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An evaluation framework for research platforms to advance
cochlear implant/hearing aid technology: A case study
with CCi-MOBILE
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Cochlear Implant Processing Laboratory, Center for Robust Speech Systems (CRSS-CILab), Department of Electrical and Computer
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ABSTRACT:
Cochlear implants (CIs) and hearing aids (HAs) are advanced assistive hearing devices that perform sound

processing to achieve acoustic to acoustic/electrical stimulation, thus enabling the prospects for hearing restoration

and rehabilitation. Since commercial CIs/HAs are typically constrained by manufacturer design/production

constraints, it is necessary for researchers to use research platforms (RPs) to advance algorithms and conduct

investigational studies with CI/HA subjects. While previous CI/HA research platforms exist, no study has explored

establishing a formal evaluation protocol for the operational safety and reliability of RPs. This study proposes a

two-phase analysis and evaluation paradigm for RPs. In the acoustic phase 1 step, a signal processing acoustic space

is explored in order to present a sampled set of audio input content to explore the safety of the resulting output

electric/acoustic stimulation. In the parameter phase 2 step, the configurable space for realizable electrical stimula-

tion pulses is determined, and overall stimulation reliability and safety are evaluated. The proposed protocol is

applied and demonstrated using Costakis Cochlear Implant Mobile. Assessment protocol observations, results, and

additional best practices for subsampling of the acoustic and parameter test spaces are discussed. The proposed

analysis-evaluation protocol establishes a viable framework for assessing RP operational safety and reliability.

Guidelines for adapting the proposed protocol to address variability in RP configuration due to experimental factors

such as custom algorithms, stimulation techniques, and/or individualization are also considered.
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I. INTRODUCTION

Nearly a billion people worldwide, including approxi-

mately 50% of young adults between the ages of 12 and 35

in middle- and high-income countries, are at risk of develop-

ing hearing loss arising from noise exposure or use of per-

sonal audio devices (World Health Organization, 2015).

Hearing aids (HAs) and cochlear implants (CIs), commonly

referred to as assistive hearing devices (AHDs), are effective

choices to restore auditory function for individuals with sen-

sorineural hearing loss (Loizou, 1999). Clinical sound pro-

cessors (SPs) have played a major role in enabling speech

and auditory perception among CI patients. Modern SPs are

designed with an emphasis on capturing both the slowly

varying spectro-temporal envelope and rapidly varying fine

structure effectively (Dudley, 1940; Flanagan and Golden,

1966; Fant, 1970; Tyler and Kelsay, 1990; Knutson et al.,
1991; Zeng, 2008). All modern multi-electrode implants fol-

low a tonotopic organization in the cochlea, namely, the api-

cal part of the cochlea encodes low frequencies while the

basal end encodes high frequencies. Filter banks are used to

extract a frequency partition and to extract audio features to

electrically stimulate corresponding electrodes in the

cochlea (Wilson et al., 1991; Kiefer et al., 2001; Koch

et al., 2004; Wilson and Dorman, 2008, Ką kol and Kostek,

2016). However, subjective studies using CI subjects with

clinical SPs have reported high variability in audiological

outcomes. This high degree of variability can be attributed

to numerous factors, such as engineering limitations in the

clinical SPs, individual subject implantation characteristics,

individualistic preferences, and biological factors involved

in electrical stimulation (Litovsky et al., 2017).

Researchers and scientists have taken to using hearing-

based research platforms (RPs) to assess scientific speech/

hearing theories of technology advancements. RPs are

designed to enable flexible CI functionality, allowing

researchers to develop and evaluate algorithms by carrying

out psychophysical studies with CI subjects. These experi-

mental interfaces allow researchers to customize the ele-

ments in the signal path on a trial-by-trial basis. Hence,

most constraints and limitations that pose challenges with

clinical SPs are eliminated. Modern RPs can be controlled

using either computational devices, such as personal com-

puters (PCs) or laptop/tablets or mobile/smartphone devices,

allowing researchers the flexibility of developing algorithms

in higher level programming languages and/or using open

source algorithms/software. Additionally, researchers use
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patient information to personalize RP settings to address the

idiosyncrasies of a CI subject. Typically, the process of RP

personalization is also termed as mapping (MAP), implying

the programming of RP to meet the specific needs of CI sub-

ject. A MAP is a memory unit that allows the researcher to

specify characteristics related to the signal processing opera-

tions and electrical stimulation, such as pre-processing fil-

ters, electrode and filter bank characteristics, loudness

growth function, electrical stimulation parameters, and other

factors. Further, the electrical stimulation strategy encapsu-

lates the stimulation sequence, spatial and temporal activity

of the implanted electrode array. RPs have conventionally

facilitated the development of electrical stimulation strate-

gies (Backus et al., 2015). Interleaved activation of electro-

des on a frame-by-frame basis in continuous-interleaved-

sampling (CIS) strategy (Eddington et al., 1978; Wilson

et al., 1991) and “n-of-m” electrode selection (Wilson et al.,
1988) in Spectral Peak (SPEAK) and Advanced

Combination Encoder (ACE) strategies (McDermott et al.,
1992; Patrick et al., 2006) have significantly advanced

speech intelligibility and auditory perception among CI sub-

jects. Emerging techniques such as virtual channel and

hybrid stimulation are being employed to develop advanced

strategies such as HiRes120 (Koch et al., 2004) and four-

electrode current steering schemes, respectively. As RPs

continue to evolve in flexibility for benchtop/laboratory test-

ing, it is critical for researchers to ensure that the platform

achieves safe stimulation (Ali et al., 2013). RP flexibility

should allow researchers to advance speech and other audio-

logical outcomes among CI subjects without causing detri-

mental effects on the physiological function of the ear (e.g.,

either short-term or long-term effects).

Many studies, both human and animal, have focused on

the impact of electrical stimulation of implanted electrodes

on the cochlea (Walsh and Leake-Jones, 1982; Shepherd

et al., 1983). There have been reportedly significant electro-

chemical differences between theoretical, in vitro, and

in vivo studies (Green et al., 2014; Leung et al., 2014).

