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ABSTRACT

Cochlear implants (CI) have revolutionized our ability to treat severe sensorineural hearing loss (HL), yet there is
substantial variability in speech perception outcomes. This may be due, in part, to the central nervous system’s
(CNS) response to HL, which is variable in extent and reversibility. Compensatory responses to HL mediated by
neuroplasticity within the auditory CNS and other functional regions may interfere with perceptual, integrative
and/or cognitive processes required to develop new listening skills with a CI. Non-invasive brain stimulation
(NIBS) approaches offer a means to modulate the excitability of the brain and associated Hebbian processes that
promote neuroplasticity. NIBS may therefore provide a means to increase gains in listening and communication
function for individuals undergoing hearing rehabilitation. A narrative review is first performed to synthesize
current evidence on CNS neuroplasticity associated with HL and intervention, and explores the conceptual
rationale for applying NIBS to enhancing rehabilitation outcomes using contemporary hearing technology and
auditory training. A formal scoping review was then done to identify studies that look at the use of NIBS in
hearing rehabilitation in those with HL. Currently, clinical data for NIBS in patients with HL remain scarce. At
present, conclusions regarding NIBS efficacy for improving hearing outcomes are premature; however, emerging
findings provide a promising direction for future translational research. Limitations include the lack of stan-
dardized stimulation protocols and insufficient longitudinal data. Addressing these gaps will be essential to
determine whether NIBS can safely and effectively enhance relevant neuroplasticity that improves rehabilitation
outcomes for individuals with HL

1. Introduction

environments. As Wilson et al. noted, the key to understanding this
variability may lie in the brain (Wilson et al., 2011).

The development of cochlear implants (CIs) has transformed the
treatment of severe to profound sensorineural hearing loss by enabling
direct electrical stimulation of cochlear nerves (Macherey and Carlyon,
2014). However, speech perception outcomes among CI users vary
widely, even though most achieve near-normal hearing thresholds.
Current models explain less than 25% of this variability (Goudey et al.,
2021; Zhao et al., 2020), and performance often declines further in noisy
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Central nervous system (CNS) changes in response to hearing loss
may impact how speech is subsequently processed with hearing aids or
CIs (Roth, 2015). These neural adaptations begin early in the course of
hearing loss (Allman et al., 2009; Fan et al., 2015; Sandmann et al.,
2015), and may influence neurocognitive processes necessary for suc-
cessful auditory rehabilitation. Evidence suggests that in general tar-
geted interventions can enhance beneficial neuroplasticity and may
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provide enhanced rehabilitation outcomes. This review explores evi-
dence for translating these benefits to the auditory system.

2. Methods

First, a narrative review was performed. A narrative review aims to
synthesize existing research to provide a broad, in-depth overview of a
topic, highlighting its historical context, theoretical frameworks and key
findings (Sukhera, 2022). This was conducted to highlight key concepts
related to CNS remodeling and compensatory changes related to hearing
loss and subsequent rehabilitation (Sections 3-4). Then the historical
background, mechanisms, and various modalities of Non-Invasive Brain
Stimulation (NIBS) were summarized (Section 5). Finally, we high-
lighted findings from the auditory neuroplasticity literature that appear
to provide key insights into how NIBS might be used to improve speech
perception and verbal communication (Section 6.1). This review was
performed with the aim of mapping and synthesizing current concepts
and evidence in an emerging and interdisciplinary field. Relevant
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studies were identified through targeted searches of major biomedical
and engineering databases including Medline via Pubmed, Embase
(Elsevier) and Web of Science Core Collection (Clarivate) supplemented
by manual searches of reference lists. Inclusion was based on relevance
to the topic, and no formal exclusion criteria were applied.

In Section 6.2, a more structured scoping review was performed in
search of literature relevant to the implementation of NIBS in the
context of hearing loss and hearing rehabilitation. Relevant studies were
identified through targeted searches of Medline via Pubmed, Embase
(Elsevier) and Web of Science Core Collection (Clarivate). Databases
were searched from inception to November 13, 2025. The inclusion
criteria included studies of subjects with known hearing loss and the use
of any form of NIBS with the goal of auditory rehabilitation. Exclusion
criteria included studies not in English. See search strategy report in
Supplemental Materials Table 1. 1929 titles and abstracts were initially
screened by one reviewer. This identified 93 articles for full text review.
The 93 articles were fully reviewed by two reviewers. At this stage, the
same two reviewers then met to resolve any conflicts. Through this, 8
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Fig. 1. Flow diagram for the selection process for scoping review looking at the use of NIBS for auditory rehabilitation in patients with hearing loss.
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articles were identified to be included in the final review (Please review
Fig. 1 for flow diagram of the screening process). As this was a scoping
review, and the studies identified were heterogenous in methodology, a
risk of bias was not performed (Arksey and O’Malley, 2005).

3. Cortical organization in normal and disordered hearing
3.1. Healthy auditory system

Early CNS development of the auditory system is characterized by
high synaptic densities during the critical period of plasticity. Early
sound exposure and natural pruning shape neural connections within
the first few years of life (Hensch, 2004; Kral and Eggermont, 2007).
Previously, auditory system development was thought to end in early
childhood because the Auditory Brainstem Response (ABR) remains
stable from about two years of age into adulthood (Skoe et al., 2015).
However, later studies show additional developmental phases during
childhood and adulthood, suggesting continuing plasticity throughout
life (Chu, 1985; Jerger and Hall, 1980; Otto and McCandless, 1982;
Rosenhall et al., 1985; Skoe et al., 2015; Stockard et al., 1979; Thivierge
and Coté, 1990). Cortical responses such as N1 and P2 event-related
potentials (ERP) emerge around age 5-6 y and mature by age 10-12
y, highlighting ongoing refinement of auditory function (Kraus et al.,
1993; Pang and Taylor, 2000; Ponton et al., 2000).
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As the auditory cortex matures, processing gradually shifts from
bottom-up processing to more cognitively driven, top-down modulation
(Chandrasekaran et al., 2014; Kral and Eggermont, 2007). This later
phase supports speech perception and comprehension and may be crit-
ical for effective hearing interventions in young children. The applica-
tion of peripheral stimulation outside of a critical window, however, will
likely fail to reorganize appropriate higher order cortical networks that
are required for top-down modulation of salient speech perception and
language development.

Speech recognition primarily involves the left temporal cortex,
which processes phonetic and phonological cues (Hickok and Poeppel,
2007; Obleser et al., 2008; Turkeltaub and Branch Coslett, 2010).
Speech is then processed in the CNS by utilizing several higher-order
processes including perceptual grouping, perceptual learning, categor-
ical perception, and lexical segmentation (Davis and Johnsrude, 2007).
Further processing of speech then combines various neural circuits
including motor, short and long-term memory, emotional, and visual
areas to fully achieve language comprehension and production (Price,
2012). There is evidence of functional connectivity between auditory
centers and various non-auditory areas including the cingulo-insular
cortex, mediotemporal limbic lobe, basal ganglia, and posterior orbito-
frontal cortex during passive hearing (Langers and Melcher, 2011).
Listening and speech understanding also requires the coordination of
bilateral superior temporal cortices, which work together to
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differentiate speech from non-speech signals (Turkeltaub and Branch
Coslett, 2010). There is therefore a hierarchical organization of the
auditory system's response to hearing loss in which distinct pathways are
activated to address perceptual, cognitive and emotional demands of
listening (Fig. 2).

3.2. Neuroplasticity mechanisms

Neuroplasticity is the process by which the brain reorganizes and
forms new neural connections. It includes structural, functional, and
molecular processes that maintain functional stability through
compensation or adaptation to changes caused by aging or disease
(Smith, 2013). Intra-modal reorganization occurs within local sensory
circuits through mechanisms such as axonal sprouting, the unmasking of
silent synapses, and altered modulation from lateral or thalamic con-
nections (Bavelier and Neville, 2002). Inter-modal reorganization, by
contrast, arises from pre-existing developmental pathways and occurs
especially after early sensory loss. These processes may involve both
cortical-cortical and subcortical-cortical interactions. At the macro
level, neuroplasticity is linked to structural changes in grey and white
matter that reflect new axonal growth and synapse formation to support
learning or compensate for sensory deficits (Draganski and May 2008).

3.3. Neuroplasticity in response to Auditory Deprivation: (Supplemental
Material Table 2)

3.3.1. Introduction

Hearing loss affects not only the cochlea but also the central nervous
system. In mice, noise-induced hearing loss reduces cell density
throughout the auditory pathway, including the primary auditory cortex
(Groschel et al., 2010; Su et al., 2017). Synaptopathy at the auditory
nerve-inner hair cell interface can occur at noise exposure levels that do
not cause measurable sensory cell loss or permanent threshold shifts,
nevertheless resulting in notable changes in CNS organization and
function (Kujawa and Liberman, 2015; Resnik and Polley, 2021).
Additionally, noise-related damage to supporting cells may lead to
altered excitability within the central auditory system, contributing to
conditions such as tinnitus (Nguyen et al., 2017).

Neuroplasticity in response to hearing loss seems to arise from
adaptive pressures to maintain communication and safety. These ad-
aptations recruit sensory, perceptual, and cognitive systems to
compensate for altered auditory input (Fig. 2). The extent and pattern of
cortical reorganization differ depending on whether hearing loss is
congenital or acquired. Mechanisms include changes in synaptic
strength and axonal sprouting (Bavelier and Neville, 2002). Such
changes may occur quickly or persist long-term, driven by both
bottom-up and top-down processes (Irvine, 2018). For example, in
polymodal association areas (e.g., visual-auditory-somatosensory re-
gions), sensory competition often favors intact modalities over deficient
ones (Bavelier and Neville, 2002; Nagappan-Chettiar et al., 2023). When
bottom-up auditory input weakens, top-down systems increasingly help
decode speech cues (Lesicko and Llano, 2017; Moberly et al., 2021).

Not all plasticity is beneficial, however. Some forms appear to be
maladaptive and may hinder rehabilitation after cochlear implantation
(Bengoetxea et al., 2012). This is better understood outside the auditory
system, such as the overrepresentation of fingers in the somatosensory
cortex which can cause dystonia, a maladaptive form of plasticity
treatable with repetitive transcranial magnetic stimulation (TMS)
(Siebner et al., 2009). The role of maladaptive plasticity in response to
hearing loss is poorly understood yet demands consideration for
improving hearing recovery strategies.

3.3.2. Alterations of cortical structure in response to hearing loss

A growing literature reports observations that reflect adaptations by
the CNS to altered afferent input from the peripheral auditory system
(summarized in Supplemental Material Table 2). Hearing loss has been
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associated with a smaller volume of grey matter in the primary auditory
cortex, independent of age (Eckert et al., 2012; Qian et al., 2017;
Schneider et al., 2009). Longitudinal data show faster decline of cortical
volume in individuals with hearing loss (Eckert et al., 2019; Lin et al.,
2014). Other affected regions include the frontal gyrus, occipital lobe,
hypothalamus, and cingulate cortex (Boyen et al., 2013; Ren et al.,
2018).

With unilateral hearing loss, significant volume reductions were
noted in primary auditory cortex and visual cortex, accompanied by
volume changes at other contralateral and ipsilateral sites. Volume loss
in the auditory cortex correlates with hearing severity and duration (X.
Wang et al., 2016). In sudden hearing loss, grey matter volume reduc-
tion can appear within weeks, particularly in contralateral temporal
regions (Fan et al., 2015).

Interestingly, some regions show hypertrophy, such as the superior
temporal and angular gyri (Alfandari et al., 2018; Boyen et al., 2013).
The volume increase at the right angular gyrus is associated with
learning a new skill that involves the integration and transfer of infor-
mation from different modalities. These sites may serve as markers of
neurocognitive adaptation and are potential targets for therapy (X.
Wang et al., 2016).

3.3.3. Cross-modal recruitment

Cross modal plasticity is an adaptive change where neurons in a
sensory-deprived system, such as the auditory cortex in cases of hearing
loss, begin to respond to inputs from other, non-deprived sensory sys-
tems (Kral and Sharma, 2023). In animals, most auditory neurons can
respond to visual stimuli within months of deafness (Allman et al.,
2009). In humans, similar changes appear even in mild hearing loss and
may reverse with hearing restoration (Campbell and Sharma, 2014; Kral
and Sharma, 2023).

This reorganization mainly affects higher-order auditory areas, such
as the dorsal and posterior auditory fields, rather than the primary
auditory cortex (Glick and Sharma, 2017; Kral and Sharma, 2012; Land
et al., 2016; Lomber et al., 2010). For example, in deaf cats, these re-
gions support enhanced peripheral vision (Lomber et al., 2010). In ac-
quired hearing loss, cortico-cortical neuroplasticity is likely to engage
pre-existing poly-sensory networks; these multimodal cortical areas
form the basis for compensatory processing (Kral and Sharma, 2023).

