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Abstract

The success of high density electrode arrays for use in neura prostheses depends on efficient
impedance monitoring and fault detection. Conventional methods of impedance testing and fault
detection are time consuming and are not always suited for in-vivo assessment of high density
electrode arrays. Additionally the ability to eval uate impedances and faults such as open and short
circuits both, in-vitro and in-vivo are important to ensure safe and effective stimulation.. In the
present work we describe an automated system for the rapid evaluation of high density electrode
arrays. The system uses a current pulse similar to that used to stimulate neural tissue and measures
the voltage across the electrode in order to calculate the impedance. The switching of the system
was validated by emulating a high density electrode array using light emitting diodes and a resistor-
capacitor network. The system was tested in-vitro and in-vivo using a range of commercially
available and in-house developed electrode arrays. The system accuratdly identified faults on an 84
electrode array in less than 20 seconds and reliably measured impedances up to 110 kQ using a 200
WA, 250 ps per phase current pulse. This system has direct application for screening high

density electrode arraysin both a clinical and experimental setting.



1. Introduction

High density electrode arrays are being used in neural prosthesesin several chronic recording and
electrical stimulation applications (Brindley and Lewin, 1968, Rizzo et a., 2003, Prochazka and
Mushahwar, 2004, Schwartz, 2004, Mccreery et al., 2006, Donoghue, 2008, Middlebrooks and
Snyder, 2008). However, the success of such devices depends on several factorsincluding: access
to alarge number of electrically active electrodes; rapid electrode switching and effective mapping
of stimuli to multiple electrodes on the array; estimation of the instantaneous impedance of the
electrode-tissue interface; and quick and reliable electrode fault detection. For chronic neura
prostheses, the instantaneous impedance describes the functional ability of the electrode.

Impedance spectroscopy, the sine wave method (SWM) and the stimulus waveform test (SWT)
have commonly been used to measure impedances of electrodes in neura prostheses (table 1).
Impedance spectroscopy uses a low voltage sinusoidal input (10-50 mV) and provides the phase
angle and magnitude of the impedance over a range of frequencies. Impedance spectroscopy can
characterize the impedance dominated by the electrode from the impedances measured at high
frequencies and the impedance dominated by tissue reaction (e.g. encapsulation) from the
impedances measured at low frequencies (Mercanzini et al., 2009). However, impedance
spectroscopy requires the use of awide range of frequencies and is time consuming.

The SWM uses a low voltage or current sinusoidal input (10-50 mV / 1-20 nA) and reports the
impedance at 1 kHz (Hornig et d., 2005, Gunalan et a., 2009). The 1 kHz frequency is used
because it roughly corresponds to the 1 ms duration of the neuron’s action potential (Mercanzini et
a., 2009). Gunalan et a. (2009) describe an automated system for evaluating high density
electrode arrays using this method. They used a 10 mV, 1 kHz sine wave to evaluate the impedance
of a 100 electrode array in 5 minutes with a three electrode set up (working, reference and counter).
However, the SWM s less relevant for applications involving electrical stimulation as it does not

differentiate between the impedance of the tissue reaction and the impedance of the electrode and



the tissue surrounding it (Mercanzini et al., 2009). As aresult the SWM is more suited for assessing
recording electrodes (Cogan, 2008). In addition both the SWM and impedance spectroscopy use
low voltage or current levels and do not replicate the clinically relevant levels used for neura
stimulation.

There is therefore a need to monitor impedance using clinically relevant stimulus pulses and
current levels. In addition, it would be advantageous for such a method to provide an estimate of
the current that can be safely injected into tissue; confirm that the stimulator is working within its
designed voltage compliance for a given current; provide an estimate of the charge balanced state
of the current pulse; and provide an indication of the tissue reactions around the electrode. The
SWT uses a bi-phasic or mono-phasic constant current pulse, similar to those used to stimulate
neural tissue. In the present work, a charge balanced symmetric bi-phasic constant current pulse
was used to measure impedance under clinically relevant conditions (Weinman and Mahler, 1964,
Brummer and Turner, 1977, Parker et al., 1999, Tykocinski et al., 2005, Cogan, 2008). Using this
method both the current and voltage waveforms can be monitored, enabling one to confirm that
there is no imbalance in the current waveforms and that the stimulator is working within its
compliance limits for the given stimulus parameters. In addition, the SWT can give an indication of
the tissue reactions in the vicinity of the electrode due to stimulation (Shepherd et a., 1990, Xu et
a., 1997, Newbold et al., 2004). Xu et a. (1997) and Newbold et a. (2004) showed that there is a
direct correlation between tissue reaction (such as fibrous tissue growth around the electrode) and
impedance. If the impedance becomes too high the stimulator may begin to operate out of voltage
compliance which may lead to loss of charge balance, resulting in tissue damage (Seligman and
Shepherd, 2004). Reducing irreversible electrochemical reactions and ensuring charge balance are
essential in providing safe neura stimulation (Brummer and Turner, 1977, Seligman and Shepherd,
2004). We describe afully isolated flexible system that allows the user to: connect an electrode or a

combination of electrodes on the array as the stimulating (active) or the return e ectrode(s);



measure impedances in different configurations; and detect faults on the array such as open circuits

and short circuits.



