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People with hearing loss represent one of the largest disability
groups worldwide, and the prevalence of hearing loss is predicted to rise with an ageing population. Substantial progress
has been made towards understanding some of the biological
processes involved in the development of hearing impairment
as well as therapeutic ways to prevent or mitigate the hearing
loss. For example, we now have a better understanding of the
maintenance and regeneration of the sensorineural tissues
in the cochlea. The sensory hair cells in the cochlea can
potentially be regenerated by reactivating genes that control
their development, and various types of stem cells can be
transformed into sensory hair cells or auditory neurones.
In addition, drugs that reduce oxidative stress or prevent
apoptosis have been shown to protect hearing from excessive
noise and ototoxic drugs. Furthermore, our knowledge of
central auditory changes associated with the peripheral injury
or auditory processing problems is rapidly increasing.
In this special issue, we collected review and original
research articles presenting current concepts in development,
screening, prevention, rehabilitation, and therapeutic management of hearing loss. It is our wish to increase interest
in hearing loss research with this special issue and further
accelerate the development of novel therapies for hearing
disorders.
Several papers are concerned with the therapeutic management of sensorineural hearing loss, including pharmacological and cell replacement therapies. Other papers deal with

the mechanisms, biomarkers, early detection, and auditory
plasticity in hearing loss. Finally, one paper analyses the risk
factors for noise-induced tinnitus.
The review paper by S. Irving and colleagues (Bionics
Institute, University of Melbourne) presents the benefits of
electroacoustic stimulation to cochlear implant recipients
with residual hearing. This review also outlines the experimental and clinical strategies aimed at promoting the survival
of sensory hair cells and spiral ganglion neurones in cochlear
implant recipients.
Auditory nerve regeneration by human neural precursor
cells (HNPC) was demonstrated by Y. Jiao et al. The study
shows that BDNF supplementation improves the survival of
HNPC and their migration into the brainstem in the vicinity
of the cochlear nucleus. However, functional improvement
after implantation of HNPC is yet to be confirmed.
Pharmacological treatment of acute noise-induced hearing loss (NIHL) is a relatively novel research field. S. M. Vlajkovic et al. report that adenosine amine congener (ADAC),
a selective A1 adenosine receptor agonist, mitigates NIHL
in a dose- and time-dependent manner. ADAC thus holds
potential as a clinical treatment for noise-induced cochlear
injury.
Ototoxicity is a significant impediment to anticancer
treatment by cisplatin; hence different experimental and
clinical strategies for prevention of cisplatin ototoxicity are
reviewed by F. Chirtes and S. Albu. Gene therapies with

2

BioMed Research International

antioxidant enzymes, neurotrophic factors, and antiapoptotic molecules combined with the intratympanic route of
administration are proposed as the most promising future
therapeutic options.
Understanding speech in background noise poses significant demands on cognitive resources. M. Rudner and T.
Lunner in their review paper analyse cognitive spare capacity
(CSC) in hearing impaired individuals and suggest ways to
improve CSC with cognitive training and optimal balance of
visual, phonological, and semantic information.
There is a strong need for fast and effective programs
of hearing screening and surveillance. While tools exist in
English, there is often a paucity of validated instruments
in other languages. N. Vaez and colleagues describe the
development of the Speech Understanding in Noise Test
in Portuguese language, which can be used to identify
individuals with hearing impairment and refer them for
further audiological assessment. This provides a template for
development of such tests in other languages as necessary.
According to D. Bakhos et al., children with bilateral sensorineural hearing loss and language impairment
exhibit atypical temporal cortical auditory evoked potentials
(CAEP), not present in hearing impaired children with normal language development. The authors propose that CAEP
temporal responses can be used as a biomarker of auditory
cortex maturation in children with congenital hearing loss.
The development of spontaneous activity in the auditory system prior to the onset of hearing depends on a
transient cochlear structure known as Kölliker’s organ. The
review article by M. W. N. Dayaratne et al. describes the
role of purinergic signalling in this process and how the
developmental abnormalities of Kölliker’s organ may lead to
congenital hearing loss.
Oxidative stress is one of the principal mechanisms of
sensorineural hearing loss caused by noise, ototoxic drugs,
and ageing process. Excessive production of reactive oxygen species (ROS) in mitochondria reduces the antioxidant
defence mechanisms and activates cell death pathways in
cochlear tissues. Oxidative stress pathways leading to cell
death and hearing loss are succinctly reviewed by T. Kamogashira et al. in this special issue.
Y. Zheng et al. demonstrate that acute sleep disruption
does not exacerbate the perception of noise-induced tinnitus
in rats, suggesting that insomnia may not be a significant risk
factor/predictor for tinnitus severity as previously assumed.
We hope that this special issue will serve as a useful
resource for auditory neuroscientists and clinicians and all
those who have a keen interest in this research field.
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Reactive oxygen species (ROS) production is involved in several apoptotic and necrotic cell death pathways in auditory tissues.
These pathways are the major causes of most types of sensorineural hearing loss, including age-related hearing loss, hereditary
hearing loss, ototoxic drug-induced hearing loss, and noise-induced hearing loss. ROS production can be triggered by dysfunctional
mitochondrial oxidative phosphorylation and increases or decreases in ROS-related enzymes. Although apoptotic cell death
pathways are mostly activated by ROS production, there are other pathways involved in hearing loss that do not depend on ROS
production. Further studies of other pathways, such as endoplasmic reticulum stress and necrotic cell death, are required.

1. Introduction

2. Cochlea and Hearing Loss

Reactive oxygen species (ROS), such as hydroxyl radicals,
superoxide anions, hydrogen peroxide, and singlet oxygen are
mainly generated by the mitochondria in most mammalian
cells [1, 2]. ROS, which are regarded as toxic products of
cellular metabolism, can function as signaling molecules
that regulate many physiological processes [3]. ROS play an
important role in apoptosis induction under both physiological and pathological conditions; previous studies have shown
that oxidative stress can cause cellular apoptosis via both
the extrinsic cell death receptor pathway and the intrinsic
mitochondrial cell death pathway [4]. The accumulation of
ROS and subsequent apoptosis induction is an important
contributor to several diseases and aging [5].
Elevated ROS formation and subsequent apoptosis induction have been implicated in the development of several
hearing loss pathologies [6]. Furthermore, mitochondrial
dysfunction plays an important role in some types of hearing
loss [7]. In this review, we will focus on the involvement of
ROS, mitochondrial dysfunction, and apoptosis induction in
hearing loss pathology.

The cochlea is the auditory end organ of the inner ear.
The organ of Corti is a core component of the cochlea and
contains two types of sensory hair cells: inner and outer
hair cells. When a sound pressure wave travels from the
base to the apex of the cochlea, the basilar membrane of
the cochlea vibrates [8]. The displacement of stereocilia—
the mechanosensing organelles of the hair cells—results from
basilar membrane vibration and opens the transduction
ion channels. This causes potassium and calcium ions to
enter, generating a transduction current that activates the
voltage-dependent calcium channels along the lateral wall
and base of the hair cell [9]. The inner hair cells release the
neurotransmitter glutamate to encode acoustic signals for the
postsynaptic afferent neuron [10]. The outer hair cells are
much more sensitive to damage than the inner hair cells.
There are other components and supporting cells in the
cochlea which maintain the structure and the environment
of the cochlea. The stria vascularis and the spiral ligament
are located at the lateral wall of the cochlea and generate the
endocochlear potential (EP) [11]. EP is the positive voltage
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in the endolymphatic space of the cochlea and is essential
for driving the potassium current through the transduction
channels and stimulation of the hair cells [12]. The spiral
ganglion is located at the modiolus and transfers the neuronal
sound information from the hair cells to the brain. Several
types of supporting cells are located in the cochlea and
maintain homeostasis and the vibration of the cochlea;
however, some of the mechanical functions are still under
investigation [13].
Hearing loss is a reduction in sound sensitivity and
is roughly divided into two types: acquired hearing loss
and inherited hearing loss. The well-known types of
acquired hearing loss are ototoxic drug-induced hearing
loss (ODIHL), age-related hearing loss (ARHL), and noiseinduced hearing loss (NIHL). The pathological features
of each type of hearing loss are different. ODIHL is the
commonly irreversible hearing loss caused by the intake of
ototoxic drugs and the main mechanism is the loss of the hair
cell [14]. NIHL is the partially irreversible hearing loss caused
by exposure to loud sounds and the main mechanisms are
mechanical damage to the organ of Corti and the loss of
hair cells and the spiral ganglion [15]. ARHL, also known
as presbycusis, is the progressive hearing loss associated
with aging and the main mechanisms are the loss of hair
cells, spiral ganglion cells, and stria vascularis cells [16]. The
neural injury without hearing loss in noise exposure or aging
is suggested in a mouse model [17]. Inherited hearing loss
is caused by the dysfunction of some components of the
cochlea, some of which are well researched, such as the hair
cell [18], the tectorial membrane [19], and EP [20, 21].

3. Mitochondrial DNA Mutation Diseases
Related to Hearing Loss
Many chromosomal genes encoding proteins have been
associated with hereditary hearing loss, such as myosin [18],
extracellular matrix [19], cadherin [22], ion channels [23],
and transfer RNA (tRNA) or ribosomal RNA (rRNA) coding
mitochondrial genes [24]. The mechanisms of mitochondrial
dysfunction in certain gene mutations that encode mitochondrial rRNA or tRNA have recently been described. Hereditary
hearing loss with aminoglycoside hypersusceptibility will be
discussed in the next section.
Mitochondrial myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS) syndrome [25] are all
associated with hearing loss [26, 27]. MELAS mutations
occur in mitochondrial genes [24, 26] and cause mitochondrial dysfunction. The mechanisms of mitochondrial
translation are independent of chromosomal translation and
the genes encoding mitochondrial tRNA are encoded in the
mitochondrial DNA. The most common MELAS mutation
is a 3243A>G mutation, which changes the structure of the
mitochondrial leucine tRNA. Moreover, the third nucleotide
of the anticodon loop of mitochondrial leucine tRNA is uracil
and is modified by taurine modifying enzymes. The enzymes
are hypothesized to be GTP-binding protein 3 (GTPBP3)
and mitochondrial translation optimization 1 (MTO1) [28,
29] encoded on chromosomes. The structural change in
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tRNA inhibits the taurine modification of the uracil [30].
The modified anticodon loop of tRNA can pair adenine and
guanine, the unmodified anticodon loop can pair adenine,
and the unmodified tRNA inhibits the translation of UUG
to leucine. The ND6 subunit of the mitochondrial oxidative
phosphorylation (OXPHOS) enzyme complex I is encoded
in mitochondrial DNA and its triplets hold the UUG codon;
therefore, enzyme activity decreases in mitochondria with
the 3243A>G mutation [31]. The decreased activity of the
OXPHOS electron transport chain leads to an increased
ROS production. This then induces the opening of nonspecific high conductance permeability transition pores in the
mitochondrial inner membrane, decreased mitochondrial
membrane potential, increased mitophagy, and apoptotic
cell death [32]. MTO1 mutations show similar symptoms to
MELAS [33], although their impact on the cochlear function
is poorly understood.
The mutation rate of mitochondrial DNA differs between
tissues. Rates are higher in the spiral ganglion cells and
saccular macula than in the hair cells of the organ of Corti,
the stria vascularis, and the facial nerve [34]. There is a
good correlation between the mutation rate and histological
findings [35]. These results indicate that the differences in
OXPHOS activity between tissues affect both the organ
activity and specific clinical symptoms.

