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In situ validation of a parametric model of electrical field distribution in an implanted cochlea

Cochlear implants have been proved to be an effective treatment for patients with sensorineural hearing loss. Among all the approaches that have been developed to design better cochlear implants, 3D model-based simulation stands out due to its detailed description of the electric field which helps reveal the electrophysiological phenomena inside the cochlea. With the advances in the cochlear implant manufacturing technology, the requirement on simulation accuracy increases. Improving the simulation accuracy relies on two aspects: 1) a better geometrical description of the cochlea that is able to distinguish the subtle differences across patients; 2) a comprehensive and reliable validation of the created 3D model. In this paper, targeting at high precision simulation, we propose a parametric cochlea model which uses micro-CT images to adapt to different cochlea geometries, then demonstrate its validation process with multichannel stimulation data measured from a implanted cochlea. Comparisons between the simulation and validation data show a good match under a variety of stimulation configurations. The results suggest that the electric field distribution is affected by the geometric characteristics of each individual cochlea. These differences can be correctly reflected by simulations based on a 3D model tuned with personalized data.

I. INTRODUCTION

As a highly successful neural prostheses, cochlear implant have been used for many years to help patients who suffer from sensorineural hearing loss recover the sense of hearing. The cochlear implant works by directly stimulating the residual auditory nerve fibers inside the cochlea according to their naturally developed tonotopic organization [START_REF] Wilson | Cochlear implants: current designs and future possibilities[END_REF], [START_REF] Zeng | Cochlear implants: system design, integration, and evaluation[END_REF]. Despite the significant improvements that have been made in the past decades, the performance of modern cochlear implants is still far behind the healthy cochlea. A suspected reason is the precision of stimulation. In a healthy cochlea, an auditory nerve fiber is activated by the hair cell to which it is connected. While in an implanted cochlea, the auditory nerve fibers are activated by electrical stimulations originating from a certain distance. The tissue and liquid between the current source and the nerve fiber diffuse the stimulating current, reducing its spatial selectivity [START_REF] Tang | Spatial channel interactions in cochlear implants[END_REF]. As a result, the excited nerve fibers spreads and the number of uncorrelated information channels decreases [START_REF] Mcdonnell | A channel model for inferring the optimal number of electrodes for future cochlear implants[END_REF].

Efforts have been made to improve spatial selectivity with optimized the stimulation strategies. Since the implants only have a limited capability of measuring electric field related data in the patients' cochleas, 3D model based simulations are often used to fill the blanks. Until now, based on the computation of the electric field [START_REF] Briaire | 3d mesh generation to solve the electrical volume conduction problem in the implanted inner ear[END_REF], [START_REF] Sibella | Modeling and computation of electric potential field distribution generated in cochlear tissues by cochlear implant stimulations[END_REF], [START_REF] Choi | A novel approach to compute the impedance matrix of a cochlear implant system incorporating an electrode-tissue interface based on finite element method[END_REF], the simulation approach has been used to optimize the current focusing strategy [START_REF] Bonham | Current focusing and steering: Modeling, physiology, and psychophysics[END_REF], to study the consequences of neural degeneration [START_REF] Briaire | The consequences of neural degeneration regarding optimal cochlear implant position in scala tympani: a model approach[END_REF], and to model the electric compound action potential (ECAP) of the auditory nerve [START_REF] Choi | Modeling ecap in cochlear implants using the fem and equivalent circuits[END_REF], [START_REF] Briaire | Unraveling the electrically evoked compound action potential[END_REF].

Besides current diffusion, the performance of the implant on each patient is also largely affected by individual factors such as the cochlea shape, position of the electrode array and the neuron survival [START_REF] Briaire | The consequences of neural degeneration regarding optimal cochlear implant position in scala tympani: a model approach[END_REF], [START_REF] Finley | Role of electrode placement as a contributor to variability in cochlear implant outcomes[END_REF]. For the generalized 3D cochlear models developed in the previous studies, the effects of these factors are hard to estimate. To address this problem and propose patient-specific 3D electric field simulation in the cochlea, we propose an adaptive cochlear model based on parametric descriptions. Using micro-CT images, this model is quickly adapted to the scanned cochlea in terms of the cochlea shape and the position of the implanted electrode array.

In previous researches, cochlear model are often validated through indirect approaches. For instance, comparing the simulated input impedance of each electrode with the impedance measurement of a real cochlea implant is a commonly used method [START_REF] Choi | A novel approach to compute the impedance matrix of a cochlear implant system incorporating an electrode-tissue interface based on finite element method[END_REF], [START_REF] Kalkman | Place pitch versus electrode location in a realistic computational model of the implanted human cochlea[END_REF]. However, since the input impedance is measured between pairs of electrodes, this validation method does not cover multi-channel stimulation, which is commonly performed by the actual implants [START_REF] Bierer | Identifying cochlear implant channels with poor electrode-neuron interface: partial tripolar, single-channel thresholds and psychophysical tuning curves[END_REF]. In this paper, we also demonstrate a novel validation approach which directly measures the electric potential during a variety of stimulation configurations. The potential data is recorded in the cochlea of an implanted human specimen with high sampling rate and amplitude resolution. The acquired data is compared to the simulation results in terms of stimulation patterns, stimulating positions and measuring positions.

