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ABSTRACT

This review synthesizes evidence on the sound processing strategies used by the three dominant
cochlear implant (CI) manufacturers, Cochlear’s ACE, MED-EL’s FS4, and Advanced Bionics’
HiRes/Optima, focusing on their technical underpinnings and clinical outcomes in speech, music,
and noise. A targeted narrative review was conducted using PubMed, Scopus, and Web of Science
(2010-2025). Eligible studies included clinical trials, crossover studies, large prospective cohorts,
and multicenter registries comparing CI coding strategies. Extracted data were organized and
thematically analyzed for speech-in-noise, music/pitch, and long-term outcomes. ACE strategies
produce robust and consistent outcomes across patient groups but offer limited fine-structure
detail. FS4 coding improves low-frequency pitch and melodic perception but shows inconsistent
benefits for speech-in-noise. HiRes/Optima strategies provide expanded spectral detail through
current steering, but advantages in everyday noise are variable and may involve battery trade-offs.
Importantly, patient- and surgery-related factors (age at implantation, duration of deafness,
electrode placement) explain more outcome variation than brand-specific coding strategies. No
coding strategy is universally superior. Clinical selection should align device-specific strengths
with patient needs and auditory profiles. Future research should focus on hybrid coding strategies,
advanced machine-learning scene analysis, and multicenter standardization of speech-in-noise
testing.
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INTRODUCTION

Cochlear implants (Cls) are among the most
remarkable advances in hearing restoration,
providing sound access for individuals with
severe-to-profound sensorineural hearing
loss who get little or no help from traditional
hearing aids. Unlike hearing aids that
amplify sound for existing cochlear function,
CIs bypass damaged hair cells by directly
stimulating the auditory nerve through
surgically placed electrode arrays. Over the
past forty years, improvements in electrode
design, speech processing algorithms, and
clinical fitting procedures have led to
significant gains in understanding speech in
quiet settings and have helped hundreds of
thousands of people worldwide regain
communication  skills, participate in
academics, and engage socially (Wilson &
Dorman, 2008; Zeng et al., 2008).

Despite these successes, ongoing challenges
persist. Many CI users still face reduced
auditory performance in complex settings
like classrooms, workplaces, or social
gatherings, where background noise and
competing  speakers make listening
challenging. This “cocktail party problem”
underscores a persistent limitation of current
implant technology. While modern devices
offer reliable speech understanding in quiet
environments, they do not match the fidelity
and effortless clarity of natural hearing in
noisy situations (Wilson, 2015).
Additionally, there is significant variability
in outcomes, with some recipients achieving
near-normal speech recognition, while
others have trouble accessing even basic
auditory cues. This variability highlights the
influence of both patient-related factors (age
at implantation, duration of deafness,
cognitive abilities, auditory nerve survival)
and technology-related factors, especially
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the signal processing strategy used (Blamey
et al., 2013).

Signal processing strategies are vital to CI
function because they control how acoustic
information is captured, analyzed, and
converted into patterns of electrical
stimulation across the electrode array. These
strategies aim to optimize two key aspects of
auditory perception: spectral resolution,
which  helps differentiate  frequency
components crucial for recognizing speech
sounds and musical notes, and temporal
resolution, which provides timing cues
necessary for pitch perception, rhythm
recognition, and tonal language
understanding (Shannon et al., 2011). Over
time, CI manufacturers have worked to
balance these factors by developing
algorithms that trade off efficiency and
ability to preserve more detailed acoustic
cues.

The three dominant CI manufacturers,
Cochlear (Australia), MED-EL (Austria),
and Advanced Bionics (United States),
embody distinct philosophies in their
approaches to signal processing. Cochlear’s
Advanced Combination Encoder (ACE)
integrates  high-rate  stimulation  with
selective channel activation, emphasizing
envelope cues while maximizing efficiency
and the former has emerged as the most
widely adopted global standard, offering
long-term  stability = across  diverse
populations (Skinner et al., 2002; Holden et
al., 2013). In contrast, MED-EL’s Fine
Structure Processing (FS4) prioritizes the
transmission of temporal fine-structure cues,
particularly in the low-frequency apical
electrodes, to support enhanced pitch and
melodic perception; an approach primarily
advantageous for tonal language speakers
and musically engaged users, though its
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benefits for  speech-in-noise  remain
inconsistent (Miiller et al., 2012; Riss et al.,
2016; Gifford et al.,, 2013). Advanced
Bionics, through its HiRes and Optima
strategies, emphasizes spectral shaping and
resolution, employing current steering to
create “virtual channels” that expand
perceptual frequency detail beyond the
physical limitations of the electrode array.
Laboratory studies demonstrate improved
spectral discrimination and some gains in
speech-in-noise, though clinical transfer is
variable and often comes with trade-offs
such as increased power consumption (Firszt
etal., 2017; Zeng, 2022).

