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As in any biophysical electrode-tissue environment, impedance measurement shows a complex relationship which reflects the electrical characteristics of the medium. In cochlear implants (CIs), which is mostly a stimulation-oriented device, the actual clinical approach only considers one arbitrary time-measure of the impedance. However, to determine the main electrical properties of the cochlear medium, the overall impedance and its subcomponents (i.e., access resistance and polarization impedance) should be described. We here characterized, validated and discussed a novel method to calculate impedance subcomponents based on CI measurement capabilities. With an electronic circuit of the cochlear electrode-tissue interface and its computational simulation, the access resistance and polarization impedance were modeled. Values of each electrical component were estimated through a custom-made pulse delivery routine and the acquisition of multiple data points. Using CI hardware, results fell within the electronic components nominal errors (± 10%). Considering the method’s accuracy and reliability, it is readily available to be applied in research-clinical use. In the man-machine nature of the CI, this represents the basis to optimize the communication between a CI electrode and the spiral ganglion cells.
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INTRODUCTION

A cochlear implant (CI), also known as “the bionic ear,” is a medical electronic prosthesis that can be precisely controlled to stimulate the auditory nerve and restore the hearing sense. The evaluation of CI functioning is facilitated by various analysis tools, one of the most important is the electric impedance measurement. While it is impossible to directly assess impedance, its values can be obtained by measuring voltage, as provided by Ohm’s law. In CIs, this measurement is performed by using a protocol known as “voltage telemetry” (Hughes, 2013; Wolfe, 2017).

To obtain the electric potential difference at a certain point in time, the CI sends a constant current iso-biphasic pulse and retrieves the measured voltage (French, 1999; von Rohr, 2011). This metric provides important clinical information about the device and individual electrode function, in both intra and post-operative patient’s appointments. In today’s CI standard of care, it is mainly used to investigate the electrode’s overall function (Paasche et al., 2006), detect problems such as short-circuit or open circuit (Goehring et al., 2013), guide audio-processors fitting (Khater et al., 2015), and determine power consumption (Newbold et al., 2015). For example, intra-operatively this measure checks the integrity of the device after surgical manipulation. Post-operatively is also performed at the beginning of every CI-fitting appointment, stablishing the compliance range for the electrical stimulation of the auditory nerve.

The interface between the CI electrode and the spiral ganglion cells is critical for the transmission of information via electro-neural stimulation and consequently, a crucial research area in which improvements can be made (Saunders et al., 2002). According to several authors, the impedance reflects the electrical status of the complex electrode-tissue relationship (Ni et al., 1992; Hughes et al., 2001; Tykocinski et al., 2005). However, the actual clinical impedance measurement provides very limited information to that end, as it was developed for a different purpose. The clinical approach is based on a single voltage measurement and the predefined settings (i.e., voltage evaluation) significantly differ along CI manufacturers (Hughes, 2013; Wolfe, 2017). This makes the actual approach not specifically useful to explore the characteristics of the electro-tissue interface. A complete understanding of the impedance and its subcomponents could provide insights of the actual endocochlear nature around the electrode, extending its use beyond the actual clinical implementation.

Voltage response measurement and impedance subcomponents calculations were reported in vitro (Newbold et al., 2004, 2010; Giardina et al., 2018), in animal models (Smith and Finley, 1997; Tykocinski et al., 2001; Newbold et al., 2014) and in humans (Tykocinski et al., 2005; Newbold et al., 2014; Di Lella et al., 2019). Smith and Finley (1997) described the influence of the electrode configuration and electrical stimulation in the complex interface between electrode and neural target in cats. Based on the same animal model, Tykocinski et al. (2001) described the two components of the total impedance, the access resistance and the polarization impedance. Later, Newbold et al. (2014) reported a stimulus-induced reduction in impedance. More recently, Giardina et al. (2018) measured impedance subcomponents in vitro using Advanced Bionics, Ltd. hardware. Furthermore, Di Lella et al. (2019) described impedance subcomponent calculation in vivo based on voltage telemetry using Cochlear, Ltd. CIs. However, despite the existing literature, methodological details, specific setup configurations and measurement validation are lacking, which restrain these measurements in the clinical setting.