Table 1. Impedance properties of commonly used electrode arrays and materials

Application Auditory Visual Visual Visual M otor Brain-
Prosthesis  Prosthesis Prosthesis  Prosthesis Prosthesis Machine
interfaces
Species Human Human Cat Rabbit Cat Monkey
Electrode Cochlea Epiretinal Supra- Subretinal Spina cord Primary Motor
Placement choroida Cortex
Application Stimulation  Stimulation Stimulation  Stimulation Stimulation  Recording
Array 24 4x4 6 x12 3%x5 6to12 10x10
configuration wires
Electrode Full banded Surface Surface Surface Penetrating  Penetrating
Electrode Platinum Sputtered thin Plated Activated Stainless- Boron-doped
Material film platinum Platinum iridium oxide  steel wires  silicon shanks
with Pt-coated
Tips
Geometric 480000 um* 31415 um? 123000 pm? 125600 pm? 3000 um* 1600 um?
Surfaceareas to to to to
300000 pm? 1963 pm? 20100 pm? 1400 pm?
Mean 0.2-1.5kQ  Not reported 2-20 kQ 3.6 kQ at 1kHz 10-30 kQ 100-750 kQ
in-vitro Saline Interstitial fluid saline
I mpedance (ISF)
M ean 1-12 kQ 10 -100 kQ 20-50 kQ 3.8kQ Not reported 50-1000 kQ
in-vivo at 1 kHz a 1kHz
I mpedance
Method used SWT- Electrochemical SWT- Electrochemical Not reported Sine Wave
to measure Stimulus Impedance Stimulus Impedance method:
impedance Waveform  Spectroscopy: 10 Waveform  Spectroscopy: 1nA, 1kHz
Test mV sinewave, Test 10 mV sine sinewave
10-100 kHz. wave;
10-100 kHz.
References (Shepherdet (Shahetdl., (Shivdasani  (Cogan, 2006) (Mushahwar (Suner et a.,
al., 1990, 2007) et a., 2010) et a., 2000) 2005)
Tykocinski

et al., 2005)




2. Material and methods

2.1.Hardware and Software Design

R Communication
1 i Link P
| Stimnulator I PC
:_k“#ﬂ Trigger
Trigger Optical

Switch Matrix and Interface

Digital Multimeters

-1 Electrode
g Voltage
— s |
[ High Density I
Il Electrode Avray | '

Figure 1: Hardware block diagram of the system consists of a personal computer (PC), a constant
current stimulator, two Digital Multimeters (DMMs) and a cross-point switch matrix. The DMMs,
switch matrix and stimulator were isolated to ensure safety of the experimental animals and for
clinical use. The dotted lines indicate components which can be easily replaced with alternative
components. Biphasic stimulation pulses were routed to the electrode array via the cross-point
switch matrix. The current and voltage responses were recorded and measured using the DMMs

and were displayed on the PC.

Figure 1 shows a schematic diagram of our system, the dotted lines indicate components which can
be easily replaced with commercially available or custom built components. The basic components
consist of a Nationa Instruments 512 cross-point reed relay switch matrix (NI PXI1-2532; NI,
Austin TX) and two NI isolated digital multimeters (DMMs, NI PX1-4072) in a PX| chassis. The
NI-2532 switch matrix has a maximum switching speed of 2,000 cycles/sec with a relay operating

time of 0.25 ms, relay release time 0.25 ms, switch settling time up to 3.4 ms and NI1-4072 DMM is



a high accuracy digitizer with an initiaisation time of 4 ms. One DMM was connected in series
with the stimulator and measured the stimulus current waveform. The second DMM was connected
in paralel to the electrode array via the switch matrix and measured the voltage across the
electrode(s). A personal computer was connected to the PXI| chassis through a NI MXI-4 optica
interface. An optically isolated constant current stimulator (Shepherd et a., 1990) developed in-
house was used to provide the stimulation current. The stimulator was shorted at the end of each
pulse to minimize any direct current. The stimulator output was fed to the electrode array through a
pair of ribbon cables viathe switch matrix.