Foundational principles established in cortical stimulation

research have conventionally been used to establish limits

on stimulation and on various stimulation parameters, such

as charge per phase, charge density, pulse rate, and electrode

geometry (Agnew et al., 1986; McCreery et al., 1986;

Normann et al., 1999). Among CI subjects, comfort levels

and loudness perception are directly dependent upon several

electrical stimulation factors, such as stimulation mode,

pulse rate, inter-phase gap (IPG), temporal envelope, stimu-

lation current level, and number of channels (Shannon,

1983; Chatterjee and Zwislocki, 1998; Chatterjee et al.,
2000; McKay et al., 2001). Depending upon higher [>300

pulses per second (pps)] or lower (100 pps) stimulation

rates, loudness can be modeled as an exponential or power

function of the pulse amplitude, respectively (Zeng and

Shannon, 1994). IPG influences an increase in the magni-

tude of loudness (Prado-Guitierrez et al., 2006; Ramekers

et al., 2014). The effect of IPG on loudness and neural exci-

tation has also been found to be a significant factor when

compared to stimulation rates (McKay and Henshall, 2003).

Although existing research on stimulation-induced tissue

damage remains unclear (i.e., whether due to physiological or

toxic by-products), it is hypothesized to be dependent on the

electrode and stimulation parameters (Huang and Shepherd,

1999). Stimulation-induced damage during CI stimulation can

be caused due to biphasic charge imbalance and/or generation

of electrochemical by-products. In biphasic pulses, the charge

balance between anodic and cathodic phases must be estab-

lished to prevent irreversible corrosion of electrodes and

potential deposit of metal oxides at the electrode-tissue inter-

face (McCreery et al., 1992; Fu et al., 2000). Concerns regard-

ing clinical application of CIs were primarily addressed by

ensuring biological/neural damage prevention (McCreery

et al., 1990). Hence, many stimulation parameters are typi-

cally restricted to prescribing target-ranges to ensure safe and

reliable performance of CIs (McCreery et al., 1995).

However, unlike a clinical SP, the safety of a RP is not always

guaranteed, and researchers may have to take additional steps

and apply established ethical principles to ensure safe experi-

mentation with CI subjects.

One of the earliest research interfaces, entitled the “Boys

Town Nucleus Cochlear Implant,” was assessed for risk

(Shannon et al., 1990). Many protective measures were under-

taken in the design to prevent damage to the internal receiver,

electrical imbalance, and neural aspects of RP. Based on these

findings and several other stimulation safety-based studies, the

US Food and Drug and Administration (FDA) prescribed

guidelines and established safety limits on the maximum per-

missible charge density that can be applied on intracochlear

electrodes. The FDA set an upper limit of up to 216 mC/cm2

for CIs with clinical SPs and a conservative upper limit of 100

mC/cm2 for RPs (Shannon, 1992). Along with stimulation

parameters, some other factors involved in designing RPs are

cost, real-time/offline processing, benchtop vs portability,

unilateral-bilateral and/or bimodal, electric and/or acoustic

simulation, ease of programmability (high level languages

such as MATLAB and JAVA), suitability for complex algorithms,

and suitability for unsupervised take-home trials. In addition

to these factors, RPs need to comply with regulatory guide-

lines established by the FDA. CI manufacturers, including

Advanced Bionics, Cochlear Corp., MED-EL, and others, are

key players involved in developing popular RPs, such as

Clarion (Shannon et al., 1999; Shannon et al., 2002; Cochlear

Corp., 2020; MED-EL, 2020; Advanced Bionics, 2020),

SPAIDE (Van Immerseel et al., 2005), Nucleus Implant

Communicator (CRC and HearWorks, 2003a, 2003b;

Cochlear Corp., 2006; Stohl et al., 2008), Apex (Francart

et al., 2008), and Research Interface Box (University of

Innsbruck, 2001). The design of the Spectral Maxima Sound

Processor allowed researchers to use built-in test functionality

that generated a continuous pulse train at a comfortable level

to verify the safety of the system function (McDermott et al.,
1993). SPAIDE has a built-in stimulation check that continu-

ously monitors for configuration inconsistencies, large and/or

unbalanced intracochlear current. Upon detection, SPAIDE is

designed to halt stimulation, ensuring patient safety (Van
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Immerseel et al., 2005). Safety evaluation of high rate stimula-

tion and acute, chronic, physiologic, and histologic evaluation

of NIC-CI24RE were carried out with both humans and ani-

mals (Patrick et al., 2006). In our previous CI-PDA-based RP,

the interface board was completely isolated and inaccessible

to researchers, thereby preventing any user hardware modifi-

cations that could jeopardize safety issues (Ali et al., 2013).

Error checking routines that monitor stimulation parameters

were also built into the software on our previous CI-PDA, and

safety was primarily ensured by constraining the stimulation

parameters to comply with safe limits established by the FDA

and Cochlear Corp. In summary, many stimulation safety-

based studies focused on RPs discuss some aspects relating to

their test evaluation for continuous monitoring, software

checks, and testing, without actually formulating and publish-

ing the details of a safety evaluation. Modern CI research has

expanded upon traditional speech-based areas, where the focus

has shifted toward naturalistic data, music, and environmental

sound categories in recent years (Spitzer et al., 1992; Tye-

Murray et al., 1992; Tyler and Lowder, 1992; Zhao et al.,
1997; Gfeller et al., 1997; Deller et al., 2000; Hinderink et al.,
2000; Vandali et al., 2005; Damen et al., 2007; Looi et al.,
2008a, 2008b; Cooper et al., 2008; Crew and Galvin, 2012).

Many subjective studies consider RPs to be safe, and the pos-

sible impact of introducing custom SP algorithm or stimula-

tion strategies is not examined (Skinner et al., 1994; Mo et al.,
2005; Reed and Delhorne, 2005; Loizou, 2006; Chasin, 2012;

Shokouhi et al., 2015; Shokouhi and Hansen, 2017). The

responsibility of safe stimulation also rests on the ethical

approaches adopted by researchers, which include CI subject

instructions to abort overstimulation by quickly removing

their transmission coil (Litovsky et al., 2017).

Recently, a total of 20 consensus statements on the use of

unilateral cochlear implantation in adults with Sensorineural

Hearing Loss (SNHL) were identified and assessed in several

areas, such as level of awareness of cochlear implantation.

These include best practice of the clinical pathway from diag-

nosis to surgery; best practice guidelines for surgery; clinical

effectiveness of cochlear implantation; factors associated with

post-implantation outcomes; the association between hearing

loss and depression, cognition, and dementia; and cost impli-

cations of cochlear implantation (Buchman et al., 2020). To

our knowledge, this current proposed analysis and evaluation

protocol is the first study that is devoted specifically to identi-

fying steps required to assess the safety of RP in a systematic

manner. The remaining structure of this study is as follows.