Brain imaging and non-invasive cortical electrophysiological studies
in humans offer valuable insights into these compensatory processes and
may guide their manipulation for improved outcomes (Stropahl et al.,
2017). For example, functional magnetic resonance imaging (fMRI)
show that in late-onset deafness, visual speech reading activates multi-
sensory circuits in the superior temporal gyrus (H. J. Lee et al., 2007).
Stronger activation of these regions is linked to better phonological
access, suggesting that neuromodulator therapy targeting these path-
ways may facilitate rehabilitation.

3.3.4. Expanded cortical connectivity and cognitive demand in response to
hearing loss

Hearing loss can have significant effects on cognitive processes that
support speech comprehension, particularly in the presence of back-
ground noise (Roth, 2015). A degraded auditory signal recruits addi-
tional executive resources to preserve comprehension (Obleser et al.,
2007; Peelle and Wingfield, 2016; Rudner and Lunner, 2014). As hear-
ing continues to decline, these processes are engaged even in quiet
settings, making all listening effortful (Cardin, 2016; Pichora-Fuller
et al., 2016). Greater frontal activity is often observed in mild hearing
loss, particularly in challenging listening conditions, indicating reliance
on higher-order networks (Glick and Sharma, 2017).

It has been hypothesized that degraded peripheral auditory input
and recruitment of other domains may lead to downregulation within
the auditory cortex which might be responsible for grey matter volume
loss (Peelle et al., 2011;Glick and Sharma, 2017). While this compen-
satory activation can improve perception, it also elevates cognitive
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demand and may deplete cognitive reserve (Kral et al., 2016; Obleser
et al., 2007; Peelle, 2010, 2018;Mishra et al., 2013; Ronnberg et al.,
2013). Activation of the cingulo-opercular network is associated with
enhanced speech perception performance in noise, an effect that is
attributed to adjustments in attention, behavior and outcome moni-
toring (Vaden et al., 2016, 2020; Vaden, Teubner-Rhodes, et al., 2017).
Understanding these dynamics may inform strategies to reduce listening
effort in rehabilitation.

These progressive shifts, from primary perceptual to multimodal and
higher-order cognitive engagement, reflect a hierarchical organization
of adaptive responses within the auditory system. As hearing loss
worsens, cortical reorganization extends beyond the auditory cortex into
multisensory and neurocognitive domains that support comprehension,
attention, and decision-making. This conceptual progression is illus-
trated in Fig. 2, which summarizes the adaptive hierarchy spanning
perceptual, multisensory/intermodal, and executive networks. This hi-
erarchy highlights how distributed cortical systems coordinate to
maintain communication despite degraded sensory input, and it pro-
vides a framework for considering therapeutic strategies to enhance
beneficial plasticity.

3.3.5. Age related hearing loss

Age-related hearing loss (presbycusis) is linked to cochlear atrophy
and cortical thinning in auditory regions (Ren et al., 2018; Vaden,
Matthews, et al., 2017). Structural brain changes correlate with cogni-
tive decline and reduced activity in the default mode network. These
effects may reflect maladaptive cortical recruitment that worsens with
age (Ren et al., 2018).

Older adults rely more heavily on visual and cognitive cues for lan-
guage processing, but these compensations become less efficient with
declining cognitive reserve (Kral and Sharma, 2023; Kuchinsky et al.,
2012). Both aging and hearing loss independently impair speech
comprehension, but together they have additive effects (Cardin, 2016;
Kuchinsky et al., 2012; Mishra et al., 2014; Vaden et al., 2015). The
recruitment of additional circuitry to support primary cortical circuits
that are becoming more noisy or inefficient with age, a process known as
scaffolding (Park and Reuter-Lorenz, 2009), may contribute to the
added disability associated with age-related hearing loss, and the greater
challenge of achieving hearing intervention benefits that are equivalent
to younger adults (Clark et al., 2012; Francis et al., 2015).

4. Neuroplasticity associated with Hearing Intervention

The patterns of CNS neuroplasticity in response to hearing rehabili-
tation are highly variable, and findings across studies are sometimes
contradictory (Supplemental Material Table 3). This inconsistency may
stem from differences in study methodologies, hearing outcome mea-
sures, and variability in the patients' hearing history. Due to a lack of
longitudinal studies, the sequence and timing of changes in cortical
response and metabolic patterns in deaf individuals following cochlear
implantation is poorly understood. As duration and severity of hearing
impairment significantly influence the outcome of hearing intervention,
there is also presumably an effect on cortical plasticity and reorgani-
zation processes. Cortical changes following CI intervention include
changes within the auditory cortex, cross-modal plasticity involving
other sensory systems, and adaptive plasticity with the recruitment of
higher-order cortical regions (Glennon et al., 2020).

4.1. Therapy-induced neuroplasticity within the auditory cortex

Cochlear implantation produces rapid and measurable cortical
changes. Within eight weeks, post-lingually deaf adults show increased
amplitudes and shorter latencies of auditory evoked potentials, reflect-
ing central plasticity (F. Zhang et al., 2010). Stronger mismatch nega-
tivity and better adaptation to repeated stimuli correlate with improved
speech perception. (Fujiki et al., 2004; Giraud et al., 2001; Naito et al.,
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2000; Roland et al., 2001). During the first year of CI use, neural re-
sponses become more defined and efficient, suggesting a return to
typical auditory processing and reduced dependence on other sensory
modalities (Sandmann et al., 2015).

Imaging studies also demonstrate heightened auditory cortex activ-
ity after implantation (Han et al., 2019; Pantev et al., 2006). For
example, hypometabolism in auditory cortices reverses as auditory
evoked potentials normalize (Ito et al., 1993). Strelnikov et al.
(Strelnikov et al., 2015) observed greater activation in associative
auditory regions, which correlated with perceptual gains. More recent
work shows increased cortical thickness and activity in both auditory
and language systems, extending to multimodal cortices, following
cochlear implantation (Y. J. Lee et al., 2024). Together, these findings
indicate that CI intervention promotes functional and structural reor-
ganization within the auditory cortex that parallels perceptual
improvement.

4.2. Cortical reorganization

4.2.1. Cortical adaptation beyond the auditory cortex

Studies of normal-hearing individuals adapting to degraded speech
provide insights into cortical mechanisms relevant to auditory rehabil-
itation in CI users. In one fMRI study, improved sentence perception
following two weeks of exposure to degraded speech was accompanied
by altered cortical activation patterns (Smalt et al., 2013). Improved
auditory perception was correlated with activity in both primary and
secondary auditory regions, the ventral and dorsal speech processing
streams, and additional non-auditory regions (Table 1).

Increased activation near the right Heschl’s gyrus suggested
enhanced spectral analysis, while engagement of Wernicke’s area likely
reflected greater access to semantic knowledge (Smalt et al., 2013).
Bilateral activity in the middle temporal gyrus was linked to better
lexical comprehension, and changes in the insular region suggested
more effective use of working memory.

Similar activation patterns appear in CI users. PET studies reveal
recruitment of the cuneus and cingulate gyrus (Giraud et al., 2001; Kang
et al., 2004). The cuneus likely supports visual association or abstract
speech representation, while cingulate activation reflects increased se-
mantic processing.

Smalt et al. (Smalt et al., 2013) proposed that improved speech
perception stems not only from auditory processing changes but also
from enhanced mapping between sound and articulation (via the dorsal
stream) and enhanced decision-making and conceptual processing (via
the ventral stream). These findings align with models suggesting that
speech perception depends on coordinated interactions between
perceptual, conceptual, and motor systems (Hickok and Poeppel, 2004).

Table 1

Speech perception gains after two weeks of chronic exposure to degraded speech
are correlated with the following activation changes on Functional Magnetic
Resonance Imaging (Smalt et al., 2013).

Area: Changes:

Primary and secondary
auditory cortex

3

Changes in activation in both the left and right
superior temporal gyrus and sulcus

Greater activation in right hemisphere near
Heschl’s gyrus

Strong activation noted in Wernicke's area
(Brodmann area 22)

Strong activation changes in bilateral anterior and
posterior middle temporal gyrus (Brodmann areas
21-22)

Left Hemisphere activation was slightly dominant
in this stream

Increased activation in the insula and left inferior
frontal cortex (Brodmann area 47)

Other areas of activation include the cuneus, and
the cingulate gyrus

Ventral speech processing
stream

Dorsal speech processing
stream

Outside auditory and speech
processing areas




J.M. Wright et al.

4.2.2. Cross-Modal reorganization

Cross-modal activation patterns before implantation can predict CI
outcomes. Individuals with greater preoperative activation in the visual
pathway often perform worse after implantation (Hyo et al., 2005),
whereas those with stronger left prefrontal activation and decreased
activity in Heschl’s gyrus and the posterior superior temporal sulcus on
the right side tend to do better (H. J. Lee et al., 2007).

Cross-modal plasticity can also reverse with successful auditory
rehabilitation. In a pediatric single-sided deafness case, somatosensory-
driven auditory activation disappeared within 27 months of CI use
(Glick and Sharma, 2017). Somatosensory cross-modal effects appear
more reversible than visual ones, and reversibility is greater in
adult-onset than congenital deafness (Kral and Sharma, 2023).

Nevertheless, some degree of cross-modal integration often persists.
CI users frequently benefit from congruent visual input, such as lip
reading, which enhances speech understanding (Stevenson et al., 2017).
Visual cortex activation can even predict better listening performance
(Strelnikov et al., 2013, 2015). For instance, activation of the right
cuneus within the visual cortex correlates with improved lip reading,
suggesting that mental imagery aids communication (Giraud et al.,
2001; Strelnikov et al., 2015). However, incongruent visual input may
hinder performance under some circumstances (Song et al., 2015; Ste-
venson et al., 2017; Strelnikov et al., 2013).

Studies also show mixed results regarding whether cross-modal
recruitment predicts better or worse auditory outcomes. Whereas
some report that stronger visual activation relative to auditory activa-
tion benefits speech perception (L. C. Chen et al., 2016), others find it to
be detrimental (Doucet et al., 2006). Overall, persistent visual activation
of auditory regions tends to correlate with poorer CI speech perception
outcomes (Han et al., 2019; Jae et al., 2003), even though it may still
support lip reading. These discrepancies may result from differences in
study populations, speech discrimination assessment methods, and
whether communication was evaluated with or without lip reading.
Currently, it remains unclear whether a better-developed visual
response to auditory stimulation is a cause or a consequence of poorer
speech perception.

4.3. Cortical changes following cochlear implantation in congenital
deafness

Cochlear implantation in congenital deafness produces distinct
reorganization patterns. In these cases, the auditory cortex undergoes
extensive multisensory reorganization, but normal auditory develop-
ment is not fully restored (Bavelier and Neville, 2002; Kral and Sharma,
2023). Poorer CI outcomes in pre-lingually deaf individuals may relate
to the incomplete maturation of language areas such as Broca’s region
(Boisvert et al., 2020; Petersen et al., 2013).

Pre-lingual cross-modal plasticity is often more extensive than that
seen in adults. Visual or somatosensory activation within auditory areas
correlates with poorer CI outcomes (Bertrand et al., 2012; Campbell and
Sharma, 2014, 2016; Gilley et al., 2008; Glick and Sharma, 2017; Hyo
et al., 2005). Despite this, audiovisual cues can still enhance commu-
nication, as performance in combined tasks typically exceeds
auditory-only tasks (Bergeson et al., 2005). Cross-modal plasticity is also
evident in the somatosensory cortex, which is activated in response to CI
stimulation in late-implanted congenitally deaf children (Gilley et al.,
2008).

In congenital deaf cats, auditory regions recruited for visual pro-
cessing continue to respond to both visual and CI-driven auditory input,
although they appear to lose their coordinated bimodal interactions and
function independently (Land et al., 2016). The visual system may thus
serve as an alternative reference for interpreting new auditory signals.
These findings support the idea that early multimodal experience during
critical developmental windows is essential for successful multisensory
integration and speech development (Kral and Sharma, 2023).
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4.4. Next steps

Neuroplasticity remains active beyond traditional critical periods,
providing opportunities for neurosensory modulation and even resto-
ration. A key question is whether compensatory mechanisms can be
intentionally engaged to improve real-world communication (Kral and
Sharma, 2023). Post-implantation plasticity does not restore a
pre-deprivation state but proceeds through multiple stages of cortical
reorganization across auditory, visual, and cognitive networks. Under-
standing the hierarchical and temporal features of this process may
inform the development of adjunctive therapeutic and rehabilitation
strategies.

