphery.  

In 2013, the development of a subject-specific model based on µCT data was reported 

by the University of Pretoria group (Malherbe et al. 2013) as a first step towards the 

establishment of a MGW for user-specific models for live users. The objective was to 

investigate the factors that would allow prediction of user-variability in outcomes. The model 

was developed from a µCT image stack of a guinea pig cochlea
5
. Electrophysiological 

responses measured from the inferior colliculus of the same animal were available for 

validation of model outcomes. A method was proposed whereby anatomical details such as 

the geometric properties of the organ of Corti and the basilar membrane could be registered 

with a representation of the cochlea obtained from a landmark digitisation procedure to 

increase the feature density of the model. The work was extended by a study by 

Govindasamy (2012) that  emphasised the importance of including a fair amount of detail 

into user-specific models, such as an accurate description of the return electrode and the 

electrode carrier.  

                                                 
5 Image stack obtained from collaborators at Epstein Laboratories at the University of California San 

Fransisco. 
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A highly detailed model of a guinea-pig cochlea, including details of the major blood 

vessels in the cochlea, was recently presented by Wong et al. (2016). The MGW to create the 

level of detail demonstrated in the model was first described by Tran et al. (2014) and is 

based on an intricate fusion of manual and semi-automatic segmentation and volume 

rendering steps. The study sought to validate the 3D VC modelling approach against 

independently obtained in vivo voltage tomography data. Results suggested that intra-scalar 

voltages predicted by the model were more sensitive to the choice of boundary condition than 

to the assigned tissue resistivity values although potential distributions at the neurons were 

affected by the resistivities of bone, perilymph, and nerve. The study demonstrated a strong 

correlation with the in vivo voltage data, supporting the validity of the 3D VC approach to 

cochlear modelling. 

The most recent addition to the animal model repository in terms of species is a 3D 

model of a cat cochlea developed by Kang et al. (2015). This model was used to evaluate the 

effects of electrode position on the auditory nerve fibre response. The model extruded a 

simple geometric representation of a section through a cat cochlea in a spiralling fashion, 

similar to the approach by Briaire et al. (2000b) and Hanekom (2001). The primary objective 

of the model was not to create a high-fidelity anatomical representation of the cochlea, but 

rather to generalise the finding that electrode position affects the spatiotemporal pattern of the 

neural response and to show that this effect is dependent on stimulus rate. Model predictions 

could be validated against invasively measured neural response data reported in literature. 

Human models 

The first 3D human VC model preceded animal models by almost a decade with the 

study by Girzon (1987) . The model that was based on the method of finite differences could 

show that the distribution of the electric potential along the scala tympani was asymmetric 

and it could predict the potentials resulting from intracochlear stimulation in the vicinity of 
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the neurons. However, it did not provide sufficient resolution to allow integration with neural 

models and was soon followed by the model of Finley et al. (1990) that included the first 

rudimentary description of neural responsiveness to the predicted potential distributions. The 

activating function (Rattay 1986) was used to predict the origin of spike generation amongst 

four modelled locations for nodes of Ranvier. A preliminary investigation on the possible 

integration of active membrane models with the VC model was also presented and prompted 

the development of the integrated VC-ANF model of the guinea pig cochlea by Frijns et al. 

(1996) six years later. 

In 2001, three generalised human cochlear models were published. The BE model by 

Frijns et al. (2001) presented a spiralling 3D representation of the human cochlea constructed 

from histologic data. This model was used to investigate spatial selectivity and dynamic 

range that typifies cross-turn stimulation with the intention of improving understanding of the 

stimulation characteristics of modiolus-hugging electrodes. It was shown that the model was 

appropriate for testing and comparing of different electrode designs under identical and 

controlled circumstances. A subsequent study extended the model to facilitate an inverse 

calculation of the contribution of single fibre action potentials (SFAPs) to the measured 

ECAP. The model predicted that the measured ECAP may not necessarily reflect the action 

potential that propagates along the auditory nerve. 