The proposed approach aimed at establishing a standard test

protocol that can be easily adopted to assess RP safety is pre-

sented in Sec. II. The proposed protocol is applied in two

phases: (i) the acoustic phase 1 step and (ii) the parameter

phase 2 step, addressing both acoustic sound exposure a CI

user might experience in daily naturalistic settings and the

potential range of parameter configurations a researcher may

explore for a given CI system. To evaluate the proposed proto-

col, the Costakis Cochlear Implant Mobile (CCi-MOBILE)

RP is used (discussed in Sec. III). Sections IV and V describe

the specific makeup of the RP test protocol, including the

acoustic sound test battery, methodology, observation, and

results with CCi-MOBILE. Section VI illustrates the develop-

ment of the robust burn-in protocol with a reduced data/

parameter set of conditions in the acoustic test battery.

Guidelines presented in Sec. VI can be applied to develop a

synoptic protocol to assess RP under minor adjustments in a

subject’s MAP, custom algorithms, and/or CI strategy.

NOTE: In this study, the focus is on establishing a via-

ble test/analysis protocol (e.g., burn-in protocol) that can be

applied to assess the functionality of any RP. This protocol

is then applied to the current CCi-MOBILE platform to

demonstrate the viability of this proposed burn-in solution.

II. PROPOSED ANALYSIS AND EVALUATION
PROTOCOL

RPs are fundamentally comprised of sound processing

and electrical stimulation parameters, as shown in Fig. 1.

The proposed analysis and evaluation may involve analysis

FIG. 1. (Color online) Function level description of a typical RP that models CIs and HAs.
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of SP components that influence the signal path, electrical

stimulation strategy, and resulting stimuli. The MAP is typi-

cally used to configure both SP and electrical stimulation

elements. Typical SP components may involve subband fil-

tering, envelope detection, logarithmic growth function,

noise or reverberation processing, etc. The processed acous-

tic features are used to generate stimulation, and an electri-

cal pulse generator is used to generate the electrical

stimulus. A MAP contains CI subject specific information

that can be used to personalize and configure the SP settings

and the electrical stimulation parameters. The physical real-

izability of the pulse is determined by several factors, and

therefore it is possible that the RP may not generate the elec-

trical stimulation with researcher specified settings under

certain conditions. Additionally, RPs may allow researchers

to customize any of the hardware, software, and/or firmware

subsystems. Hence, the proposed testing framework should

ensure that (i) RP produces only safe stimulation under any

acoustic condition and (ii) RP permits only valid customiza-

tion that results in safe stimulation. Therefore, the testing

protocol requires RP to be assessed for all the possible com-

binations of electrical stimulation parameters and acoustical

conditions.

The proposed analysis and evaluation framework is

divided into two distinct and independent phases. In phase

one, SP is assessed under diverse acoustical conditions,

whereas in phase two, the electrical stimulation is evalu-

ated. The test battery for acoustical assessment should

include and simulate all the possible ranges of sounds to

which a CI subject could be exposed. Electrical stimulation

assessment should include all the possible stimulation con-

figurations that a researcher could enter into the RP.

Verification of stimulation configuration validates the

safety of electrical stimulation under the specified electri-

cal stimulation strategy that is built into the RP. Additional

guidelines and recommendations for testing are provided

to address custom algorithms. The proposed testing proto-

col for RPs that emulate CI functionality can be extended

to HA, since the core SP component remains common

among both.

A. SP analysis and acoustic-based evaluation phase

The goal here is to probe and simulate all the possible

acoustical conditions a CI subject may encounter and ensure

that RP operates as expected in a safe manner. The testing

protocol also stipulates tests at a system level assessing each

component for stable operation. The RP may allow modifi-

cation of certain customizable properties of the SP either

through MAP entry or customized programmability, as

shown in Fig. 2(a). Every SP component can be assessed

using properties such as frequency/phase characteristics,

pole zero plots, bounded-input/bounded-output (BIBO) sta-

bility, and others. Primary component level assessment is

followed by a comprehensive system level verification. The

test battery with all the acoustical conditions is applied, and

the electrical stimulation is assessed for safety, as shown in

Fig. 2(b). As a general guideline, the test battery can be

expanded based on the possible experimental conditions. It

is recommended to use a wider diversity of acoustic sound

conditions to best represent potential real-world acoustic

scenarios, and hence that would indicate a testing protocol

with a longer duration (e.g., testing in this phase requires

that the actual sound be played/submitted as input to the

microphone and RP system).

B. Electrical parameter analysis and stimulation
evaluation phase

The CI electrical pulse generation includes characteris-

tics, such as rate of pulse generation, pulse width (PW),

IPG, pulse amplitude, and others, that influence electrical

stimulation. These electrical stimulation characteristics are

controlled using customizable electrical stimulation parame-

ters. Since researchers want full control of these parameters,

it is important to primarily determine if the stimulation

parameters entered by the researcher are physically realiz-

able and, additionally verify if the resulting pulse sequence

maintains safe operation for the CI recipient.

Electrical stimulation parameters enable individualized

hearing restoration and perceptual listening experience.

Customization of one parameter may therefore influence

and constrain the choice of others. As such, many MAP con-

figurations may not be physically realizable. Therefore,

electrical stimulation evaluation is performed in two stages.

In stage one, the electrical MAP stimulation parameters are

assessed for realizability, as shown in Fig. 3(a). Every elec-

trical stimulation parameter, within its operational limits,

can be varied and combined with other electrical stimulation

parameters to generate a distinct MAP configuration corre-

sponding to a pulse stimulation sequence. Every MAP con-

figuration can then be assessed for realizability; since the

researcher has the flexibility to enter any MAP configura-

tion, the testing protocol should determine if the RP actually

stimulates unsafe, unverified physically unrealizable stimu-

lation configurations. The realizability test also reveals the

nature of the interdependence between individual electrical

stimulation parameters. To conduct a realizability test, it

may be necessary to subsample the stimulation configura-

tion space by taking discrete and meaningful parameter

steps.

In the evaluation phase, realizable electrical pulses can

be modulated by test clinical levels instead of using acousti-

cal features. Clinical levels can be derived by sampling a

standard test signal like sinusoids, as shown in Fig. 3(b).The

safety and performance of RP can be evaluated by assessing

the electrical stimuli.