There is some early evidence that pharmacological strategies may
facilitate neuroplasticity associated with stroke recovery (Viale et al.,
2018; Walker-Batson, 2000). A randomized double-blind study of the
impact of p-amphetamine on speech tracking scores was conducted in
adults using CI while receiving auditory rehabilitation (Tobey et al.,
2005). There was a clinically significant improvement in speech tracking
in the experimental group compared to controls in the auditory-only
condition.

As discussed, not all cortical reorganization following hearing
intervention is beneficial, and some patients exhibit maladaptive plas-
ticity, where compensatory cortical changes may hinder optimal audi-
tory recovery. The reasons for these divergent outcomes remain
incompletely understood, but likely involve individual variability in
cortical reserve, timing of intervention, duration of deafness, and ge-
netic or neurochemical factors influencing synaptic plasticity. Current
evidence is insufficient to identify predictive markers that distinguish
who will respond most favorably to auditory rehabilitation, and the field
lacks longitudinal multimodal studies linking measures of cortical
plasticity to behavioral outcomes.

Future research may help reduce this variability by leveraging in-
terventions that modulate neuroplasticity directly and selectively. In
this context, non-invasive brain stimulation (NIBS) may offer a more
targeted approach. Used alongside auditory rehabilitation, NIBS could
be directed at strengthening beneficial adaptive plasticity, while sup-
pressing maladaptive processes. NIBS could potentially reduce interin-
dividual differences in rehabilitation outcomes, thereby addressing one
of the key challenges in auditory recovery. The following sections re-
view current NIBS modalities, their applications, and how they could
complement standard interventions for acquired sensorineural hearing
loss. These strategies are informed by a proposed hierarchy of adaptive
cortical responses to hearing loss and hearing therapy, which are illus-
trated in Fig. 2. While NIBS holds considerable promise as an adjunct to
auditory rehabilitation, the absence of validated protocols or cost-
effectiveness data underscores the need for further preclinical and
clinical research before it can be translated into standard care.

5. Non-Invasive Brain Stimulation (NIBS): (Table 2)
5.1. Introduction and background to NIBS

NIBS techniques have become increasingly popular for their ability
to modulate motor and cognitive functions (Wassermann et al., 2024).
These methods deliver energy across the scalp—electrical or magnetic
fields, ultrasound, or light—to alter neural activity. The brain responds
via membrane polarization, ion-channel mechanics, and metabolic
shifts, which change behavior (Bhattacharya et al., 2022; B. Wang et al.,
2021; Wassermann et al., 2024). Depending on parameters and network
state, NIBS can raise or lower excitability and connectivity in targeted
circuits (R. Chen et al., 1997; Dayan et al., 2013; Galea et al., 2009;
Legon et al., 2018; Sandrini et al., 2011; Silvanto et al., 2008; Silvanto
and Pascual-Leone, 2008; Woods et al., 2016; Yaakub et al., 2023).

The biological effects of the most established forms of NIBS are
mediated by the introduction of an electric field into the body. The
electric field is either injected via transcranial electrical stimulation
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Table 2

Forms of NIBS. TMS = transcranial magnetic stimulation, tDCS = transcranial
direct current stimulation; tACS = transcranial alternating current stimulation;
tRNS = transcranial random noise stimulation; CES = Cranial electrotherapy
stimulation.

Category Details

tES Mechanisms: Delivers low-intensity electrical
(transcranial electrical currents via scalp electrodes which modulates
stimulation) neuronal polarization and cortical excitability.
Types:
- tDCS: Direct current stimulation modulating
excitability.
- tACS: Alternating current stimulation entraining
brain oscillations.
- tRNS: Random noise stimulation enhancing or
disrupting activity.
- CES: Cranial electrotherapy stimulation cleared
for anxiety and/or insomnia
Uses:
- Enhancing motor learning, cognition, and
neurorehabilitation; treating depression, chronic
pain, and auditory processing disorders.
Pros:
- Portable, inexpensive, and easy to apply; can be
used at home.
Cons:
- Low focal specificity; discomfort at high
intensities
TMS Mechanisms: Uses magnetic fields to induce an
(transcranial magnetic
stimulation)

electric field, which can depolarize neurons and
modulate cortical excitability/connectivity.
Types:
- Single-pulse & paired-pulse TMS: Used for
cortical mapping and excitability assessment.
- Repetitive TMS (rTMS): Modulates excitability,
with inhibitory or excitatory effects.
- LFMS & KTMP: Subthreshold TMS with minimal
scalp sensation.
Uses:
- FDA-approved for depression, anxiety,
obsessive-compulsive disorder, tobacco use
disorder, migraine, brain mapping; studied for
cognitive enhancement and motor rehabilitation.
Pros:
- Well-established clinically, approved for several
conditions, focal stimulation with controlled
intensity.
Cons:
- Expensive, requires clinical setting, limited to
superficial brain regions, can cause scalp
discomfort, compatibility issues with cochlear
implants.
tFUS Mechanisms: Uses acoustic waves to perturb ion

(transcranial focused channels via mechanical effects.

ultrasound stimulation) Uses:
- Research in neurostimulation, cognitive
modulation, and neuropsychiatric treatment.
Pros:
- Superior spatial resolution, can reach deep brain
structures non-invasively.
Cons:
- Not FDA-approved for neuromodulation,
expensive, requires clinical setting, potential for
tissue heating

(tES) or induced via transcranial magnetic stimulation (TMS) (Peterchev
et al., 2012). Depending on the field strength, transcranial stimulation
methods can be categorized into subthreshold and suprathreshold
stimulation. Subthreshold methods, such as transcranial direct current
stimulation (tDCS), transcranial alternating current stimulation (tACS),
transcranial random noise stimulation (tRNS), cranial electrotherapy
stimulation (CES), low-field magnetic stimulation (LFMS), and kilohertz
transcranial magnetic perturbation (kTMP), use relatively low electric
field strengths to modulate neural activity and network oscillations. In
contrast, suprathreshold methods, such as TMS or suprathreshold forms
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of tES, use higher field strengths sufficient to directly elicit action po-
tentials. Effects depend on field strength and pattern, head anatomy,
neuron morphology, and the timing of stimulation relative to intrinsic
activity.

Transcranial ultrasound is another form of NIBS that is showing
promise. For instance, there is a growing literature reporting the effects
of transcranial ultrasound in healthy participants and on clinical out-
comes in patients with a variety of neurological disorders (K. Lee et al.,
2024; Matt et al., 2024; Savelon et al., 2024). Interest in targeting
auditory circuits with NIBS is increasing. Overall, NIBS offers flexible
tools for auditory rehabilitation and other clinical applications.

5.2. Transcranial electrical stimulation (tES)

5.2.1. Historical background

Electrical stimulation of the nervous system dates to Galvani and
Volta (Zaghi et al., 2010). The invention and development of CIs as a
form of invasive, though peripheral, tonotopic electrical stimulation of
the auditory nerve in the cochlea bypassing the organ of Corti, drew its
inspiration from those same 18th century electrical stimulation experi-
ments such as described by Volta who also experimented upon himself:
“...at the moment when the circuit was completed, I received a shock in
the head, and some moments after I began to hear a sound, or rather
noise in the ears...” (“XVIL. On the Electricity Excited by the Mere
Contact of Conducting Substances of Different Kinds. In a Letter from
Mr. Alexander Volta, F. R. S. Professor of Natural Philosophy in the
University of Pavia, to the Rt. Hon. Sir Joseph Banks, Bart. K.B. P. R. S,”
1800; Zeng, 2004). Electroconvulsive therapy emerged in the 1930s for
severe psychiatric illness (HARMS, 1955). Suprathreshold tES pulses in
awake humans were shown in 1980 (Merton and Morton, 1980). Mod-
ern subthreshold tES studies began in 2000 (Nitsche and Paulus, 2000),
and the tES umbrella now covers multiple techniques (Bikson et al.,
2019).

5.2.2. tES mechanisms of action

tES involves the application of electrical potentials to the scalp,
creating a flow of current. A fraction of the applied current enters the
brain and shifts membrane polarization. High-intensity tES can be
painful due to skull impedance, so clinical suprathreshold tES is largely
limited to anesthesia settings (e.g., Electroconvulsive Therapy). This has
led to the development of more tolerable subthreshold techniques
(Paulus et al., 2013). tES requires a small amount of current to generate
a given intracranial field, enabling compact, battery-powered devices
suitable for at-home therapy (Heimrath et al., 2016; Koponen and
Peterchev, 2020; Pilloni et al., 2022; Reed and Cohen Kadosh, 2018).

5.2.3. Forms of tES

tDCS: tDCS is the most prevalent investigational subthreshold tES
technique, applying a constant low-intensity direct current via scalp
electrodes to modulate cortical excitability. Low-intensity direct current
(1-2.5 mA for 10-40 min) shifts excitability; anodal tends to increase
and cathodal to decrease, with exceptions (Bikson et al., 2019). The
effects of tDCS are not limited to modulations of cortical excitability
during stimulation (online effect) but outlast the stimulation period by
several minutes or hours. This aftereffect or offline effect is due to
long-term synaptic changes associated with long-term potentiation
(LTP) and long-term depression (LTD) (Heimrath et al., 2016). Appli-
cations span motor learning, cognition, and memory (Antal et al., 2017;
Buch et al., 2017).

tACS: tACS involves applying sinusoidal currents at specific fre-
quencies to interact with brain oscillations. Conventional intensities for
tACS are usually limited to 1-2 mA. The primary parameters influencing
tACS effects are the frequency, amplitude, and duration of stimulation
(Bikson et al., 2019; Paulus et al., 2013). Generally, tACS synchronizes
cortical oscillations by inducing distinct frequency patterns. tACS
directly entrains underlying brain oscillations causing a temporal
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alignment of intrinsic brain activity to the externally applied alternating
current (Heimrath et al., 2016; W. A. Huang et al., 2021). Aftereffects
has been related to synaptic changes via spike-timing dependent plas-
ticity (Heimrath et al., 2016; Veniero et al., 2015).

tRNS: tRNS delivers electrical stimulation at random frequencies,
creating a stochastic resonance effect that can enhance the perception of
near-threshold stimuli or disrupt pathological rhythms. This method has
been applied using frequency spectrums between 0.1 Hz and 640 Hz.
This approach is frequency-unspecific and can adapt to individual
oscillatory differences (Bikson et al., 2019; Heimrath et al., 2016; Paulus
et al., 2013).

Cranial Electrotherapy Stimulation (CES): CES devices generate
complex subthreshold current waveforms, akin to tRNS. They are typi-
cally applied either with scalp electrodes or electrodes clipped to the
earlobes. Several devices hold FDA clearance for anxiety/insomnia;
evidence suggests safety with modest benefit in anxiety with depression
(Department of Heath and Human Services and Food and Drug
Administration, 2019; Shekelle et al., 2018).

5.3. Transcranial magnetic stimulation (TMS)

5.3.1. Historical background

The concept of manipulating the brain's electrical activity via mag-
netic fields dates back to the late 19th century when d’Arsonval reported
the induction of magnetophosphenes—perceived flashes of light in
participants exposed to magnetic fields generated by wire coils (Geddes,
1991). This early experiment provided the first evidence that magnetic
pulses could non-invasively evoke neural activity (Adank et al., 2017).
Barker and colleagues in 1985 introduced modern TMS, which stimu-
lates cortex painlessly with pulsed magnetic fields(Barker et al., 1985).

TMS now has FDA clearance for several psychiatric and neurological
conditions and has broad research use in cognition and motor learning
(Benster et al., 2023; Beynel et al., 2020; Buch et al., 2017; Cox et al.,
2020; Frohlich et al., 2014; Kan et al., 2020; Neacsiu, Beynel, Powers,
et al., 2022; Polania et al., 2018; Regenold et al., 2022). Few studies
have applied TMS with hearing aid patients; however, a recent study has
showed that 5 days of repetitive TMS in such patients had sustained
improvement in the perception of complex sentences and pure- tone
reception (Neri et al., 2024).

5.3.2. TMS mechanisms of action

A changing magnetic field induces an intracranial electric field
(Faraday’s law). During TMS, a rapidly changing magnetic field is
applied to the superficial layers of the cerebral cortex, generating an
electric field therein. Suprathreshold pulses depolarize neurons; repeti-
tive trains (rTMS) modulate excitability and connectivity beyond the
stimulation period, with behavioral and therapeutic effects. This process
does not require direct current to pass through the skull, thereby
avoiding the discomfort associated with TES (Rossi et al., 2009).