The human model presented by Hanekom (2001) employed the FE method and 

represented the basal one-and-a-half turns of the cochlea. The model was created by 

extruding a section through a turn of a human cochlea around the modiolar axis and thus did 

not include geometric asymmetries. The model predicted potential distributions as a result of 

intracochlear stimulation and the resulting neural excitation. It included the spiralling nature 

of the cochlea and facilitated modelling of different electrode geometries, array locations and 

electrode separations without the need to regenerate the mesh. Three different shapes of 
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electrode contacts could be configured (full-band, half-band and a square contact that 

approximated a ball electrode) which could either be recessed or level with the carrier. It was 

concluded that the 3D location of the electrode contacts inside the scala tympani has a 

marked influence on the excitation site and is a primary parameter in the control of excitation 

spread. The study confirmed observations that threshold currents may be reduced by placing 

the electrode array closer to the modiolus and that the spiralling geometry of the cochlea 

results in asymmetric potential distributions. The model was subsequently applied to 

investigate the effect of encapsulation tissue around the electrode array (Hanekom 2005). 

The spiralled model by Rattay et al. (2001a) was based on a photograph of a 

midmodiolar histological section through a human cochlea. The primary objective of the 

model was to generate appropriate voltage distributions to validate a new compartmental 

neural model presented in a companion article (Rattay et al. 2001b) and to assess its 

effectiveness in predicting excitation characteristics of intracochlear stimulation. The model 

confirmed observations that voltage decay is more rapid in the basal turn due to the larger 

size of the scala tympani in this region, and showed that apical nerve fibres may typically be 

excited within the modiolus and not at the periphery. The model also showed that the site of 

excitation along the nerve fibre is reflected in a delay of the neural response, i.e. responses 

generated peripherally are delayed relative to responses elicited in the modiolus. This may 

confound temporal characteristics that could be transferred by a cochlear implant for users 

that have surviving dendrites in the organ of Corti. The study also investigated the focusing 

properties of different electrode configurations on neural excitation and found that intra-

scalar return electrodes should allow more focusing than monopolar stimulation. 

Choi et al. (2005; 2014) created a model that is based on the geometry of a section 

through the human cochlea presented in the model of Hanekom (2001). The model was 

constructed by extruding the geometry along various circular and spiralling trajectories. They 
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used the models to compare neural excitation characteristics of different cochlear implant 

electrodes and found that planar electrodes create more focused potential fields than banded 

or halfband electrode contacts, consistent with other reports in literature. The effect of 

inclusion of the electrode-tissue interface into 3D VC models was also investigated (Choi et 

al. 2006) and this showed that the frequency characteristics of the interface is important for 

the accurate prediction of the electric field image data measured by Vanpoucke et al. (2004b). 

In a subsequent study, the conditions for creating virtual channels amid neighbouring 

electrodes through controlled channel interaction was investigated, and the authors could 

show that a broad excitation pattern is necessary to produce the kind of electrode interaction 

necessary to form distinct virtual channels (Choi et al. 2009). The most recent application of 

this model was to investigate the origins of the ECAP. Good correspondence between 

measured and predicted ECAPs could be demonstrated by modelling the path between the 

neural nodes and the measuring electrode by an equivalent RC electric circuit that captures 

the properties of the electrode-tissue interface. 

The model by Ceresa et al. (2015) was based on a single high-resolution µCT scan of 

a cadaver cochlea and was aimed at optimising neural excitation based on an ideal excitation 

metric by manipulating stimulation parameters. The representation of the cochlea was limited 

to a duct divided by a bony septum at the location of the spiral lamina. Whether the proposed 

metric will yield improved perceptual results on a user-specific basis remains to be seen, as 

the analysis was limited to a single test case. 