Custom software (virtual instrument, VI) was developed in LabVIEW to synchronize and control
the data acquisition and online analysis of the data. The user can enter the stimulus pulse
parameters, electrode configuration to test, electrode area and the safe maximum charge-density
(Rose and Robblee, 1990) for the given electrode array. The VI uses the entered pulse parameters
to calculate the charge that would be injected through the electrode. The VI automatically aborts
the test if the calculated charge exceeds the maximum charge-injection capacity for the electrode.
Both the current and voltage waveforms were acquired by the DMMs. The acquired waveforms are

then filtered using LabV IEW and the raw and analysed data were displayed on the PC.

2.2. Simulation Pattern Mapping

Monopolar configurations are widely used for neura stimulation (Weiland and Anderson, 2000,
Clark, 2003, Shivdasani et a., 2010). This configuration uses a single or a combination of
electrode(s) as the active and a remote el ectrode as the return. The common ground configuration is
another electrode configuration which has been implemented in the Nucleus 22 channel cochlear
implant (Cochlear Ltd) (Clark, 2003). In this configuration, one electrode on the array acts as the

active electrode and al other electrodes on the array form the return. Recent advances in visual



prosthesis have motivated the investigation of severa patterns of stimulations (Humayun et al.,
1999, Xinyu et al., 2008) such as sgquares, lines (rows and columns), letters and circles (Zrenner et
al., 2010). Furthermore, the need to improve spatial resolution has led researchers to investigate
patterns such as bipolar stimulation and the hexagonal return configuration(Suaning et al., 2004).
The system was used to implement some of these commonly used el ectrode configurations. Figure
2 shows schematic examples of some stimulation configurations created on an 84 €electrode

platinum plated array designed in-house (Shivdasani et al., 2010).
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Figure 2: Examples of electrode configurations. Upper: monopolar configurations using a remote
return electrode; single electrode (SE), monopolar row (ROW) and monopolar column (COL).
Lower: common ground (CG), bipolar electrode pair (BP) and hexagonal return (HX). These maps

were visually verified on an LED emulation of the platinum plated array.

1) Monopolar Single Electrode (SE): Used one electrode on the array as the active electrode

and aremote € ectrode as the return el ectrode.



2) Monopolar column (COL): Used a column of electrodes on the array shorted together as
the active electrode and a remote electrode as the return electrode.
3) Monopolar row (ROW): Used a row of electrodes on the array shorted together as the
active electrode and aremote electrode as the return electrode.
4) Common ground (CG): Used one electrode on the array as the active electrode and the 19
electrodes closest to it on the array were shorted together as the return electrode.
5) Bipolar pair (BP): Used one electrode on the array as the as the active electrode and a
second €electrode on the array as the return electrode.
6) Hexagona return (HX): Used one electrode on the array as the central active electrode and
the six electrodes surrounding it were shorted together as the return electrode (Suaning et
al., 2004).
A platinum ball dectrode (1.5 mm diameter) with an impedance of 350 Q was used as the remote
return electrode for monopolar stimulation. The platinum ball eectrode was placed in the vitreous
humour during the in-vivo experiments and in normal saline (0.9% NaCl) during in-vitro
experiments. In-vivo studies were approved by the Royal Victorian Eye and Ear Hospital Animal

Ethics Committee.

2.3 Impedance Testing Procedure

The impedance measurements used a two electrode set up (active and return) and different
electrode configurations as described in section 2.2. The system acquired the current waveform
(figure 3A) from the stimulator and the voltage waveform (figure 3B) across the electrode. The
acquired waveforms were filtered with a median filter of rank 7 to remove the large current spikes
caused by shorting the stimulator and stray capacitance. It was important to eliminate spikesin the

acquired waveforms to ensure accuracy and a spatia filter such as the median filter effectively



eliminated impulse noise such as current spikes. The rank of the median filter is number of samples
used to compute the median filter and the data sampled at 1.8 M Samples/second. Both the current
pulse and the resultant electrode voltage waveforms acquired are analogous to periodic square
pulses. These square pulses can be anaysed as an initial step which corresponds to a high
frequency AC sinusoidal wave followed by a plateau which corresponding to zero frequency
(Teorell, 1946). In this case the impedance is the ratio of the potential difference across the

electrode-tissue interface to the current flowing through it (Dymond, 1976).
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Figure 3: A biphasic current stimulation pulse injected through a working, short circuit and an

open circuit electrode along the corresponding voltage waveform recorded by the system. (A) A