While each manufacturer’s approach reflects
a different weighting of spectral and
temporal priorities, none of them completely
resolves the limitations of current CI
systems. Speech understanding in noise,
music appreciation, and naturalistic listening
remain areas of unmet need across platforms.
Furthermore, large-scale studies reveal that
patient- and surgery-specific factors, such as
cochlear anatomy, electrode placement, and
duration of deafness, explain a greater
proportion of outcome variability than the
choice of coding strategy alone (Blamey et
al., 2013).

Against this background, the present review
offers a structured comparative synthesis of
the three main CI sound processing
strategies: Cochlear’s ACE, MED-EL’s FS4,
and Advanced Bionics’ HiRes/Optima. The
goals are threefold: to analyze the technical
foundations of each approach, to assess their
effectiveness in laboratory and real-world
listening scenarios, and to identify the
clinical settings where each shows strengths
or limitations. By combining technical
principles with clinical evidence, this review
aims to guide both research and clinical
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practice toward a more detailed and
personalized approach to CI programming
and device choice.

History of Cochlear Implants

The development of cochlear implants (CIs)
represents one of the most remarkable
achievements in auditory neuroscience and
biomedical engineering. The history of Cls
spans more than six decades, evolving from
experimental electrical stimulation of the
auditory nerve to today’s sophisticated,
multichannel, fully implantable devices.

The earliest work is traced back to the 1950s
and 1960s, when researchers began
investigating whether direct electrical
stimulation of the cochlea could produce
auditory sensations. In 1957, Djourno and
Eyriés in France reported the first attempts at
stimulating the auditory nerve of a deaf
patient with a single electrode, which
produced auditory perceptions but limited
speech understanding (Djourno & Eyrices,
1957). These pioneering efforts
demonstrated feasibility but highlighted the
need for more complex stimulation strategies
to convey speech information.

In the 1970s, William House and colleagues
in the United States developed the first
single-channel implantable devices, which
led to the first commercialized CI in 1972
(House, 1976). Although these early single-
channel systems provided access to rhythm
and some environmental sounds, they had
limited speech recognition. Nevertheless,
they proved to be transformative by
explaining that direct auditory nerve
stimulation could restore functional hearing
in profoundly deaf individuals.

The late 1970s and 1980s marked a shift
from single-channel to  multichannel
systems, which represented a major change.
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These devices could stimulate multiple
electrodes along the cochlea, providing
spectral cues essential for speech perception.
Graeme Clark in Australia, Ingeborg and
Erwin Hochmair in Austria, and Blake
Wilson in the United States were among the
leaders driving these innovations (Clark,
2003; Hochmair-Desoyer & Hochmair,
1985; Wilson et al., 1991). In 1985, the U.S.
Food and Drug Administration (FDA)
approved the first multichannel CI for adults,
followed by pediatric approval in 1990. This
marked the beginning of increased clinical
use and widespread adoption.

Throughout the 1990s and 2000s, rapid
advances in speech coding strategies
significantly boosted performance.
Techniques such as Continuous Interleaved
Sampling (CIS), Spectral Peak (SPEAK),
and the Advanced Combination Encoder
(ACE) enhanced both temporal and spectral
resolution, enabling users to understand
open-set speech without visual cues (Skinner
et al., 2002). At the same time,
improvements in electrode design, surgical
methods, and processor miniaturization
contributed to better outcomes and expanded
candidacy.

By the 2010s, cochlear implants had evolved
into sophisticated neuroprostheses that
integrate  wireless  connectivity, noise
reduction algorithms, and bilateral/bimodal
fitting  strategies. A  broadening of
indications parallelled this technological
sophistication: implantation in infants as
young as 9—12 months, older adults, patients
with residual low-frequency hearing (hybrid
electro-acoustic stimulation), and
individuals with single-sided deafness or
asymmetric hearing loss (Gantz & Turner,
2003; Sladen et al., 2017).
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Today, cochlear implants are among the
most successful neural prostheses, with over
1 million recipients worldwide. They allow
most users to achieve functional speech
communication, and many can enjoy music
and engage in complex listening
environments. Despite these successes,
challenges still exist in areas such as speech
perception in noise, music appreciation, and
addressing  individual  variability in
outcomes. Ongoing research continues to
focus on coding strategies, electrode design,
and neural preservation to further improve
performance and quality of life.

Candidacy for Cochlear Implants

Cochlear implant (CI) candidacy has
changed significantly since the first devices
appeared in the 1970s. Initially, only
profoundly deaf adults were considered
eligible. Over time, improvements in
outcomes, surgical techniques, and device
technology have gradually expanded the
criteria to include a wider range of patients
across all ages.

Early Criteria. In the 1980s, the first FDA-
approved indications were limited to post-
lingually deafened adults with bilateral
profound sensorineural hearing loss who
received little to no benefit from
conventional hearing aids (House, 1976;
Clark, 2003). Speech understanding without
visual cues was generally considered
unattainable, and expectations were modest,
focusing primarily on environmental sound
awareness and lipreading support.