5.3.3. Forms of TMS

TMS can be single-pulse, paired-pulse, or rTMS. Frequency, intensity,
train duration, and task timing determine inhibitory or excitatory out-
comes and behavioral impact (Adank et al., 2017). (Adank et al., 2017).
Subthreshold  variants—LFMS and kTMP—produce weaker,
kilohertz-range fields with minimal scalp sensation and sound, which
may aid blinding and tolerability (Dubin et al., 2019; Labruna et al.,
2024; Rohan et al., 2014).

5.4. Transcranial focused ultrasound stimulation (tFUS)

5.4.1. Historical background

Ultrasound uses acoustic waves above 20 kHz. Its neural effects have
been noted for a century (Pauly et al., 2021). tFUS now offers
millimeter-scale focality, including deep targets, with electronically
steerable foci (Yaakub et al., 2023). High-intensity focused ultrasound is
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FDA-approved for ablative treatment of tremor and Parkinson’s disease;
neuromodulatory tFUS remains investigational but is rapidly advancing
and can modulate sensory cortex (Matt et al., 2024; Yoo et al., 2022).

5.4.2. tFUS mechanisms of action

The carrier wave frequency used for tFUS in humans is in the range of
several hundred kilohertz to over one megahertz. The mechanism of
neuromodulation by ultrasound is not entirely established. Leading
models propose mechanical perturbation of membranes and ion chan-
nels, altering ionic flux and cell state.

5.5. NIBS properties and applications

5.5.1. Spatial effects: (Fig. 3)

Spatial effects refer to the distribution of the electric, magnetic, or
ultrasound field delivered to the brain, which is determined by the
configuration of the field transducers (electrodes, coils, or ultrasound
elements) and their placement on the scalp (Peterchev et al., 2012). TMS
and tES preferentially affect superficial cortex; larger TMS coils reach
deeper but less focally, while smaller coils are more focal (Deng et al.,
2013b). Likewise, Smaller/closer tES electrodes increase focality (Deng
et al., 2013a). Optimization algorithms can tailor electrode placement
and currents for focality or depth (Dmochowski et al., 2011; Truong
etal., 2021) tFUS provides the most flexible, deep, and focal targeting by
leveraging wave phenomena such as constructive interference between
multiple ultrasound transducers (Atkinson-Clement and Kaiser, 2024).

5.5.2. Temporal effects

NIBS can be administered in two distinct paradigms: "online" and
"offline". Online stimulation coincides with task performance and can
transiently alter processing in targeted cortex, enabling causal inference
(Hartwigsen, 2015; Siebner et al., 2009; Walsh and Cowey, 2000).

Conversely, offline stimulation is applied before or after a task,
resulting in prolonged effects on behavior that persist beyond the
stimulation period. Repetitive or prolonged NIBS protocols can induce
lasting modulation of cortical excitability or connectivity, enhancing the
potential for long-term rehabilitation gains (Adank et al., 2017; Bikson
et al., 2019; B. Wang et al., 2021).

5.5.3. Integrating with rehabilitation

There are several domains in which the pairing of NIBS with reha-
bilitation therapy has been explored leading to emerging therapeutic
protocols. In stroke patients, tDCS combined with constraint-induced
movement therapy is under study (e.g., TRANSPORT2; NCT03826030)
and meta-analyses suggest enhanced upper-limb function (Chhatbar
et al., 2017). Trials in traumatic brain injury target memory, attention,
and motor systems (Calderone et al., 2024). tDCS has also been shown to
enhance surgical skill acquisition in healthy participants (Ashcroft et al.,
2020; Cox et al., 2020). In movement disorders and cerebral palsy,
neuromodulation may reduce spasticity and improve engagement in
physical therapy (Hastings et al., 2022). Psychiatry increasingly pairs
TMS with behavioral interventions, such as cue-provocation during
smoking-cessation TMS (Zangen et al., 2021) or adjunctive cognitive
behavioral therapies (Neacsiu, Beynel, Graner, et al., 2022). Together,
stimulation plus active training may boost Hebbian learning and func-
tional outcomes.

5.6. Evaluation of efficacy

Assessing NIBS requires behavioral, physiological, and imaging
measures. One of the challenges in assessing the efficacy of NIBS is the
considerable interindividual variability in response to stimulation. This
variability arises due to differences in skull and scalp thickness, cortical
folding, tissue properties, and other biological factors, as well as age,
sex, hormones, cognitive state, and medications (Boucher et al., 2021;
Chagas et al., 2018; Hinder et al., 2014; Peterchev et al., 2012).
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Fig. 3. Comparison of spatial resolution and stimulation depth between NIBS techniques. This schematic illustrates the relative spatial precision and pene-
tration depth of three principal NIBS techniques: transcranial electrical stimulation (tES), transcranial magnetic stimulation (TMS), and transcranial focused ul-
trasound stimulation (tFUS). The horizontal axis represents spatial resolution (fine to coarse), while the vertical axis depicts stimulation depth (superficial to deep).
tES—including tDCS, tACS, and tRNS—acts primarily on superficial cortical regions with broad electric fields and limited focality. TMS also acts on superficial
cortical regions, but is capable of modulating both superficial and moderately deep cortical targets depending on coil geometry and field strength. In contrast, tFUS
achieves the greatest focal precision and the deepest penetration, allowing selective activation or inhibition of subcortical and deep cortical structures. These
properties inform the choice of stimulation modality depending on therapeutic goals, target depth, and desired spatial specificity. This is a modification of a figure
previously published by Matt et al. (Matt, E., Radjenovic, S., Mitterwallner, M., & Beisteiner, R. (2024). Current state of clinical ultrasound neuromodulation.
Frontiers in Neuroscience, 18. https://doi.org/10.3389/fnins.2024.1420255). Their article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format. To view a copy of this licence, visit http://creativecommons.org/lice

nses/by/4.0/.

Sham-controlled designs are essential to separate true effects from
placebo. Sham stimulation mimics the procedural aspects of active
stimulation without delivering significant fields to the brain, helping to
maintain blinding and ensuring that any observed behavioral or physi-
ological changes can be attributed to the active intervention (Bikson
et al., 2019). The inclusion of appropriate control sites and tasks is also
crucial to ensure that any observed effects are specific to the targeted
brain regions and not due to nonspecific factors such as auditory
masking or cutaneous sensations (Adank et al., 2017).

Moreover, studies that combine behavioral assessments with neu-
roimaging and neurochemical measurements add value. For example,
research has shown that tDCS can modulate neurotransmitter levels,
such as glutamate and myo-inositol (Marquardt et al., 2021). However,
the findings are not always consistent. More comprehensive, multimodal
studies are needed to refine mechanisms and optimize protocols for
applications such as hearing loss.

6. Could NIBS increase the effectiveness of hearing intervention
and rehabilitation?

6.1. Narrative review of the effect of NIBS on audiologic parameters

6.1.1. Introduction

We suggest that speech perception performance during auditory
rehabilitation in patients using hearing aids and Cls could be enhanced
by NIBS. This section outlines early published data and theories that
informed our inquiry into the potential role of NIBS as an adjunct of CI
and auditory rehabilitation. Our objective is to map the current

landscape, identify disparate strands of research, and highlight oppor-
tunities for future investigation. This is a narrative review of studies
regarding NIBS in the hearing domain with emphasis on tES given the
relative contraindication of TMS in the setting of implantable electronic
devices. It is recognized that the studies discussed may have mixed or
contradictory findings on the effect of NIBS on outcomes. There are
several possible explanations for this, including their small and heter-
ogenous study populations, and varying methodologies and parameters
being tested.

Published applications of NIBS to influence central auditory pro-
cessing and speech perception are summarized and presented in Table 3.
It should be noted that the majority of the studies presented address
online effects of tES in normal hearing subjects. To enhance the benefits
of auditory intervention and potentiate the effects of auditory rehabili-
tation we would be most interested in offline and sustained effects from
NIBS. This review excludes tFUS as to date there are no published studies
of its use in this context.

6.1.2. tDCS

tDCS studies on the auditory cortex are mainly limited to participants
with normal hearing. Findings include modulation of mismatch nega-
tivity, improved temporal resolution, and enhanced phonetic categori-
zation and pitch discrimination (Heimrath et al., 2016). Results for the
right-ear advantage in dichotic listening remain mixed (Marquardt
et al., 2021). Giustolisi et al. and Vergallito et al. (Giustolisi et al., 2018;
Vergallito et al., 2020) explored whether tDCS could enhance sentence
comprehension in healthy individuals. They found that outcomes
depend on stimulation site: targeting the left inferior frontal gyrus
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Table 3

Summary of published studies assessing the effect of tES on central auditory processing and speech perception. tFUS = transcranial focused ultrasound stimulation; TMS = transcranial magnetic stimulation, tES =
transcranial electrical stimulation, tDCS = transcranial direct current stimulation; tACS = transcranial alternating current stimulation; tRNS = transcranial random noise stimulation.

Reference Stimulation Design Control Study Stimulation Intensity  Duration  Auditory Variable Online/ Main Results (Negative or Positive Result)
Type (Within, Condition Population Electrode Tested Offline
Between, (Sham, Anode Position/ Brain Effect
Crossover) vs. Cathode) Target
tDCS
Giustolisi tDCS Between Sham 44 — Subjects Left inferior frontal 0.75 mA 30 Natural auditory Online tDCS over the Left inferior frontal gyrus lead to
etal., 2018 with normal gyrus (F5) minutes language improvement in language comprehension —
hearing comprehension Positive Result
Marquardt tDCS Crossover Sham 32 - Subjects Left temporo- 2 mA 20 Dichotic listening Online tDCS had little to no effect on dichotic listening —
etal., 2021 with normal parietal cortex minutes Negative Result
hearing (CP5)
Vergallito tDCS Between Sham 66 - Subjects Left inferior 0.75 mA 30 Natural auditory Online tDCS over the Left inferior parietal cortex
etal., 2020 with normal parietal cortex (P3) minutes language decreased language comprehension. Applying
hearing comprehension tDCS over different hubs of the same neural
network can lead to opposite behavioral results —
Negative Result
tACS
Reference Stimulation Type Design Control Study Population Stimulation Intensity Duration Auditory Online/Offline ~ Main Results (Negative or
Condition Electrode Paradigm Tested Effect Positive Result)
Position/ Brain
Target
Riecke, tACS Crossover ~ Sham 25 - Subjects with Bilateral Auditory 4 Hz 10 minutes Detection of near- Online tACS may amplify/attenuate sounds
2016 normal hearing Cortices (T7/T8) threshold auditory that are temporally coherent/
stimuli anticoherent with tACS-entrained
cortical oscillations — Positive
Result
Rufener tACS Between Control 18 - Subjects with Bilateral Auditory 6 Hz & 40 Hz 18 minutes Repetition-induced Offline 40 Hz tACS selectively attenuated
etal., group normal hearing Cortices (T7/T8) improvement in (Immediately repetition-induced improvement in
2016 without sham phoneme after phoneme categorization. Causally
stimulation categorization stimulation) confirming the functional relevance
of 40 Hz oscillations in phoneme
processing — Positive Result
Riecke tACS Crossover ~ Sham 22 - Subjects with Bilateral Auditory 4 Hz 36 minutes Speech recognition Online Demonstrated a causal role of
etal., normal hearing Cortices (T7/T8) performance speech-brain entrainment in speech
2018 intelligibility. They suggested that
transcranial speech envelope
shaped currents can be utilized to
modulate speech comprehension in
impaired listening conditions —
Positive Result
Wilsch tACS - envelope Crossover ~ Sham 19 - Subjects with Bilateral Auditory ~ 5.12 Hz (average) 20 minutes Speech Online Envelope-tACS modulates
etal., normal hearing Cortices (T7/T8) eachday for2  comprehension intelligibility of speech in noise at or
2018 days during noise — near the peak frequency of the
Oldenburg sentence speech envelope — Positive Result
test
Rufener tACS Crossover ~ Sham 34 - Children, Bilateral Auditory 40 Hz 20 minutes Auditory phoneme Online tACS improved phoneme
etal., Adolescents and Cortices (T7/T8) processing acuity — categorization in children,
2019 Adults with phoneme- adolescents and adults with
developmental categorization task developmental dyslexia — Positive

dyslexia but normal
hearing

Result

(continued on next page)
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Table 3 (continued)