charge balanced biphasic constant current pulse (200pA, 250us per phase, 25us interphase gap)
was used for stimulation and was recorded by the first DMM. (B) The monopolar-single electrode
voltage across the electrode was recorded by the second DMM. The waveform shows the el ectrode
had a total impedance of 15 k@ and a peak voltage of 3.2 V which was within the operational
range for the stimulator. (C) The common ground voltage across an el ectrode that was shorted to
one of its neighbouring 19 electrodes (the neighbouring19 electrodes form the return electrode in
the CG configuration) on the array. (D) The monopolar-single electrode voltage across an

electrode that was found to be open circuited. Note: Different scalefor D.

The impedance was calculated from the peak current and peak voltage [Vt] obtained from the
leading cathodic phase (figure 3A and 3B). The overall impedance [Zt] using the SWT represents
the sum of the bulk impedance [Za] and the polarization impedance [Zp]. The bulk impedance [Za]
resultsin theinitial steep risein the voltage [V@] in figure 3A and the polarization impedance [Zp]
is due to the dow rising voltage reaching its peak [Vp] level in figure 3A (Tykocinski et al., 2005).
It is suggested that the bulk impedance is dominated by the resistivity of the electrode and the
tissue surrounding it, while the polarization impedance is dominated by the electrochemical
electrode-tissue interface. For the purpose of this paper all impedances reported in this study are

total impedances[Zt].

2.4 System Validation and Testing

The working range and accuracy of the system were characterized using a resistor-capacitor (RC)
network. The RC network was constructed to emulate the electrode-tissue interface (inset of figure
4), Ry was kept constant at 1.1 kQ, C was varied in the nF range and Ry was varied in the kQ-MQ

range using 20 different combinations (Seligman and Shepherd, 2004). For each combination we



calculated the theoretical equivalent impedance (Ze) of the circuit model using, Ze,= Za+ (Zx||Zc),
where, Z, = Ra, Zx = Ry and Z¢ = X¢ (Xc is the capacitive reactance of the capacitor at a given
frequency f= (1/T), where T is the pulse width of the leading phase of the stimulus used) (Dymond,
1976). In addition, tests were performed to eval uate the effect of changes in current amplitude and
pulse width on measured impedance. Three RC circuits were built using the circuit diagram in inset
of figure 4 to represent the low, middle and high measurement ranges of the system. In the first test
the pulse width was kept constant at 250 ps per phase pulse and the current was varied between 10-
200 pA. In the second test the current was kept constant at 200 pA and the pulse width was varied
between 50-1000 us per phase, except in the highest range of impedance where the stimulator
reached compliance at 400 ps per phase and only pulse widths up to 200 ps per phase are reported
for thisimpedance range.

Two in-house developed arrays made of pure platinum and plated platinum and one commercially

available array made of iridium oxide were tested in-vitro in normal saline:

1. Pure platinum array: A feline version of the scala tympani electrode array (Shepherd et d.,
1983), comprising of eight platinum (Pt) ring eectrodes was used. The scaa tympani electrode
array had the largest geometrical surface area (GSA) of 430000 pm?,

2. Platinum plated array: A platinum plated array was designed in-house and manufactured by
Flexible Circuit Technologies (Plymouth, MN). It comprised of a polyimide substrate with
platinum plated-gold disc el ectrodes(Shivdasani et al., 2010). The e ectrodes had a GSA of 123000
um? and were arranged in a7 row x 12 electrode configuration.

3. Iridium oxide array: A 32 electrode activated iridium oxide multichannel array was purchased
from NeuroNexus Technologies Inc. (Ann Arbour, MI). Theiridium oxide array was arranged in a

4 row x 8 electrode configuration and each electrode had a GSA of 413 pm?,



The impedances of all individual electrodes on each array were measured with the SWT against a
platinum ball return electrode in the monopolar single electrode configuration. The impedances
obtained with the system were compared to those obtained using the SWM (Solartron 1260
impedance gain-phase analyser and the Solartron 1287 electrochemica interface Solartron
Anaytical, Hampshire UK). The SWM was performed with a three electrode set up with a
platinum wire as the counter; a saturated AgJAgCl as the reference electrode and the working
electrode as the array being tested. The three electrodes were immersed in normal saline at room
temperature and a 4 kHz, 10 mV sine wave was applied. This frequency was chosen as it roughly
corresponds to the nomina frequency of the current pulse used in the current work.