Expansion to Children. By 1990, pediatric
implantation was approved for children aged
2 years and older, and later lowered to 12
months of age as outcomes demonstrated
critical benefits of early auditory stimulation
for language development (Niparko et al.,
2010). Candidacy criteria for children
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emphasize  bilateral severe-to-profound
hearing loss, poor benefit from appropriately
fitted hearing aids, and a supportive family
environment committed to auditory-verbal
rehabilitation.

Modern  Adult  Candidacy.  Current
guidelines identify adults with bilateral
severe-to-profound sensorineural hearing
loss who derive limited benefit from
amplification as standard candidates
(Gifford et al., 2010). Functional benefit is
often defined as <50% open-set sentence
recognition in the ear to be implanted and
<60% in the best-aided condition (US FDA,

2020). Notably, these thresholds vary
internationally, ~with some programs
adopting more flexible, case-by-case

approaches (Blamey et al., 2013).

Pediatric Candidacy Today. For children,
candidacy relies on the principle of early
intervention. Infants as young as 9 months
are eligible in many countries whereby, they
show limited progress with hearing aids and
meet developmental readiness markers.
Broader inclusion is supported by evidence
that earlier implantation leads to better
language outcomes, auditory development,
and academic achievement compared to later
implantation (Dettman et al., 2016).

Expanding Indications. Over the last two
decades, candidacy @ has  broadened
significantly:

e Residual hearing: Hybrid electro-
acoustic stimulation (EAS) allows
patients with  preserved low-
frequency hearing but steeply sloping
high-frequency loss to benefit from
combined acoustic and electrical
stimulation (Gantz & Turner, 2003).

e Single-sided deafness (SSD) and
asymmetric hearing loss (AHL):
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Studies demonstrate improved sound
localization, speech-in-noise
perception, and tinnitus suppression
in  SSD/AHL  patients  after
implantation (Sladen et al., 2017).

e Elderly adults: CI outcomes in older
adults are now well-documented,
with improvements in
communication, social engagement,
and cognitive health (Lenarz et al.,

2012).

e Complex cases: Children with
auditory  neuropathy  spectrum
disorder (ANSD), additional
disabilities, or cochlear
malformations  are  increasingly

considered on an individualized basis
(Roush et al., 2011).

Contemporary Challenges. Despite broader
criteria, candidacy remains influenced by
disparities in referral patterns, insurance
coverage, and awareness among healthcare
providers. Many potential candidates are
overlooked or referred late, limiting the
benefits of early intervention (Zhao et al.,
2020). Furthermore, outcome variability
complicates candidacy decisions, as factors
such as duration of deafness, neural survival,
cognitive  capacity, and rehabilitation
significantly influence results.

In summary, cochlear implant candidacy has
progressed from narrow, restrictive criteria
to an inclusive, flexible framework guided
by technological advances and outcome
evidence. The modern approach emphasizes
functional benefits, individualized patient
profiles, and early intervention, with
ongoing debates focusing on how to expand
access further while managing realistic
expectations.
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Unilateral VS. Bilateral Cochlear

Implantation: Narrative Synthesis

The debate about whether a single cochlear
implant (CI) is enough or if bilateral
implantation should become the standard of
care has been central to CI research and
clinical discussions for over twenty years.
Historically, implantation started with a
unilateral approach, mainly due to
technological and cost reasons, and even one
sided implantation dramatically improved
the lives of people with profound hearing
loss by restoring access to speech,
environmental sounds, and social
interactions (House, 1976, Gifford et al.,
2010). Early research showed that unilateral
implantation greatly enhanced open-set
speech recognition and quality of life,
especially for children implanted before they
learn language (Niparko et al., 2010).
Nonetheless, ongoing challenges with sound
localization, hearing in noisy environments,
and asymmetrical auditory input revealed the
limitations of unilateral hearing (van Hoesel,
2004).

Bilateral implantation developed as a
response to these limitations, aiming to
restore the binaural hearing benefits that are
essential for natural auditory processing.
Research consistently demonstrates that
bilateral recipients perform better than
unilateral users in tasks involving spatial
hearing, including localization accuracy and
speech-in-noise =~ comprehension ~ when
speech and noise are spatially separated
(Litovsky et al., 2006; van Deun et al., 2009).
For children, the evidence is particularly
strong: bilateral implantation during early
developmental periods promotes
symmetrical cortical development, boosts
language acquisition, and leads to better
educational outcomes compared to unilateral
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peers (Boons et al., 2012; Gordon et al.,
2013). Adults also experience less listening
effort and find it easier to navigate complex
social environments, although the extent of
improvement varies depending on the age at
implantation and the length of deafness
(Dunn et al., 2010).