Our study is an extension of the work done by Di Lella et al. (2019) where the impedance subcomponents in cochlear implant users were measured. This study describes the method in detail to recreate the complex morphology of the voltage response for Cochlear, Ltd. devices. This is based completely – and solely – on the CI hardware, without requiring external elements. Unlike actual clinical impedance measures, we extract the impedance subcomponents for a better description of the electrode-tissue relationship. Moreover, we evaluate the accuracy of the subcomponent assessment of the method employing computational circuit simulation and in silico electronic hardware. By providing this characterization, our method is not only better supported but, more importantly, translationally ready to be applied in real CI users.



MATERIALS AND METHODS


Modeling the Electrode-Tissue Interface

The electrical medium characteristics of the electrode-tissue interface in the inner ear can be modeled with an equivalent electrical circuit (Vanpoucke F. et al., 2004; Vanpoucke F.J. et al., 2004; Tykocinski et al., 2005; Newbold et al., 2010; Mesnildrey et al., 2019). The standard model of a biopotential electrode used for the transduction of ionic current into electric current (both for stimulation and recording) closely recreates the electrical behavior of the electrode-tissue interface in the cochlea. This model facilitates its understanding and makes the model’s equations accessible. In this study, we adopted an existing model where the overall impedance Zt includes an access impedance Za and a polarization impedance Zp, being Zt = Za + Zp (Figure 1) (Vanpoucke F. et al., 2004; Tykocinski et al., 2005; Newbold et al., 2010). Briefly, an access resistance (Ra) is in series with a parallel capacitor (Cp) and a resistor (Rp). Physiologically, Ra represents the bulk surrounding tissue around the electrode inside the cochlea, including fibrous tissue and new bone growth. The sub-component Zp (Rp and Cp) arises from the narrow layer on the surface of the electrode, the electrode-electrolyte interface. Cp models the behavior at the electrolyte interface, while the faradaic resistance Rp is associated with the transition from electrical to ionic charge carriers. As a whole, Zp is considered a consequence of electrochemical effects, including deposits of electrically charged proteins that modify its distribution with electrical stimulation (Tykocinski et al., 2005).
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FIGURE 1. Schematic representation model for the electrode-tissue interface. Zt: total impedance between intra-cochlear and ground electrodes. Ra: access resistance, Zp: polarization impedance which includes Rp: polarization resistance and Cp: polarization capacitance. i: current flow generated by a constant current source. Note that Zt = Za + Zp. E1-E22: illustrate intracochlear electrodes.




Setup Configuration

An illustration of the overall setup chain is depicted in Figure 2. In detail, a custom-made software was designed specifically to perform the measurements and obtain the data. Delphi® (Embarcadero, Inc., Austin, TX, United States) programming language together with the dynamic link libraries (DLLs) provided by Cochlear, Ltd. were implemented to communicate with the Nucleus Interphase Communicator (NIC). This software was compiled to run under the Microsoft Windows operating system (Windows 7® and later).
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FIGURE 2. Illustration of the setup configuration chain.


A Cochlear Freedom Speech processor (research firmware ver. 0102E00F02) was connected to the Programming Pod Interface, providing the input to the CI (CI24RE) emulator. The implant load (IL) was coupled to the electrode’s terminals of the implant emulator (via a 25-way D connector) and served as a cochlea simulator to measure and compute the impedances. Each in silico electrode routing in the IL is defined by the circuit shown in Figure 1 (a Ra in series with a parallel Cp and Rp).

For the purpose of validation, two different ILs were implemented. For the clinical approach validation, we measured the IL provided by Cochlear, Ltd. In this circuit Ra varies from 3 to 10 kΩ along electrodes 1 to 22, respectively, and Zp remains constant (Cp = 100 nF and Rp = 1 MΩ). For the validation of the subcomponents Ra and Cp we employed a custom IL hardware. Its design allows to fix Ra while varying Cp (Ra validation) and vice versa (Cp validation). The subcomponent Ra varied from 3 to 9.3 kΩ, Cp ranged between 2.8 and 54 nF and Rp = 1 MΩ. All electronic components have a tolerance of ± 10%. In order to work in a relevant range, the selected nominal values included the reported of in vivo studies (Tykocinski et al., 2005; Di Lella et al., 2019; Mesnildrey et al., 2019). In all cases, the presented voltage value is an average of four consecutive measures. Due to the negligible variation in the measures (±0.001 V), figures only depict the mean voltage value.