4. Hearing Loss Induced by Ototoxic Drugs
Two types of ototoxic drug classes are widely known in clinical practice [36]: aminoglycoside antibiotics and platinumbased anticancer drugs. Both drug classes mainly damage the
hair cells in the organ of Corti through ROS production via
apoptotic pathways.
Aminoglycosides are broad-spectrum antibiotics that
require a close monitoring of their potential ototoxicity and
nephrotoxicity [37]. The nephrotoxicity is generally reversible
because the cells of the proximal convoluted tubules of the
kidney can proliferate and recover [38], but the ototoxicity
is irreversible because the hair cells of the cochlea cannot
proliferate and recover. Aminoglycosides probably damage
the outer hair cells relative to the inner hair cells by triggering
differential apoptotic signals [39]. In addition, the basal
turn hair cells, which process high frequency sounds, are
preferentially damaged compared with the hair cells in the
apical turn, which process low frequency sound [40]. Thus,
aminoglycoside use needs a careful clinical evaluation of the
indication.
ROS are now established as the main initiators of
aminoglycoside-induced hearing loss [41]. Aminoglycosides
tend to accumulate in the mitochondria of the hair cells [42];
gentamicin directly inhibits protein synthesis in mitochondrial ribosomes [43] and triggers mitochondrial permeability
transition pore opening [44].
The 1555A>G mitochondrial DNA mutation causes
hereditary hearing loss with known aminoglycoside hypersusceptibility [45]. The 12S rRNA gene is encoded at the
mutation and changes the rRNA conformation to bind with
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aminoglycosides more tightly than when normally configured [43]. However, the precise mechanism of aminoglycoside interaction with rRNA is still under investigation
[46]. Other mutations of mitochondrial DNA associated
with aminoglycoside hypersusceptible hearing loss have been
found in a recent study [47].
Platinum-based anticancer drugs are frequently used in
the treatment of many types of cancer including squamous
cell carcinoma; adenocarcinoma; and undifferentiated carcinoma of the head, neck, lung, and bladder [48]. However,
they have toxic effects on the cochlea, kidney, and neurons.
The ototoxicity of cisplatin is widely known [49] and drugs
that offer protection against ototoxicity have been studied
[50]. Cisplatin acts as a DNA crosslinker in tumor cells,
where its platinum atom binds to purine bases and inhibits
cell proliferation, which inactivates the cell cycle and causes
tumor cell apoptosis [51].
Cisplatin has both acute and chronic toxic effects on
cochlear tissue. The acute effect is a reversible inhibition
of transduction currents and voltage-dependent calcium
currents in the hair cells [52] and the reaction of currents
in the stria vascularis. The long lasting toxic reaction makes
cochlear tissue to trigger ROS production and potassium
conductance change [53], which cause apoptotic cell death
[54]. These chronic effects are irreversible and the outer
hair cells [55], the marginal cells of the stria vascularis [56],
and the spiral ganglion cells [57] tend to degenerate when
compared with the inner hair cells. The most common type
of cisplatin ototoxicity results in a bilateral, high frequency,
and sensorineural hearing loss [58].
ROS formations in the outer hair cells in response to
cisplatin represent the binding of cisplatin to the sulfhydryl
group of enzymes and the depletion of nicotinamide adenine
dinucleotide phosphate (NADPH), copper, or selenium [59].
These processes are essential for glutathione peroxidase and
glutathione reductase activity and NADPH oxidase activations [60]. NADPH oxidase 3 (NOX3), one of the six NADPH
oxidases, is highly expressed in the organ of Corti [61].
Moreover, superoxide production of NOX3 increases under
cisplatin treatment [61]. The other NADPH oxidases are
also important in ROS production associated with cisplatin
ototoxicity [60].
The increased ROS generation reduces the antioxidant
defense mechanisms of the outer hair cells, causing the
release of cytochrome c from mitochondria, activating the
caspase pathways, and triggering apoptotic cell death [51].
The cytochrome c increase also activates caspases-3 and
caspases-9, which trigger deoxyribonuclease activity [62].
Other potential apoptotic pathways in the stria vascularis of the lateral wall or in the spiral ganglion include
the activation of nuclear factor kappa B (NF-𝜅B) and the
formation of nitric oxide (NO) [56] and the activation of
high-mobility group protein 1 (HMG1), NO production, and
4-hydroxynonenal (4-HNE) production [63]. Increased NO
levels have been shown in a rat model [64] and increased NF𝜅B and inductable nitric oxide synthase (iNOS) immunolabeling [65, 66] have been shown. These results indicate that
NO and iNOS trigger apoptosis in the stria vascularis [66].
The higher level of HMG1 expression in modiolar tissue than
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kidney tissue [67] and the increase of iNOS in the spiral
ganglion cells one day after cisplatin treatment [67] indicate
that different apoptotic cell death pathways exist in the spiral
ganglion.

5. Age-Related Hearing Loss
The prevalence of ARHL is expected to increase with aging
population [7, 68–70]. Although many factors have been
researched including environmental, hereditary, and medical
factors [71, 72], the precise mechanism of ARHL is not yet
understood.
The accumulation of mitochondrial DNA mutations is
hypothesized to cause age-related degenerative diseases such
as ARHL [73]. Increases of mitochondrial DNA mutations in cochlear tissue have been shown in humans [74].
Mitochondrial DNA replicates frequently and independently
of the cell cycle and mitochondrial DNA mutations tend
to accumulate more than chromosomal DNA mutations
because mitochondrial DNA lacks protective histones. The
same mechanism is suggested in mouse models of ARHL
[75, 76]. The major mitochondrial DNA mutations occur in
the genes encoding mitochondrial OXPHOS complexes and
lead to dysfunctional OXPHOS activity. ROS formation in the
dysfunctional mitochondria, decreased mitochondrial membrane potentials, and the activation of apoptotic pathways
most likely causes hair cell death; however, other pathways
are also hypothesized.
Because ROS play an important role in ARHL [77], the
effects of supplementation of antioxidants against ARHL
have been studied. In Fischer 344 rats, vitamin C, vitamin
E, melatonin, and lazaroid had better effects in preserving auditory sensitivities and reducing mtDNA deletions
than a placebo [78]. In C57BL/6 mice, vitamin C did not
affect ARHL [79], but a combination of multiple antioxidant agents (L-cysteine-glutathione mixed disulfide, ribosecysteine, NW-nitro-L-arginine methyl ester, vitamin B12,
folate, and ascorbic acid) had significantly better effects on
preserving auditory sensitivity than the control agents [80].
In CBA/J mice, supplementation with vitamin A, vitamin
C, vitamin E, L-carnitine, and a-lipoic acid significantly
increased the antioxidant capacity of inner ear tissues but did
not improve the loss of hair cells and spiral ganglion cells and
the progression of ARHL [81]. The prevention of ARHL by
antioxidant supplementation is influenced by many factors,
such as the type and dosage of antioxidant, the duration and
timing of the treatment, and the species.
Intrinsic and extrinsic pathways are involved in apoptotic
cell death in ARHL. The intrinsic pathway is mitochondrial
dependent and is triggered by a loss of the mitochondrial
membrane potential. The extrinsic pathway is triggered by
ligands that bind to cell surface receptors [82, 83]. Furthermore, the prevention of ARHL following the deletion
of the mitochondrial proapoptotic gene, brassinosteroid
insensitive-1-associated receptor kinase (Bak) [84], indicates
that the intrinsic apoptotic pathway is necessary for ARHL.
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6. Noise-Induced Hearing Loss

Authors’ Contribution

Noise is also a major cause of hearing loss [85]. It is often
associated with the military, clubs, discos, and portable
audio players; the prevalence of noise-induced hearing loss
is predicted to increase over the coming years [15].
Two main pathways result in cochlear damage following
noise exposure: mechanical damage [86] and biochemical
pathways triggering apoptosis or necrosis. The outer hair cells
are much more sensitive to noise exposure than the inner hair
cells. Morphological nuclear changes [87] and increases in
apoptotic markers, such as caspase [88], tumor necrosis factor
receptor [89], and associated promoters [90] occur in mouse
or rat models. These indicate the importance of apoptotic
pathways in noise-induced hearing loss.
Several pathways that trigger apoptotic cell death in
noise-induced hearing loss have been studied in animal
models. Studies have revealed common increases in ROS
or similar reactive species [91] but ROS formation tends to
decrease over time [92]. The mitochondrial release of apoptosis-inducing factor (AIF) and mitochondrial endonuclease
G (EndoG) into the cytosol cochlear cells after noise exposure
has been shown in guinea pig models [93]. The c-Jun Nterminal kinase (JNK) signaling mitogen-activated protein
kinase (MAPK) pathways that mediate cells entering programmed apoptosis are also increased after sound trauma in
guinea pig models [94]. In addition, JNK signaling pathways
are activated by ROS formation [95] and other apoptotic
pathways are hypothesized in noise-induced hearing loss.
Other pathways which do not depend on ROS production
have been predicted. The increase of free Ca2+ in the outer
hair cells [96] or the activation of Ca2+ and calmodulincontrolled calcineurin [97] may trigger apoptotic or necrotic
cell death pathway without ROS production. The decrease in
blood flow [98] caused by vasoactive products [99] leads to
ischemia and may contribute to the damage of cochlear tissue.
The excessive release of the neurotransmitter glutamate from
the inner hair cells can trigger defects in the synaptic
connections in the auditory nerve and cause spiral ganglion
cell death [100].