The electrode configurations were verified visually on an emulation of the platinum plated
electrode array made of light emitting diodes (LED) configured as in figure 2. Red and green
LEDs were connected in opposite directions to display each stimulation phase. The system’s ability
to test electrodes in-vitro and in-vivo in different configurations was verified with the platinum
plated array (section 3.2). The in-vitro impedances were obtained with the array in norma saline
before implantation and in-vivo impedances were obtained post-operatively in the suprachoroidal
space of cats (Shivdasani et al., 2010). The mean in-vitro impedance in each configuration was

compared to its corresponding mean in-vivo impedance.

2.5 Fault Detection

The impedance of the electrodes was also used to determine faults on the array such as short
circuits (using CG configurations) and open circuits (using SE or CG configurations). Short circuits
can exist between the active electrode and its neighbouring electrodes on the array due to fluid

leaking into the substrate forming an electrical short circuit or wiring errors. In the present work,



the common ground configuration comprised an active eectrode and a return €electrode
incorporated 19 electrodes closest to the active electrode. Short circuits were detected when the
electrodes forming the short showed identical low impedances (< 300 Q) and the peak voltage was
close to zero indicating the noise floor (figure 3C). Open circuits can be formed by corrosion of the
electrode surface; dissolution of the electrode material; breakage of the lead wires or wiring errors.
Open circuits were identified when the eectrode showed high impedance and a voltage waveform
with a peak voltage equal to the stimulator compliance limit (24 V for our lab stimulator) (figure
3D). If an electrode(s) on the array is found to be faulty that electrode can be excluded from the
stimulating configuration.

Several tests were performed to evaluate the system’s ability to detect faults. First, a platinum
plated array was modified to deliberately produce faults: five tracks on the array were cut and five
pads were coated with silicone to form open circuits; while three pairs of electrode were soldered
together to form short circuits. This array was then tested in-vitro in normal saline. Second, to
ensure that the system could identify faults in-vivo, platinum plated arrays were tested during
several acute visual prosthesis experiments in the suprachoroidal space of a cat (Shivdasani et al.,
2010). Prior to implantation each platinum plated array was visually inspected for faults, this was
followed by impedance measurements in-vitro in normal saline and in-vivo in the suprachoroidal
space of acat. In addition, during one acute experiment, tests were also made using a commercially
available impedance testing system (Custom Sound EP 2.0, Cochlear Itd, Sydney) and the results
compared to faults identified by our system. Also, to ensure that faults could be identified by our
system on a different array in-vivo, an experiment was performed with a pure platinum array
implanted in the scala tympani of a cat and measurements were made with both our system and the

commercial Custom Sound EP 2.0 system.



3. Results

3.1. RC circuit model-Testing and Validation

The theoretical impedance values of the RC networks were compared to the experimentally
obtained impedance values using the system (figure 4). The test pulse parameters used were 200
MA amplitude, 250 us pulse width per phase with a 25 us interphase gap. The optimal operating
range of the system was found to be from 1 kQ to 110 kQ (using the test pulse parameters above)
with an average percentage error of 3.24 % and a maximum percentage error of 10 % at 110 kQ
(figure 4). In order to measure impedances above 110 kQ atest current of less than 200 pA was

required to stay within stimulator compliance voltage.
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Figure 4: A resistor-capacitor (RC) network was measured using system, and the values obtained

were compared to the theoretical values of the RC combination at terminals’A’ and 'B’ (inset).



Ten measurement trials were averaged for each RC combination. Error bars indicate standard
error of the mean (SEM). Dashed line represents equal theoretical values and measured values by

the system.

The system performance at different currents (10-200pA) and pulse widths (50-1000ps) was
evaluated with three RC combinations representing the lower (9.6 kQ2), middle (50 k) and high
(110 kQ) range of the system (theoretical impedances were calculated using a 250 us pulse). Figure
5A shows the plots of impedance normalized to the theoretical calculated value versus the current
amplitude for each of the three impedance ranges. With al current amplitudes tested, impedance
measurements were within 10% of the theoretical calculated values for al three impedance ranges.
Figure 5B shows the impedance normalized to the theoretical calculated impedance versus the
pulse width (50-1000 ps) for each of the three impedance ranges. Impedance values were found to
be within 10% of the theoretical calculated values for all pulse widths with the middle impedance
ranges, while for the low impedance range, only values measured using pulse widths > 100 ps,
were within 10% of the theoretical calculated values. For the highest impedance range, athough
measurements were reasonably accurate within 10% error, only pulse widths less than 400 us could
be tested as the stimulator would reach compliance for longer pulse widths with the fixed current of

200 pA.
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pulse width (50-1000 s, current was kept constant at 200 £A). For the highest impedance tested

(110 k) only values up to 200 us are shown since the stimulator reached compliance for pulse

widths greater than 400 s. Error barsindicate the SEM.