III. WORKING PRINCIPLE, CHARACTERISTICS,
AND ASSESSMENT USING CCI-MOBILE RP

Having established the general properties and acoustic

design space for a general burn-in test protocol, we now turn

to an example evaluation of a new CI/HA research platform.

The CCi-MOBILE RP is a versatile and computationally
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powerful speech and SP emulator developed by the

Cochlear Implant Processing Laboratory—Center for

Robust Speech Systems (CI-CRSS) at UT-Dallas (Hansen

et al., 2019). A software suite has been developed using

MATLAB, with connective support using a PC/tablet or

android to enable signal processing (sound coding) develop-

ment and support clinical and engineering-based research.

The CCi-MOBILE research platform is designed to support

acoustic and/or electrical stimulation and hence allows

researchers to carry out investigations for both scientific

studies and advance assistive hearing devices.

A. Functional setup

The CCi-MOBILE RP is controlled using a PC loaded with

CCi-MOBILE software suite (MATLAB toolkit), as shown in Fig.

4(a). The CCi-MOBILE RP can be used either in direct-connect

via universal serial bus (USB) or in wireless configuration via

WiFi. In real-time (online) mode, behind the ear (BTE) micro-

phones are used to capture the input acoustic signal, and in off-

line mode, the audio, stored on the PC, is used as input for CI/

HA processing. Radio frequency (RF) transmission coils are

used to deliver the processed electrical signal to CI subjects

FIG. 2. (Color online) (a) Proposed

analysis and assessment of SP charac-

teristics of RP. (b) Proposed acoustic-

based evaluation of RP by applying

diverse acoustical conditions.
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through an interface board as described in Shekar et al.
(2018). A decoder implant emulator (DIET; manufactured

by Cochlear Corp.) is used to interpret RF transmission and

measure the electrical current evoked across all electrodes

from the audio input. The RF coil is placed over a marked

surface, on the DIET box surface, to establish magnetic

contact and enable reception of the electrical stimuli. The

DIET can be connected to the PC via USB to decode and

log the stimulation data. PYTHON and Cþþ libraries enable

data logging of electrical stimuli.

B. Processing flow

CCi-MOBILE processing is illustrated in Fig. 4(b). For

offline processing, the MATLAB-based CCi-MOBILE soft-

ware suite processes audio, which is already stored on the

PC. In real-time mode, the CCi-MOBILE software suite

processes input audio from the BTE microphone. Audio is

processed frame by frame. Electrical stimuli are generated

by mapping the acoustical information to appropriate elec-

trical current values measured in clinical units. The electri-

cal stimuli are streamed to the field programmable gate

arrays (FPGAs) on the RP using a USB in direct-connect

mode. The FPGA receives electroacoustical stimulation

(EAS) and encodes output stimuli in clinical units to the

appropriate current levels or bit values for output RF trans-

mission. The FPGA streams time-synchronous acoustic data

to the CI/HA transducers using each RF coil. A DIET box is

used to interpret the electrical stimuli from the RF transmis-

sion. It is possible to correlate the electric current induced at

the implant and generated stimuli using the DIET. Here, the

PC accesses the DIET unit to record and store the electrical

stimuli for analysis and evaluation. This output DIET con-

figuration is only needed for RP testing and evaluation.

Typical lab and field use with CCi-MOBILE would have the

CI subject’s receiver coil connected to the CCi-MOBILE

output RF coil.

C. Sound processing and electrical stimulation
components

The incoming acoustic signal, from the BTE micro-

phones, is converted to digital form based on a sampling

frequency (Fs). The sampling frequency is set at 16 kHz and

a pre-emphasis followed by frame-by-frame decomposition

are applied on the sampled signal every 8 ms as shown in

Fig. 5(a). Every audio frame is processed using an M-

channel filter bank to extract acoustical features that reflect

the spectral envelope and energy. For Cochlear Corp. devi-

ces, M is 22 channels. Logarithmic compression is applied

on these acoustic features using the threshold-saturation

levels, which are determined from MAP (Loizou, 1998,

1999, 2006). Based on the electrical stimulation strategy,

the acoustical information may be used to modulate electri-

cal pulses. These electrical pulses are associated with

parameters such as clinical level/units (A) and the channel

number (electrode number) denoted by E (electrode). For

analysis and evaluation of the CCi-MOBILE RP, we employ

biphasic symmetric (50% duty cycle) electrical pulse stimu-

lation using a CIS strategy. In CIS, biphasic carriers are

time interleaved between electrodes to avoid simultaneous

stimulation. Hence, every channel/electrode is allocated a

specific amount of time for electrical stimulation. Electrical

stimulation parameters of the biphasic carrier pulses are as

follows. M represents the electrical pulse type (biphasic);

StimRatech indicates the pulse rate per channel per second.

It describes the rate at which these biphasic carriers are pre-

sented in every channel. PW represents the pulse width of

biphasic pulse. IPG represents the interphase gap between

FIG. 3. (Color online) (a) Proposed electrical pulse realizability analysis for

all the possible combinations of electrical MAP stimulation parameters. (b)

Proposed stimulation evaluation of realizable MAP configurations.
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anodic and cathodic pulses. PD represents the pulse dura-

tion, which describes the total amount of stimulation time

available for every channel per audio frame. Typically, stim-

ulation strategies such as ACE impose a restriction on stim-

ulating only Nmaxima (N < M ¼ 22) select number of

electrodes per audio frame.

D. Electrical characteristics of stimulation

The CCi-MOBILE RP complies with the stimulation

standards established by Cochlear Corp. (Claussen et al.,
2019). The relationship between the electrical stimulation

parameters can be established for biphasic electrical pulses,

as shown in Fig. 5(b). The MAP can be configured to acti-

vate Nmaxima electrodes and generate the needed biphasic

electrical pulses in every channel at a certain rate prescribed

by StimRatech. Next, the available PD can be determined

using this relationship,

PD ¼ 1

StimRatech � Nmaxima

� �
secs: (1)

However, for a biphasic pulse, PD also defines the full

time taken to stimulate: cathodic phase, IPG, and anodic

phase. Cochlear Corp. and the FDA have established mini-

mum requirements for stimulating biphasic pulse safely.