tACS
Zoefel et al., tACS Blocked Sham 46 - Subjects with Unilateral (T7) & 3.15Hz 30 minutes Speech Online Showed evidence for a tACS-
2019 normal hearing Bilateral Auditory comprehension induced phasic modulation of
Cortices (T7/T8) (rhythmic noise- speech perception but only if the
vocoded speech) stimulation was applied bilaterally
using ring electrodes — Positive
Result
Erkens tACS - envelope Crossover ~ Sham 32 - Subjects with FC5, FC6, P7,and 5 Hz 8 minutes Speech Online No significant difference between
etal., normal hearing P8 according to comprehension the optimal stimulation time-lag
2020 the international during noise — condition and best sham condition —
10-20 system. Oldenburg sentence Negative Result
test
Kadir et al., tACS - envelope Crossover ~ Sham + tDCS 17 - Subjects with Bilateral Auditory =~ 3 Hz 20 minutes Speech Online Phase and latency of
2020 anodal and normal hearing Cortices (T7/T8) eachday for2  comprehension neurostimulation have accordingly
cathodal days during noise — distinct influences on speech
sentence reception comprehension; tES in this study
threshold mostly resulted in worsening of
speech comprehension — Negative
Result
Keshavarzi tACS - envelope Crossover ~ Sham 18 - Subjects with Bilateral Auditory ~ 4-8 Hz (theta Unspecified Speech Online tACS in the theta band (4-8 Hz) but
etal., normal hearing Cortices (T7/T8) band) or 1-4 Hz time comprehension not in the delta band (1-4 Hz)
2020 (delta band) during noise — impacts speech comprehension,
sentence reception improving speech-in-noise
threshold comprehension — Positive Result
Ruhnau Pulsed tDCS - brief Within Nil 20 - Subjects with Bilateral Auditory  Brief direct 55 minutes Speech Online Concluded that pulsed tDCS can aid
et al., (5 ms) direct current normal hearing Cortices (T7/T8) current pulses (5 comprehension cortical entrainment to speech
2020 pulses at time points ms) at time points during noise — input, which is especially relevant
between syllables to between Oldenburg sentence in noisy environment — Positive
simulate envelop syllables. test Result
tES Maximum
current was 1.95
mA.
tRNS
Reference Stimulation Design Control Study Population Stimulation Electrode  Intensity Duration  Auditory Paradigm Online/ Main Results (Negative or
Type Condition Position/ Brain Tested Offline Effect Positive Result)
Target
Van Doren tRNS Crossover ~ Sham 14 - Subjects with normal Bilateral Auditory High 20 Auditory evoked activity by ~ Offline — tRNS induces increased
etal., hearing Cortices (Cathode frequency minutes means of Auditory Steady Immediately excitability in the auditory
2014 applied to T7/Anode tRNS State response after cortex — Positive Result
applied to T8) (100-640 Hz)
Rufener tRNS Crossover ~ Sham 20 — Subjects with normal Bilateral Auditory High 40 Temporal and spectral Online tRNS can improve acoustic
et al., hearing Cortices (T7/T8) frequency minutes resolution ability — Gap perception of time critical
2017 tRNS detection and pitch auditory information —
(100-640 Hz) discrimination tasks Positive Result
Rufener tRNS Crossover ~ Sham 34 - Children, Adolescents Bilateral Auditory High 20 Auditory phoneme Online tRNS improved phoneme
etal., and Adults with Cortices (T7/T8) frequency minutes processing acuity — categorization acuity in adults
2019 developmental dyslexia but tRNS phoneme-categorization with developmental dyslexia —

with normal hearing

(100-640 Hz)

task

Positive Result
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Table 4

Study characteristics from a scoping review of therapeutic use of NIBS as adjunct to hearing intervention and rehabilitation Abbreviations: AAT = auditory attention training; CI = Cochlear Implant; DLPFC = dorsolateral
prefrontal cortex; HA = hearing aid; HBO = Hyperbaric Oxygen Therapy; HHIE-S = Hearing Handicap Inventory for the Elderly-Screening; ISSNHL = idiopathic sudden sensorineural hearing loss; MMSE = Mini-mental
state examination; MoCA = Montreal Cognitive Assessment Scale; PTA = pure tone audiometry; rDLPFC = right DLPFC; SCT = Standard Corticosteroid Therapy; SRT = Speech Reception Threshold; tACS = transcranial
alternating current stimulation; tDCS = transcranial direct current stimulation; rTMS = repetitive transcranial magnetic stimulation; SNHL = sensorineural hearing loss.

Reference NIBS Study Design Control Study Stimulation Electrode  Intensity Duration Auditory Variable Online/Offline Main Results
Modality Condition Population Position/ Brain Tested Effect (Negative or Positive
Target Result)

Mori et al., 2016 tDCS Within Nil 1 subject; Left auditory cortex 1 mA 10 min daily x Speech discrimination Offline (assessed  Speech discrimination
bilateral hearing 4 days (right ear) immediately improved after a single
impairment after after and 4 days session; effect persisted
brainstem after) 4 days after final session
encephalitis. No — Positive Result
use of HA/CL.

Mansouri et al., 2025 tDCS Between: 3 Sham tDCS + 24 children Bipolar tDCS: Anode F3 1 mA first session 20 min sessions; Auditory attention, Offline (<48 h Combined tDCS + AAT
(International arm AAT; tDCS (8-11y); (left DLPFC), Cathode then 1.5 mA 10 sessions speech-in-noise, P300 post- improved auditory
Journal of randomized alone moderate to F4 (right DLPFC) subsequent (3x/week); latency intervention and attention and speech-in-
Pediatric controlled severe hearing sessions AAT started 5 1 month follow- noise more than
Otorhinolaryngol) trial loss. min after tDCS up) sham+AAT and tDCS-

Subjects used onset and ran only; effects stable at 1
bilateral HAs for 15 min month — Positive

at least 3 years Result

prior to study.

Mansouri et al., 2025  tDCS Between: Sham tDCS + 8 children Bipolar tDCS: Anode F3  Not reported 20 min sessions;  Auditory attention, Offline Active tDCS+AAT
(Auditory and Randomized AAT (8-11y); (left DLPFC), Cathode 10 sessions speech-in-noise, P300 (immediately improved auditory
Vestibular pilot moderate to F4 (right DLPFC) (3x/week); latency after attention and speech-in-
Research) severe hearing AAT started 5 intervention and noise measures; P300

loss. min after tDCS 1 month follow- latency decreased in
Subjects used onset and ran up) both groups with larger
bilateral HAs for 15 min reductions in active
at least 3 years group; outcomes stable
prior to study. at 1 month — Positive
Result
Zhou et al., 2025 tDCS Between: Sham tDCS + 100 Elderly Dual-site sequential 2 mA per site 15 min per site Auditory Ability (PTA, Offline (assessed ~ tDCS-assisted auditory
Randomized routine patients >60 stimulation: Right (30 min total); HHIE-S), Cognitive 1 month post rehabilitation training
controlled auditory years old; DLPFC (F4 anode; 3x/week for 1 Ability (MoCA, intervention) improved cognitive and
trial rehab training bilateral cathodes F2/F6/FC4/ month; order of MMSE), auditory functions as
progressive AF4) + Left temporal sites Communication well as quality of life —
SNHL. area (CP5 anode; randomized Performance, Fear of Positive Result
Subjects used cathodes C5/TP7/CP3/ Communication and
bilateral HAs for P5) Quality of Life
at least 6 months outcomes
prior to study
Erkens et al., 2021 tACS Between: Non-  Sham 40 older adults Electrodes placed at Stimulation was ~20 min total Speech comprehension Online Hearing-impaired
randomized (Ages 49-79); 20  EEG positions FC5/P7 presented at 1 mA in noise participants improved
Hearing and FC6/P8 (10-20 peak to peak. The more than normal
impaired system) stimulation signal hearing subjects with
participants vs corresponded to envelope-tACS
20 normal the envelope of stimulation) — Positive

hearing controls.
For the hearing
impaired
subjects, 18 had
been using a HA
for at least 1 year
prior to study.

the concurrent
speech signal

Result

(continued on next page)
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Table 4 (continued)
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Main Results

Online/Offline

Effect

Auditory Variable

Tested

Intensity Duration

Stimulation Electrode
Position/ Brain

Target

Control Study

Study Design

NIBS

Reference

Wright et al.

(Negative or Positive

Result)

Population

Condition

Modality

rTMS produced greater

Offline

Speech comprehension

in noise; PTA

1800 pulses/
session. One

10 Hz

Posterior left superior

27 adults (Ages
temporal sulcus

Sham

Between:

1TMS

Neri et al., 2024

reductions in SRT and

PTA vs sham

(Immediately

40-93); Bilateral
Hearing aid users
with SNHL.

Randomized
controlled

trial)

after and 1-week

post

session a day. 5
consecutive

(auditory association

immediately and at 1

cortex; between BA22/

42)

week (beyond learning
effects). — Positive

Result

intervention)

daily sessions;

Subjects used

bilateral HAs for
at least 1 year

prior to study.
54 adults;

rTMS group showed
improved hearing
thresholds and

Offline (~72 hrs

post

PTA; tinnitus
perception

1200 pulses/
session. One

1 Hz

Temporoparietal

Standard
Therapy

Between: Non-
randomized

rTMS

Zhang and Ma, 2015

association cortex

ISSNHL patients

intervention)

session a day.
20 sessions

ipsilateral to affected

failing primary

Alone (SCT &

HBO)

decreased tinnitus vs

ear (Left scalp: between

T3 and the

therapy (SCT &

HBO).

control. — Positive

Result

(Mon-Fri x4
weeks)

midpoint of the line
joining C3/T5. Right

No use of HA/CI.

scalp: between T4 and

the midpoint of the line
joining T6/C4)

Offline (on rTMS administered in

PTA; tinnitus
perception

600 pulses/

1Hz

Temporoparietal

339 adults;

Standard

Between: Non-
randomized

rTMS

2025

Huang et al.,

courses > 10 sessions,
demonstrated both
short-term and

discharge and 6
month follow

up)

session. One

junction ipsilateral to

symptomatic ear

ISSNHL (onset
<30 da

therapy only
(Ginkgo

session a day.

ys).
No use of HA/CL

Sub grouped by
<10 vs >10

biloba extract,
vitamin

long-term beneficial

effects in the ISSNHL —

Positive Result

sessions

B1 and

intravenous
steroids)

13

Hearing Research 474 (2026) 109576

improved sentence comprehension, while stimulation of the left inferior
parietal cortex reduced it. These studies suggest that targeted tDCS can
modulate auditory processing.

6.1.3. tACS

Most of the recent literature regarding tES and speech understanding
studies focus on tACS and have been mostly conducted in participants
with normal pure-tone thresholds (Zoefel et al., 2019). Research using
stereotactic EEG and fMRI has revealed that during speech perception,
the auditory cortex shifts from a resting oscillatory state to a structured
neural response that aligns with the speech envelope’s spectro-temporal
features (Giraud and Poeppel, 2012; Lalor and Foxe, 2010). This phe-
nomenon, called neural entrainment, is often weaker as individuals age
or in individuals with hearing loss (Henry et al., 2017). tACS operates by
delivering a sinusoidal current at a specific frequency to synchronize and
modulate cortical oscillations (Antal and Paulus, 2013), influencing
both online and offline processing (Heimrath et al., 2016; Veniero et al.,
2015). The effectiveness of this modulation can depend on various
factors, including the phase and timing of stimulation in relation to the
speech signal (Kadir et al., 2020). Notably, tACS in the theta band (4-8
Hz) improves speech comprehension, while delta band stimulation (1-4
Hz) supports syntactic and semantic encoding (Keshavarzi et al., 2020).
Additionally, envelope-tACS, which aligns stimulation with the tempo-
ral envelope of speech, presents a promising avenue for enhancing
speech perception and addressing auditory processing difficulties
(Erkens et al., 2020).

Riecke (2016) showed that tACS can enhance or suppress speech
perception depending on alignment with speech timing. Keshavarzi
et al. (Keshavarzi et al., 2020) applied tACS to 18 individuals with
normal hearing, using waveforms extracted from speech envelopes and
filtered into delta and theta frequency ranges to modulate cortical
entrainment. They found that theta-band tACS improved
speech-in-noise comprehension, while delta-band did not.

Wilsch et al. (2018) explored how tACS synchronized with the
speech envelope at varying time lags (0-250 ms from sentence onset)
influences speech intelligibility. They concluded that envelope tACS can
influence speech perception in noise by modulating cortical entrainment
to the speech envelope. Similarly, Riecke et al. (Riecke et al., 2018)
provided evidence supporting the causal role of speech-brain entrain-
ment in improving intelligibility. Additionally, Rufener et al. (Rufener
et al., 2016) showed that 40 Hz tACS benefited older adults more than
younger ones on a phoneme categorization task.

Ruhnau et al. (2020) investigated the effects of a pulsed tES. They
administered brief 5 ms of direct current (DC) monophasic pulses be-
tween syllables. Their findings suggest that pulsed tES can enhance
cortical entrainment with speech, improving perception in noise. They
also explored the potential application of this approach in real-world
scenarios, proposing a setup where a hearing aid could be integrated
with a wearable electrical stimulation device.