3.2. In-vitro Analysis of Electrode Arrays

Figure 6 shows the three electrode arrays used in this study (bottom panel) and the voltage
waveforms (top panel) corresponding to each array. Table 2 shows the mean impedance of the
three electrode arrays tested in-vitro. The test pulse parameters used were 200 pA amplitude, 250
Ms pulse width per phase with a 25 ps interphase gap. As expected, measured impedances were
found to correlate with electrode geometry (Electrodes with larger surface areas showed lower

impedances; table 2).
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Figure 6. Three types of multi-channel electrode arrays used for electrical stimulation applications
in neural prostheses were tested in normal saline. The images show the array used and the
corresponding voltage response waveforms across one of the electrodes on the array. A) Pure
platinum array made up of 8 platinum rings on a silastic carrier. B) Platinum plated array made
up of 84 electrodes arranged as a 7x12 array on a polyimide substrate and C) Iridium oxide array
(NeuroNexus Technologies Inc.) made up of 32 electrodes arranged as a 4x8 array. A current
pulse of 200 YA, 250 ps per phase with a 25 ps interphase gap was used to test each eectrode

array. Note: Different scales.



Table 2. In-vitro analysis of electrode arrays using system.

Electrode Name Pure platinum array Platinum plated array Iridium oxide array

Designed In-house In-house NeuroNexus
Technologies Inc.

Manufactured In-house Flexible Circuit NeuroNexus

Number of sites

Geometric Surface
Area

Mean in-vitro
Impedance

Standard Error of
the Mean (SEM)
Charge Transfer
Mechanism

(Shepherd et al., 1983)

8

430000 pm?

3.3kQ

+0.1kQ

Pseudocapacitive

Technologies
(Plymouth, MN).

plated in-house
(Shivdasani et al., 2010)

84

123000 um?

11.6 kQ

+1.3kQ

Pseudocapecitive

Technologies Inc.
(Ann Arbour, MI).
(Welland and
Anderson, 2000)

32

413 pm?

80.80 kQ

+1.5kQ

Reversible Faradiac

The electrodes were found to exhibit different voltage waveform shapes. For example, the
electrodes on the pure platinum array showed an initia step in voltage followed by a slower rise. In
comparison, the electrodes of the platinum plated array did not show much of an initia step in

voltage but showed a flatter second region than the other two arrays. The iridium oxide array had

the largest peak voltage and showed a slow rising waveform with an almost constant slope.
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Figure 7: Comparison of the impedance values obtained using the system described in the current
work and the impedance values obtained using the SAWM with a 4 kHz, 10 mV sine wave. The pure
platinum array (8-electrodes, closed circles) and the platinum plated array (84-€lectrodes, open
circles) were tested. A current pulse of 200 YA, 250 ps per phase with a 25 us interphase gap was
used to test each electrode array. Data points have been fitted using linear regression. Filled
circles (solid line), r? = 0.9, slope = 0.84 and open circles (dashed line), r? = 0.78, slope = 0.92.

Dotted line represents unity.

Figure 7 shows a comparison of the impedances obtained from the pure platinum array and the
platinum plated array using the system described here and those obtained using the SWM. The
impedances obtained from the two methods were comparable in value with our system generaly

tending to measure slightly higher impedance values than those obtained using the SWM (figure 7).



3.3 In-vivo Analyses.
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Figure 8: The in-vitro (open bars) and in-vivo (filled bars) impedances of the platinum plated
array was analysed for specific stimulation configurations (see figure 2). The in-vivo values show
an increase in impedance from the in-vitro values for all stimulation configurations. A 200pA
(250us per phase and 25us interphase gap) stimulation current pulse used for impedance analysis

(seefigure 3A).

Figure 8 shows the mean in-vitro and in-vivo impedances of the platinum plated array (bars) in
each simulation configuration (top). The in-vivo impedance measured immediately after
implantation was found to increase by afactor of 1.5-2.5 times the in-vitro impedance measured in
normal saline prior to implantation. The system measured the impedances of al the electrodes on
each array in less than 10 seconds in the monopolar configuration while speeds using other
configurations varied (table 3). The configuration was also found to affect the impedance values

measured. Impedances measured using the SE and CG configurations were similar however they



were lower than those measured using the HX configuration. The ROW and COL configurations

showed the lowest measured impedances.

Table 3. System temporal performance in scanning the 7 x 12 platinum plated array.