II. METHOD

A. Electric field simulation

Patient-specific geometric details, such as the placement of the electrode array inside the cochlea, are closely correlated to the performance of a cochlear implant [START_REF] Finley | Role of electrode placement as a contributor to variability in cochlear implant outcomes[END_REF]. Yet the exact causes of performance variations are still not clear. Motivated by the lack of a simulation tool on this aspect, we developed a parametrical modeling approach that is able to adapt to a specified cochlea through micro-CT images.

Simulation of the electric field is equivalent to solving a Poisson equation (1) in 3D:

∇ • (σ∇ϕ) = 0 (1)
in which ϕ is the 3D electric potential distribution and σ represents the conductivity distribution of the tissues. In our simulation, equation 1 is solved via a symmetric boundary element method (BEM) approach [START_REF] Gramfort | OpenMEEG: opensource software for quasistatic bioelectromagnetics[END_REF]. The BEM is economical compared to FEM because it only requires surface meshes as geometrical input. In our parametric model, these meshes are created by rotating the cross-section of the cochlea in a cylindrical coordinate system. The output of the simulation is the value of the electric potential at a set of fixed positions within the cochlea. These virtual measurement points are organized along 200 virtual auditory nerve fibers, stretching from the base to the apex of the cochlea. Each fiber contains 50 measurement points, located from the peripheral process to the central axon, and depicted as red curves in Fig 1. 

B. Geometrical adaptation

Our experimental setup involved an EVO electrode array (Neurelec-Oticon Medical) implanted in the right cochlea of a human cadaver. The EVO array has a total length of 25mm, with 20 equally spaced cylindrical platinum contacts. The implanted temporal bone was placed into a Micro-CT which provided a high resolution 3D scan of the cochlea (resolution 24.8µm in each direction). As the first step of adapting the 3D model, the same cylindrical coordinate system used by the parametric model is defined in the scan data using the methods from [START_REF] Verbist | Consensus panel on a cochlear coordinate system applicable in histological, physiological and radiological studies of the human cochlea[END_REF], [START_REF] Clark | A scalable model for human scala-tympani phantoms[END_REF]. The polar axis inside the scan is shown in Fig 2(a) as the yellow arrow, while the longitudinal axis is pointing from the centre of the modiolus to the apex of the cochlea, parallel to the view direction. 4) that create the cross-section of ST through interpolation.

C. Intra-cochlear stimulation and acquisition platform

We devised an original experiment setup for in-situ validation, by implanting by cochleostomy the left cochlea of a human cadaver. A home-designed stimulation and acquisition platform allowed to measure the intra-cochlear potential resulting from stimulation with an EVO electrode array. On a multichannel electrode array, different channels can be activated at the same time to create a desired electric field pattern inside the cochlea [START_REF] Bierer | Identifying cochlear implant channels with poor electrode-neuron interface: partial tripolar, single-channel thresholds and psychophysical tuning curves[END_REF], [START_REF] Landsberger | Reducing current spread using current focusing in cochlear implant users[END_REF]. To record this field pattern, our system combines the stimulation research platform with a multichannel recording circuit. The system diagram is shown in Fig 5 . The final ST cross-section is created from the interpolation In the stimulation part of the system, a stimulation chip is connected to a 20 channel electrode array and a reference as in the actual implant. The chip belongs to a research platform, which generates different stimulation sequences according to user's configuration. The reference electrode is placed between the skull and the scalp at the same side of the head as the implanted cochlea. It is a platinum spherical contact with a diameter of 1.5mm.

In order to measure the electric potential generated by the stimulation, the 20 wires from the electrode array are also connected to an analog multiplexer that leads to the recording part of the system. Since an open circuit is easily corrupted by interference from the environment, the output of the multiplexer is connected to the reference via a 10kΩ resistor to create a loop in the circuit. The two leads of the resistor are connected to the input of a differential probe, which keeps the stimulation part isolated from outside while extracting the differential signal to the digital oscilloscope. Finally, the digital oscilloscope samples the signal at 5MHz sampling rate and 16bits amplitude resolution. The sampled data is sent to PC for storage and analysis. During the recording process, each stimulation waveform is programmed to repeat 20 times. In each repetition, an analog multiplexer connects one of the 20 electrodes to the input of the recording part, so waveforms conducted by the cochlear tissue can be recorded at the electrode positions. In a modern cochlear implant system, the different strategies to stimulate auditory nerve fibers involve changing the waveform, the duration and intensity of stimulation and the spatial layout of the stimulation electrodes. Those variable parameters are configured as follows in the stimulation experiment:

1) Stimulation waveform: During the stimulation, each electrode can be assigned to one of the following modes: output / passive discharge or high impedance. The stimulation waveform is created by switching between the modes given above. work at different modes at the same time creates a spatial stimulation pattern. In this experiment, we measure the electric potential with the following spatial patterns:

• Monopolar. Only one electrode is assigned to output mode while the rest are set to high impedance mode.