Teru Kamogashira and Chisato Fujimoto equally contributed
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7. Conclusion
ROS production and mitochondrial apoptotic pathways
play important roles in many types of hearing loss. Major
ROS production pathways include OXPHOS dysfunction,
increased pro-ROS enzyme activity, and decreased anti-ROS
activity. Hearing loss pathways vary and some remain under
investigation. Other pathways, such as ER stress and necrotic
cell death, are also involved in hearing loss. Further studies
of each type of hearing loss are required including the
investigation of ROS, apoptosis, and other types of cell death.
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[46] E. C. Böttger, “Mutant A1555G mitochondrial 12S rRNA
and aminoglycoside susceptibility,” Antimicrobial Agents and
Chemotherapy, vol. 54, no. 7, pp. 3073–3074, 2010.
[47] M. A. Dowlati, P. Derakhshandeh-Peykar, M. Houshmand
et al., “Novel nucleotide changes in mutational analysis of
mitochondrial 12SrRNA gene in patients with nonsyndromic

6

[48]
[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

BioMed Research International
and aminoglycoside-induced hearing loss,” Molecular Biology
Reports, vol. 40, no. 3, pp. 2689–2695, 2013.
E. E. Vokes, “Induction chemotherapy for head and neck cancer:
recent data,” The Oncologist, vol. 15, supplement 3, pp. 3–7, 2010.
L. P. Rybak and V. Ramkumar, “Ototoxicity,” Kidney International, vol. 72, no. 8, pp. 931–935, 2007.
G. W. Hill, D. K. Morest, and K. Parham, “Cisplatin-induced
ototoxicity: effect of intratympanic dexamethasone injections,”
Otology and Neurotology, vol. 29, no. 7, pp. 1005–1011, 2008.
L. P. Rybak, C. A. Whitworth, D. Mukherjea, and V. Ramkumar,
“Mechanisms of cisplatin-induced ototoxicity and prevention,”
Hearing Research, vol. 226, no. 1-2, pp. 157–167, 2007.
T. Kimitsuki, T. Nakagawa, K. Hisashi, S. Komune, and S.
Komiyama, “Cisplatin blocks mechano-electric transducer current in chick cochlear hair cells,” Hearing Research, vol. 71, no.
1-2, pp. 64–68, 1993.
W. J. Clerici, K. Hensley, D. L. DiMartino, and D. A. Butterfield, “Direct detection of ototoxicant-induced reactive oxygen
species generation in cochlear explants,” Hearing Research, vol.
98, no. 1-2, pp. 116–124, 1996.
J. R. Garcı́a-Berrocal, J. Nevado, R. Ramı́rez-Camacho et al.,
“The anticancer drug cisplatin induces an intrinsic apoptotic
pathway inside the inner ear,” British Journal of Pharmacology,
vol. 152, no. 7, pp. 1012–1020, 2007.
S. A. Alam, K. Ikeda, T. Oshima et al., “Cisplatin-induced
apoptotic cell death in Mongolian gerbil cochlea,” Hearing
Research, vol. 141, no. 1-2, pp. 28–38, 2000.
J. E. Lee, T. Nakagawa, T. Kita et al., “Mechanisms of apoptosis
induced by cisplatin in marginal cells in mouse stria vascularis,”
ORL, vol. 66, no. 3, pp. 111–118, 2004.
J. E. Lee, T. Nakagawa, T. S. Kim et al., “A novel model for
rapid induction of apoptosis in spiral ganglions of mice,” The
Laryngoscope, vol. 113, no. 6, pp. 994–999, 2003.
M. Anniko and A. Sobin, “Cisplatin: evaluation of its ototoxic
potential,” American Journal of Otolaryngology, vol. 7, no. 4, pp.
276–293, 1986.
R. S. DeWoskin and J. E. Riviere, “Cisplatin-induced loss of
kidney copper and nephrotoxicity is ameliorated by single dose
diethyldithiocarbamate, but not mesna,” Toxicology and Applied
Pharmacology, vol. 112, no. 2, pp. 182–189, 1992.
H.-J. Kim, J.-H. Lee, S.-J. Kim et al., “Roles of NADPH oxidases
in cisplatin-induced reactive oxygen species generation and
ototoxicity,” Journal of Neuroscience, vol. 30, no. 11, pp. 3933–
3946, 2010.
B. Bánfi, B. Malgrange, J. Knisz, K. Steger, M. Dubois-Dauphin,
and K.-H. Krause, “NOX3 , a superoxide-generating NADPH
oxidase of the inner ear,” The Journal of Biological Chemistry,
vol. 279, no. 44, pp. 46065–46072, 2004.
K.-I. Watanabe, S. Inai, K. Jinnouchi, S. Baba, and T. Yagi,
“Expression of caspase-activated deoxyribonuclease (CAD) and
caspase 3 (CPP32) in the cochlea of cisplatin (CDDP)-treated
guinea pigs,” Auris Nasus Larynx, vol. 30, no. 3, pp. 219–225,
2003.
J. E. Lee, T. Nakagawa, T. S. Kim et al., “Role of reactive radicals
in degeneration of the auditory system of mice following
cisplatin treatment,” Acta Oto-Laryngologica, vol. 124, no. 10, pp.
1131–1135, 2004.
T. C. Kelly, C. A. Whitworth, K. Husain, and L. P. Rybak,
“Aminoguanidine reduces cisplatin ototoxicity,” Hearing
Research, vol. 186, no. 1-2, pp. 10–16, 2003.

[65] I. Nagy, A. Monge, A. Albinger-Hegyi, S. Schmid, and D.
Bodmer, “NF-𝜅B is required for survival of immature auditory
hair cells in vitro,” Journal of the Association for Research in
Otolaryngology, vol. 6, no. 3, pp. 260–268, 2005.
[66] K. Watanabe, S. Inai, K. Jinnouchi et al., “Nuclear-factor kappa
B (NF-kappa B)-inducible nitric oxide synthase (iNOS/NOS II)
pathway damages the stria vascularis in cisplatin-treated mice,”
Anticancer Research, vol. 22, no. 6, pp. 4081–4085, 2002.
[67] G. Li, W. Liu, and D. Frenz, “Cisplatin ototoxicity to the rat inner
ear: a role for HMG1 and iNOS,” NeuroToxicology, vol. 27, no. 1,
pp. 22–30, 2006.
[68] M. A. Gratton and A. E. Vázquez, “Age-related hearing loss:
current research,” Current Opinion in Otolaryngology & Head
and Neck Surgery, vol. 11, no. 5, pp. 367–371, 2003.
[69] G. A. Gates and J. H. Mills, “Presbycusis,” The Lancet, vol. 366,
no. 9491, pp. 1111–1120, 2005.
[70] T. N. Roth, D. Hanebuth, and R. Probst, “Prevalence of agerelated hearing loss in Europe: a review,” European Archives of
Oto-Rhino-Laryngology, vol. 268, no. 8, pp. 1101–1107, 2011.
[71] B. Gopinath, E. Rochtchina, J. J. Wang, J. Schneider, S. R. Leeder,
and P. Mitchell, “Prevalence of age-related hearing loss in older
adults: blue mountains study,” Archives of Internal Medicine, vol.
169, no. 4, pp. 415–416, 2009.
[72] B. Gopinath, J. Schneider, E. Rochtchina, S. R. Leeder, and
P. Mitchell, “Association between age-related hearing loss and
stroke in an older population,” Stroke, vol. 40, no. 4, pp. 1496–
1498, 2009.
[73] A. W. Linnane, S. Marzuki, T. Ozawa, and M. Tanaka, “Mitochondrial DNA mutations as an important contributor to
ageing and degenerative diseases,” The Lancet, vol. 1, no. 8639,
pp. 642–645, 1989.
[74] U. Bai, M. D. Seidman, R. Hinojosa, and W. S. Quirk, “Mitochondrial DNA deletions associated with aging and possibly
presbycusis: a human archival temporal bone study,” The American Journal of Otology, vol. 18, no. 4, pp. 449–453, 1997.
[75] C. C. Kujoth, A. Hiona, T. D. Pugh et al., “Medicine: mitochondrial DNA mutations, oxidative stress, and apoptosis in
mammalian aging,” Science, vol. 309, no. 5733, pp. 481–484,
2005.
[76] B. K. Crawley and E. M. Keithley, “Effects of mitochondrial
mutations on hearing and cochlear pathology with age,” Hearing
Research, vol. 280, no. 1-2, pp. 201–208, 2011.
[77] I. Darrat, N. Ahmad, K. Seidman, and M. D. Seidman, “Auditory
research involving antioxidants,” Current Opinion in Otolaryngology & Head and Neck Surgery, vol. 15, no. 5, pp. 358–363, 2007.
[78] M. D. Seidman, “Effects of dietary restriction and antioxidants
on presbyacusis,” Laryngoscope, vol. 110, no. 5, part 1, pp. 727–
738, 2000.
[79] A. Kashio, A. Amano, Y. Kondo et al., “Effect of vitamin C
depletion on age-related hearing loss in SMP30/GNL knockout
mice,” Biochemical and Biophysical Research Communications,
vol. 390, no. 3, pp. 394–398, 2009.
[80] S. E. Heman-Ackah, S. K. Juhn, T. C. Huang, and T. S.
Wiedmann, “A combination antioxidant therapy prevents agerelated hearing loss in C57BL/6 mice,” Otolaryngology—Head
and Neck Surgery, vol. 143, no. 3, pp. 429–434, 2010.
[81] S.-H. Sha, A. Kanicki, K. Halsey, K. A. Wearne, and J. Schacht,
“Antioxidant-enriched diet does not delay the progression of
age-related hearing loss,” Neurobiology of Aging, vol. 33, no. 5,
pp. e15–e16, 2012.