Electrode Number of electrodes Number of electrodes Number of  Timetaken to
Configuration connected asActive  connected asReturn  electrodes  scanthe

on the Platinum for each for each tested whole array
plated array measur ement measur ement

SE 1 1 84 <10s

CG 1 19 84 <20s

HX 1 6 67 <15s

ROW 12 1 12 <bs

COL 7 1 7 <bs

3.4. Fault detection

The system reliably detected all the fabricated faults on the platinum plated array in less than 20
seconds in-vitro. Short circuited electrodes showed very low impedances with no voltage response
waveform as shown in figure 3C. Open circuited electrodes showed very high impedances and a
characteristic waveform as shown in figure 3D. Normal working electrodes with no faults showed a
characteristic waveform as shown in figure 3B. In 20 in-vivo experiments performed with the
platinum plated array, severa open circuits and 3 short circuits were detected - these were later
confirmed to be caused by wiring errors or trauma to the array during implantation. In the scala
tympani experiment, only one open circuit was detected — this was determined to be caused by a
lead-wire breakage. When tested in-vivo, identical faults were detected with both our system and

the Custom Sound EP 2.0 system. The platinum plated array had one open circuit and one short



circuit and the pure platinum array had one open circuit. In all the tests conducted, there were no

false positivesin the results and the existence of faults did not change the scanning speeds (table 3).



4. Discussion

The present study describes a system and method for rapid evaluation of high density electrode
arrays including effective mapping of stimuli to multiple electrodes on the array, estimation of the
instantaneous impedance of the electrode-tissue interface and quick and reliable electrode fault
detection. The system reliably performed fast in-vitro and in-vivo measurements over a wide range
of impedances and with arange of electrode arrays. In addition, the system accurately identified all

open and short circuit faults when tested.

4.1 System Performance

Using different RC network circuits which model the electrode-tissue interface, we were able to
determine a working impedance range for the system. Using a 200 pA, 250 ps per phase current
pulse, a maximum impedance of 110 kQ could be measured within 10% error. In addition, the
system made accurate impedance measurements within 10% error at al current levels between 50-
200 pA and at pulse widths greater than 200 us for a wide range of impedances. The upper limits
were primarily due to the compliance voltage of the stimulator (24V). A higher compliance voltage
may improve the measurement ranges and accuracy even further (see section below on Alternative
Design).

Our system was effective in measuring impedances of severa types of arrays with electrodes of
different sizes and materials using the SWT. The results obtained were comparable to those
measured using the SWM with a commercially available testing system. However, our system
made use of a simple two-electrode set up for impedance measurements while the SWM required
an additiona reference electrode for measurements. In addition, the constant current stimulator
used in our system eliminated the need for voltage protection circuitry, which is often required

when using the SWM (Gunalan et a., 2009). These attributes give our system the advantage of



being readily used in aclinical setting where a standard reference electrode is not available.

Of the three arrays that were tested in-vitro, the pure platinum array had the lowest impedance and
the iridium oxide array had the highest impedance. The difference in impedance was mainly
attributed to the difference in the GSA of the electrodes. It must be noted that the area considered
here was only the GSA, however the eectrochemical surface area also plays a role in the
impedance of porous electrodes such as those on the platinum plated array and the iridium oxide
array. Generally however, the electrochemical surface area is difficult to determine and not often
reported (Cogan, 2008). There were also significant differences in the characteristic voltage
waveforms for each array, these could be attributed to severa reasons including the electrode area
(both the GSA and the electrochemical surface area), the interface (normal salineltissue), the
charge transfer mechanism (Table 3) and the resultant electrochemical reactions involved during
stimulation (Tykocinski et a., 2005, Weinman and Mahler, 1964, Cogan, 2008). The exact cause
of the changes in voltage waveforms across electrode arrays could not be determined by the

experiments performed in this study.

Impedances were obtained using the platinum plated array in several eectrode configurations
including monopolar, common ground and hexagonal returns in-vitro and in-vivo. The impedances
of the electrodes were found to be affected by the number of active electrodes and the number of
electrodes comprising the return electrode in each configuration. In the SWT the voltage is
measured using a two-electrode setup, therefore the measured impedance is the result of the
combined impedance of the active and return electrodes. In the monopolar configurations (SE,
ROW and COL) the return electrode was a platinum ball electrode with very low impedance (350
Q); hence the impedance of the return electrode had very little effect on the measured impedance.