• Bipolar. A pair of neighbouring electrodes are assigned to the output mode but one sends the opposite stimulation waveform from the other. All the other electrodes are set to high impedance.

• BP + n. Same as BP, but the two stimulating electrodes have n electrodes in between. Here we set n to 3.

• Tripolar. 3 neighbouring electrodes are assigned to output mode. The middle one sends the stimulation waveform with a +1 gain factor while its two neighbours send the same waveform at -1/2 gain.

Besides the configurations given above, due to the circuit topology given in Fig 5, the reference electrode is always assigned to passive discharge mode during simulations.

For each spatial stimulation pattern, all waveforms with the amplitude and duration configurations above will be used. In the monopolar mode, each electrode is used once as the stimulating electrode. In other modes, the stimulation is repeated at least on 2 different positions on the electrode array.

The combination of parameters given above makes a comprehensive measurement scenario which covers most of the realistic stimulation settings.

III. RESULTS AND DISCUSSION

The in-situ validation discussed here concerns the spatial current distribution. The output of the model is the electric potential simulated along 200 auditory nerve fibers. Fig 7 .  gives an example of the output when performing bipolar stimulation between the 12th and 13th electrodes.

To compare the simulation with the potential measured on the implanted electrodes, we chose the measurement point closest to the electrode array on each nerve fiber, and create a 200 point potential plot along the scala tympani. Since there is gain error between the simulation output and the measurements, each simulation output zoomed with a factor to match the amplitude of the measurements.

The global error between the simulation and the measurements can be described using the Relative Difference Measure (RDM) computed in the following way:

RDM (g s , g m ) = g s ∥g s ∥ - g m ∥g m ∥ (2)
In equation 2, g s is the simulation output while g m is the potential measured during the stimulation. The results are given in table I.

Plots of the potential distribution over different spatial stimulation patterns is shown in Fig 8 . Four different patterns are compared: monopolar, bipolar, tripolar and BP+3 . The results show a generally good match between the simulation output and the measured potential. However, the details of the error indicate that the simulation accuracy can be further improved with more accurate geometry or even conductivity adaption. For example, all the measured potentials have a small step between the 10th and the 11th electrode, suggesting the affect of an unknown geometry factor in that position. The validation process shows the importance of considering geometrical details in order to acquire higher simulation accuracy with 3D cochlear models, which was done here by adapting the model to micro-CT scan data. The validated model will provide more insight into the interaction between the stimulation pattern and the cochlear geometry, and help the design of personalized cochlear implants in the future.

Fig. 1 .

 1 Fig. 1. The parametric cochlear model with different parts marked out by color: (scala tympani(ST) and scala vestibuli(SV), light green), (nerve tissue, yellow); (electrode array, light blue); (metal electrodes, dark blue) and (nerve fibers, red). Only one out of 5 nerve fibers is plotted for image clarity.

Fig. 2 .

 2 Fig. 2. Position of the electrodes extracted from micro-CT scan (a). Yellow arrow is the polar axis of the cylindrical coordinate system, green lines are the locations of the cross-sections images shown in Fig 3. Compared with 3D electrode array model in (b). The blue and the red array each represents the position of the electrode array before and after adaption.

Fig. 3 .Fig. 4 .

 34 Fig. 3. Vertical cross-sections of the cochlea at four angular coordinates. Green curves are the manually segmented ST and SV, separated by the estimated position of the basilar membrane (yellow line). The red curve is the apex of the cochlea where the ST and SV cannot be separated.

Fig. 5 .

 5 Fig. 5. Diagram of the stimulation -recording system.

  Fig 6 plots a stimulation waveform used by the experiment. A relatively long period of passive discharge follows the output mode in order to absorb the residual unbalanced charge caused by the error of the stimulation chip.

2 )Fig. 6 .

 26 Fig. 6. Plateau stimulation waveform. Colors indicate the work modes of the electrode: (black, high impedance); (blue, output); (green, passive discharge).

Fig. 7 .

 7 Fig. 7. 3D electric field distribution of a bipolar stimulation.

Fig. 8 .

 8 Fig. 8. 3D electric field distribution of a bipolar stimulation.

TABLE I

 I 

	.	RDM OVER DIFFERENT STIMULATION PATTERNS
	Spatial pattern	Monopolar	Bipolar	Tripolar	BP+3	Average
	RDM	0.155	0.148	0.179	0.134	0.154