BioMed Research International
[82] T. Lindsten, A. J. Ross, A. King et al., “The combined functions
of proapoptotic Bcl-2 family members Bak and Bax are essential
for normal development of multiple tissues,” Molecular Cell, vol.
6, no. 6, pp. 1389–1399, 2000.
[83] R. J. Youle and A. Strasser, “The BCL-2 protein family: opposing
activities that mediate cell death,” Nature Reviews Molecular Cell
Biology, vol. 9, no. 1, pp. 47–59, 2008.
[84] S. Someya, J. Xu, K. Kondo et al., “Age-related hearing loss in
C57BL/6J mice is mediated by Bak-dependent mitochondrial
apoptosis,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 106, no. 46, pp. 19432–19437,
2009.
[85] D. I. Nelson, R. Y. Nelson, M. Concha-Barrientos, and M.
Fingerhut, “The global burden of occupational noise-induced
hearing loss,” The American Journal of Industrial Medicine, vol.
48, no. 6, pp. 446–458, 2005.
[86] N. Slepecky, “Overview of mechanical damage to the inner ear:
noise as a tool to probe cochlear function,” Hearing Research,
vol. 22, no. 1–3, pp. 307–321, 1986.
[87] B. H. Hu, D. Henderson, and T. M. Nicotera, “F-actin cleavage
in apoptotic outer hair cells in chinchilla cochleas exposed to
intense noise,” Hearing Research, vol. 172, no. 1-2, pp. 1–9, 2002.
[88] T. M. Nicotera, B. H. Hu, and D. Henderson, “The caspase
pathway in noise-induced apoptosis of the chinchilla cochlea,”
Journal of the Association for Research in Otolaryngology, vol. 4,
no. 4, pp. 466–477, 2003.
[89] B. H. Hu, Q. Cai, S. Manohar et al., “Differential expression of
apoptosis-related genes in the cochlea of noise-exposed rats,”
Neuroscience, vol. 161, no. 3, pp. 915–925, 2009.
[90] M. A. Vicente-Torres and J. Schacht, “A BAD link to mitochondrial cell death in the cochlea of mice with noise-induced
hearing loss,” Journal of Neuroscience Research, vol. 83, no. 8, pp.
1564–1572, 2006.
[91] K. K. Ohlemiller, J. S. Wright, and L. L. Dugan, “Early elevation
of cochlear oxygen species following reactive noise exposure,”
Audiology and Neuro-Otology, vol. 4, no. 5, pp. 229–236, 1999.
[92] D. Yamashita, H.-Y. Jiang, J. Schacht, and J. M. Miller, “Delayed
production of free radicals following noise exposure,” Brain
Research, vol. 1019, no. 1-2, pp. 201–209, 2004.
[93] D. Yamashita, J. M. Miller, H.-Y. Jiang, S. B. Minami, and
J. Schacht, “AIF and EndoG in noise-induced hearing loss,”
NeuroReport, vol. 15, no. 18, pp. 2719–2722, 2004.
[94] J. Wang, J. Ruel, S. Ladrech, C. Bonny, T. R. van de Water, and
J.-L. Puel, “Inhibition of the c-Jun N-terminal kinase-mediated
mitochondrial cell death pathway restores auditory function in
sound-exposed animals,” Molecular Pharmacology, vol. 71, no.
3, pp. 654–666, 2007.
[95] Y. Y. C. Lo, J. M. S. Wong, and T. F. Cruz, “Reactive oxygen
species mediate cytokine activation of c-Jun NH2- terminal
kinases,” Journal of Biological Chemistry, vol. 271, no. 26, pp.
15703–15707, 1996.
[96] A. Fridberger, A. Flock, M. Ulfendahl, and B. Flock, “Acoustic
overstimulation increases outer hair cell Ca2+ concentrations
and causes dynamic contractions of the hearing organ,” Proceedings of the National Academy of Sciences of the United States of
America, vol. 95, no. 12, pp. 7127–7132, 1998.
[97] S. B. Minami, D. Yamashita, J. Schacht, and J. M. Miller,
“Calcineurin activation contributes to noise-induced hearing
loss,” Journal of Neuroscience Research, vol. 78, no. 3, pp. 383–
392, 2004.

7
[98] P. R. Thorne and A. L. Nuttall, “Laser doppler measurements of
cochlear blood flow during loud sound exposure in the guinea
pig,” Hearing Research, vol. 27, no. 1, pp. 1–10, 1987.
[99] Y. Ohinata, J. M. Miller, R. A. Altschuler, and J. Schacht, “Intense
noise induces formation of vasoactive lipid peroxidation products in the cochlea,” Brain Research, vol. 878, no. 1-2, pp. 163–173,
2000.
[100] J.-L. Puel, J. Ruel, C. Gervais D’Aldin, and R. Pujol, “Excitotoxicity and repair of cochlear synapses after noise- trauma induced
hearing loss,” NeuroReport, vol. 9, no. 9, pp. 2109–2114, 1998.

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 350504, 17 pages
http://dx.doi.org/10.1155/2014/350504

Review Article
Electroacoustic Stimulation: Now and into the Future
S. Irving,1,2 L. Gillespie,1,3 R. Richardson,1,3,4 D. Rowe,3 J. B. Fallon,1,4 and A. K. Wise1,4
1

Bionics Institute, Melbourne, VIC 3002, Australia
Department of Psychology, University of Melbourne, Melbourne, VIC 3010, Australia
3
Department of Otolaryngology, University of Melbourne, Melbourne, VIC 3010, Australia
4
Department of Medical Bionics, University of Melbourne, Melbourne, VIC 3010, Australia
2

Correspondence should be addressed to S. Irving; sirving@bionicsinstitute.org
Received 16 May 2014; Accepted 4 August 2014; Published 4 September 2014
Academic Editor: Ramesh Rajan
Copyright © 2014 S. Irving et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Cochlear implants have provided hearing to hundreds of thousands of profoundly deaf people around the world. Recently, the
eligibility criteria for cochlear implantation have been relaxed to include individuals who have some useful residual hearing. These
recipients receive inputs from both electric and acoustic stimulation (EAS). Implant recipients who can combine these hearing
modalities demonstrate pronounced benefit in speech perception, listening in background noise, and music appreciation over
implant recipients that rely on electrical stimulation alone. The mechanisms bestowing this benefit are unknown, but it is likely that
interaction of the electric and acoustic signals in the auditory pathway plays a role. Protection of residual hearing both during and
following cochlear implantation is critical for EAS. A number of surgical refinements have been implemented to protect residual
hearing, and the development of hearing-protective drug and gene therapies is promising for EAS recipients. This review outlines
the current field of EAS, with a focus on interactions that are observed between these modalities in animal models. It also outlines
current trends in EAS surgery and gives an overview of the drug and gene therapies that are clinically translatable and may one day
provide protection of residual hearing for cochlear implant recipients.

1. Introduction
Cochlear implants have successfully provided hearing to over
three hundred thousand hearing impaired people worldwide [1]. Traditionally, implantation was carried out only in
recipients with profound hearing loss, but improvements in
technology and sound processing techniques, coupled with
the recent relaxation of the eligibility criteria, has led to more
implantees with some degree of low-frequency residual hearing [2, 3]. These recipients receive both electrical stimulation
from their cochlear implant and acoustic stimulation via their
residual hearing (electroacoustic stimulation; EAS).
The typical EAS recipient is an adult who has lost high
frequency hearing postlingually, whilst maintaining usable
hearing in the low frequencies, creating a so-called ‘ski-slope’
hearing loss (Figure 1, [4]). It is likely that the number of
undiagnosed partial hearing children is larger than typically
accepted [5] and, as such, the number of children using
EAS is also likely to rise. Furthermore, the prevalence of
high frequency hearing loss is increasing worldwide due to

growing environmental and recreational noise and an ageing
population. As a result, it is likely that in the future, more
cochlear implant recipients will maintain some degree of
usable hearing.
EAS recipients display substantial benefits in hearing
performance compared to profoundly deaf recipients who
rely on electrical stimulation alone in pitch perception [6],
speech perception [2, 4, 7–10], listening in background
noise [11–14], and music appreciation [8, 15]. Recent reviews
have discussed the clinical benefits of EAS over the use of
electrical stimulation alone [6, 16], as well as the fitting ranges,
outcomes, and clinical practice in EAS [10], and the reader
is directed there for more information about these aspects
of EAS. Despite the clear clinical benefits, little is known
of the mechanisms that contribute towards them, although
it is thought that the interactions between the electrical
and acoustic stimuli may play a role therein. In order to
explore the neural mechanisms of EAS integration, as well as
optimising clinical applications, the use of animal models is
essential. To date, surprisingly little research has been carried
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This review focuses on the current preclinical EAS
research, as well as discussing potential therapies that may
be combined with electrical stimulation to maintain optimal
cochlear and neural health in cochlear implant users with
residual hearing. In particular, we will focus upon the interactions and integration between the two stimulation modalities
at a neural level, from the cochlea to the auditory cortex,
as well as discussing the current practices to reduce loss of
residual hearing. Furthermore, we will discuss the potential
of gene therapy to provide a long-term or constant supply
of neurotrophins from a single intervention to promote SGN
survival (and therefore residual hearing) after partial hearing
loss, with particular emphasis on the use of viral vectors for
cell specific gene expression and discussion of clinical safety.
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Figure 1: Typical hearing ranges (in dB HL) showing candidature
for hearing aids (HA), electroacoustic stimulation (EAS), and
cochlear implant use alone (CI).

out into EAS using such models, and fewer still have used
animal models with hearing thresholds that reflect those seen
in the clinic (with the exception of [17]).
Reports of recipients suffering immediate or delayed
loss of low frequency residual hearing following cochlear
implantation [4, 6, 18] are concerning: the use of short,
atraumatic electrode arrays to minimise cochlear damage,
such as the Cochlear Hybrid-S or the Med-EL Flex arrays [2,
18], potentially leaves the more apical regions of the cochlea
unstimulated. If cochlear implantation causes residual hearing to deteriorate, these recipients could lose the benefits
bestowed by EAS but also do not have the optimum electrical
stimulation provided by longer electrode arrays and may
therefore require reimplantation [19]. Further investigation
into the mechanisms of improved hearing is crucial for optimisation of EAS processing strategies, but also to find ways
to minimise the negative effects of cochlear implantation
on residual hearing to protect hair cell and spiral ganglion
neuron (SGN) function.
The maintenance of existing hearing is critical for EAS,
and research has focused on numerous factors that could
protect hair cells and SGNs after hearing loss and during
cochlear implantation including neurotrophic factors, antiinflammatory steroidal drugs, antiapoptotic agents, or a
combination of these. The means of locally delivering these
agents have also been well researched, in particular the
challenge of protecting SGNs after hearing loss due to the
need for continuous exposure to neurotrophins for long-term
SGN survival [20, 21], as survival has not been reported to last
beyond 2 weeks after the cessation of neurotrophin delivery
[22, 23]. Hence, single-intervention approaches with longterm outcomes such as gene or cell-based therapies are of
particular interest.