Not all studies show benefits. Kadir et al. (2020) examined how tACS
influences speech-in-noise perception by applying stimulation syn-
chronized to the speech envelope but with phase shifts and temporal
delays. Their findings revealed that the sentence reception threshold
varied depending on the phase of stimulation. Notably, their results
suggested that tACS generally led to a decline in speech perception.
Similarly, Erkens et al. (Erkens et al., 2020) observed no improvement
when comparing optimal tACS to sham. These findings highlight the
importance of timing precision and individual variability in
responsiveness.

6.1.3. tRNS

tRNS has been developed as an option that would potentially
modulate many different types of neurons. tRNS applies randomly
fluctuating currents that resemble white noise, modulating a wider
range of cortical rhythms without prior knowledge on the specific fre-
quency of the target resonator (Rufener et al., 2017; Van Doren et al.,
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2014). Stochastic resonance describes the phenomenon that the
perception of a near threshold stimulus, like a sound signal, is boosted if
noise is also present (Rufener et al., 2017). The effects of tRNS are
dependent on stimulation intensity, spectrum, and task demands (Van
Doren et al., 2014).

Van Doren et al. (2014) found tRNS increased 40 Hz auditory
steady-state responses, suggesting heightened cortical excitability.
Rufener et al. (Rufener et al., 2017) examined the impact of tRNS on the
auditory cortex based on both behavioral and electrophysiological
measures. They observed that tRNS improved the detection of
near-threshold stimuli in the temporal domain (gap detection) but did
not affect spectral discrimination (pitch perception). These behavioral
effects were accompanied by a reduction in peak latencies of the P50 and
N100 auditory event-related potentials, indicating that tRNS influences
early sensory processing. Their findings suggest that tRNS may enhance
the auditory system's endogenous resonance frequency, potentially
improving the perception of temporally sensitive auditory information.

Rufener et al. (2019) studied the online effects of tACS and tRNS in
normal hearing adolescents and adults with developmental dyslexia
which is related to disordered auditory temporal resolution and
impaired processing of information at the phonemic scale. In dyslexia,
tRNS improved phoneme categorization in adults, while tACS worked
better for children.

In summary, there is growing evidence that tES can enhance central
auditory processing, with the preponderance of evidence linked to on-
line effects during behavioral tasks in participants with normal hearing.
There remains limited information about the impact of auditory training
and other rehabilitation strategies on the quality and duration of benefit.

6.1.5. NIBS used in Tinnitus

Tinnitus, the perception of sound without external input, affects
66-86% of CI users (Peter and Kleinjung, 2019) (Quaranta et al., 2004).
It reflects hyperactivity and maladaptive reorganization in auditory and
non-auditory regions (Adjamian et al., 2009; Peter and Kleinjung,
2019).

NIBS techniques, transcutaneous vagus nerve stimulation, and
bimodal auditory-somatosensory stimulation, have been explored for
tinnitus treatment (De Ridder et al., 2021; Langguth, 2020; Peter and
Kleinjung, 2019). Some rTMS and tDCS studies show temporary symp-
tom relief, but repeated sessions rarely produce lasting benefits.

A meta-analysis found rTMS over the auditory cortex had the most
consistent effect, especially in women, while tDCS showed no significant
advantage over sham (Lefebvre-Demers et al., 2021). Some studies
found rTMS reduced tinnitus severity (Barwood et al., 2013) and, in
some cases, improved hearing perception (D. Zhang and Ma, 2015).
When considering NIBS for CI patients, tinnitus assessment is essential.

6.2. Scoping review of therapeutic use of NIBS as adjunct to hearing
intervention and rehabilitation

6.2.1. Study characteristics

This scoping review examined the therapeutic application of NIBS
for hearing rehabilitation in individuals with hearing loss. Eight studies
met inclusion criteria (Fig. 1 and Table 4). Study designs included ran-
domized controlled trials, sham-controlled crossover studies, pilot trials,
observational cohort studies, and case reports. There were generally
small sample sizes and substantial methodological heterogeneity. Study
populations included children, adults, and older adults with sensori-
neural, age-related, or idiopathic sudden sensorineural hearing loss. The
search included all forms of NIBS but only 3 modalities were used in the
identified articles: tDCS, tACS, and rTMS. Stimulation parameters,
rehabilitation protocols, outcome measures, and follow-up durations
varied widely across studies, precluding quantitative synthesis.

6.2.2. tDCS
tDCS was the most frequently studied modality and was
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predominantly applied over frontal (dorsolateral prefrontal cortex,
DLPFC) (Mansouri, Javanbakht, et al., 2025; 2025; Y. Zhou et al., 2025)
or auditory cortex (Mori et al., 2016). Across studies, tDCS was most
effective when combined with structured auditory or auditory-attention
training rather than delivered as a standalone intervention. In pediatric
populations with moderate-to-severe hearing loss (Mansouri, Jav-
anbakht, et al., 2025; 2025), repeated sessions of anodal tDCS over the
DLPEC paired with auditory attention training led to improvements in
selective and sustained auditory attention, speech-in-noise perception,
and electrophysiological markers of auditory-cognitive processing (e.g.,
reduced P300 latency). These gains were generally stable at short-term
follow-up (up to one month).

In older adults with age-related hearing impairment, high-definition
tDCS combined with conventional auditory rehabilitation training was
associated with improvements in self-reported communication ability
and quality of life measures, with minimal adverse effects reported (Y.
Zhou et al., 2025). Although improvements in auditory thresholds were
modest, the consistent benefits observed in functional and
cognitive-communication outcomes suggest that tDCS may primarily act
by enhancing top-down cognitive control mechanisms that support
listening under challenging conditions. However, methodological limi-
tations were common among tDCS studies, including small sample sizes,
pilot designs, and some concerns regarding randomization and blinding
(Mansouri, Javanbakht, et al., 2025; 2025; Mori et al., 2016).

6.2.3. tACS

Only one included study directly examined tACS in hearing-impaired
participants, using envelope-shaped stimulation synchronized to the
speech signal (Erkens et al., 2021). This study demonstrated that in-
dividuals with hearing impairment showed greater improvement in
speech-in-noise performance under envelope-tACS compared with
normal-hearing controls. These findings support the hypothesis that
tACS may enhance speech perception in noise by facilitating neural
entrainment to the temporal envelope of speech (Erkens et al., 2021).
Despite these promising results, the evidence base for tACS remains
sparse, with limited reporting of stimulation parameters and small
sample size.

6.2.4. rTMS

rTMS studies primarily focused on adults with sensorineural or
idiopathic sudden sensorineural hearing loss and targeted temporal
auditory association areas, such as the superior temporal sulcus or
temporoparietal junction (C. Huang et al., 2025; Neri et al., 2024; D.
Zhang and Ma, 2015). In a randomized sham-controlled trial, short
courses of high-frequency rTMS were associated with significant off-line
improvements in speech reception thresholds and pure tone averages
compared with sham stimulation (Neri et al., 2024).

Observational and non-randomized studies further suggested that
longer rTMS treatment courses (>10 sessions) may yield superior short-
and long-term hearing recovery, although risk of relapse varied by
audiometric configuration (C. Huang et al., 2025; D. Zhang and Ma,
2015). While these findings are clinically encouraging, the overall risk of
bias for rTMS studies was higher than for randomized tDCS trials, pri-
marily due to non-randomized designs, potential confounding, and
allocation bias.

6.2.5. Safety and Tolerability

Across all modalities, NIBS was generally well tolerated. Reported
adverse effects were mild and transient, most commonly including scalp
tingling or mild headache, with no serious adverse events reported
(Mansouri, Shaabani, et al., 2025; Mori et al., 2016; Y. Zhou et al.,
2025). This favourable safety profile supports further investigation of
NIBS as an adjunctive rehabilitation strategy in hearing-impaired
populations.
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6.2.6. Strengths and limitations of the evidence

This review benefits from inclusion of multiple NIBS modalities and
diverse populations, providing a broad overview of current neuro-
modulation approaches in hearing rehabilitation. Several studies
employed randomized or sham-controlled designs and incorporated
objective auditory and neurophysiological outcomes, strengthening in-
ternal validity (Mansouri, Shaabani, et al., 2025; Neri et al., 2024).

However, the certainty of evidence remains limited by small sample
sizes, pilot designs, and substantial heterogeneity in stimulation pro-
tocols, rehabilitation approaches, and outcome measures, which pre-
cluded meta-analysis (C. Huang et al., 2025; Y. Zhou et al., 2025).
Limited long-term follow-up further constrains conclusions. These lim-
itations necessitate cautious interpretation.

6.2.7. Conclusions and future directions

Overall, the findings suggest that NIBS—particularly when combined
with behavioral auditory rehabilitation—can positively influence audi-
tory and auditory-cognitive outcomes in individuals with hearing loss.
tDCS appears most effective for enhancing top-down cognitive and
attentional processes that support listening, whereas rTMS shows more
direct effects on auditory thresholds and speech perception in specific
clinical populations. tACS represents an appealing but underexplored
approach, warranting further study.

Future research should include large-scale, well-controlled trials
with standardized auditory outcomes in order to clarify the clinical
utility of NIBS in hearing rehabilitation. Longer follow-up periods are
needed to assess durability of treatment effects and to evaluate the need
for booster stimulation sessions. Subgroup analyses examining age,
etiology of hearing loss, and cognitive status are needed to identify
populations most likely to benefit. Studies integrating neurophysiolog-
ical and neuroimaging measures may further inform optimization of
stimulation protocols

6.3. Conceptual framework for NIBS in hearing rehabilitation (Fig. 4)

6.3.1. Introduction and rationale

As stated by Kral et al. (Kral et al., 2016): “...central processing of
sensory information, particularly if it is an impoverished representation
of normal input, is key to the clinical success of neural prostheses”.
There is substantial variability in speech perception outcomes in CI
users. Almost all CI patients improve dramatically after CI activation,
but some patients will reach a plateau in their performance. Some pa-
tients might even grow reluctant to wear the external part of the implant
if their outcomes are poor (Tavora-Vieira et al., 2020). Poor speech
understanding in noise is a common complaint of patients using both CIs

Initial Evaluation
* Clevaluation
* Auditory thresholds
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and hearing aids. Therefore, there is an unmet need for approaches that
can boost patients’ speech perception performance even when receiving
auditory rehabilitation (Goudey et al., 2021; Zhao et al., 2020). We also
need to consider the safety of using different modalities of NIBS with CIs
and HAs, which is discussed in a later section.

Intra-modal, intermodal and neurocognitive processes involved in
this rehabilitation construct may benefit from relevant NIBS particularly
if it would be possible to selectively enhance beneficial plasticity and
suppress maladaptive plasticity (Fig. 2). Whereas a growing literature
documents the impact of NIBS on neurocognitive processes relevant to
receptive language in normal hearing subjects (Y. Wang et al., 2020;
Zoefel and Davis, 2017) , there is very limited direct evidence of how
NIBS may impact speech perception outcomes in those with hearing loss
who use hearing devices. Reviewing the available literature, there seem
to arise two general strategies for applying tES and other NIBS modal-
ities to the remediation of hearing loss with a CI or hearing aid. These are
reviewed in the next sections.

6.3.2. Strategy 1 — online brain entrainment with NIBS

Based on recent studies of tES and speech understanding, this strat-
egy would uses online effects of tES to improve the neural representation
of speech sound for better spatial and temporal resolution and enhanced
perception in quiet and background noise (see Section 6.2). Published
findings suggest that tACS or pulsed tES may enhance speech envelop
features that are temporally coherent with tES-entrained cortical oscil-
lations. This strategy would require that the tACS stimulation charac-
teristics adapt in real time in response to changing speech sound signals.
In addition to its online effects, this real-time use of tACS may also
produce longer lasting off-line effects that need to be investigated.

Another simpler option would be to use tRNS which has been shown
to increase excitability in the auditory cortex and has positive effects on
phoneme-categorization acuity and acoustic perception of time critical
auditory information. tRNS allows for frequency non-specific applica-
tion without prior knowledge of the specific frequency of the target
resonator and therefore may be easier to implement for real-time
listening.

A general conceptual drawback of the use of NIBS for chronic stim-
ulation synchronized with speech perception is that the CI recipient will
also have to wear surface electrodes and other NIBS gear whenever they
are wearing the CI. Therefore, unless it is limited to a period of reha-
bilitation, this strategy may be impractical for daily use. Nonetheless, if
the strategy of chronic synchronous CI and cortical stimulation works, it
may justify the development of a minimally invasive cortical stimulator
implant coupled to the CI device either internally or externally.