Therefore, a minimum threshold is needed for valid and safe

electrical stimulation, and hence PD is constrained to a min-

imum PDTh by the parameters of the biphasic carrier pulses:

PW for anodic and cathodic phases of the pulse and the IPG

as shown here,

PDTh ¼ PW�2:0þ IPGð Þsecs: (2)

A stable electrical stimulation is realizable only if the

PD determined by the specified StimRatech and Nmaxima is

larger than the minimum PDTh established from Eq. (2).

Therefore, the criterion for realizable pulses is as follows:

FIG. 4. (Color online) (a) CCi-MOBILE RP: Functional setup and connectivity with PC/smartphone device and DIET box. (b) CCi-MOBILE RP: Working

principle and sound processing for PC/smartphone device and DIET-based setup.
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PD � PDTh: (3)

A standard MAP stimulation configuration, quite popu-

lar in clinical research (Ali et al., 2017) is a stimulation rate

of StimRatech¼ 1000 pps, PW of 25 ls, a limit on the num-

ber of electrodes given by Nmaxima¼ 8 channels/audio

frame, and a standard IPG of 8 ls. In our evaluations, we

suggest this as a reasonable default setting.

E. Observation, analysis, and evaluation with
CCi-MOBILE

The experimental setup for analysis and evaluation of

CCi-MOBILE RP is shown in Fig. 6. External resources

include acoustic sound/speech databases and customizable

MAP parameter settings that are used during burn-in

analysis and performance evaluation of CCi-MOBILE RP.

The CIC4 Decoder Implant Emulator (DIET) (manufactured

by Cochlear Corp.) is used to interpret the electrical stimuli

received through RF transmission by RP. DIET is controlled

by the PC via a USB interface and is programmed to record

and log all electric stimuli data. The recorded electrical

stimulation data are used for post burn-in analysis and per-

formance evaluation of CCi-MOBILE.

Stimulated intracochlear current (SIC) (Shekar et al.,
2018) describes the average amount of electric current

stimulated across all active electrodes in a stimulation

cycle. SIC describes the electrical activity as a result of the

audio processed using the DSP units. For CCi-MOBILE, 0

clinical units corresponds to a cochlear electrode current of

17.5 lA, whereas 255 clinical units corresponds to a

cochlear electrode current of 1750 lA. The amount of

FIG. 5. (Color online) (a) CCi-MOBILE RP: Signal path for acoustic to electric mapping and electrodogram visualization. (b) CCi-MOBILE RP: Biphasic

electrical pulse characteristics and electrical stimuli.
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charge associated with the pulse is described in Eq. (4).

SIC is therefore estimated across all active electrodes as

described in Eq. (5),

Qch ¼ 17:5�100 Ach=255ð Þ�Pch; (4)

SIC ¼
X
ch2 S

Qch

� �
: (5)

The electrical stimulation performance of the CCi-

MOBILE research platform can be evaluated by measuring

the discrepancies between the researcher specified stimulation

parameters and the observed electrical components of the

recorded RF stimuli output . This includes (i) inter-phase gap

discrepancy (DIPG), the difference between the IPG observed

in the recording and that specified by the researcher; (ii) the

total PD discrepancy (DT), the difference between the PD

observed from the output recording and the PD corresponding

to the researcher specified stimulation rate; (iii) the PW dis-

crepancy (DPW), the difference between the PW observed in

the output recording and the PW corresponding to the

researcher specified stimulation rate; and (iv) the PW imbal-

ance (PWDAC), the difference between the anodic and

cathodic PWs observed in the output recording.

IV. EXPERIMENT I: ACOUSTIC-BASED SOUND
PROCESSING EVALUATION PHASE

The analysis and evaluation are carried out for CCi-

MOBILE RP in two stages: (i) at an individual component

level for SP and (ii) a comprehensive evaluation at system

level by applying acoustical conditions. In the individual

component level analysis, all SP components that are part of

the primary signal processing block are assessed. Similar

assessment can be carried out for custom research

algorithms. The overall system level analysis and perfor-

mance evaluation is carried out using a test battery compiled

from many different acoustic corpora. For overall system

level evaluation, the CCi-MOBILE RP is configured with a

standard MAP stimulation configuration.

A. SP analysis

1. Pre-emphasis

The CCi-MOBILE software suite implements a pre-

emphasis filter as a finite impulse response (FIR) filter. The

frequency characteristics are shown in Fig. 7(a). Since this is a

FIR filter, the poles are located at zero, as shown in the pole

zero plot. Hence, the implemented pre-emphasis filter is BIBO

stable for all bounded input conditions, as shown in Fig. 7(b).

2. Windowing

The CCi-MOBILE software suite provides several stan-

dard windowing options, such as Hanning, Hamming, and

Blackman. Standard window implementations are also

BIBO stable for all bounded input conditions.

3. Frequency decomposition using an M-channel filter
bank

CCi-MOBILE software suite implements an M-channel

filter bank, where M¼ 22 and every filter is implemented as

a FIR filter. The frequency characteristics of all 22 channels

are shown in Fig. 7(c). Since this filter bank is implemented

using FIR filters, all poles are located at zero, as seen in the

pole zero plot for filter components 9 and 22 shown in Figs.

7(d) and 7(e). Hence, the M-channel filter bank implementa-

tion is also BIBO stable for all bounded input conditions.

FIG. 6. (Color online) CCi-MOBILE RP: Analysis and evaluation in diverse acoustical conditions and electrical MAP stimulation configurations.
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The impulse responses of all the filters in the filter bank are

as shown in Fig. 7(f).

4. Logarithmic compression

To achieve logarithmic compression, the loudness

growth function model is used, and the exponential factor

is determined using the compression parameter set in the

MAP. The logarithmic compression is achieved by scaling

and compressing all acoustical information between

base level and saturation level, as defined in the MAP.

Figure 8(a) shows the implementation of logarithmic com-

pression. In Fig. 8(a), for all normalized input acoustical

data in [0,1], the logarithmic compression, with a com-

pression factor of 20, is applied for acoustical data in

[base level¼ 0.0156, saturation level¼ 0.556]. The com-

pressed output is therefore maintained between 0 and 1.