One of the main areas of research into EAS focuses on the
interactions between the responses to the electric and acoustic stimuli. While the clinical evidence indicates improved
performance with EAS, it is possible that the stimuli can
also effectively mask one another, reducing the quality of
the incoming signal. If this were the case, additional clinical
benefit may be achieved by segregating the signals either
temporally or spatially (with regard to the intracochlear
regions that each stimulus type activates) so that masking is
minimised. This section presents an overview of the known
interactions between electric and acoustic hearing, as well
as discussing plastic changes that occur in the brain due to
combined stimulation.
2.1. Physiological Interactions between Acoustic and Electric
Stimulation. It is important to note that the majority of
studies investigating EAS interactions to date have been
carried out in normal-hearing animals fitted with intra- or
extracochlear stimulating electrodes [24–26]. Although these
models give an indication of the interactions in healthy
cochlear conditions, they do not necessarily reflect the
listening conditions seen in EAS recipients, which will have
degraded cochlear processing. Nevertheless, the increasing
trend to implant recipients with more and more residual hearing is likely to cause an increase in the number of recipients
in which a near normal cochlear region receives stimulation
from both electric and acoustic stimulation “overlap,” and
these results are therefore of considerable interest.
2.1.1. Interactions in the Normal Hearing Cochlea. The first
report of the effects of EAS is from the level of the cochlea in
the doctoral dissertation of Moxon [27]. Using auditory nerve
recordings, Moxon demonstrated that electric stimulation at
low current levels within the normal hearing cochlea generated hair cell-mediated response (known as “electrophonic”
responses; the 𝛽-component of the auditory nerve response).
Higher current levels produced a short latency 𝛼-component
which results from direct stimulation of the auditory neurons
(Figure 2). This suggests that, in a cochlea with residual
hair cells, electric stimulation activates the auditory nerve
through a dual pathway: via the SGNs directly and indirectly
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Figure 2: Stylised poststimulus time histogram showing examples
of 𝛼- and 𝛽-responses recorded at the auditory nerve in response
to electrical stimulation. The 𝛼-response is from direct activation of
the auditory nerve and the 𝛽-responses are caused by electrophonic
activation.

through “normal” transduction of the electrically-generated
displacement of the basilar membrane. Electrophonic effects
on auditory function are discussed below.
Recordings of compound action potentials (CAPs) under
different stimulation combinations have made up the majority of the electrophysiological studies investigating EAS.
This work has notably used masking paradigms, including
forward masking of an acoustic signal by electric stimulation,
forward masking of an electric signal by an acoustic signal
and simultaneous EAS.
Experiments in normal hearing animals show that
acoustically-evoked CAPs are suppressed by a preceding
electric pulse train presented at the base of the cochlea, with
the strongest suppression occurring for responses to low
intensity, high frequency acoustic stimuli that were masked
by high current levels [24]. Suppression of low frequency
acoustic stimuli only occurred for higher current levels, likely
due to current spread to the apical region of the cochlea,
and did not occur in all animals. This suggests that EAS
interactions require a physical overlap between the hair
cells and the stimulating current. Hence, it is likely that
interactions seen in normal hearing experimental animals
implanted with cochlear implants would be larger than those
seen in partial hearing situations. The observed suppression
is not solely due to the refractoriness of the nerve after the
masking stimulus, as the latency of the suppressive effect is
longer than is seen in spontaneous firing and may be due
to suppressive effects from the hair cell (see discussion on
electrophonics, below).
Further studies have investigated the effects of an acoustic masker on the electrically-evoked CAP (ECAP) and
have shown that broadband noise can decrease both the
ECAP amplitude and firing synchrony [28–30], resulting in
increased electrical thresholds. This effect was seen both

during and after the masking noise was presented (forwardand simultaneous masking), although it was largest for
simultaneous masking. Electrical thresholds returned to
premasking levels between 100–200 ms post masker offset.
Masking was particularly prominent at low electrical pulse
rates (>3 ms interpulse interval) but absent at higher rates
[29].
The role of background activity in EAS interactions was
demonstrated by Miller et al. [30], who showed that adding
an acoustic noise to an electric pulse stimulus increased temporal variability of spikes in the auditory neurons (“jitter”),
but that in the 20 ms period following the offset of an acoustic
masker, electrical responses showed a decrease in jitter. This
finding was limited to nerve fibres that exhibited high levels
of spontaneous activity, suggesting that the acoustic signal
was able to vary firing synchrony across the different auditory
nerve fibres. Miller and colleagues [30] have further shown
that simultaneous EAS caused an increase in spike rate in
auditory nerve fibres compared to electric stimulation alone,
corroborating findings by Von Ilberg et al. [25]. Spike rate
increased with current level of the electric stimulus, but an
increase in spike rate seen in EAS was not equal to the sum of
the respective electric and acoustic firing rates. Conversely,
the temporal jitter did not vary between EAS and electric
stimulation alone conditions.
The tuning of auditory nerve fibres under EAS stimulation has only been investigated in one study [25], which
found that EAS did not alter the characteristic frequency (the
frequency with the lowest threshold) of the auditory nerve
fibres, either acutely or after chronic stimulation. Tuning
curves in sharply tuned fibres were broader under combined
EAS, but no change was seen in fibres that were already
broadly tuned. All characteristics returned to normal after
cessation of electrical stimulation.
The dependence of the electric and acoustic masking
upon the relative temporal position of the stimuli is of clinical
relevance because the latter depends upon a number of
factors: (a) the frequency of the stimulus, (b) the relative
delay introduced by the speech processor, and (c) the power
spectrum of the stimulus.
Stimulus frequency will affect relative timing between the
two stimulus modalities due to the travelling wave [31], where
apical cochlear regions stimulated by lower frequencies are
reached later than the more basal, high-frequency regions, a
delay that can vary between 1 and 10 ms from base to apex
[32]. A further degree of temporal variability is derived from
the processing carried out by the speech processor and the
“round robin” stimulation paradigm used in most stimulation strategies, where electrodes are stimulated sequentially
(Figure 3. [33]) and therefore depends upon the stimulus, the
processing strategy used and the length of the electrode array.
It is entirely possible in a region of overlapping electrical
stimulation and residual hearing that the same acoustic
stimulus could lead to sequential forward masking of both
the acoustic response and the electric response by the other.
It is currently unknown how such a stimulus is encoded at
the level of the auditory nerve and higher up the auditory
pathway.
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Figure 3: Illustration of potential interference between electric and acoustic stimulation to the same stimulus. (a) represents the normal
hearing case, where the travelling wave causes the base of the cochlea to be activated before the apex in a systematic manner. Colour indicates
stimulation at a particular cochlear location. (b) and (c) show an EAS cochlea (cochlear implant represented on the left), where the round
robin processing strategy causes simultaneous activation of two distinct regions of the cochlea for electric and acoustic stimuli. In (b), the
round robin sequence begins at the most basal electrode, whereas (c) shows the stimulation occurring first to the second most apical electrode.
These panels represent the response to the same stimulus but depict how the location of the stimulating electrode within the round robin
sequence can cause different temporal electrode/cochlear position combinations for the same external stimulus.

2.1.2. Electrophonic Suppression of Auditory Nerve Responses.
The electrically-induced basilar membrane motion that gives
rise to electrophonic responses was thought to be generated
by the electromotile properties of the outer hair cells (OHCs;
[16, 34, 35]). However, more recent research investigating
the role of the OHCs in electrophonic generation has shown
that destruction of OHCs does not abolish the electrophonic
component of the CAP [36]. Therefore, as long as some
IHCs remain in EAS recipients, there is the opportunity
for electrophonics to occur (and at lower current levels,
they may be amplified by OHC activation [36]). Stronks
et al. [36] also showed that longer electrical pulse widths
cause greater electrophonics and suggested that in order to
reduce their inhibitory effects, short electrical pulses should
be used clinically. Nevertheless, it is currently unclear as to
whether these interactions are undesirable from a perceptual
perspective and further investigation should aim to answer
this question.
2.1.3. Interactions in the Partially Deaf Cochlea. Although
most studies investigating EAS in animal models to date
have used normal-hearing animals, there has been a recent
increase in the number of published studies that aim to
emulate a clinically relevant partial hearing loss [28, 37], and
we have recently described a model for chronic cochlear
implant use in a partial hearing animal model that is directly
relevant to EAS [17]. The use of such partial hearing models in EAS research is essential to enable more clinicallyrelevant questions to be addressed. For example, Stronks
et al. [38] observed a significant decrease in CAP suppression by electrical forward masking in guinea pigs that had
been partially deafened with a combination of furosemide
and kanamycin compared to normal hearing controls. This
suggests that partial hearing cochleae implanted with intracochlear electrodesmay notdisplay interactions at the level of
the auditory nerve, even when using high current levels to

stimulate the apical regions with intact hearing. This finding
is important as it suggests that the interactions described
in normal hearing animals above may not occur in clinical
populations, who typically have a high frequency hearing
loss that does not overlap with the cochlear region that is
stimulated by the cochlear implant and may therefore have
little bearing on “real life” EAS responses. Further research
is required to investigate these interactions in partial hearing
EAS situations.
A further confound between clinical populations and
animal models of partial hearing loss comes in the form
of the fitted device. For recipients with residual hearing,
it is common for combination devices that couple acoustic
amplification with electrical stimulation to be used in the
implanted ear [39]. Hearing aids are unavailable for chronic
use in animal models, and additional experimental benefits
would be seen in mimicking hearing loss that matches
that seen in recipients using amplified hearing in the lower
frequency region.
2.1.4. Evidence of Central EAS Interactions. EAS interactions at the level of the inferior colliculus (IC) in normal
hearing animals have been investigated by Vollmer et al.
[40]. As described for the auditory nerve (see above), forward masking of an acoustic stimulus by single biphasic
electrical pulses caused a current-dependent decrease in IC
responses to acoustic stimuli and resulted in elevated acoustic
thresholds. Simultaneous electrical and acoustic presentation
with a tone at the neuron’s CF resulted in interactions that
depended upon the relative levels of each of the two stimuli,
with increasing suppression with electric masker level and
decreased suppression with acoustic probe level (i.e. if the
masker was at a higher level than the probe, then there
was a greater suppressive interaction between the two).
Simultaneous presentation of acoustic tones with electrical
stimulation led to suppression of the electrically evoked
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response, which increased with increasing acoustic level.
Overall, electrical stimulation at higher levels dominated the
acoustic response and combined EAS resulted in increased
spike rates, in agreement with findings in the auditory nerve
[30].
2.2. Neural Plasticity Seen with Combined EAS. There is
evidence that the speech recognition benefits that recipients
experience with EAS develop over time [2], suggesting
that the combined stimuli are causing plastic changes in
the brain that enable the improved performance. Reiss et
al. [41] demonstrated that the pitch percept provided by
electrical stimulation at a particular cochlear location could
change over time in EAS recipients compared to an acoustic
reference. This shift could be as large as three octaves in some
participants and generally caused the electric pitch to align
with the frequency that was allocated to the electrode by the
speech processor. The mechanisms of these plastic changes
are, to date, unknown. Few studies have looked at the plastic
effects of chronic EAS use at the physiological level, primarily
due to a lack of suitable animal model (although see [17, 42]).
We have previously reported that chronic intracochlear
electrical stimulation in cats with a high frequency hearing
loss caused a decrease in the extent of primary auditory
cortex that could be activated by acoustic stimulation [42].
Although characteristic frequency of the cortical neurons did
not change with EAS, there were fewer neurons responsive
to acoustic only stimulation, compared to electrical only and
combined stimuli. As this study did not obtain recordings
at the beginning of the stimulation period, it is impossible
to determine whether these changes correspond to the pitch
shifts reported by Reiss et al. [41], although it is apparent that
plastic changes do occur in cases of EAS, warranting further
examination to enable optimisation of clinical outcomes.
This section has outlined the physiological interactions
between electric and acoustic stimulation, which are typically
inhibitive for forward and simultaneous masking paradigms.
However, there is currently little evidence of these interactions in clinically-relevant partial-hearing animals, although
the plastic changes seen in chronically stimulated EAS animal
models [41] could contribute to the success of EAS recipients.
The use of partial-hearing models is of critical importance
for the development and refining of EAS strategies and
developing procedures to maintain residual hearing after
chronic cochlear implantation. Regardless of the mechanisms
involved in improved listening performance with EAS over
electrical stimulation alone, the protection of any residual
hearing is, by definition, vital to EAS. The following sections
describe the potential causes of hearing loss associated with
cochlear implantation, as well as discussing the procedures
that can be undertaken to minimise loss of hearing during
and after cochlear implantation.