Dang et al. (2015) also based their model on geometric parameters obtained from 

µCT images of a cadaver cochlea. They presented a parametric 3D model that used the µCT 

images to adapt the geometry. Model predictions proved to be in good agreement with multi-

channel stimulation data measured from the implanted cochlea. The results confirmed that 

electric field distribution is affected by the shape of the cochlea. 
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The 3D models of the human auditory periphery described up to this point focused on 

generalisation of predictions based on a single cochlear morphology and are in essence 

generic 3D models. These models attempted to explain typical behaviour that is observed 

over a general population of CI users. The first study to investigate the effect of individual 

morphology on predictions made by 3D models was conducted by Whiten (2007). The 

approach was to develop detailed models of the cochleae of two deceased implant users from 

images of histologic sections of their temporal bones. Model predictions were compared to 

data from the literature, a cohort of implanted research subjects and archives collected during 

the years of CI use of the modelled CI users. The comparisons to archival data showed 

promising correspondence between model-predicted and empirically-measured data. This 

suggested that representation of user-specific characteristics in 3D models may affect 

prediction and may offer improved prediction of user-specific outcomes when compared to 

generic models.  

Morphologic variation was also included by Kalkman et al. (2014a) who modelled 

four different cochlear geometries to probe place pitch. Because the models were based on 

histologic sections through human cochleae, it was possible to extend human models to 

include detail about the fluid compartments in the modiolus. Electrical conductivity values of 

bone and the modiolus were also updated based on clinical data. To make an accurate 

assessment of place pitch, the bicycle spoke trajectories of the dendrites reported by 

Stakhovskaya et al. (2007) as well as the displacement of their cell bodies towards lower 

turns were implemented for apical neurons. Model predictions confirmed the validity of pitch 

estimation in the basal turn of the cochlea by application of Greenwood's function 

(Greenwood 1990), but showed that pitch becomes increasingly unpredictable towards the 

apex, relying on the specific combination of stimulus level, state of the cochlear neurons and 

the electrode's distance from the modiolus at the point of interest. The model was further 
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applied to investigate multipolar current focussing strategies and results confirmed the role of 

electrical field interaction to induce spatially restricted excitation patterns. The implication is 

that perimodiolar electrodes may be too close to the target neurons to allow field interaction 

and therefore a summed spatial excitation profile. This is consistent with the analysis of Choi 

et al. (2009). The model also showed the 3D spatial penetration patterns of neural excitation 

into the spiral ganglion, which is among others important for interpretation of pitch percepts 

with cochlear implants.  

The first attempt at modelling of live users' cochleae was presented by Malherbe et al.  

(2015a; 2015b). The construction of these models were discussed in the previous section as 

an example of the application of the MGW by which 3D VC models of the human periphery 

may be created. The primary challenge that needs to be contended with in the development of 

3D models of live cochleae is inadequate resolution of image data from which user-specific 

morphologic characteristics need to be extracted. These two studies showed that spread of 

neural excitation is highly dependent on cochlear morphology. Model predictions of the 

effect of cochlear morphology were compared to the predicted effect of medial versus lateral 

placement of electrodes in the scala tympani. While the latter is known to be one of the 

primary factors that affect excitation thresholds, estimates from the models suggest that the 

effect of cochlear morphology on excitation thresholds is two-thirds as large as that of 

medial-lateral electrode placement. This has important implications for models that aim to 

predict user-specific outcomes.  

Neural models 

As noted previously, a complete description of the biophysical interface requires an 

interpretation of potential distributions in terms of neural excitation characteristics. The 

majority of models discussed above have been coupled to some form of interpretive neural 

description. Prediction of neural excitation can be coupled to VC models on different levels. 
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At its most basic level, neural excitation may be probed using the activating function (Rattay 

1986) which is the second spatial derivative of the potential field on a plane that intersects the 

nodes of Ranvier. Examples of where this approach was employed are the models of Finley et 

al. (1990),  Rattay et al. (2001a) and Nicoletti et al. (2013). The activating function assumes 

that the neuron is in the resting state and only indicates the direction and degree to which the 

node is inclined to change from the resting state. It can neither predict the firing threshold nor 

any temporal behaviour (e.g. temporal integration or adaptation). To this end the activating 

function is useful for qualitatively probing the spatial location and extent of neural excitation.  