We also replicated the custom ILs with virtual computational circuits in MATLAB Simulink (MathWorks, Natick, MA, United States). The input pulses were driven by a current source and the same subcomponents were modeled. The complete waveform was retrieved from the virtual simulation and verified with our fitting on real measurements.



Clinical Impedance Measurement

To validate the accuracy of our measure, we replicated the clinical voltage telemetry. For that purpose, Cochlear, Ltd. clinical software and IL data sheet were contrasted to our measures. Overall impedances (Zt) were obtained with Cochlear Custom Sound SuiteTM (version 5.2). In this software the input biphasic pulse is predefined by the manufacturer with 80 current level (CL) (or 74.2 μA), 25 μs of pulse width (PW) and interphase gap (IPG) of 7 μs (Figure 3A; Hughes, 2013; Wolfe, 2017; Cochlear Limited, 2019). The recording time used for this clinical Zt is also predefined to be at the trailing edge of the positive pulse-phase. The equation in Figure 3A shows the Ohm’s law equation for the clinical impedance calculation. Here, the numerator is the measured voltage (in volt) at 25 μs and the denominator the analytical conversion from CL to microamperes (according to Cochlear, Ltd.). Note that the fraction is multiplied by 1000 to represent the result in kΩ. To strengthen the validation measure, we also compare impedances varying stimulation modes (Figure 3B): monopolar MP1, monopolar MP2, monopolar MP1+2, and common ground (CG).
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FIGURE 3. Clinical impedances measurements. (A) Input pulse configuration used. The round colored dot at the trailing edge of the first positive pulse is the recording voltage time used for the clinical impedance calculation. (B) Custom sound and our custom-made software are used for different modes. (C–E) Values are plotted for all electrodes and compared against a datasheet.




Stimulation Pulses Parameters and Voltage Response Wave

The latest Cochlear, Ltd. CI chipset (CIC4) allows up to 14 voltage measurements in different time points for a given pulse. Some of those time points are fixed by hardware, but others depend on the PW and IPG. Therefore, to acquire more points and reconstruct the voltage morphology, several biphasic pulses were used (Figure 4). To obtain the negative-lead voltages, a polarity change was applied. The positive to negative transition is determined at the beginning of the negative phase of stimulus. Note that, although the complete waveform was reconstructed, only voltages from the positive pulse-phase were used to calculate impedance subcomponents.


[image: image]

FIGURE 4. (A–I) Detailed pulse sequence design to obtain all voltage samples. Voltage response recorded waveforms for electrode 4 in (J) Implant Load and (K) an example CI user (Di Lella et al., 2019). Where Va: access voltage, Vp: polarization voltage, Vt: overall electrode voltage.


Under electrical hearing, pulse parameters limits are governed by sound perception thresholds and hearing discomfort. This depends on the pulse’s overall energy and is directly related to both the PW and CL. However, voltage telemetry can be achieved without sound perception, making this measurement convenient and simple for the CI user. Low current pulses with 100 CL and 25 μs are inaudible for most but not all CI recipients (Wolfe and Schafer, 2014). Based on our preliminary experience, CL below 100 units and longer PW around 50 μs do not produce sound perception. Moreover, the built-in analog to digital (AD) amplifier of the CI has limited resolution (0 to 10 volt @16 bit) defining minimum parameters for proper sensitive measures. The pulse current level was set at 80 (74.21 μA) and PW and IPG were modified sequentially to accommodate between sub-threshold sound perception and voltage wave resolution. Points 1 to 7 were collected using pulses with 30 μs PW and 7 μs IPG (Figure 4A). Points 8 to 11 were measured using pulses with increasing PW length, from 40 to 60 μs in steps of 10 μs with a fixed 7 μs IPG (Figures 4B–D). For the subsequent measures the PW was fixed to 60 μs and varied the IPG. For points 12 to 16, we recorded with IPG that increases from 7 to 12 μs in 1 μs steps (Figures 4E–I). Last, points 17 to 22 were determined by using 12 μs IPG (Figure 4I).