Monitoring outcomes
* Monitor & evaluate auditory,

. SpeeActhperce;t)tion tests Initiate Auditory b;ahhavioraland cortical outcomes
eg. io sentences, sren oo t :
(CEIC words) Rehabilitation ° - eft?c)ilitory thresholds
Hearing & QOL * Implantand activate Cl - Speech perception tests
questionnaires *  StartAuditory training + NIBS - Hearing & QOL
Determine optimal NIBS sessions (tES) questionnaires

protocol (stimulation
parameters, site,
frequency and timing)

- Neuroimaging (eg. fNIRS)
* Adjust NIBS protocol, if necessary

Repeat/Iterate for several
sessions over months

Fig. 4. Proposed NIBS Protocol. A schematic representation of a rehabilitation protocol that incorporates NIBS and auditory training following cochlear im-
plantation in adult patients with post-lingual deafness. CI = Cochlear Implant, QOL = Quality of Life, NIBS = Non-invasive Brain Stimulation; tES = Transcranial

Electrical Stimulation, fNIRS = Functional Near-Infrared Spectroscopy.
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6.3.3. Strategy 2 - Offline NIBS to facilitate therapy

6.3.3.1. Correlating neuroplasticity patterns with auditory rehabilitation
outcome. Several changes in cortical structure and activity patterns may
represent the direct effects of auditory deprivation as reflected in the
adaptive hierarchy outlined in Fig. 2. Early activation of pre-existing
circuits, localized to the superior temporal gyrus (STG) and superior
temporal sulcus (STS) are thought to involve multi-sensory cortical
circuits that support speech reading in adult-onset hearing loss (H. J. Lee
et al., 2007). The improved access to phonological representations
during speech reading may therefore result from compensatory use of
latent multi-modal circuits rather than cortical reorganization.
Furthermore, grey matter hypertrophy at the right angular gyrus is
correlated with severity of hearing loss and compensatory skill devel-
opment associated with multi-modal integration (Alfandari et al., 2018).

Enhanced speech perception associated with activation of the
cingulo-opercular network in the frontal cortex (Vaden et al., 2016,
2020, 2022; Vaden, Teubner-Rhodes, et al., 2017) and prefrontal and
premotor cortices (Kral et al., 2016; Obleser et al., 2007; Peelle, 2010,
2018) is attributed to compensatory adjustments in attention, behavior
and outcome monitoring. Can the use of NIBS enhance the capacity
and/or efficiency with which this cognitive network is recruited to
improve speech perception? There is however a tenuous balance be-
tween the benefits of activating these central compensatory networks
and the accompanying cognitive load and processing demands,

Table 5
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particularly in aging populations where reserve is limited (Park and
Reuter-Lorenz, 2009). Nevertheless, the cingulo-opercular network may
offer an opportunity to monitor or target neurocognitive processes that
are central to auditory rehabilitation. Appropriately designed rehabili-
tation exercises may further enhance the efficiency of these cognitive
adaptations.

Should these sites be considered as targets for NIBS to support better
accommodation to imperfect auditory input? Could this, however, be
counterproductive to the goal of better auditory perception? Is it best to
target the primary auditory cortex with the goal of normalizing central
auditory processes, higher order cortical networks to enhance
compensatory processes, or both? Phonology-related neural activity in
Wernicke’s area and the left supramarginal gyrus as well as increased
prefrontal and parietal activity (H. J. Lee et al., 2007), may however be
associated with reduced CI performance. Older adults with hearing loss
experience diminished functional benefits from central compensatory
mechanisms (Cardin, 2016; Kuchinsky et al., 2012; Mishra et al., 2014;
Vaden et al., 2015). More detailed studies are therefore needed to set
therapeutic boundaries and appropriate expectations for the role of NIBS
in hearing rehabilitation.

6.3.3.2. Anticipating NIBS targets that may potentiate favorable cortical
neuroplasticity in response to auditory rehabilitation (Table 5). Thera-
peutic strategies designed to leverage off-line effects of NIBS would
likely be repetitive and timed to coincide with relevant auditory training

Potential Targets for NIBS and Effect Monitoring: Key brain regions and neural changes linked to improved hearing and speech outcomes.

Site

NIBS Effect

Citation

Effect Monitoring: Changes with
positive predictive value

Citation

Auditory cortex

Superior temporal gyrus/
Superior temporal
sulcus
(Auditory Associative
Cortex)

Right angular gyrus
(Auditory Associative
Cortex)

Middle temporal gyrus

Cingulo-opercular
network

Left inferior frontal gyrus

(Prefrontal Cortex)

Dorsolateral prefrontal
cortex
(Prefrontal Cortex)

Insula

Cuneus
(Occipital cortex)

Cingulate Gyrus

Improved hearing threshold and speech
comprehension

Improved speech reception thresholds
and pure tone averages

For potential investigation to promote
multi-sensory integration and auditory
learning

For potential investigation to promote
lexical processing

For potential investigation to promote
attention and outcome monitoring

Improves verbal short term memory and
sentence comprehension

Increased auditory attention and speech
perception in noise with training
Improved auditory and cognitive
function associated with age-related
hearing loss

For potential investigation to promote
working memory and decision making
For potential investigation to promote
abstract speech representation

For potential investigation to promote
semantic processing

Mori et al., 2016

H. J. Lee et al., 2007
Neri et al., 2024

C. Huang et al., 2025
D. Zhang and Ma,
2015

Giustolisi et al., 2018;

Mansouri, Javanbakht,
et al., 2025; 2025
Y. Zhou et al., 2025

Auditory evoked potential with
increasing amplitude and shorter
latency

Increasing metabolic activity

Lower vision-evoked activity relative
to auditory-evoked activity in visual
cortex

Increasing response to auditory versus
visual stimuli

Increasing activation of right Heschel’s
gyrus (improved spectral analysis)
Increasing activation of Wernicke’s
area (access to semantic knowledge)
Increasing contralateral cortical
volume

Cortical hypertrophy associated with
adaptations to hearing impairment

Increased activation associated with
improved sentence comprehension
Increased activation in response to
noise and degraded speech

Increased activation with auditory

training (representation of speech)

Baseline activity associated with CI
performance

Reduced P300 latency

Increased activation with auditory
training

Baseline activity Associated with CI
performance

Auditory stimulation of visual activity
stronger than the reverse in CI users
Increasing activity with auditory
training

Increasing activity with auditory
training and CI experience

F. Zhang et al., 2010; Sandmann
et al., 2015

Ito et al., 1993

Chen et al., 2016

Strelnikov et al., 2015
Smalt et al., 2013
Y. J. Lee et al., 2024

Alfandari et al., 2018

Smalt et al., 2013

Vaden et al., 2016, 2020, 2022;
Vaden, Teubner-Rhodes, et al.,
2017

Smalt et al., 2013

Strelnikov et al., 2013

Mansouri et al., 2025 (Auditory and
Vestibular Research)

Smalt et al., 2013

Strelnikov et al., 2013
Chen et al., 2016
Smalt et al., 2013

Smalt et al., 2013; Giraud et al.,
2001 (Neuron); Kang et al., 2004
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activities. The selected NIBS modality would need to be compatible with
the hearing device that is in use and able to penetrate to the appropriate
target depth. Neurophysiological or functional imaging effects that
precede behavioral benefits may be monitored and used to inform
therapeutic decisions (Fig. 4). However, activation patterns associated
with favorable results do not necessarily inform which components of
these networks should be targeted for NIBS. Indeed, Vergallito et al.
(2020) have observed that “tES over different hubs of the same neural
network can provide opposite results”.

6.3.3.2.1. Auditory cortex. Cochlear implant benefit is associated
with increasingly normal physiological characteristics of the auditory
cortex, yet these effects may represent a complex combination of pro-
cesses within and outside the auditory cortex. NIBS may therefore need
to be multi-focal at different stages of the rehabilitation process, tar-
geting specific adaptive responses associated with the hierarchy pre-
sented in Fig. 2.

Increased activity in the auditory association cortex and not the
primary auditory cortex is associated with improved perceptual per-
formance following cochlear implantation (Strelnikov et al., 2015). This
may represent the activation of higher order networks needed to inte-
grate multi-sensory and cognitive inputs that support the development
of new listening capabilities. Improved sentence perception associated
with increased activity in the right hemisphere near Heschl’s gyrus may
represent improved analysis of spectral information (Smalt et al., 2013).
Improved performance was also associated with activation of Wernicke's
area (BA 22 and BA 39) suggesting better access to long-term semantic
knowledge. NIBS that targets these networks within the temporal lobe,
may facilitate Hebbian learning that could be further facilitated by
auditory training. Indeed, studies have shown that stimulation of the
auditory association cortex with rTMS resulted in prolonged improve-
ments of hearing threshold and speech comprehension in patients with
hearing loss (C. Huang et al., 2025; Neri et al., 2024; D. Zhang and Ma,
2015).

6.3.3.2.2. Prefrontal cortex. The prefrontal cortex represents a
promising target for NIBS in auditory rehabilitation because of its cen-
tral role in top-down control of auditory perception and attention.
Neuroimaging studies have shown that the dorsolateral prefrontal cor-
tex (DLPFC) is engaged during tasks requiring selective attention
(Mansouri, Shaabani, et al., 2025). This is critical for effective listening,
particularly in individuals with hearing loss who must exert greater
cognitive effort to decode degraded auditory input. Stimulation of the
prefrontal cortex has the potential to improve the brain’s responsiveness
to concurrent attention-based auditory training. Preliminary studies
have shown that when targeting the DLPFC, tDCS in combination with
auditory training leads to improved auditory attention, speech-in-noise
comprehension, cognition and quality of life of patients with hearing
loss (Mansouri, Javanbakht, et al., 2025; 2025; Y. Zhou et al., 2025). The
inferior frontal gyrus is also a potential site for both treatment and effect
monitoring based on improved language comprehension in normal
hearing subjects following tDCS treatment (Giustolisi et al., 2018).

6.3.3.2.3. Ventral speech processing stream. This system mediates
comprehension (Hickok and Poeppel, 2004). Adults with normal hear-
ing and simulated CI listening through chronic exposure to degraded
speech (Smalt et al., 2013), demonstrated improving speech perception
that was proportionate to fMRI activity within bilateral anterior and
posterior middle temporal gyrus (BA 21-22), which are foci within the
ventral speech processing stream. It is, however, unclear if responses at
these sites reflect increased intelligibility upstream or improved lexical
processing at other sites. Whether or not direct stimulation of this site
would be productive is subject to further investigation.

6.3.3.2.4. Dorsal speech processing stream. The Dorsal Speech Pro-
cessing stream is thought to mediate important auditory-motor inte-
gration that may utilize visual mapping (Smalt et al., 2013). Whereas
increased activity in the cuneus may represent the recruitment of visual
cortical areas for improved abstract representation of degraded speech,
more intense activity in the cingulate gyrus may represent increased
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processing of meaning (Giraud et al., 2001; Kang et al., 2004). It is
therefore worthwhile evaluating whether NIBS may facilitate these ad-
aptations during structured listening practice.

6.3.3.2.5. Cross modal reorganization. There is growing evidence of
the benefit of audiovisual integration for improving communication
with a CI, with positive impact on both speech perception (Stevenson
et al., 2017) and lip reading (Strelnikov et al., 2013, 2015). The cuneus
has been mentioned previously as a potential site for integration of vi-
sual modalities with associative processes involved with speech
perception. Although the strong correlation between speech processing
activity within the occipital cortex and CI performance was measured at
baseline rather than during active rehabilitation, it is worthy of study as
a potential site for NIBS and/or effect monitoring (Strelnikov et al.,
2013). There is also data that contradicts the notion that cross modal
reorganization is beneficial, although differences in relative activity
measures and performance metrics may account for some of the differ-
ences. If indeed cross modal visual reorganization is associated with
poorer CI performance, it remains unclear whether a better-developed
visual response is a cause or a consequence of poorer speech perception.

Increased baseline activity in the right superior temporal gyrus and
left inferior frontal cortex, was also associated with better speech out-
comes post-implantation (Strelnikov et al., 2013). These are also sites
noted to become activated early during acquired hearing loss and are
thought to belong to multi-sensory cortical circuits (H. J. Lee et al.,
2007). Likewise grey matter hypertrophy of the right angular gyrus in
hearing impaired adults may represent multi-sensory integration
(Alfandari et al., 2018). These multi-sensory “crossroads” may be useful
sites for monitoring the impact of therapeutic NIBS or guiding subse-
quent adjustments (Fig. 4).

6.3.4. Auditory training and potential relevance to offline effects of NIBS

Hearing aids and CIs deliver modified auditory signals to impaired
and reorganized auditory systems (Tremblay, 2007; Tremblay and
Kraus, 2002). Inconsistent device outcome is often linked to the central
auditory system’s variable adaptability to these modified signals
(Tremblay and Kraus, 2002). Auditory training is one rehabilitative
strategy increasingly recognized as a necessary adjunct to hearing
augmentation by directly exercising central auditory processes
(Stephens, 1987).