Neural models that have most commonly been combined with VC models are 

physiologically-based active membrane neural models that depend on the extracellular 

potential gradient that is predicted by VC models. Such a model may straightforwardly be 

integrated with a VC model as long as the VC model can predict the potentials at the specific 

locations of the nodes of Ranvier. This family of models include the compartmental of Rattay 

employing the Hodgkin-Huxley membrane equations (Rattay et al. 2001b) and the 

generalised Schwartz-Eikhof-Frijns model (Frijns et al. 1996) which uses an adaptation of the 

original Schwartz-Eikhof membrane model. The latter has been revised twice to more 

strongly incorporate human characteristics (Briaire et al. 2005; Kalkman et al. 2014a). This 

class of models can potentially provide a very rich description of the neural behaviour 

depending on its predictive capabilities. Predictions include temporal behaviour such as 

adaptation and derived measures such as the prediction of ECAPs (Briaire et al. 2005; 

Rubinstein 2004) and the factors from which latencies in neural responses originate (Rattay et 

al. 2001b). 

The main disadvantage of physiologically-based active membrane neural models is 

their computational intensiveness which implies excessive simulation times especially when 

populations of neurons are modelled. The computational cost further increases with the 
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addition of stochastic properties to physiologically-based models. Integration of analytical 

models of neural behaviour into VC models of the cochlea may thus provide an alternative, 

computationally less-expensive description of neural behaviour to electrical stimuli. The 

single fibre stochastic model of single biphasic-pulse excitation of auditory neurons by Bruce 

et al. (1999b) and the subsequent pulse-train formulation of the model (Bruce et al. 2000) 

provide an accurate and computationally efficient description of neural excitation properties. 

The stochastic models have been successfully applied to predict behavioural threshold, 

dynamic range and intensity difference limen (Bruce et al. 1999a) for single pulses and 

behavioural threshold for pulse trains (Xu et al. 2004).  

 

Validation of models and model parameters: probing biophysics in the research 

domain 

An important aspect of 3D modelling is validation of the models in terms of 

measurable quantities. Since 3D models provide a description of the periphery of the auditory 

system, their output must either be assessed at the level of output, i.e. in terms of the electric 

potential field that it generates in response to electrical stimulation, or their output needs to be 

interpreted in terms of higher level responses. Combining a neural model with the VC models 

allows interpretation of the potential fields in terms of neural excitation profiles. However, 

because of the small dimensions of the cochlea, the delicacy of its structures and its surgically 

inaccessible location, it is difficult to take direct measures of neural excitation on a single 

fibre level. Derived measures are thus frequently employed that reflect the activity at the 

periphery. The drawback of derived measures is that they add another level of complexity to 

the models since the derivation needs to be included in the structure of the model. An 

example of this is the electrically evoked compound action potential (ECAP) that is the 

potential that can be measured at an electrode as a result of the combined activity of all the 
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nerve fibres that were activated by a stimulus. To be able to validate a model against such a 

measure, the mechanisms for detection of the ECAP needs to be included in the model as 

demonstrated by Westen et al. (2011). While this may extend the applicability and predictive 

scope of a model and thus the set of measures against which it may be validated, additional 

layers of complexity often introduce more uncertainty in the predicted quantities.  This is also 

one of the main reasons why care must be taken when extrapolating predictions from 3D 

models to perceptual outcomes. Without a thorough description of the central processes that 

translate the output from the periphery to percepts it is inadvisable to validate 3D model 

outputs against perceptual measures.  

Since animals may be subjected to invasive measurements to characterise the 

functioning of the neurophysiology, the level of validation that is possible with animal 

models is deeper than what is possible for human models where invasive measurements may 

only be performed on cadavers that lack neural responsiveness. Typical measures that are 

available for validation of 3D electro-anatomical models are summarised in Table 2 with 

references to examples of studies that either describe them or have employed them for 

validation. 

Table 2. Typical measures for validation of 3D models.  

Measure Live 

human 

Animal 

or 

cadaver 

Description 

In situ electric potential 

measurements   

Physical measurement of potentials inside the cochlea. These 

may be directly compared to predicted potential values. 

(Black et al. 1983; Dang et al. 2015; O'Leary et al. 1985) 

Single fibre or cluster 

responses from the 

inferior colliculus (IC) 

  

Neural responses in the form of IC recordings may be 

measured from live animal subjects. Since tonotopicity is 

maintained, the measured responses provide an indication of 
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the peripheral neural response, which may in turn be 

predicted by a neural model combined with 3D VC models. 