A total of 22 voltage points (Figures 4J,K) are extracted from the pulse sequence previously described. This experimental design allows the recreation of the voltage waveform covering −6 to 132 μs. The overall morphology shows a clear consistency with the proposed model (Tykocinski et al., 2005). The abrupt rise in the voltage at the onset of the current pulse corresponds to the resistive component of the circuit (access voltage, Va). This is followed by a slowly rising voltage limb, which represents the capacitive component (polarization voltage, Vp). The overall electrode voltage is the sum of these values (Vt = Va+Vp).



Calculation of Access Resistance and Polarization Impedance

Impedance can be studied using a phasor transform or in the time domain. The phasor transform is represented by a real (resistive) and an imaginary (reactive) components and is not a function of time. By the study of the time variant voltage waveform morphology of a resistor-capacitor circuit, it is possible to approximate the magnitudes of its subcomponents. We here used the time domain approach, also described in Tykocinski et al. (2005) and Giardina et al. (2018).

From the adopted electrical model, the relation between the overall impedance (Zt), access resistance (Ra) and polarization impedance (Zp) are well-known and can be mathematically described as follow:
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with
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The access resistance (Ra) is simply the quotient of the measured access voltage (Va; Figure 4K) with the current pulse amplitude (Eq. 2). Unlike Ra, Zp varies over time. Therefore, the total impedance can be determined as:
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We fitted Eq. 4 to our data points with Rp and Cp as free parameters. This was achieved by minimizing the sum-squared deviation using iterative least squares estimation in MATLAB (MathWorks, Natick, MA, United States). The effect of the access resistance (Ra) on the voltage waveform is instantaneous once the pulse is delivered. However, due to the hardware limitations we can only record with a 6 μs offset. Therefore, we estimated Ra at 0 μs by an extrapolation of the fitting.



RESULTS


Clinical Impedance

To validate our measurement tool, we compared the results of the Custom Sound with our custom-made software. Results were also verified with provided values by Cochlear, Ltd. IL data sheet. Results are depicted for MP1 and MP2 (Figure 3C), MP1+2 (Figure 3D), and CG (Figure 3E) coupling modes.

Impedance curves are practically overlapped showing negligible errors along IL electrodes. This comparison serves as a strong validation for the design of our custom measurement tool.



Complete Voltage Response Wave

Full voltage response wave was obtained for each electrode of the IL in MP1 coupling mode (see Figure 3B). The IL voltage waveform (Figure 4J) showed a significant similarity with a real CI user measurement (Figure 4K) Di Lella et al. (2019). Moreover, both curves relate to the pattern of the modeled electrical circuit (see Figure 1). The described pulse transmission and voltage telemetry acquisitions were completed in approximately 1 min for all electrodes.



Impedance Subcomponents


Theoretical Analysis

For a better understanding of the subcomponents and its relationship with Zt, we varied Ra, Cp and Rp in Eq. 4 and analyzed its results. This was modeled for 6 to 60 μs range, which is the main region for subcomponents calculation. The main two components that play a major role modifying the Zt curve are Ra and Cp as it’s illustrated in Figure 5A. First, we varied Ra between 3 and 10 kΩ while maintaining Rp = 1 MΩ and Cp = 10 nF (Figure 5B). Ra linearly modifies the abrupt rise of Zt at its onset. As Ra increases higher Zt offsets are seen. Secondly, we ranged 2 nF ≤ Cp ≥ 10 nF with Ra = 3 kΩ and Rp = 1 MΩ (Figure 5C). We observed that Cp strongly affects the slope of the slowly rising polarization component limb with an inverse relation. Finally, we used Ra = 3 kΩ and Cp = 10 nF while varying 100 kΩ ≤ Rp ≥ 1000 kΩ (Figure 5D). Despite the large Rp variation there was negligible modification on Zt, showing no overall impact. Therefore, we excluded Rp from the subcomponent analysis due to its small variation and very poor informative use. Note, however, that this does not affect the estimation of the other circuit elements (Mesnildrey et al., 2019). Moreover, in vitro CI measurements also yielded an extremely high estimation for Rp (>1015 Ω; Mesnildrey et al., 2019) suggesting that no current passes through this resistor. This effect is intrinsically related to the metal-electrolyte interface, meaning that the kinetics of the dissolution of the platinum electrode into the electrolyte is extremely slow (Wieckowski, 1999).
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FIGURE 5. (A) Illustration of the main effects of subcomponents variations (Ra and Cp) on the overall impedance. (B) Ra contribution to the abrupt rise of Zt on its onset. (C) Variations of Cp strongly affects the slope of the slowly rising polarization component limb with an inverse relation. (D) Variations on Rp showing negligible modification on Zt.