Auditory training involves structured repetitive listening exercises
designed to enhance the brain’s ability to process auditory information
by leveraging neuroplasticity (Dornhoffer et al., 2024; Tremblay, 2007).
Training can lead to improved neural synchrony, increased respon-
siveness of sensory neurons, and enhanced functional specificity, all of
which maximize the representation of the unique characteristics of
acoustic features (Tremblay, 2007). Programs are often categorized as
analytic (bottom up), synthetic (top down), or a combination of both.
Analytic training focuses on recognizing contrasting fine acoustic de-
tails, while synthetic training emphasizes understanding speech by using
contextual information (Tremblay, 2007; Tremblay and Kraus, 2002).
Auditory training methods vary widely, ranging from passive
home-based exercises, such as listening to audiobooks, to
clinician-directed programs and computer-based auditory training pro-
grams such as AngelSound™ (TigerSpeech Technology, Los Angeles,
California, USA) (Dornhoffer et al., 2024; Sweetow and Sabes, 2010; M.
Zhang et al., 2014). Despite a lack of clinical guidelines for adult
post-implantation auditory training, nearly all CI providers recommend
auditory training soon after CI activation, with sessions lasting several
months (Dornhoffer et al., 2024).

Extensive research highlights both clinical and electrophysiological
evidence of training benefits (S. Anderson and Jenkins, 2015; Tremblay,
2007). Auditory training also drives cortical reorganization in the
auditory cortex, reinforcing its role in improving auditory perception
(Neuman, 2005). These measurable changes in neural activity have been
observed to occur early and often precede and predict perceptual gains
(S. Anderson and Jenkins, 2015; Tremblay, 2007; Tremblay et al.,
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2009). Additionally, auditory training has been shown to partially
restore age-related deficits in temporal processing, facilitating better
cognitive and perceptual skills, and communication in noisy environ-
ments (S. Anderson et al., 2013; S. Anderson and Jenkins, 2015; Asal
et al.,, 2018). Specifically for CI users, a few studies have shown
improvement in speech perception after undergoing auditory training
(Green et al., 2019; Reis et al., 2021; Schumann et al., 2015). Despite
this, additional research in the efficacy and appropriate use of auditory
training for CI users is needed to dictate future treatment guidelines.

Several factors impact the efficacy of auditory training. Despite
nearly universal recommendation of auditory training, only about two-
thirds of CI recipients utilize it (Dornhoffer et al., 2024). Compliance is a
significant challenge, with only about 30% of patients completing
home-based auditory training programs (Sweetow and Sabes, 2010).
Maintenance of training gains is another concern, underscoring the need
for periodic booster sessions (S. Anderson and Jenkins, 2015). Further-
more, individual factors such as age, cognitive reserve, and sleep quality
play crucial roles in optimizing outcomes (S. Anderson and Jenkins,
2015). tES offers a promising avenue to enhance auditory training
outcomes. tES can modulate cortical excitability, potentially acceler-
ating neural plasticity associated with auditory training. When com-
bined with auditory training and CIs, tES could augment the brain’s
capacity to adapt to modified auditory signals, improving speech
perception and enhancing the outcomes of auditory rehabilitation.
Studies by Mansouri et al. for example, provide preliminary evidence of
synergistic benefits of tDCS with auditory attention training compared
to either alone (Mansouri, Javanbakht, et al., 2025; 2025).

6.3.5. Monitoring cortical responses to rehabilitation strategies

To advance the clinical utility of neuroplasticity-driven in-
terventions, a key area for development lies in the objective and dy-
namic monitoring of auditory and cortical responses to therapy.
Monitoring is essential to understanding the neural mechanisms behind
individual variability and optimizing rehabilitation strategies. While
several neuroimaging techniques have been explored for this purpose,
many present significant limitations when applied to CI users.

PET, fMRI, and EEG have all been used to study cortical responses to
auditory stimuli. However, these techniques often face compatibility
issues with CI hardware, safety constraints due to electromagnetic fields,
limitations in spatial resolution or are not practical for longitudinal
monitoring (Dewey and Hartley, 2015; Saliba et al., 2016; X. Zhou et al.,
2022).

Functional near-infrared spectroscopy (fNIRS) is emerging as a
particularly promising technique for this purpose. As a safe, portable,
and cost-effective neuroimaging tool, fNIRS is ideally suited for
repeated, longitudinal use in both clinical and home environments.
Unlike fMRI or PET, fNIRS operates quietly and does not interfere with
CI hardware, making it feasible for tracking real-time changes in cortical
activation in response to auditory or cross-modal stimuli (Balint et al.,
2025; Farrar et al., 2024; Saliba et al., 2016).

Recent studies have demonstrated that fNIRS can detect beneficial
and maladaptive cross-modal reorganization patterns and their rela-
tionship to speech perception outcomes (C. A. Anderson et al., 2017; L.
C. Chen et al., 2016; Mushtaq et al., 2020; X. Zhou et al., 2022). For
example, auditory-evoked activation in the visual cortex has been
associated with improved speech perception, while excessive
visual-evoked activity in auditory regions may be detrimental (L. C.
Chen et al., 2016; Mushtaq et al., 2020). These insights are critical for
identifying neuroplastic changes that can guide personalized rehabili-
tation. As protocols become more standardized and the association be-
tween cortical activity and behavioral outcomes is clarified, fNIRS could
become an essential tool for optimizing CI outcomes.

Regarding tES, fNIRS may play a pivotal role in providing feedback
on whether stimulation is promoting adaptive plasticity. fNIRS could be
used to tailor stimulation parameters and cortical targets to individual
neural profiles. Combining imaging modalities such as fNIRS with
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behavioral metrics (hearing thresholds, speech perception tests, hearing
and quality of life questionnaires) enables a more comprehensive, data-
driven approach to managing hearing outcomes.

6.4. Practical implementation of tES in rehabilitation

6.4.1. Duration and timing

It is encouraging that favorable results of tES in patients with hearing
loss have been reported following relatively short treatment periods
(Table 4). Longer protocols may be required however, in patients with
more severe and/or prolonged hearing impairment which are typical for
patients with cochlear implants. As for the timing of rehabilitation with
tES, it would probably work best if started soon after activation of the
new implant and acquisition of stable initial maps. Late tES rehabilita-
tion of CI users who have reached a low performance plateau may be
more challenging, but further work will be needed to identify which
patient characteristics predict optimal responsiveness to NIBS-assisted
rehabilitation.

If temporary online effects are found to improve hearing and speech
perception in patients with CIs, in the future a minimally invasive device
(e.g. epicranial array) that delivers continuous and synchronized tES
may offer an alternative adjunct for concomitant use with a CI.

6.4.2. What are the preferred settings?

We believe that because multiple tES sessions over a long period of
time may be required while acclimating to a new CI, most of the sessions
should take place at home under tele-health guidance after initial in-
struction sessions at the office. tES is amenable to safe administration at
home by the patient or under remote supervision, which is relevant to
increasing economic and public health barriers to in-person therapy
(Charvet et al., 2015; Shaw et al., 2017). These features of tES have been
markedly advantageous during isolation and social distancing measures
during the COVID-19 pandemic (Bikson et al., 2020). Remote supervi-
sion has proven safe for post-stroke motor rehabilitation tDCS (Van De
Winckel et al., 2018). The increasing availability of online auditory
therapy platforms provides ideal contexts for combined tES-aided
training at home.

6.4.3. Current limitations and future directions for clinical translation

Although NIBS offers a promising avenue for enhancing auditory
rehabilitation, there remains a significant gap between our under-
standing of therapeutically relevant cortical neuroplasticity and
evidence-based clinical applications. To date, most studies investigating
the effect of NIBS on hearing have been conducted in healthy pop-
ulations and no validated or standardized protocols exist for patients
with hearing loss or for integration with cochlear implant use. Conse-
quently, all strategies discussed in this review are conceptual and
extrapolated from findings in other rehabilitation contexts and from the
few articles that included patients with hearing loss.

Establishing safe, effective and reproducible protocols will require
systematic clinical trials assessing both efficacy and safety within this
specific population. Until such data are available, it is not yet possible to
provide concrete stimulation protocols or cost-effectiveness analyses.
Nonetheless, these gaps represent important opportunities for trans-
lational research.

6.5. Safety with cochlear implants and hearing aids

6.5.1. tES

Preliminary safety testing conducted as part of the original FDA
approval by one of the CI manufacturers (MED-EL Corporation) showed
that the implant can tolerate external voltages of at least 20 V
(Zimmerling, 2020). While the maximum voltage applied across the
electrodes in subthreshold tES paradigms can exceed this value (Hahn
et al., 2013), the voltage reaching the implant is substantially reduced.
Since the maximum electric field in the head is less than 0.1 V/cm
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(Alekseichuk et al., 2019) and the distance between the implanted CI
components (from the receiver/simulator under the scalp to the elec-
trode array in the cochlea) is approximately 10 cm, the maximum
voltage across the CI does not exceed 1 V. Also, there are reports of
patients with CIs who have developed Parkinson’s disease and required
deep brain stimulation with an implantable device. The two devices can
work in the same patient without interruptions (Buell et al., 2015;
Eddelman et al., 2017; Jansen et al., 2019). Additionally, there is no
evidence to indicate that the use of ECT (Electroconvulsive Therapy) in
CI users is contraindicated (Albertsen and Lauridsen, 2022). In ECT,
much higher electrical currents are used compared to other forms of tES
(Fridgeirsson et al., 2021; Thirthalli et al., 2023). Currently, there is no
evidence suggesting that tES techniques are inherently unsafe for in-
dividuals using hearing aids.

6.5.2. TMS

Currently, TMS is not recommended for individuals with CIs. The
primary concerns include the potential for the TMS-induced magnetic
field to interact with the implanted magnet and receiver antenna as well
as with the external CI device. Risks include magnetic forces affecting
positioning of the implant; demagnetization of the implanted magnet;
induction of high voltages and currents in the internal receiver, which
could lead to unsafe electrical output from the cochlear electrodes; and
possible damage to the implant electronics (Rossi et al., 2009, 2021).
The lack of systematic safety data and basic physics considerations
suggest that TMS could be harmful to CI users. With the introduction of
newer MRI compatible CIs, it has been argued that a CI should not be an
absolute contraindication for TMS treatment (Mandala et al., 2021;
Reveles Jensen et al., 2020), although a systematic assessment of all
relevant interactions between the TMS field and the CI is still lacking.
Thus, presently, a Cl is generally considered a contraindication for TMS.
Regarding patients using hearing aids, TMS has been shown to have
beneficial effects on auditory rehabilitation (Neri et al., 2024) . It is
currently recommended that the devices should be removed during TMS
for hearing protection given the generation of noise during treatment.
Additionally, the durability of hearing aids may be dependent on the
manufacturer (Tendler et al., 2023; Tringali et al., 2012).

6.5.3. tFUS

We are not aware of reports assessing the safety of tFUS in the
presence of CIs or hearing aids. Because CIs operate using magnetic and
electric fields, whereas ultrasound stimulation is mediated by acoustic
(mechanical) energy, interaction between the two technologies are ex-
pected to be limited. Nonetheless, it appears reasonable to avoid placing
ultrasound transducers on top of the subcutaneous receiving antenna
and magnet of the CI, since the implant may distort the acoustic field and
may be affected by the ultrasound energy. Further, it seems advisable to
keep the ultrasound energy away from the cochlear electrode array to
minimize mechanical interactions.

7. Conclusion

This review highlights fundamental evidence of hearing loss as a
disorder of distributed neural networks rather than a purely peripheral
deficit. It is associated with complex patterns of adaptive and mal-
adaptive neuroplasticity spanning auditory, multisensory, and cognitive
systems. NIBS offers a promising adjunctive strategy for hearing in-
terventions by directly modulating these central processes, with
emerging evidence suggesting that techniques such as tDCS, tACS, and
rTMS can enhance speech perception and auditory cognitive outcomes,
particularly when paired with structured auditory rehabilitation rather
than delivered in isolation. Although early findings support the plausi-
bility of NIBS in hearing-impaired populations, the existing evidence
base remains limited by small samples, heterogeneity of protocols, and
short follow-up durations, precluding definitive clinical recommenda-
tions. Future progress will depend on well-designed, adequately
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powered trials that integrate standardized auditory outcomes with
neurophysiological and imaging biomarkers to identify optimal stimu-
lation targets, timing, and patient subgroups. Ultimately, leveraging
NIBS to bias cortical plasticity toward more efficient and adaptive
listening networks may help reduce variability in hearing rehabilitation
outcomes and address persistent difficulties with speech perception in
noise.
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