5. Clinical level safety compliance

CCi-MOBILE RP is designed to electrically stimulate

CI subjects with clinical units prescribed in their individual

FIG. 7. (Color online) (a) CCi-MOBILE RP: Analysis of frequency response characteristics of pre-emphasis. (b) CCi-MOBILE RP: Analysis of pole zero

plot for stability assessment of pre-emphasis. (c) CCi-MOBILE RP: Analysis of frequency response characteristics of M-channel filter bank. (d) CCi-

MOBILE RP: Analysis of pole zero plot for stability assessment of M-channel filter bank, Filter #9. (e) CCi-MOBILE RP: Analysis of pole zero plot for sta-

bility assessment of M-channel filter bank, Filter #22; (f) CCi-MOBILE RP: Analysis of impulse response of M-channel filter bank.
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MAP. The maximum current, and hence charge, that can be

safely stimulated is dependent on the PW and clinical level.

Hence, CI manufacturers (Cochlear Corp.) prescribe control

parameters for safe electrical stimulation and compliance

with Shannon’s limit (Shannon, 1992). Hence, the maxi-

mum clinical level that is permissible and compliant with

Shannon’s safety limit is determined as follows:

CLmax ¼ A� B� log10 PWð Þ clinical units; (6)

where A;B represents the inherent control parameters for a

specific implant type. Therefore, Eq. (6) is implemented to

verify if the maximum clinical level set in the MAP com-

plies with the Shannon limit. CCi-MOBILE software suite is

designed to provide interactive notification in order to alert

CI subjects with maximum and threshold clinical levels and

therefore verifies if electrical stimuli generated in each

channel are constrained between maximum and threshold

clinical levels, as shown in Fig. 8(b).

B. Comprehensive evaluation using acoustical data

CCi-MOBILE RP is evaluated under diverse audio,

sound, and speech acoustic conditions, which can be catego-

rized into three groups: speech, music, and noise.

1. Materials and methods

a. Test battery. To assess the CCi-MOBILE research

platform under diverse acoustical conditions, a test battery

is prepared by selecting audio from numerous databases

listed as follows: (i) Arizona BioIndustry (AzBio), (ii)

Institute of Electrical and Electronics Engineers (IEEE) sen-

tences, (iii) Consonant Nucleus Consonant (CNC), (iv)

NOIZEUS, (v) Language Recognition Evaluation (LRE),

(vi) Texas Instruments and MIT Lincoln Lab corpus

(TIMIT), (vii) Defense Advanced Research Project Agency

(DARPA) Robust Automatic Transcription of Speech

(RATS), (viii) Musical Analysis Retrieval and Synthesis for

Audio Signals (MARSYAS)–George TZANetakis

(GTZAN), (ix) Environmental Sound Classification (ESC),

(x) Freesound Project, (xi) UrbanSounds, (xii) Gunshots

corpus. The audio test battery is prepared by considering

diversity in various acoustical characteristics, such as lan-

guage, environmental, background ambience, emotion, sta-

tistics, temporal properties, production, sources, and

numerous other factors. The diverse test battery consists of

nearly 380 h of audio, comprising 260 h of speech, 46 h of

music, and 76 h of noise/environmental sounds.

b. Test setup. CCi-MOBILE RP is initialized with a

standard MAP stimulation configuration as described in Sec.

II A. The CCi-MOBILE software suite is programmed to

periodically submit/play audio from the available sound test

battery for generation of electrical stimuli. The output RF

coil is placed on the DIET unit to capture output pulse stim-

ulation data. The electrical stimuli are transmitted to the

FPGA on the research platform, over a USB interface. The

output RF signal contains electrical stimulus information

that is transmitted through the RF coil, which is placed on

the DIET. The PC is programmed to monitor the DIET out-

put and record stimuli observations for all audio in the test

battery. For all acoustic conditions in the test battery, the

recorded observations are assessed to verify if recorded

electric stimuli are biphasic as required for safe operation.

The overall reliability and performance of the CCi-

MOBILE are then determined by analyzing the discrepan-

cies between the specified stimulation parameters and the

observed electrical components of the output: DIPG, DT,

DPW, and PWDAC. The SIC therefore describes the electri-

cal activity of CCi-MOBILE under diverse acoustical

conditions.

2. Results

For the entire 380 h of acoustic data, CCi-MOBILE RP

exhibited no stimuli over the safety limits for all compo-

nents of the electrical stimuli, and it was limited to the

specified threshold and comfort levels. Electrical pulse type

FIG. 8. (a) CCi-MOBILE RP: Plot of output signal level achieved by applying logarithmic compression against input signal level. (b) CCi-MOBILE RP:

Plot of maximum clinical level allowed in order to ensure safety compliance against specified PW.
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detected using DIET was found to maintain the desired stan-

dard biphasic structure. The observed current level was

always limited to the operational range, and only Nmaxima

electrodes were ever active as channels per frame, as speci-

fied in the standard MAP configuration.

The absolute mean and maximum SICs (in mC/s), are

then tabulated against all available databases in the test bat-

tery, as shown in Fig. 9(a). The electrical activity was found

to be significantly higher for noise when compared to music

and speech. Music recorded a higher SIC vs speech. The

performance and reliability of CCi-MOBILE in delivering

electrical stimulation is measured by comparing the

observed electrical stimuli with the standard MAP parame-

ters. Across all acoustical data, error discrepancies were

maintained at a relatively consistent mean with very mini-

mal standard deviation, as shown in Fig. 9(b). PWDAC

and DPD each accounted for a mean 0.1 ls (0.4% of

PW¼ 25 ls, and 0.08% of PD¼ 125 ls, respectively),

whereas DPW and DIPG have a relatively higher mean of

0.24 ls (0.96% of PW¼ 25 ls, and 3% of IPG¼ 8 ls). Apart

from DIPG, the remaining measures had a relative lower

impact. It is noted that IPG was constrained to be low to

accommodate longer PWs, and therefore DIPG is lower, and

the impact on the MAP stimulation configurations with

higher stimulation rates and larger PWs is minimal. A

higher SIC indicates an increase in perceived loudness. The

discrepancies observed in the RF pulse characteristics,

DPW, DIPG, PWDAC, and DT, induce an exponential incre-

ment in perceived loudness. Residual non-zero PWDAC also

contributes toward irreversible corrosion of the electrodes

and potential deposit of metal oxides at the electrode–tissue

interface. A non-zero PWDAC worsens the quality of CI

stimulation and reduces the life of the CI system itself.