Experimental Analysis

Based on this previous theoretical analysis, Ra and Cp were inferred for all electrodes from the custom IL. Our method outcomes were contrasted with the corresponding electrical hardware and virtual circuit simulation values (Figure 6). To measure isolated values of Ra and Cp ensuring its correct validation, we first fixed Cp and Rp while varying only Ra (Figure 6A) and then fixed Ra and Rp varying Cp (Figure 6E). Examples of raw measured data and their corresponding Zt fitting are depicted in Figures 6B,F.
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FIGURE 6. Subcomponents validations measurements for (A) a variable Ra circuit and (E) a variable Cp circuit. (B,F) Raw measures and fitting for one IL electrode example (dark line). Shadowed lines illustrate the rest of the electrode’s fits. (C,G) Ra and (D,H) Cp calculation for custom IL hardware (colored circles), (white squares) and hardware nominal values with their tolerance (black line with gray patch).


Overall, our analysis showed high accuracy for Ra as well as Cp subcomponents. All measures have small errors and fall within the electrical component’s tolerance range in most cases. We did observe small drops in Cp values for higher electrodes (Figure 6D) and in Ra for the first electrodes (Figure 6G) when those subcomponents are fixed. This effect was only observed for the combination of Ra and Cp that yields high Zt (higher clinical values than usual (Hughes, 2013). These drops were not observed when fitting the theoretical simulated circuits.



DISCUSSION


A Novel Method

To the author’s knowledge, this is the first report with a complete description, analysis and validation of the electrical CI impedance’s subcomponents measurement for standard Cochlear, Ltd. devices. This protocol ensures that all parameters are measured only using the CI, making it readily available for clinical research purposes. We also ensured that all measures include the known impedance values measured in real CI users. As impedance subcomponents are related with the electrode-tissue interface, they can be exploited to improve CI stimulation. In the man-machine nature of the CI, this represents the basis to optimize the communication between a CI electrode and the spiral ganglion cells.

In electrical circuits, the impedance is normally assessed with the support of an external access tool, where a continuous voltage recording provides high measurement resolution. Since direct intracochlear electrodes measurement is not plausible in vivo, we elaborated a novel technique only based on the CI hardware capabilities. We demonstrated that a high resolution and accuracy can be achieved via the CI telemetry communication protocol. In other words, we ‘reversed-engineer’ the in silico black-box, which gives us the opportunity to similarly ‘unblind’ the electrical characteristics of the electrode-tissue interface within the implanted inner ear.

The adopted electrical electrode-tissue interface model (Tykocinski et al., 2005) showed high correlation between its theoretical electrical behavior and our test-bench results. We also highlight the most important subcomponents to be considered for future analysis (i.e., Ra and Cp), due to the negligible variation of Zt over a wide range of Rp (Figure 5C). Thus, we observe that the electrical electrode-tissue interface is mostly driven by Ra and Cp, making these subcomponents the most relevant variables. Other modified models have been proposed to describe the electrical behavior of this interface (e.g., Duan et al., 2004; Franks et al., 2005; Mesnildrey et al., 2019). Usually, accurate biophysical predictions involve complex representations with a high number of elements in the modeling framework. However, note that even with the simplified model adopted in this study, we observed similar voltage waveforms between in vivo (Di Lella et al., 2019) and in silico (see Figures 4J,K). Furthermore, since this simple model is mathematically very well-described, calculations of each circuit subcomponent can be quickly achieved.

Moreover, our custom design software successfully measures and processes impedance subcomponents. The novel approach here described is ready to be implemented in CI users as it is (as also demonstrated in Di Lella et al., 2019), making this approach readily useful for future applied research in CI users. This study also serves as a validation document given the presented evidence and proven correlation between objective measures, real electronic components in IL models, and virtual circuit simulations.