(Malherbe et al. 2013) 

ECAP 

  

The electrically evoked compound action potential (ECAP) 

is the sum of the neural activity detected at the electrodes in 

response to an electrical stimulus. It is a standard clinical 

measure. 

(Choi et al. 2014; Westen et al. 2011; Whiten 2007) 

EFI 

  

Electric field imaging measures the voltage distribution as a 

function of the electrode position in the cochlea in response 

to the stimulation of a single electrode. This may be directly 

compared to predictions of potentials at the electrode 

contacts in a 3D VC model. 

(Choi et al. 2006; Lau et al. 2011; Malherbe et al. 2015b; 

Vanpoucke et al. 2004a) 

Map parameters: 

Perceptual thresholds 

(T), Comfort level (C) 

and dynamic range 

  

T levels are the lowest current levels at which a percept is 

elicited while C levels are the current levels at which the 

maximum comfortable loudness of a percept is elicited. 

Dynamic range is the difference between these two 

measures. Snel-Bongers et al. (2013) proposed a 1 mm 

region of excitation as an indication of perceptual threshold 

levels and a 4 mm region of excitation as an indication of 

perceptual C levels. The predicted current that excites a 1 

mm region (T) or 4 mm region (C) of nerve fibres is excited 

may be compared to T and C levels recorded in the maps of 

users. These measures may be unreliable since they are a 

perceptual interpretation of the model output.  (Malherbe et 

al. 2013; 2015a) 
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Application of models: predicting current spread 

A primary objective of 3D models is to predict and understand voltage and current 

distributions in the cochlea, and the resulting neural excitation patterns. Interaction between 

electrode stimuli may be in the form of electrical interactions between electrodes (Boëx et al. 

2003), and may also result in neighbouring electrodes stimulating overlapping neural 

populations (neural interaction). Current spread is important, because this limits spatial 

resolution of stimuli in cochlear implants, and this may in turn result in spectral smearing of 

the electrically-elicited spectral representation and may limit the number of independent 

information channels (Strydom et al. 2011). This effect is especially important in 

simultaneous stimulation, but interaction also occurs for non-simultaneous stimulation (Boëx 

et al. 2003). Current spread, current decay rate away from the stimulation electrode, voltage 

distribution and extent of the region of neural excitation (or spread of excitation) are all 

related, but different ways of expressing the effect of the electrical stimulus that may be 

observed some distance away from the electrode.  

Current decay has been measured in saline bath experiments, with estimates of current 

decay of 2-4 dB/mm for bipolar stimulation and 0.5 to 1 dB/mm for monopolar stimulation 

(Black et al. 1983), and O'Leary et al. (1985) finding current decays of 2-3 dB/mm for 

Nucleus CI22 bipolar electrodes. However, Kral et al. (1998) showed that while tank 

measurements corresponded to cadaver measurements in the basal part of the cochlea, but 

more apical decay values are larger in cadavers. Spatial resolution becomes better towards the 

apex. Moreover, in vivo cat neural excitation data (Hartmann et al. 1990; Kral et al. 1998) 

show decay rates of 3 dB/mm for monopolar sinusoidal stimulation, and 7.4 to 8.5 dB/mm for 

bipolar stimulation, underlining the importance of coupling of volume conduction models and 

neural models in 3D models. Measurements typically show asymmetry in the spread of 
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excitation, especially in monopolar configurations, and also wider potential distributions 

around basal electrodes (Kral et al. 1998). 

Predictions from 3D models approximate the measurements mentioned above. Models 

show that potential distributions vary among the different modes of stimulation (different 

bipolar stimulation modes in which active and return separations vary, and monopolar 

stimulation; Kral et al. 1998). The spiralling finite-element model of Hanekom (2001) 

showed average values of current decay of 7.5–10 dB/mm for bipolar stimulation, and around 

2 dB/mm for monopolar stimulation. Model-predicted spread of excitation differs in apical 

and basal regions of the cochlea, shown in the 3D model of Hanekom (2001), but also in the 

lumped parameter model of Kral et al. (1998). 