V. EXPERIMENT II: ELECTRICAL PARAMETER
ANALYSIS AND STIMULATION EVALUATION PHASE

CCi-MOBILE RP is compliant with CI technology

developed at Cochlear Corp. Hence, the customizable elec-

trical stimulation parameters of the MAP are typically fixed

to values/operational ranges stipulated by Cochlear Corp.

Biphasic electrical pulse stimulation can be designed using

electrical stimulation parameters such as stimulation rate,

PW, IPG, Nmaxima, and clinical level. The IPG is usually

fixed at 8 ls. The clinical level is only dependent upon the

acoustical information, and the clinical level is constrained

to be presented between comfort and threshold levels. For

the realizability assessment, only electrical stimulation

parameters (stimulation rate, PW, and Nmaxima) are consid-

ered. The physical realizability of electrical stimulation is

determined by evaluating the PD using Eqs. (1)–(3). Once

an optimal set of physically realizable electrical stimulation

parameters are determined, they are loaded onto the

CCi-MOBILE RP. This unique and optimal set of MAP con-

figurations are then used to assess the overall reliability and

performance of CCi-MOBILE.

A. Electrical parameter analysis and realizable space
assessment

1. Materials and methods

a. Test battery. CCi-MOBILE is assessed for physical

realizability of researcher defined electrical stimulation

using a standard IPG of 8 ls and by varying the electrical

stimulation of each parameter in the MAP, such as

StimRatech, PW, and Nmaxima. CCi-MOBILE has lower and

upper operating limits on the stimulation parameters compli-

ant with stimulation design constraints established by

Cochlear Corp., and they are specified as follows:

StimRatech, 125–14 400 pps; PW, 25–400 ls; and Nmaxima,

1–22 channels. For testing, all parameters are discretized,

with respective incremental step sizes as follows:

StimRatech, 125 pps; PW, 5 ls; and Nmaxima, 1 channel. This

results in a total of 242 880 possible MAP configurations.

b. Procedure. CCi-MOBILE software suite is pro-

grammed to only assess the electrical stimulation, and hence

the SP units are deactivated during this evaluation. The

FIG. 9. (a) CCi-MOBILE RP: Evaluation of average electrical current stim-

ulation activity observed across all electrodes by assessing SIC (mC/s)

against all the acoustical databases. (b) CCi-MOBILE RP: Evaluation of

error discrepancy in DIPG, DT, DPW, and PWDAC stimulation factors,

observed across all diverse acoustical conditions.
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StimRatech, PW, and Nmaxima are varied from a lower bound

to highest possible value by applying individual parameter

incremental step sizes. Every MAP configuration is assessed

to verify if the pulse duration constraints established in Eq.

(3) are satisfied. MAP configurations that are physically

realizable are referred to as valid MAP configurations. If the

PD constraints are not satisfied, then CCi-MOBILE software

suite applies a minimum plausible adjustment to StimRatech

and PW and then reevaluates this adjusted configuration for

realizability. Due to the constraints on Nmaxima, the MAP

configurations may still remain unrealizable, and these are

referred to as invalid MAP configurations and set aside.

2. Results

As shown in Fig. 10(a), approximately 70% of the pos-

sible MAP configurations are physically realizable and are

valid. Only 3% of the MAP configurations are directly real-

izable, whereas 67% of MAP configurations are validated

only after applying adjustment on StimRatech and PW. CCi-

MOBILE software suite applies modification on the

StimRatech and PW such that they undergo minimum

change, and the adjusted MAP still remains closer to the

desired realizable MAP configuration. For every Nmaxima,

the adjustment algorithm determines cutoff values for

StimRatech and PW. So any MAP configuration that does

not fall within the valid StimRatech and/or PW values

undergoes adjustment, and the cutoff values get used.

Therefore, most of the adjusted MAP are configurations

containing cutoff StimRatech and/or PW, and hence they are

not unique. Among all the adjusted MAP configurations,

only 1% of them are found to be unique, and the remaining

are found to be duplicates and hence redundant. Here, 30%

of MAP configurations are unrealizable and therefore set

aside as invalid. Only 9655, which account for 4% of the

242 880 MAP configurations (3% valid þ 1% adjusted), are

found to be distinctly realizable. This analysis significantly

reduces the necessary researcher defined parameter setting

based on the burn-in setting.

Figure 10(b) depicts the distribution of MAP configura-

tions in the test battery with respect to the electrical stimula-

tion parameter Nmaxima, or the number of active electrodes

per frame. Nearly 54% of possible MAP configurations in

the test battery have only one or two electrodes active per

frame. Approximately 84% of MAP configurations in the

test battery have at most eight electrodes active per frame.

Therefore, with an increase in the number of electrodes per

audio frame, the number of valid MAP configurations is

greatly reduced. As a result, only a small population of

MAP configurations in test battery, approximately 16%,

have nine or more electrodes active in a frame. A similar

analysis of distribution of MAP configurations in the test

battery is considered with respect to the stimulation parame-

ters PW and StimRatech, as shown in Figs. 11(a) and 11(b).

A trend similar to Nmaxima can be observed, where fewer

valid MAP configurations contain larger values of PW and

StimRatech. In an overall exponentially decreasing trend,

odd peaks can be attributed to the characteristic nature of

adjustment in the CCi-MOBILE software suite. Typically,

the PW is lowered to satisfy and accommodate a higher

desired stimulation rate.

B. Electrical stimulation evaluation phase

1. Materials and methods

a. Test battery. The optimal set of distinctly realizable

MAP configurations is used to configure CCi-MOBILE for

electrical stimulation evaluation. All SP components that

involve audio processing and acoustic-to-electric mapping

modules are deactivated. The clinical levels are syntheti-

cally generated by sampling a sinusoidal tone at a sampling

rate of 100 Hz. These sinusoidal samples are equally applied

across all electrodes.

b. Procedure. To assess safety and operational perfor-

mance, the CCi-MOBILE is setup as described in Secs. III A

and III B. For every MAP configuration from the distinctly

realizable set, synthesized sinusoidal samples are applied as

clinical levels across all electrodes, and output electrical

stimuli are generated. The CIC4 DIET is used to record and

store all the electric stimuli observations as described in

Sec. III D.