3. Potential Causes of Hearing Loss following
Cochlear Implantation
Critical to the success of EAS is the health of the cochlea and,
in particular, the residual hearing available to the listener. It
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is well reported in the literature that the insertion and use of
a cochlear implant can cause a loss of residual hearing in the
stimulated ear. This section outlines potential causes for this
loss, which can be surgical or histopathological.
Surgical factors are controlled by the implanting
surgeon and include electrode selection, insertion route
(cochleostomy or through the round window), insertion
depth, and the use of atraumatic surgical techniques. Early
traumas such as damage to the osseous spiral lamina, basilar
membrane rupture, and lateral wall disruption have all been
shown to have occurred during human cochlear implantation
[43–45] and animal models of implantation [46, 47] and are
likely to manifest as immediate hearing loss. The literature
also suggests that implant surgeons have a standardised
insertion technique appropriate to the electrode which is
unrealistic, given the variations in cochlear anatomy, and
could be a potential source of disparity. In addition, it is
often assumed that hearing in the implant recipient is stable
preoperatively, which is not always the case. As such, it is
possible that implantation trauma accelerates the underlying
cause of hearing loss and could further cloud outcome
measures.
The cochlea’s histopathological response to electrode
insertion may also contribute to delayed or progressive
hearing loss following cochlear implantation. Delayed effects
include fibrotic changes around the electrode, new bone
formation and foreign body reaction. There are a number of
cochlear structures that can be affected by these changes after
implantation, including the organ of Corti, the SGNs and
their dendrites, and the stria vascularis along the lateral wall
[43–45]. Altered electrode performance and hearing/speech
outcomes do not always have an obvious causal relationship
to damage of these delicate intracochlear structures and interpreting the role and impact of observed histopathological
changes in hearing loss can be problematic. In addition,
the role of cochlear mechanics and endolymphatic hydrops
in affecting outcomes is unclear, and they remain possible
contributing factors to the loss of residual hearing.
3.1. Surgical Factors in Loss of Residual Hearing
3.1.1. Electrode Insertion Depth. Successful preservation of
residual hearing and prevention of delayed hearing loss
have generally been advocated by either surgical technique
alone or use of a particular electrode design [8, 9, 48–51].
Gantz and Turner [48] reported that residual low frequency
hearing was preserved in a group of 24 volunteers using
either a 6 or 10 mm Iowa/Nucleus Hybrid Cochlear Implant,
suggesting that a short electrode prevented any damage to
the low frequency regions of the cochlea [8]. The authors
reported good preservation of low frequency hearing in the
long term (up to 20 years) with almost all subjects retaining
their residual hearing. The perceived advantage behind the
shortened electrode array is that it would cause less damage
on insertion to the lateral wall of the cochlea at the basal
turn and would not reach the low frequency areas at the
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apex of the cochlea. A more recent report by Woodson et
al. [52] suggested that delayed hearing loss has occurred in
some recipients receiving the Iowa/Cochlear Hybrid cochlear
implant. They reported preservation of residual hearing (loss
less than 30 dB of preoperative thresholds) in 91% of their
subjects. This amount decreased to 75% by the end of the
trial period suggesting a progression of hearing loss in some
recipients.
Concerns over the potential loss of residual hearing are
an important consideration for prospective recipients with
significant residual hearing prior to implantation with a
“hybrid” or shortened electrode. Given the potential for loss
of residual hearing that is either due to the surgery, the
biological response to the presence of the electrode array,
or to progression of the underlying pathology, there is a
potential benefit in having a longer electrode array with
more electrodes within the cochlea that would allow for
programming flexibility and pitch-matching similar to that
used with current electrode arrays [53]. Were recipients to
lose their residual hearing in the future, the cochlea would
then have adequate coverage with a standard length array
in the electrical stimulation only situation and obviate the
need for reimplantation with a full length electrode at a later
time as seen in some situations [54, 55]. The implantation
of longer arrays in patients with residual hearing should
be undertaken with caution, however, as a review by Boyd
[56] suggests that deeper electrode insertion typically leads
to greater cochlear injury. The use of longer electrodes may
therefore increase the likelihood of loss of residual hearing
compared to shorter electrode arrays, and this risk should be
discussed with prospective patients.
3.1.2. Soft Surgery. “Soft surgery,” a collection of techniques
that would aid in the preservation of hearing following
cochlear implantation, was first proposed as a concept by
Lehnhardt in 1993 [57]. This protocol aims to minimise
cochlear trauma by minimising the size of the cochleostomy,
locating it at the level of the promontory to facilitate insertion into the scala tympani, maintaining an intact ossicular
chain and not aspirating the perilymph [58]. Furthermore,
histological studies have demonstrated less insertion trauma
with round window insertions (i.e. without cochleostomy)
[59–61] and reported excellent residual hearing preservation
using round window insertions of partially inserted MEDEL electrodes. The idea that superior surgical technique (i.e.
soft surgery) alone is enough to preserve residual hearing
was challenged by Cohen [62] asserting that residual hearing
is universally lost following implantation, irrespective of the
implanted electrode and the technique of surgical insertion.
Despite this assertion, many surgeons still strive to prevent
hearing loss following implantation by adopting soft surgical
techniques.
3.1.3. Hypothermia. Safe hypothermic induction can be noninvasive by using cooling blankets and ice packs, or a more
invasive route can involve safe infusion of large volumes of
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cold fluids [63]. Hypothermia is used clinically to promote
neuronal survival in cardiac surgery and after cardiac arrest
[63] by decreasing metabolic rate, reducing tissue oxygen
consumption, depressing metabolic acidosis [64], suppressing calcium influx into neurons [65], and diminishing nitric
oxide production [66]. Similar protective effects have been
described during cochlear implantation, noise trauma and
ischemic cochlear injury [67–71]. Further protective effects
may arise from decreased glutamate release upon neuronal
inflammation after trauma [72]. Despite these findings, the
use of hypothermia during cochlear implant surgery has yet
to become mainstream practice.

3.2. Histopathology in the Cochlea
3.2.1. Cochlear Reaction to Implantation. Following implantation, the cochlea shows several pathological responses
resulting from foreign body response to the electrode array.
Apoptosis of auditory hair cells and SGNs [73, 74], inflammation resulting in fibrosis and osteogenesis [45, 75] and
foreign body reaction [76] have all been reported. Rizer
et al. [77] suggested that, following cochlear implantation,
an inflammatory reaction occurred that ultimately resulted
in residual hearing loss. A further suggestion was that the
presence of the electrode and/or fibrosis within the scala tympani following implantation could act as a space-occupying
foreign body that interferes with the natural mechanics of
the cochlea [78]. These issues remain current. It should be
acknowledged that some delayed hearing loss may reflect
progression of the underlying cause of deafness and as
such, cochlear implantation may cause an accelerated loss of
residual hearing as a result of electrode insertion [79]. Even
with meticulous surgical technique, insertion of the electrode
through the cochleostomy is essentially a blind technique and
some loss of residual hearing is almost a ubiquitous finding
[62]. Whether cochlear implantation-related hearing loss is
determined at the time of surgery, as a natural consequence
of subsequent inflammation, apoptosis and tissue response
to a foreign body, or whether the latter may be modulated
by pharmacological intervention is under investigation in a
number of laboratories.
Fibrosis within the cochlea and around the electrode
array is an almost ubiquitous finding following implantation.
This is not unique to cochlear implantation as fibrosis can
occur as a reaction to other inflammatory processes to disrupt
inner ear anatomy without electrode placement [80, 81]. It is
common at the cochleostomy site, along the array and also
extends beyond the tip of the electrode [45, 82]. Fibrosis
appears to be worse along the point on the lateral wall where
the electrode turns around the basal turn [45]. The presence
of fibrosis along the basal turn is predicted to alter the
vibration of the apical basilar membrane and thus interfere
with residual low frequency acoustic hearing [83]. Surgical
and pharmacological modifications that aim to reduce postoperative fibrosis within the cochlea are therefore important
for hearing preservation during cochlear implantation, and
their use may enable better understanding of the mechanisms
behind this loss.
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4. Interventions to Promote Hair Cell and
SGN Survival for EAS

interest, a drug-coated electrode, or to implant cells expressing therapeutic agents. Each of these techniques has been
demonstrated to successfully deliver the drug in question
to the cochlea and be very efficacious for SGN protection
[22, 85–89]; however, the surgical procedures involved can be
traumatic within themselves and are likely to cause damage
to any existing hearing. As such, in cases where hearing
is intact and hair cell preservation is a primary aim, such
intracochlear techniques are not suitable. For EAS patients,
combining the drug delivery and implantation surgeries is
the most efficient way of reducing cochlear trauma and is
likely to become the protocol of choice in the future. Drug
delivery to the inner ear can also be achieved via diffusion
across the round window membrane. The round window
membrane is known to be permeable to large molecules
including neurotrophic factors, and indeed, the effects of
neurotrophic factors have been detected in the perilymphatic
fluids of the cochlea following application onto the round
window via loading into alginate beads [90], hydrogel [91] or
Gelfoam [92], and therapeutic effects on hair cells and SGNs
were observed [91, 92]. Importantly, the surgical approach
required for this method of application is minimally invasive
and has a much lower risk of potential trauma to the hair
cells and the patient’s existing hearing. This delivery method
could be used, for example, when an electrode array is already
in place and drug delivery is required. While the delivery
methods are important and significant clinical consideration
is required for application in human recipients, this section
will focus on the therapeutic agents themselves.
Several classes of compounds are available as therapeutic
agents to protect the sensory hair cells and SGNs from
trauma and degeneration, including neurotrophic factors,
antioxidants, antiapoptotic agents, and anti-inflammatory
steroids, and a number of companies are currently involved
in the commercial development of novel otoprotective drugs.
Treatment with these agents, in combination with surgical
refinement such as hypothermia, may enhance the outcomes
from EAS.