Nevertheless, the bilateral approach is not
without challenges. Simultaneous
implantation offers the most balanced
outcomes, minimizing auditory deprivation
of the second ear, yet many patients receive
sequential implants due to funding and
medical considerations. Delays between
surgeries can reduce the benefit of the second
implant, as cortical reorganization often
favors the first-implanted ear (Kral &
Sharma, 2012). Financial barriers remain
significant, with reimbursement policies
differing widely across countries, leading to
inequities in access (Zhao et al., 2020).
Moreover, while bilateral users report
substantial benefits in noise and localization,
performance differences in quiet settings are
often minimal, raising questions about cost-
effectiveness in adult populations who
achieve adequate function with a single CI
(Dorman & Gifford, 2010).

The narrative that emerges is one of trade-
offs:  unilateral  implantation  offers
substantial functional gains. It remains life-
transforming ~ for  profoundly  deaf
individuals, yet it falls short of replicating
the binaural hearing advantages that bilateral
implantation  can  restore.  Bilateral
implantation is increasingly supported for
children, given the neurodevelopmental
evidence favoring early binaural input;
however, decisions in adults require more
individualized counseling to balance surgical
risk, cost, and expected benefit. Ultimately,
the debate reflects broader tensions in CI
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research between functional sufficiency and
the aspiration to restore more naturalistic,
binaural hearing. As technology advances
and health systems reevaluate cost-benefit
ratios, the movement toward bilateral
implantation, especially in pediatrics,
appears to represent the trajectory of best
practice. In contrast, unilateral implantation
remains a powerful but incomplete solution.

Narrative Synthesis: Technical Overview of
Coding Strategies in Cochlear Implant
Manufacturers

The development of cochlear implant (CI)
sound processing  strategies  reflects
divergent philosophies among the major
manufacturers, each seeking to balance
spectral resolution, temporal fidelity, and
power efficiency in ways that optimize
speech understanding and user experience.
Cochlear Ltd. has advanced the Advanced
Combination Encoder (ACE) as its dominant
strategy, integrating principles from
Continuous Interleaved Sampling (CIS) with
spectral peak emphasis derived from the
SPEAK strategy. ACE applies high-rate
envelope stimulation, often up to 2400 pulses
per second per channel, while selecting a
subset of channels with the highest energy
for stimulation. This design emphasizes the
stability of speech recognition across diverse
user populations and has been validated in
numerous large-scale longitudinal studies.
ACE’s clinical strength lies in its broad
consistency, making it the most widely used
and best-studied strategy globally; however,
its limited transmission of temporal fine
structure (TFS) cues constrains its ability to
fully support tonal language perception and
music appreciation, which rely heavily on
acceptable pitch resolution.
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In contrast, MED-EL has pursued a
philosophy centered on fine structure
preservation through its FS4 and FS4-p
strategies. These coding schemes extend
beyond envelope-based approaches by
providing phase-locked stimulation in up to
four apical electrodes, where low-frequency
energy and TFS are most critical. This design
aims to enhance pitch perception, melodic
contour recognition, and speech recognition
in tonal languages, addressing domains
where envelope-based coding often falls
short. Clinical evidence demonstrates that
FS4 users achieve superior outcomes in
music perception tasks and some tonal
language contexts even though results in
speech-in-noise testing remain inconsistent.
This suggests that while temporal fidelity
contributes to perceptual richness, it does not
by itself overcome the masking -effects
encountered in  complex  auditory
environments  without  complementary
strategies such as advanced directionality or
noise reduction.

Advanced Bionics (AB), in contrast, focuses
on spectral resolution through its HiRes and
HiRes Optima families. The key feature of
AB’s approach is current steering. This
technique  combines currents  across
neighboring electrodes to form ‘“virtual
channels,” which theoretically increases the
number of perceivable spectral bands from
the physical 16 electrodes to over 100. This
enhancement of spectral detail is further
improved by options like current focusing,
which sharpens stimulation fields but
requires more power. Laboratory studies
consistently show that HiRes users have
better spectral ripple discrimination and, in
some cases, better speech recognition in
noise, especially when combined with front-
end features like ClearVoice or WindBlock.
Nonetheless, real-world results vary, with
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some users experiencing only limited
additional benefits in daily communication
compared to envelope-based systems, while
also dealing with increased fitting
complexity and battery use.

Taken together, these strategies highlight
three complementary approaches to the basic
challenge of CI signal coding: Cochlear
focuses on stable and reliable envelope
delivery, MED-EL emphasizes maintaining
the accuracy of temporal fine structure, and
Advanced  Bionics  concentrates  on
expanding spectral detail. Each approach
targets different aspects of auditory
perception, and clinical results indicate that
the best choice largely depends on individual
factors such as linguistic environment,
musical interest, and tolerance for device
complexity. Importantly, none of these
strategies completely solves the ongoing
challenge of speech perception in noise,
highlighting the need for hybrid or adaptive
coding methods that can dynamically
combine envelope stability, fine structure
preservation, and spectral resolution based
on the listening situation.