While predicted trends in models correspond to the available measurements in broad 

terms, models have extended our understanding of the origins of current spread. Models 

clearly show that the geometry of the cochlea is important, with generic models showing, for 

example, that the spread of current is higher in the basal turns of the cochlea. This may be 

because of the wider cochlear duct (Kral et al. 1998) or the spiral shape of the cochlea, with 

the radius larger in the basal region than in the apical region (Hanekom 2001). In addition, 

the model of Hanekom (2001) showed that spread of excitation of laterally positioned 

electrode arrays increases significantly at wide bipolar electrode separations, and that the 

most effective way to control spread of excitation is to locate electrodes close to the target 

nerve fibres.  

Although current decay is often approximated as a simple exponential decay, Briaire 

et al. (2000b) have shown in their rotationally symmetric 3D model that this approximation 

only holds in the far field. Current decay is higher close to electrodes, seen also in the model 

predictions of Hanekom (2001). Briaire et al. (2000b) have shown that current decay follows 

an inverse square law along the scala tympani in the immediate vicinity of the electrode. 
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Additionally, the extent of current spread is determined by the electrode configuration, 

characteristics of the medium, the distance from the stimulating electrode and the geometry 

of the medium and the electrodes (Frijns et al. 1995; Hanekom 2001). The spreading 

characteristics of the medium depend on a number of parameters, including material 

properties of the perilymph, endolymph, spiral ganglion and basilar membrane. These are 

typically included in 3D models (Frijns et al. 1995; Hanekom 2001; 2005).  

Cohen (2009) showed that the spread of the effective stimulation field (ESF), which is 

defined as the ability of the field to excite neurons, is a function of the longitudinal distance 

between an electrode and the target neurons, i.e. the user-specific effects of electrode array 

type and position on the ESF. He used spread of excitation derived from ECAP masking 

functions and predictions of the spread of the electric field inside the cochlea from a simple 

axi-symmetric finite element model of the cochlea to derive the ESF. This demonstrated that 

current decay (interpreted as the ESF in Cohen's model) is a function of the position of a 

specific electrode within the cochlea. Applying the model of Malherbe et al. (2015a), and 

systematically applying point source stimuli at different positions along the length of the 

scala tympani, and at difference distances to the scala walls at each scala tympani position, 

we calculated the voltage decay rate from current sources at each of these positions. This was 

done for each of the five implanted cochleae modelled by Malherbe et al. (2015a). The 

resulting potential distribution of each source position was considered at the first nodes of 

each neuron at the modelled neuron locations, described in Malherbe et al. (2015a). These 

nodes were positioned in the neuron region in the spiral lamina just medial to the organ of 

Corti. 

These simulations showed that voltage decay was a function of several cochlear 

morphological parameters as well as electrode placement within the scala tympani. While 

decay in a longitudinal direction (along the scala tympani) and a radial direction were both 
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predicted to be exponential, these decay rates differed. Also, voltage decay rate was sensitive 

to cochlear size (parameterised by cochlear base width), duct cross-sectional area, duct 

height, duct width, position of the current source along the length of the scala tympani, 

distance of the source to the modiolus, distance to the medial and lateral walls and distance to 

the organ of Corti. For example, it was found that longitudinal current decay rates varied with 

radial position (distance to modiolus) of the source. This electrode position and cochlear 

geometry sensitivity underlines the importance of models that are user-specific. 

Application of models: the clinical domain 

A useful measure of how effective cochlear implants are in restoring hearing in an 

individual CI user is often difficult to attain as the level of benefit may be difficult to 

characterise in spite of satisfactory clinical outcomes. The description of a user's cochleae 

through 3D computational models is therefore clinically relevant as it may enable clinicians 

to gain insight into the workings of the electrically stimulated cochlea. Translation of 3D CI 

models to the clinical domain is further promoted by the drive towards user-specific models 

that incorporate the specific morphology of an individual's cochlea and location of the 

electrode array. 