As discussed above, hearing preservation and the survival
of both residual hair cells and SGNs in cochlear implant
surgery have become an increasingly important goal in order
to facilitate EAS outcomes. Along with surgical refinement,
the delivery of therapeutic agents to the cochlea has the
potential to provide protective effects within the cochlea and
is likely to have significant clinical benefits.
Various techniques, treatment regimes, and therapeutic
agents are currently being used or are under investigatation
for future use in this regard. Localised delivery of therapeutic
agents into the cochlea is likely to be the most effective means
to promote neuronal health, as it places the therapeutic agents
in direct proximity to the target cells they are intended to
protect. In addition, this approach minimises the high dose
rates and other complications that can arise from systemic
delivery.
Direct infusion into the fluid spaces of the cochlea can
be achieved via a cochleostomy to insert, for example, a
cannula attached to a reservoir containing the drugs of

4.1. Neurotrophic Factors. Brain derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT3) are neurotrophins that
are produced by the hair cells [93, 94] and supporting cells
[95, 96] of the organ of Corti, and provide support to the
SGNs during both development and adulthood. Loss of
these endogenous neurotrophins, as occurs following a sensorineural hearing loss (SNHL), leads to SGN degeneration.
However, it is now well known that exogenous application
of neurotrophins can rescue SGNs from deafness-induced
degeneration [85, 87, 97–101]. Importantly, we have recently
reported long-term survival of SGNs following cell-based
neurotrophin treatment in both the cat [88] and the guinea
pig [86]. In addition, neurotrophic factors including glial
cell-derived neurotrophic factor (GDNF), basic fibroblast
growth factor (bFGF), and NT3 have been reported to protect
hair cells from ototoxic drugs and noise damage [102–106].
Furthermore, auditory thresholds have also been decreased in
normal hearing guinea pigs using BDNF diffused across the
round window, a procedure that therefore has the potential

New bone formation within the cochlea is another
commonly observed consequence of cochlear implantation.
Osteogenesis typically occurs in similar locations to fibrosis:
at the cochleostomy site, along the path of implantation, and
even in the nonimplanted apex of the cochlea [79, 82].
Nonspecific inflammatory reactions within the cochlea
have been known also to cause loss of residual hearing postimplantation [77]. Most reactions, however, are likely to be
in response to the implant itself or to damage within the
cochlea upon insertion. Following implantation, histological examination of the fibrosis at the basal turn suggests
noninfected inflammatory cells, possibly indicating a foreign
body reaction [84]. Closer characterisation of these cells types
has shown a wide variety of inflammatory cells within the
fibrotic tissue reaction, including mononuclear leukocytes,
histiocytes, and foreign body giant cells [79].
Histological evidence suggests that there are many pathological processes associated with electrode insertion. It is
unclear whether these pathological processes are associated with any observed hearing loss or cause the observed
hearing loss. Direct electrode insertion trauma, apoptosis,
acute inflammation, chronic inflammation and hypersensitivity/foreign body reaction can all potentially occur in the
cochlea after implantation. With the common finding of
inflammatory cells, fibrosis and giant cells, it could be postulated that potent anti-inflammatory drugs like corticosteroids
have a role to play in hearing preservation. What remains
unclear is what effect these pathological processes have on
the hearing mechanisms of the cochlea, although it seems
certain that the preservation of residual hearing through
maintenance of neuronal survival and cochlear health can
only be beneficial to the implant recipient.
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to be used to protect residual hearing following cochlear
implantation [107] and, thus, optimise EAS outcomes.
While the specific effects of neurotrophins have not
been investigated in studies using EAS, enhanced SGN
survival, and decreased electrically-evoked auditory brainstem response EABR thresholds were observed when neurotrophins such as BDNF were delivered in conjunction with
chronic electrical stimulation from a cochlear implant [99,
108]. In EAS recipients, the remaining apical hair cells may
also provide a source of neurotrophins for the SGNs in the
damaged but electrically-stimulated regions, a prospect that
warrants further investigation. Neurotrophins therefore hold
great promise for use as protective therapeutic agents for both
SGNs and hair cells, to facilitate and enhance the outcomes of
EAS.
4.2. Anti-Inflammatory Steroidal Drugs. Corticosteroid treatments are now a common therapy for many forms of hearing
loss, such as autoimmune inner ear disease, sudden hearing
loss, and Menière’s Disease [109]. More recently, numerous
studies have demonstrated that the targeted delivery of
steroids can protect hearing during cochlear implant surgery
[49, 110–113]. The benefits of corticosteroids seen in these
situations are mediated through both anti-inflammatory and
antiapoptotic pathways [114]. The most common agent used
in these studies is dexamethasone, and protection can be
achieved by either pretreatment of the cochlea or postoperative infusion. Local delivery of corticosteroids is superior
to systemic delivery, with the additional benefit of reducing
any potentially harmful side effects that come with systemic
administration [49, 110–113]. Pretreatment of the cochlea with
dexamethasone applied onto the round window membrane
can prevent the elevation of auditory thresholds that are
typically associated with cochlear implantation and preserve
the SGNs in the region of implantation [115–117]. A further study in cochlear implant recipients demonstrated that
the combination of pre- and intraoperative glucocorticoids
improved hearing preservation in adults and children with
residual hearing [118]. In addition to the identification of
dexamethasone as a potential therapeutic agent for protection
of the inner ear against trauma, clinical trials using a novel
sustained release delivery system for this drug, known as
OTO-104, have reported positive phase 1 trial results [119],
and phase IIb clinical trials have recently commenced.
4.3. Antioxidants. Numerous aetiologies of hearing loss
occur as a result of the generation of reactive oxygen species
and subsequent oxidative stress. For example, cisplatin, a
potent antineoplastic agent used for the treatment of a
variety of tumours and aminoglycoside antibiotics, which
are commonly used to treat aerobic, gram-negative bacterial
infections, has ototoxic side effects due to the generation
of reactive oxygen species and oxidative stress [73, 120]. In
addition, the formation of oxygen free radicals is hypothesised as a major cause of noise-induced hearing loss [104,
121]. Importantly, numerous studies have demonstrated that
the application of various antioxidants, including n-acetyl
cysteine, glutathione, resveratrol, and superoxide dismutase,
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can protect the auditory system from the degenerative
effects of ototoxin- or noise-induced hearing loss [122–
127]. Interestingly, therapeutic agents used for other clinical
conditions, such as rasagiline, a monoamine oxidase type
B inhibitor that is FDA-approved for use in Parkinson’s
disease, and metformin, an anti-diabetic drug, have also been
demonstrated to attenuate hearing loss following ototoxin
exposure [128, 129]. Clinical application of antioxidants for
protection in the inner ear is also being developed: a molecule
known as as SPI-1005, which induces glutathione peroxidase
and reduces reactive oxygen species, is currently undergoing
Phase II clinical trials [110].
4.4. Antiapoptotic Agents. Hearing loss has also been associated with the initiation of apoptotic pathways such as
those mediated by c-Jun N-terminal kinase (JNK) and the
caspases. The inhibition of each of these apoptotic proteins
inhibits aminoglycoside-induced hair cell death [130, 131].
Furthermore, the induction of heat shock proteins (HSPs)
in response to cell stress can significantly inhibit apoptosis
in many systems. In particular, HSP70 has been shown
to have protective effects against aminoglycoside-induced
hearing loss and associated hair cell degeneration [132]. Clinical developments for the delivery of anti-apoptotic agents
are also underway, with phase IIb clinical trials using the
JNK inhibitor AM-111 reporting positive results including
substantial improvements in hearing thresholds and speech
discrimination scores.
4.5. Combinatorial Therapies. An effective treatment strategy
to promote residual hearing via preservation of hair cells
and SGNs may require a combined application of a number of these therapeutic agents, or agents with multiaction
properties which can elicit neuroprotective, antiapoptotic,
and antioxidant effects. Indeed, the combined application of
neurotrophic factors and antioxidants has previously been
shown to protect both SGNs and hair cells against ototoxininduced damage [133, 134], with the effects significantly
enhanced over that observed with the neurotrophic factor
alone [134].
An alternative promising combined treatment option
in the cochlea is the use of cell-based therapies, in particular, NTCELL, which are alginate encapsulated porcine
choroid plexus cells (Living Cell Technologies Pty Ltd) has
potential application in the cochlea. Clinical trials for the
treatment of Parkinson’s Disease by NTCELL have recently
begun. NTCELL secretes many neurotrophic and growth
factors which can increase neuronal survival in response
to traumatic injury, hypoxia or chemical challenges [135].
Specifically, NTCELL has been reported to secrete GDNF,
BDNF and vascular endothelial growth factor (VEGF) in
quantities sufficient for biological activity [135]. Furthermore,
NTCELL also produces high levels of enzymes and proteins
with antioxidant activities [135]. We recently reported that
long-term implantation of NTCELL into the profoundly
deaf cat cochlea promotes the survival of SGNs and their
peripheral processes when combined with chronic electrical
stimulation from a cochlear implant [88]. The stability and
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biocompatibility of NTCELL demonstrates the potential as a
long-term technique for the delivery of therapeutic proteins
to protect both hair cells and SGNs.
Future therapies may also incorporate the initial application of a steroid such as dexamethasone to protect against
implant-related trauma, as well as an ongoing delivery
method for neurotrophic factors and/or free radical scavengers for more long-term protective effects. Alternatively,
gene therapy may facilitate long-term neurotrophic support
to promote preservation of hearing.