METHODS

A systematic literature search was conducted
in PubMed, Scopus, and Web of Science to
identify relevant studies published between
January 2010 and January 2025. This time
frame was selected to capture the period
during which modern cochlear implant (CI)
sound-processing strategies, ACE, FS4, and
HiRes/Optima, became widely established in
clinical practice.

Database-specific search strategies
combined Boolean operators with keywords
related to cochlear implants, sound-
processing or speech-coding strategies, and
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auditory outcomes. Core search terms
included “cochlear implant,” “sound
processing strategy” OR “speech coding
strategy,” “ACE,” “FS4,” “HiRes/HiRes
Optima,” and outcome-related terms such as
“speech perception,” “speech in noise,”
“music perception,” and “pitch perception.”
An example PubMed search string was:
(“cochlear implant” AND (“ACE” OR
“FS4” OR “HiRes”) AND (“speech
perception” OR “speech in noise” OR
“music perception”)).

The initial search identified 312 records
(PubMed: 118; Scopus: 104; Web of
Science: 90). After removal of 72 duplicate
records, 240 articles underwent title and
abstract screening. Of these, 150 were
excluded due to irrelevance, leaving 90
articles for full-text review.

Studies were eligible for inclusion if they
were peer-reviewed, explicitly evaluated
ACE, FS4, and/or HiRes/Optima sound-
processing strategies, and reported clinical
auditory  outcomes—such as  speech
perception, music or pitch perception, or
patient-reported measures—in adult or
pediatric CI users using recognized study
designs. Exclusion criteria included single-
case reports, absence of outcome data,
failure to specify coding strategies, exclusive
focus on non-auditory outcomes, or
publication in a non-English language.

Following full-text assessment, 54 studies
were excluded, resulting in 36 studies
included in the final synthesis. These
comprised 12 randomized or crossover trials,
14 prospective cohort studies, and 10 large
multicenter or registry-based investigations.

Data extraction focused on sound-processing
strategy,  study  design,  participant
characteristics, outcome measures, key
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findings, and reported limitations. Given the
heterogeneity in methodologies and outcome
measures across studies, results were
synthesized using a thematic narrative
approach, with particular emphasis on
speech perception in quiet and noise, music
and pitch perception, and long-term or real-
world outcomes.

The review adhered to PRISMA principles to
ensure transparent study selection and
minimize bias. A narrative synthesis was
considered the most appropriate method to
reflect the complexity and variability of
cochlear implant outcome research across
different sound-processing strategies.

Literature Search

The literature on cochlear implant (CI) sound
processing strategies shows both rapid
technological advances and the growing
global population of CI users. Early studies
focused on envelope extraction methods like
Continuous Interleaved Sampling (CIS) and
Spectral Peak (SPEAK), which formed the
foundation for later coding improvements
(Wilson et al., 1991; Skinner et al., 2002).
These basic strategies highlighted the
importance of effectively transmitting
temporal envelope cues, but their limits in
music appreciation, pitch perception, and
speech-in-noise  performance soon led
manufacturers to develop proprietary
algorithms to address these issues.

Cochlear’s Advanced Combination Encoder
(ACE) is one of the most extensively studied
coding strategies. By combining CIS
principles with spectral peak emphasis and
selective high-rate channel stimulation (up to
2400 pulses per second per channel), ACE
enhances the fidelity of temporal envelope
representation (Skinner et al., 2002). Long-
term studies, such as Holden et al. (2013),
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demonstrate ACE’s robustness, showing
consistent  long-term  open-set  word
recognition scores in both pediatric and adult
populations. Despite its widespread adoption
and stability, ACE has been shown to offer
limited benefits for tonal language users and
music perception, where fine temporal cues
are crucial (Laneau et al., 20006).

In contrast, MED-EL has adopted a different
approach through Fine Structure Processing
(FSP, FS4, FS4-p), which focuses on
transmitting low-frequency temporal fine-
structure cues at the apical electrodes.
Evidence from Miiller et al. (2012) shows
improved pitch discrimination and melodic
contour recognition with FS4, while
pediatric studies indicate that children may
experience developmental benefits in music
perception compared to envelope-only
strategies (Riss et al., 2016). Nevertheless,
the performance of FS4 in speech-in-noise
situations remains inconsistent, with some
studies reporting little to no benefit over
ACE (Gifford et al., 2013).

Advanced Bionics has introduced a new
approach with its HiRes and HiRes Optima
strategies, which use current steering to
create “virtual channels.” This increases
spectral resolution beyond the physical limit
of 16 electrodes to as many as 120 perceptual
channels (Firszt et al., 2017). Laboratory
studies indicate that this improves spectral
ripple discrimination and supports better
speech-in-noise understanding, particularly
when combined with front-end features like
ClearVoice and WindBlock (Buechner et al.,
2014); however, these improvements often
come with higher power use and more
complex fitting requirements (Zeng, 2022).