The HX and CG configurations were made of a return electrode comprising of 6 and 19 electrodes



shorted together respectively. . Hence with the HX and CG configurations, impedances measured
were dlightly higher than those measured with the SE configuration. Furthermore, the ROW and
COL configurations had much lower impedances than the other configurations measured because
the active electrode comprised of 12 and 7 electrodes shorted together respectively, thereby
increasing the GSA of the active electrode. Findly, the system was able to detect common faults
such as open and short circuits, both replicated in the laboratory and in real world applications at a

similar performance level to the Custom Sound EP 2.0 commercial system.

The system provided fast scanning of electrodes on high density electrode arrays in al
configurations. The speed of scanning depended on the NI-2532 relay operating time (0.25 ms);
DMM initialisation time (4 ms); number of simultaneous switch connections for different electrode
configurations; and the pulse width of the constant current pulse. For example in the monopolar SE
configuration, 4 simultaneous switch connections were required (two for the stimulator and two for
the DMM to record the voltage waveform), while in the CG configuration, 40 simultaneous switch
connections were required to connect 20 electrodes (1 active and 19 return) and record from them.
The system was able to scan up to 84 electrodes in the monopolar SE configuration in less than 10
seconds and in the CG configuration in less than 20 seconds,; using the standard test pulse
parameters of 200 pA, 250 us per phase, 25 us inter phase gap. Furthermore, the identification of

electrode faults did not change scanning speeds.

4.2 System Applications
The method and system described in the current work could be applied to both stimulating and
recording electrodes in both a clinical and experimental setting. Chronic recording electrodes such

as the ones used in neura interfaces (eg. Brain machine interfaces-BMIs) can be potentialy tested



using such a system to characterize tissue reactions and perform in-vivo calibration. This system
can be used with EEG based BMI’ s that employ electrodes with impedancesin the 1-110 kQ range.
Currently available BMI’s use up to 100 electrodes on an array and higher density arrays could be
employed in the future. Routine evaluation of such arrays in-vivo will thus become important to
ensure the effectiveness of chronic BMI’s. Chronic stimulating electrodes such as the ones used in
auditory, visual, motor and other neural prostheses can aso use this method for evaluating
electrode performance; detecting tissue and electrode damage; measurement of impedances and
detection of faults. Furthermore, this method can also obtain a better understanding of the charge
transfer mechanism involved during chronic stimulation (Brummer et al., 1983, Rose and Robblee,
1990, Shepherd et al., 1990, Newbold et al., 2004). Particularly where the high density electrode
arrays are concerned, this method enables a quick and safe evaluation of the array both in-vitro and

in-vivo.

4.3 Errors and Limitations

The system was limited by the consecutive switching capability of the switch matrix and an
impedance measurement range of less than 110 kQ. Further, the use of very low currents and very
long pulse widths affected the system performance in impedance measurements. The NI-4532
switch matrix can only connect 40 switches simultaneously, which effectively reduced the number
of electrodes that could be connected simultaneously, especially in the CG configuration. The
current waveform measurements were limited by the DMM's accuracy in measuring currents less
than 200 PA, while the stimulator compliance voltage was alimiting factor for measurements using
longer pulse widths and large current amplitudes, particularly with the high impedance range.

Furthermore, parasitic capacitances and resistances from the DMM, switch and cables affected



measurements at high impedances (greater than 110 kQ) and at very low currents. Noise induced

errors also contributed to measurement errors at low currents and with high impedance el ectrodes.

4.4 Alternative design

Despite some shortcomings, the SWT-based system described in this study is versatile and can
accommodate various types of electrode arrays with little or no modifications required to the
hardware. The switches can aso be easily expanded to address arrays with greater numbers of
electrodes than those described in this study. The accuracy and range of the system can be further
improved by applying adequate compensation for the parasitic capacitances and resistances as well
as by using a constant current stimulator with a larger voltage compliance, or by using current
levels <200 pA. For example a constant current stimulator with a voltage compliance of 100V can
measure impedances up to 1 MQ using a 200 YA current pulse and using a 10 HA current pulse this
range can be increased up to 2.4 MQ. If desired, this system can be easily adapted for use with the
SWM by replacing the constant current stimulator with a sine wave generator. The effects of
capacitive coupling in the cables and noise a low currents can be reduced by using shielded cables

and by replacing the DMM used to measure current with one which is more sensitive.



5. Conclusions

The system and method described measured the impedance of severa electrode arrays reliably,
both in-vitro and in-vivo in the 1 kQ t0100 kQ range in severa eectrode configurations, with fast
scanning speeds, reasonable accuracy and correct identification of faults. Together the results
indicate that this approach is capable of rapid evaluation of arange of high density electrode arrays

both in-vitro and in-vivo and can be very beneficial inaclinical environment.
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