The development of 3D cochlear models has provided much insight into the 

behaviour of the auditory periphery in reaction to electrical stimulation, including an 

understanding of the relationship between the distance of the electrode from the surviving 

nerve fibres and thresholds, the focusing ability of various electrode placements and electrode 

designs, ectopic excitation and the factors that affect this, the origin and characteristics of the 

ECAP, and frequency mapping in cochlear implants. In addition, the predictive ability of 

these models has improved to the point where they may soon become clinically applicable on 

a broad scale (Malherbe et al. 2015a). This is especially true with the escalation in the power 

of computational resources that allow cochlear models to be created with increasing levels of 
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detail and intricacy, and to be solved with growing accuracy while reducing computational 

time.   

As mentioned before, deriving conclusions about perception based on predictions 

from peripheral models must be approached with care.  However, since peripheral neural 

behaviour underlies perception, knowledge that may be gained through a 3D interpretation of 

the periphery may provide insight into the manipulations that may be required or 

experimented with to optimise the input to the central auditory system. An example is 

modelling of channel interaction that provides insight into possible effects thereof on 

perception.  

A model-based clinical toolset that flows naturally from the objectives and predictive 

ability of 3D models of the electrically stimulated cochlea includes model-based visualisation 

(MBV), model-predicted mapping (MPM) and model-based diagnostics (MBD). Each of 

these are briefly explored in the following paragraphs.  

 

Model-based Visualisation (MBV) 

Visualisation of the cochlear implant electrode is routinely done via post-operative X-

ray imaging, and in some cases via post-operative computed tomography (CT) imaging of the 

user's cochlea. Neither of these techniques provides a clear view of the electrode array's 

position. For the X-ray images, the three-dimensional nature of the array trajectory is lost 

while CT-images provide low-resolution visualisation that is further degraded by the 

presence of metal artefacts from the electrode contacts. Much research has been done on 

determining the trajectory of the electrode array inside the cochlea of an implant user 

(Gstoettner et al. 1999; Ketten 1994; Marx et al. 2014; Noble et al. 2010; Shpizner et al. 

1995; Skinner et al. 1994; Verbist et al. 2008; Whiting et al. 2008), but this information 

generally does not contain a description of the inner structures of the cochlea. Visualisation 
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of the electrode array relative to cochlear structures may thus prove to be an informative by-

product of user-specific 3D models. Figure 5 below illustrates the value of the approach.   

 

Figure 5. (a) Oblique view of the cochlea  on a clinically obtained spiral CT image. (b) Mid-modiolar section 

through the same cochlea. (c) Visual rendering of the electrode inside the cochlea with structures removed to 

enhance visibility. (d) The complete model showing the electrode to be located in the scala vestibuli as a result 

of insertion through an incorrect cochleostomy site. 

 
 

Model-predicted Mapping (MPM) 

The use of 3D models may inform the optimisation of mapping parameters based on 

knowledge of, for example, the field interactions among different electrode configurations 

and stimulus paradigms, the neural population that is targeted by a specific electrode 

configuration and how it changes with increasing or decreasing stimulus level, and the 

relation between thresholds of different electrodes. An example is found in the recent study 

of Malherbe et al. (2015a) that showed how the centroid of the spread of excitation changes 

with increasing stimulus level and that is therefore expected to cause changes in perceived 

pitch. While pitch shift with intensity increase is a known phenomenon (Arnoldner et al. 

2008), a user-specific model may provide a rough quantitative indication of the magnitude of 
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the shift that may be produced under specific stimulation conditions for a specific electrode 

configuration. Another example is demonstrated in the same article where the excitation 

profiles for electrodes at the same angle of insertion in the two cochleae of a bilateral implant 

user were compared.  For the CI users in that study, predicted excitation patterns for one of 

the two users at a specific angle were similar (this user's electrode arrays were in similar 

intracochlear locations) while the other had a medial electrode location in the one ear and a 

lateral location in the other resulting in strikingly different neural excitation patterns. 