Taken together, comparative evidence
indicates that no single coding strategy offers
universal superiority. Instead, performance
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appears to be context-specific: FS4 offers
advantages in tonal language settings and
music perception; HiRes Optima performs
well in noisy environments; and ACE
provides the most consistent results across
large-scale and long-term studies (Holden et
al., 2013; Miiller et al., 2012; Riss et al.,
2016; Firszt et al., 2017). Importantly, as
Wilson (2015) points out, speech perception
in complex real-world noise remains the
main challenge across all systems,
highlighting the gap between controlled
laboratory gains and everyday listening
performance.

Inclusion and Exclusion Criteria

e Inclusion: peer-reviewed studies that
directly evaluate CI coding strategies or
report outcomes related to ACE, FS4, or
HiRes/Optima,; including RCTs,
crossover or device-upgrade trials,
prospective cohorts, and multicenter
analyses.

o  Exclusion: single-case reports, narrative
editorials, or studies without explicit
reference to coding strategies.

Data Extraction and Synthesis

Key variables included:
o Strategy type and manufacturer

e Technical features (temporal/spectral
resolution, stimulation rates)

e Outcomes: speech in quiet, speech-in-
noise,  pitch/music  perception,
patient-reported quality of life

e Limitations and confounders

Data were tabulated (technical features,
representative outcomes) and synthesized
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thematically to highlight common findings,
divergences, and implications.

RESULTS

The synthesis of reviewed studies highlights
that no single cochlear implant coding
strategy is proven to be universally superior;
rather, outcomes are inherently dependent on
context, reflecting both the technical
priorities of each manufacturer and the
diversity of the patient population.
Cochlear’s ACE strategy stands out as the
most stable and widely validated approach,
with consistent evidence supporting strong
long-term speech perception in both adults
and children. Large cohort studies (e.g.,
Holden et al., 2013) show that ACE offers a
reliable “baseline” outcome, serving as a
benchmark for comparison. Its strength lies
in speech understanding in  quiet
environments and across different groups,
but it remains limited in providing fine-
structure  cues essential for music
appreciation and tonal language perception.

In contrast, MED-EL’s FS4 and related fine-
structure strategies provide a clear advantage
in pitch discrimination and melodic contour
recognition, specifically in situations where
temporal fine structure is crucial. Several
clinical trials (Miiller et al., 2012; Riss et al.,
2016) show measurable benefits in music
perception and in tonal-language learning,
where low-frequency timing cues are vital
for distinguishing lexical meaning; however,
improvements in speech-in-noise
performance remain inconsistent, with some
evidence indicating that fine-structure
coding alone cannot fully make up for
spectral limitations in difficult auditory
environments.

Advanced Bionics’ HiRes Optima strategy
offers a different approach by maximizing
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spectral resolution through current steering
and creating “virtual channels.” Laboratory
tests (e.g., spectral ripple discrimination
tasks) consistently show improved resolution
compared to envelope-only strategies, with
better performance in noise and reverberant
environments (Firszt et al., 2017; Buechner
et al, 2014). Nonetheless, real-world
benefits vary and reported trade-offs include
increased power usage and more complex
fitting procedures, which may affect long-
term usability.

Despite these different technological
approaches, all three strategies share a
common limitation: none has fully solved the
so-called cocktail-party problem, where
listeners find it difficult to separate and
follow speech in environments with
competing talkers and echo (Wilson, 2015).
This ongoing challenge highlights that
although coding strategies can improve
specific perceptual areas; they do not
completely overcome the wider limitations
of CI technology and auditory physiology.

It 1s noteworthy to state that patient-specific
and device-level factors have a greater
impact on outcomes than coding strategy
alone as shown by the literature. Variables
such as age at implantation, duration of
deafness, residual auditory nerve survival,
linguistic  environment, and cognitive
abilities consistently explain differences in
CI outcomes beyond brand or strategy
differences. Likewise, device features like
microphone placement, front-end noise
reduction, and personalized fitting protocols
influence real-world benefits and often affect
patient satisfaction more directly than the
coding algorithm itself.

Taken together, these findings reinforce the
idea that CI outcomes are best improved
through a personalized, patient-centered

Khalil, E. M. (2026). Comparative Sound-Processing Strategies in Cochlear Implants: Cochlear (ACE), MED-EL (FS4), and
Advanced Bionics (HiRes/Optima). SAERA - School of Advanced Education, Research and Accreditation.

approach, where device choice and
programming match the individual’s
auditory profile, language background,
lifestyle, and communication goals. Instead
of promoting one method as always better,
the evidence supports a strategy of fitting the
unique strengths of ACE, FS4, or HiRes
Optima to meet each patient’s specific needs.
This view not only reflects current clinical
practices but also creates a framework for
future innovations, highlighting the use of
hybrid coding strategies, adaptive machine-
learning algorithms, and standardized
outcome measures across multiple centers.