Toward a Real Clinical Use

The current clinical CI-software measure impedances with a predefined (and almost arbitrary selected) series of parameters. Only one biphasic pulse is used as input (e.g., see Figure 3A for Cochlear, Ltd.) and a single voltage data point is measured from the complex voltage electrode-tissue response. Through ohm’s law, the retrieved voltage (Vt) is converted into impedance (Zt) and shown on the clinical software. However, the variable Zt is determined by the main following variables:


•Measurement Time. As determined in Eq. 4, the capacitive component of the polarization impedance (Zp) generates an asymptotic growing curve. Therefore, Zt systematically changes from Za to Za + Zp.

•Coupling Mode. The configuration of where the circuit’s ground is set modulates the overall measure of Zt. This was also observed in our custom software validation (Figures 3C–E).

•Electrode design. The electrode surface dimensions (i.e., area of the physical platinum electrode) also impacts and contributes to Zt. For example, with smaller electrode surfaces, higher Zt values are expected (Hughes, 2013).

•Input biphasic pulse. As Zt increases over time, the shorter the input PW, the smaller the Zt captured (and vice versa).



Impedance subcomponent calculations require precise measurement capabilities. This is directly affected by the following CI-related issues:


•CI hardware-related issues. In all measurement oriented devices the internal circuitry defines the intrinsic error and uncertainty of its measure (Horowitz and Hill, 2015). This is of importance in CI devices, which are not specifically designed to perform very precise measures. In our results, Cp (electrodes > 17, Figure 6D) and Ra (electrodes < 4, Figure 6G) showed a measurement offset which we attributed to CI hardware limitations. This effect was not observed in our virtual circuit simulation fitting. More research should be done to describe the range of Zt to compute impedance subcomponents through the measurement capabilities of the CI.

•CI software-related issues. The CI software platform controls and defines the voltage measurement protocol. For example, Cochlear, Ltd. programming library tool only retrieves one voltage measure per pulse. This forces to employ a pulse sequence routine (see Figures 4A–I) which modulates the electrode-electrolyte characteristics, Zp (Newbold et al., 2014). Moreover, the implemented software tools do not allow to perform voltage measures from pulse onset to 6 μs. This clearly introduces a measurement offset in Ra.



As here discussed, this measure involves device-related variables that are not related to the patient’s specific clinical status. Therefore, the so-called “clinical” impedance is far from being a representative clinical measure. The only useful interpretation of this value is when compared within the subject’s measurement (e.g., over time), only if no internal change of components was done.

CI technology brings the unique possibility to assess the relation between the electrode and the endo-cochlear medium by providing intra-cochlear measurements. Obviously, the medium properties are independent of the utilized device. Our analysis focuses on the impedance subcomponents (Ra and Cp), which, unlike Zt, are independent of device-related issues. In other words, by adopting the proposed procedure it is possible to associate the impedance to an effective clinical and useful measure.

The adoption of impedance subcomponents is a promising field to better assess the implanted cochlear health. At present, one of its clinical implementations was oriented to report changes in the cochlear medium after implantation (Tykocinski et al., 2005; Di Lella et al., 2019). Future electrode’s design can be based on the electrode-tissue relationship and the stimulation protocol might be optimized according to certain endo-cochlear properties. Moreover, this approach can precisely monitor the impact of drug-releasing electrodes as well as surgical approaches for its insertion. Longitudinal studies with this tool will not only shed some light to a better understanding of the inflammatory response in the implanted inner ear, but also the development of new approaches to enhance CI-hearing performance. Only increasing the knowledge about the living electrical medium between the electrode and the neurons in the cochlea, CI outcomes can be improved.



CONCLUSION

This is the first report with a complete and detailed description, analysis and validation of the electrical impedance subcomponents measurement for Cochlear, Ltd. CIs. This was assessed solely through the CI capabilities, which makes it directly available for clinical research purposes. Even though the present method is based on a simplified model of the electrode-tissue electrical interface, in silico values were obtained with high accuracy. In conclusion, based on a better description of this human-machine interface, this approach may enhance CI-hearing performance in our implanted patients.
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