FIG. 10. (Color online) (a) CCi-MOBILE RP: Analysis of MAP configura-

tions that result in valid, realizable, unique, and invalid sets of electrical

pulses. (b) CCi-MOBILE RP: Analysis of stimulation test battery of CCi-

MOBILE RP across Nmaxima for all the realizable MAP configurations.
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2. Results

Observations of electrical stimuli revealed that stimula-

tion was always found to be biphasic, as stipulated, for all

MAP configurations in the test battery. Current levels

recorded in the electrical stimulus observations matched

with discrete synthesized sinusoidal clinical levels specified,

and hence the integrity of clinical levels was never compro-

mised. Only the specified Nmaxima electrodes were ever

found to be active for every audio frame (e.g., never

greater).

VI. SYNOPTIC ANALYSIS AND EVALUATION FOR RPS

Here, analysis and evaluation of elementary compo-

nents of RPs are carried out in two phases: (i) acoustic-

based sound processing evaluation phase and (ii) electrical

stimulation evaluation phase. These phases involve compre-

hensive analysis and evaluation, requiring longer test inter-

vals on the order of hundreds/thousands of hours, due to

larger test batteries. However, a researcher may have to con-

figure the RP with a new customized MAP (i.e., filter bank

cutoff frequencies, clinical levels, stimulation parameters

and strategies) for every CI subject on a trial-by-trial basis.

Hence, there is a need to reduce the overall duration for test-

ing and analysis of RP.

A synoptic test protocol is proposed to quickly sample

and assess the entire test space, using a reduced test battery

set. The proposed condensed SP evaluation phase is carried

out using the minimum acoustical test battery (Advanced

Bionics LLC et al., 2011), and the proposed condensed elec-

trical stimulation evaluation phase is carried out using a

min-max stimuli test battery.

A. Minimum test battery

The FDA has developed the minimum test battery for

CI subjective studies. The minimum speech and noise test

battery can be formed using the following: one 20-sentence

list of AzBio sentences presented in quiet; one 20-sentence

list of AzBio sentences presented in noise; one 50-word list

of CNC words; one 20-sentence list-pair (10 sentences per

list) of the Bamford-Kowal-Bench–Speech-in-Noise (BKB-

SIN). Based on the requirements of the experiment, a

researcher can expand the test battery to include databases

that are part of the experimental trial. As an example, a min-

imum speech and music test battery can be prepared using

three music samples per genre, totaling 30 music samples

across all ten genres from George Tzanetakis (GTZan)

genre. Here, 30 tracks, out of 120 tracks, and one music

sample each from the Music Speech GTZan database are

employed. The proposed minimum test battery consumes

only 0.45 h vs the complete set of 380 h, as shown in Fig.

12(a).

B. Min-max stimuli test battery

The comprehensive electrical stimulation test battery

can be greatly reduced by determining the minimum and the

maximum cutoff values of PW and stimulation rates for

every electrode-limit, Nmaxima electrodes per frame. For CIS

implementation with CCi-MOBILE RP, four test configura-

tions corresponding to the maximum and minimum possible

stimulation rate and pulse width, respectively, are selected.

Here, 88 stimulation configurations corresponding to 22

possible Nmaxima are used to generate the min-max stimuli

test battery. This condensed stimulation test battery requires

only 15 min for evaluating all 88 stimulation configurations.

Therefore, the amount of time consumed in conducting the

proposed min-max stimuli test battery consumes only 1% of

the total possible required time, as shown in Fig. 12(b).

Further, based on the experimental requirements, the

researcher can expand the test battery to include stimulation

configurations that are of interest.

VII. CONCLUSION

To our knowledge, this study is one of the first efforts

to develop a test protocol framework to assess and analyze

research platforms for safety in a systematic manner. This

study has proposed a two-phase burn-in analysis and evalua-

tion paradigm for assessing safety and reliability for RPs

FIG. 11. (a) CCi-MOBILE RP: Analysis of stimulation test battery of CCi-MOBILE RP across PW for all the realizable MAP configurations. (b) CCi-

MOBILE RP: Analysis of stimulation test battery of CCi-MOBILE RP across stimulation rate for all the realizable MAP configurations.
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based on (i) an acoustic phase 1 step and (ii) a parameter

phase 2 step. Having established the general burn-in analysis

and evaluation protocol, the proposed solution was success-

fully demonstrated with an evaluation of CCi-MOBILE RP.

In acoustic phase 1, for CCi-MOBILE RP, all components

were found to be BIBO stable, and implementation of loga-

rithmic compression did not generate any errors. The

Shannon limit was established by applying a limit on the

maximum clinical level in accordance with specified PW

and electrode parameters. In the acoustic-based stimulation

evaluation, 11 databases approximately amounting to 380

hþ, were applied on CCi-MOBILE RP, and stimulation was

evaluated. CCi-MOBILE RP was found to operate in safe

conditions and resulted in no errors in output acoustic/stimu-

lation characteristics. The acoustic phase 1-based burn-in

evaluation established the safety of experimental trials with

CI subjects by ensuring that RPs never exceed a safe/

expected level of operation for naturalistic speech, audio,

music, and sound exposure in naturalistic settings. In param-

eter phase 2, using the CCi-MOBILE RP with a CIS strat-

egy, the realizable MAP space for pulse stimulation was

first determined by performing parameter realizability

assessment. This was achieved by exhaustively considering

all possible researcher selected stimulation parameter setting

combinations. For all MAP configurations in the realizable

space, it was found that most realizable MAP configurations

had very minimal discrepancies. Although a few configura-

tions exhibited rare large deviations from specifications,

repeated testing found no additional evidence of repeat

observations of such discrepancies. Using CCi-MOBILE RP

as an example, this study has also established guidelines for

developing a reduced set of test conditions to more effi-

ciently evaluate RPs (useful if many examples of the same

RP must be tested). With this reduced-set test protocol, only

minor modifications, such as custom algorithms and/or stim-

ulation, MAP individualization, and others, are introduced.

This study has therefore shown an effective evaluation pro-

tocol for CI/HA RPs, such as CCi-MOBILE, to be safe with

well benchmarked performance characteristics. The pro-

posed analysis and evaluation protocol can be easily

migrated to support any generic AHDs (i.e., both CIs and

HAs) to assess safety, reliability, and performance of electri-

cal stimulation. Extensions to assess alternate modes of

operations, including real-time/offline, bilateral/bimodal,

and others, are also possible. Application and adaptation of

the proposed protocol to other RPs is expected to support

other testing conditions/scenarios and help toward establish-

ing a more universal overall RP testing standard.
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