Clinical Outcomes

The evidence from clinical outcome studies
shows that although different coding
strategies provide measurable benefits in
certain auditory areas, overall performance
mainly depends on patient-related factors
and real-world situations. Miiller et al.
(2012) offered early proof of the perceptual
advantages of fine-structure  coding,
demonstrating that MED-EL’s FS4 strategy
enhanced vowel discrimination and music
perception compared to envelope-based
CIS+. This benefit supports the idea that
temporal fine structure carries essential cues
for pitch and tonal differences. Building on
this, Riss et al. (2016) found that children
using FS4 had better melodic perception,
indicating possible developmental
advantages for pediatric groups where early
access to fine structure might aid auditory
and language development.

In contrast, Cochlear’s ACE strategy has
demonstrated  its  strength  through
longitudinal validation. Holden et al. (2013)
reported robust, stable speech perception
outcomes across large patient cohorts,
reinforcing ACE as a reliable coding
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baseline. Notably, their findings emphasized
that variability in long-term outcomes was
driven less by coding strategy than by
patient-specific factors, such as age at
implantation, residual hearing, and cognitive
capacity.

For Advanced Bionics, investigations into
high-resolution coding reveal a more
nuanced picture. Firszt et al. (2009)
compared HiRes 120 with the standard
HiRes strategy, reporting mixed results.
While spectral ripple tasks showed modest
improvement, speech-in-noise outcomes
were inconsistent, reflecting the challenge of
translating laboratory gains into functional
communication. More recent evidence from
van Groesen et al. (2023) evaluated current
focusing versus monopolar stimulation,
finding small spectral advantages but no
clear benefit for speech-in-noise, alongside
significantly reduced battery efficiency.
These results highlight the ongoing trade-
offs between spectral precision, power
demands, and  ecological listening
performance.

On a broader scale, Blamey et al. (2013), in
a multicenter study of over 2,000 CI
recipients, concluded that factors related to
the patient were more influential than coding
strategies in predicting speech perception
outcomes. Their findings indicate that while
coding improvements such as FS4, ACE, or
HiRes can enhance certain aspects of
auditory performance, the differences among
individuals are mainly due to biological,
linguistic, and experiential factors.

On one hand, the literature demonstrates that
clinical outcomes result from an interaction
between strategy-specific strengths and
patient  characteristics. FS4  offers
advantages in pitch and music, ACE delivers
consistent long-term speech results, and
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HiRes strategies potentially improve spectral
resolution despite some practical limitations.
On the other hand, a common conclusion is
highlighted across studies that shows that
coding strategies are necessary but not
sufficient for CI success, highlighting the
importance of personalized, patient-centered
selection and fitting.

DISCUSSION

The comparative evaluation of cochlear
implant coding strategies shows that no
single approach is universally superior;
instead, performance depends on the context
and is influenced by both technical design
and patient-specific factors. Cochlear’s ACE
strategy remains the most widely used
globally, reflecting its balance of simplicity,
efficiency, and reliability in clinical
outcomes. Decades of evidence support its
robustness in providing stable, long-term
speech  recognition  across  diverse
populations, making ACE the standard
reference point for other strategies (Holden
et al., 2013). Nevertheless, the strategy’s
reliance on envelope cues limits its ability to
convey fine-structure information, resulting
in ongoing challenges with tonal language
perception and music appreciation (Laneau
etal., 2006). This underscores a key dilemma
in CI design: whether the field should
prioritize stability and predictability or aim
for more detailed auditory information with
potential trade-offs in consistency.

In contrast, MED-EL’s FS4 and related fine-
structure strategies demonstrate a deliberate
shift toward emphasizing temporal cues at

low frequencies. Research has shown
notable improvements in pitch
discrimination and melodic  contour

recognition, particularly for children and
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speakers of tonal languages who rely heavily
on fine-structure cues during auditory and
language development (Miiller et al., 2012;
Riss et al., 2016). These results highlight FS4
as primarily beneficial for groups where
musicality or tonal accuracy is vital for
communication; however, results are mixed
in speech-in-noise performance. While some
patients experience benefits, others do not
perform better than ACE users in difficult
multi-talker settings. This variation indicates
that although fine-structure transmission is
helpful for pitch, it cannot solve the cocktail-
party problem. The evidence shows that
understanding speech in noise perhaps
requires combining both temporal and
spectral cues along with effective noise
management.

Advanced Bionics’ HiRes and HiRes
Optima strategies take a different approach,
emphasizing current steering and focusing to
improve spectral resolution. Laboratory
evidence shows significant improvements in
spectral ripple discrimination and in
simulated speech-in-noise tasks (Firszt et al.,
2017; Buechner et al.,, 2014); however,
applying these gains to real-world
communication has been less consistent,
with several studies finding no major
advantage over  simpler = monopolar
stimulation (van Groesen et al., 2023).
Additionally, these benefits often come with
practical drawbacks such as higher power
consumption and shorter battery life.
Patients must weigh the potential for
enhanced spectral detail against usability
challenges, especially for those who rely on
their devices for many hours each day.