Information like this may be valuable to inform and optimise the user's map, for example by 

attempting to compensate for frequency offsets introduced by dissimilar electrode insertions 

in the left and right ears of bilateral implant users, or to enhance the binaural cues that may be 

available in neural spike trains elicited by bilateral implants. Along these lines, Nicoletti et al. 

(2013) developed a model to investigate to which extent bilaterally implanted ears may be 

able to convey binaural information. The peripheral part of their model, more primitive than 

recent 3D cochlear models, did not consider the coiling of the cochlea, and assumed a current 

decay of 1 dB/mm. The modelled current was used as input to a Hodgkin-Huxley type neural 

model that modelled a population of 6000 spiral ganglion cells with varying properties. 

Predicted neural spiking patterns of two simulated ears were used as input to coincidence 

detection neurons that essentially calculated a cross-correlation between spike trains arriving 

from the two ears. This could then be used to investigate the ability of different speech 

processors to potentially convey binaural cues. Although not considered by Nicoletti et al, 

this approach may potentially be used to assist in map corrections to enhance binaural cues.   

Ultimately, models need to predict speech perception abilities of individual CI users 

implanted with specific devices, given a number of user-specific parameters (including 

electrode type and positioning, speech processor and map parameters). This requires more 

advanced neural models that include modelling of central processing. An example of the 
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latter appears in Fredelake et al. (2012), who developed a model to predict speech perception. 

Their simple peripheral cochlear model implemented an exponential current decay, and the 

effective current at modelled leaky integrate-and-fire neurons caused these to produce neural 

spike trains. Spike trains were processed in a model of central auditory processing that 

included spatial, temporal integration and internal noise to form an internal representation. 

Stored internal representations were then compared to internal representations of words 

presented in noise, and speech reception thresholds (SRTs) were calculated. It would be 

possible to predict user-specific SRTs, knowing a number of user-specific parameters. Being 

able to predict speech perception outcomes for individual CI users will allow optimisation of 

maps for individual users. 

Model-based diagnostics (MBD) 

To date a number of 3D CI models have been developed for research purposes. 

However, very few have been applied to CI diagnostics.  To be able to use 3D models in a 

diagnostic application, it is necessary to have a user-specific model, which perhaps explains 

the absence of diagnostic applications in the literature to date. An example of a diagnostic 

application of 3D models is probing the factors that may lead to changes in thresholds over 

time which could cause hearing performance to deteriorate. The source of changes may first 

be investigated, e.g. by assessing the effect of fibrous tissue encapsulation of the electrode, 

ossification of the cochlea or neural degeneration, in an attempt to diagnose the origins of the 

problem. This may be followed by an investigation of measures that may improve hearing 

performance such as remapping of the device based on the model-based diagnosis. The 

potential impact of this approach on the management and maintenance of hearing 

performance in CI users provides a strong motivation to pursue the development of the 

diagnostic application of 3D models. 
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The future of 3D models 

While there has been consistent activity in the field of 3D models of cochlear implants 

over the past two decades, the realisation that the refinement of these models to include user-

specific traits may shed light on the factors that underlie inter-person variance has stimulated 

new interest in the application and refinement of these models. It is suggested that the past 

role that generic models played in the description of general trends in the neurophysiological 

behaviour of CI-elicited hearing may conceivably be supplanted in future by statistical 

analyses of the predicted responses of a collection of user-specific models. To this end the 

development of a significant number of hi-fidelity user-specific models from cadaveric 

materials will play an important role in the future application of 3D CI models.  

The development of a model-based clinical toolset is also a strong motivator for the 

refinement of models of specific live users. These models will become more accurate in 

future as imaging technology develops to allow more of the intricate details of the cochlear 

structure to be visualised in vivo. To support clinical availability, it is important to optimise 

the MGW to be able to produce user-specific models of living cochleae within a reasonable 

time with a reasonable amount of effort.  

Looking back on the comment by Finley et al. (1990) that the stimulated cochlea "appears to 

be a highly non-linear, uncontrollable interface that limits the ultimate performance goals of 

cochlear prostheses" when considered as a whole, but that it can be separated into an ordered 

set of biophysical mechanisms, it is clear that 3D models are well-suited to probe and 

detangle the intricacies of this interface.  
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