These findings altogether show that the main
differences between strategies reflect
manufacturers’ priorities. Cochlear
emphasizes stability, MED-EL focuses on
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fine-structure transmission, and Advanced
Bionics seeks expanded spectral resolution;
however, large-scale multicenter evidence
(Blamey et al., 2013) consistently shows that
patient-related factors, such as age at
implantation, cognitive capacity, linguistic
background, and degree of neural survival,
account for more variance in performance

outcomes than coding strategy alone.
Similarly, surgical factors, including
insertion depth, scalar location, and

electrode-neural interface quality, often have
a greater impact than the small advantages of
one coding scheme over another. This
highlights the importance of shifting clinical
focus away from technical comparisons and
toward comprehensive, patient-centered
care.

Clinically, the implications are evident.
Although clinicians should be aware of
ACE’s limitations in music or tonal language
communication, ACE remains the safest
option for long-term stability across
populations. FS4 provides unique benefits in
pediatric and tonal-language settings,
supporting developmental outcomes through
better access to fine-structure, though its
inconsistent advantages in noisy
environments require careful counseling.
HiRes Optima may offer improved
performance for patients exposed to frequent
complex acoustic environments, as long as
they are willing to accept the trade-offs in
battery life and fitting complexity.
Importantly, these decisions should never be
made in isolation. The coding strategy
interacts with other device features,
including directional microphones, noise

reduction algorithms, and scene
classification systems, all of which
collectively  influence the real-world

listening experience.
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Looking ahead, the future of CI processing
depends on hybrid approaches that combine
envelope stability with fine-structure
preservation and  spectral  shaping,
harnessing the strengths of each current
philosophy. Progress in machine learning—
based scene analysis shows promise,
allowing coding parameters to be adjusted

dynamically to fit specific listening
environments.  Equally  crucial  are
innovations in battery-efficient current

focusing and electrode design, which could
lower the trade-offs currently tied to high-
resolution strategies. Lastly, the field needs
multicenter randomized studies using
standardized speech-in-noise protocols to
enable strong, cross-brand comparisons that
match real-world communication needs
rather than laboratory idealizations.

In summary, the evidence indicates a
fundamental truth: no single coding strategy
is universally superior, and patient-centered
customization remains crucial. Clinicians
should focus on matching coding methods to
the patient’s linguistic background, lifestyle,
and cognitive-linguistic needs, while
acknowledging that technological choices
must be combined with surgical optimization
and fitting procedures. The future isn’t about
proving one approach is better than another
but about creating flexible, hybrid solutions
that better address the ongoing challenges of
speech-in-noise and ecological listening.

CONCLUSION

Cochlear implants represent an impressive
combination of engineering and
neuroscience, providing meaningful hearing
access to individuals who would otherwise
remain profoundly deaf. Despite decades of
improvements, selecting a signal processing
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strategy remains one of the most debated
aspects of cochlear implant technology. This
review compares the three main approaches:
Cochlear’s ACE, MED-EL’s FS4, and
Advanced Bionics’ HiRes/Optima; each of
which reflects a different philosophy
regarding the balance between temporal and
spectral resolution.

Based on the available evidence, several
conclusions can be drawn. First, ACE has
shown long-term stability, consistency
across different populations, and widespread
clinical use, making it a dependable
“workhorse” strategy for  general
application. Second, FS4 and its derivatives
emphasize the importance of temporal fine
structure, demonstrating measurable benefits
in pitch and melody perception and
providing particular value to pediatric users
and speakers of tonal languages. Third,
HiRes/Optima strategies are the most
aggressive efforts to increase spectral detail
through current steering, showing laboratory
benefits in spectral discrimination with
partial transfer to everyday listening, along
with the drawback of lower power efficiency
in some modes.

Importantly, the data indicates that no single
coding strategy can be considered
universally superior. Instead, outcomes are
influenced by a complex interaction of
patient-related factors (age at implantation,
duration of deafness, cognitive abilities),
surgical variables (electrode placement,
cochlear anatomy), and device-level
considerations (microphone technology,
noise reduction, automatic scene analysis).
Therefore, clinical decision-making should
not rely solely on brand comparison but
should instead adopt a patient-centered,
holistic approach that aligns device strengths
with individual listening needs and goals.
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For researchers and manufacturers, the
ongoing challenge is to overcome the
persistent difficulty of speech understanding
in noisy environments; a limitation shared
across platforms. Future innovation will
likely depend on hybrid processing strategies
that combine envelope stability with fine-
structure and spectral sharpening, as well as
machine-learning—based front-end
processing capable of dynamically adapting
to complex settings. The implementation of
standardized multicenter protocols for
speech-in-noise testing enables more direct
and meaningful comparisons between
different coding strategies.

In summary, ACE, FS4, and HiRes/Optima
each provide valuable contributions to the CI
field. Instead of choosing a single “best”
strategy, the future of cochlear implantation
depends on combining their strengths,
improving surgical and fitting techniques,
and advancing next-generation coding
systems that bring us closer to the goal:
naturalistic and effortless hearing in
everyday life.
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