5. Long-Term Protective Gene Expression via
Gene Therapy
The introduction of neurotrophins into the cochlea has
proven to play a key role in the survival of SGNs after
SNHL [20, 21, 101] and may play a role in the protection
of hearing following cochlear implantation (see above). The
finite source of neurotrophins in experimental (pump-based)
delivery systems that eventually require replacement has
led to increased interest in the use of gene therapy to
maintain functional levels of acoustic hearing. Gene therapy has the potential to introduce neurotrophins into the
cochlea with long-term gene expression arising from a single
surgical intervention to the cochlea, potentially coinciding
with cochlear implantation. Gene therapy with neurotrophic
factor genes such as NT3, BDNF or GDNF resulted in longterm protection of SGNs after noise-induced, ototoxic, or
hereditary hearing loss [100, 136–141]. From a single injection
of adenoviral vectors containing neurotrophin genes into the
scala tympani or scala media, there were at least 3 months
of SGN protection after hearing loss [140, 142], with recent
data indicating that adenovirus expression can extend to 6
months post injection [143]. However, a complicating factor
in the long-term expression of transgenes in the cochlea is
the degeneration of cells that are the potential targets. These
include hair cells, supporting cells, and SGNs which can all
degenerate after hearing loss (Figure 4).
Previous studies of neurotrophin gene expression, in
supporting cells in particular, have demonstrated beneficial
effects on SGNs such as survival and neuronal resprouting [100, 138] but did not prevent the supporting cells
from degenerating at the same rate as those that were not
expressing neurotrophins [140]. Eventually, the supporting
cells and the neurotrophic transgene would be lost [143].
This study suggests that neurotrophin gene therapy needs to
target cochlear cells that do not degenerate after hearing loss.
Further studies have shown that injection of neurotrophin
genes into the scala tympani resulted in expression in cells
lining the perilymphatic space and protected SGNs after
hearing loss [137, 142, 144]. Significantly, this is likely to be the
situation for the preservation of residual hearing following
cochlear implantation where the sensory and supporting
cells are likely to be preserved at the time of implantation.
Whether gene therapy can prevent loss of residual hearing
after cochlear implantation is yet to be determined.
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Similar to studies using other neurotrophin delivery
systems, expression of BDNF by adenoviral vectors in combination with electrical stimulation from a cochlear implant
promoted SGN survival and improved thresholds for SGN
stimulation [142]. It is possible that concurrent electrical
stimulation from the cochlear implant will affect the efficiency of the expression of the transgene and the efficacy of
the neurotrophins produced, as previous studies have shown
improved SGN survival when pump-delivered neurotrophins
were combined with electrical stimulation [99].
5.1. Viral Vectors and Cell Specificity. Viral vectors are currently the most efficient way to introduce transgenes into
cochlear cells. There are a number of viral vectors that have
been tested in the cochlea including adenovirus, adenoassociated virus (AAV) and herpes simplex virus [145–148].
Each vector type has its unique cell specificity expression
pattern in the cochlea (tropism), which can be exploited to
improve the protective effects of gene therapy. For example,
adenovirus type 5 has high tropism for supporting cells of
the organ of Corti [149], hence, injection of adenovirus type 5
vectors carrying neurotrophin genes into the scala media was
found to result in efficient transduction of supporting cells of
the organ of Corti, in turn resulting in protection of SGNs
after hearing loss [100]. AAV serotype 5 also has tropism for
supporting cells [150], while AAV3 has specificity for inner
hair cells [151] and herpes simplex virus targets neuronal
cells [152]. There are currently over 100 serotypes of AAV
and over 50 serotypes of adenovirus, each with different cell
specificities, providing great potential to express transgenes
in particular cell types. Cell specific promoters can also be
used to achieve cell-specific gene expression, with the myosin
VIIa promoter driving exclusive expression in inner hair cells
as a striking example [153].
Cell-specific gene expression can have a big impact on the
protective effects observed after hearing loss. Gene expression
that was localised mainly to supporting cells of the organ
of Corti not only had greater SGN survival compared to
expression in cells of the scala tympani [100], but also may
have a nerve guidance effect on the resprouting nerve fibres
[100, 138]. Regenerating nerve fibres were highly disorganised
when neurotrophins were introduced via a mini-osmotic
pump to the scala tympani [101], but when adenoviral gene
therapy was used to introduce neurotrophins into the scala
media, nerve fibres were observed in greater density near cells
expressing the neurotrophin genes, compared to the control
GFP gene alone [100].
Expression of reporter genes in SGNs has been demonstrated after injection into the scala tympani using vectors
such as AAV [151, 154] and adenovirus [155]. However, no
studies have reported neurotrophic factor transgene expression within SGNs as a means to preserve SGNs, and this is an
area for future research as a means to improve EAS outcomes
through hearing protection.
5.2. Cochlear Injection Sites for Gene Therapy. The anatomy
of the cochlea makes it suitable for localised gene delivery
in many ways: It is surgically accessible; the fluid chambers
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are partitioned allowing certain cells to be targeted; and
the blood-cochlear barrier ensures there is minimal spread
of the virus beyond the injection site. The scala tympani
is easily accessible via the round window membrane or a
cochleostomy, similarly to the insertion route used during
cochlear implantation. Injection of viral vectors into the scala
tympani results in gene expression predominantly in cells
lining the perilymphatic space, but also in hair cells and
supporting cells [100, 156]. The scala media is much smaller,
surrounded by tight junctions and is more difficult to access
either by injection through the basilar membrane or through
the lateral wall of the cochlea [100, 157]. Injection into this
compartment results in more localised expression in hair
cells, supporting cells and interdental cells [100, 156, 157].
Despite the complexity of the surgical approach to the scala
media, expression of protective genes such as neurotrophins
has a big impact on SGNs due to the proximity of supporting
cells to the SGN nerve endings (see Figure 4) [100, 138].
Given that the target for gene therapy is the protection of
residual hearing in the apical cochlear regions, delivery of
the transgene to the scala tympani would be the best route
to enable expression in the apical regions [100]. This also
facilitates the administration of viral vectors at the time of
cochlear implantation, meaning that only a single surgery is
required for the two interventions, and the gene therapy can
function from the moment that the electrode array is inserted.
In most cases, injection of viral vectors into the cochlea
results in gene expression that is localised to the cochlea.
However, there have been reports of viral vector spread to
the contralateral ear as well as the cerebellum [158, 159].
Furthermore, the utricle, saccule, or semicircular canals of
the vestibular system contain fluids that are continuous
with cochlear perilymph and endolymph. Hence, injection
into the cochlea also results in gene expression in the
vestibular system in many cases [160, 161]. This connection
can be exploited as an additional surgical injection site for
gene expression in the cochlea, often avoiding the loss of
hearing that accompany direct injection into the cochlea
[161]. Injection into the cochlea or the vestibular system all
require surgical intervention, but studies have shown that
viral vectors carrying reporter genes or protective genes
can cross the tympanic membrane of the cochlea and exert
protective effects, at least on hair cells, without the need for
surgery [162, 163].
5.3. Clinical Translation of Gene Therapy. It is important to
demonstrate the clinical safety of gene therapy in the cochlea.
Gene therapy is finding increased clinical acceptance with
multiple clinical trials demonstrating that viral gene therapy
in the human nervous system is both beneficial and safe.
AAV in particular has been used in numerous clinical trials.
For example, AAV2-GAD (glutamic acid decarboxylase) is
being trialled for advanced Parkinson’s disease and AAV2RPE65 (retinal pigment epithelium-specific 65 kDa protein)
is under investigation for severe retinal dystrophy. No serious
adverse effects attributed to the vector were observed and
each showed apparent biological effects of the transgene [164–
166]. Of particular note is the long-term transgene expression
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observed from AAV vectors in clinical and preclinical trials,
up to eight years in one case in nonhuman primates [167, 168].
In the cochlea, the main issues of viral vector gene delivery are
the potential for immunological responses (inflammation)
and toxicity. Modern AAV vectors have shown little evidence
of toxicity in the cochlea and in particular bovine AAV was
shown to be expressed in supporting cells and SGNs with no
effect on hearing showing that it does not harm the delicate
sensory cells of the cochlea [149]. For adenovirus, strong
immune responses were reported for first generation adenoviral vectors [169, 170]. Unfortunately, when an advanced
generation virus that lacks all viral coding sequences was
introduced into the supporting cells of the cochlea, loss of
hearing was still reported indicating enduring ototoxicity
[149].
Although more controlled trials will be needed to prove
the overall safety and effectiveness of gene therapy, it is
encouraging that gene therapy has been conducted in the
human nervous system. There is increasing evidence that
gene therapy is providing clinical benefits to a range of
diseases with ever improving vector design eliminating
the adverse events that used to be associated with gene
therapy [171]. A recent study by Pinyon et al. [172] used
stimulation through a cochlear implant to cause localised
electroporation of the mesenchymal cells in the perilynphatic
canals in an animal model. This enabled focalised delivery
of BDNF genes, and regrowth of SGN neurites close to the
cochlear implant electrodes was observed. The combination
of cochlear implantation with administration of gene therapies in the same surgery in recipients with low-frequency
residual hearing is a compelling prospect. In this way, hearing
would be restored (via the implant) and residual hearing
would be both maintained and perhaps enhanced, from a
single intervention. In order for this to become a reality, a
method for long-term expression needs to be developed [173],
as this is currently the missing piece to the EAS puzzle.

6. Conclusions
Despite being an emerging field, EAS promises to improve the
lives of partially deaf people to whom a hearing aid does not
provide a satisfactory listening experience.
There are two clear areas of research required to improve
EAS outcomes: improving our understanding of how EAS
is processed by the brain, and prevention of the hearing
loss that occurs in a significant proportion of EAS listeners.
This paper has focused on these two key areas and has
shown that the interactions between acoustic and electrical
stimulation at the level of the cochlea and along the auditory
pathway require further exploration in order to understand
their perceptual effects. This research, in turn, will lead to
the refinement of processing strategies that will enable the
benefits of combined EAS to be optimised to full effect, and
minimise any interactions that may hinder ideal results.
The protection of residual hearing, both at the time of
implantation and postimplantation, is of critical importance
to successful EAS. A number of innovations have recently
been made in terms of electrode array design and surgical
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Figure 4: Gene therapy in the cochlea. (a) Injection of adenoviral vectors (green) carrying protective genes such as neurotrophic factors into
the scala media of the cochlea results in gene expression in the organ of Corti (shaded cells) and enables protection of hair cells and SGNs.
Dashed rectangle shows area of the cochlea shown in (b) and (c). (b) In the normal hearing cochlea, gene expression (green) can be observed
in hair cells and supporting cells of the organ of Corti. Pillar cells are shown in red (phalloidin); other supporting cells are shown in blue
(calretinin). (c) In a deafened guinea pig, the organ of Corti has degenerated at the time of gene therapy resulting in reduced gene expression
(green). A degenerating hair cell is shown in white (myosin VIIa), supporting cells are shown in blue (calretinin) and nerve fibres are red
(neurofilament heavy chain). SM: scala media; ST: scala tympani; SV: scala vestibuli; BM: basilar membrane; OSL: osseous spiral lamina;
SGNs: spiral ganglion neurons.

technique that aim to promote residual hearing, but there
are still reports of implantation-related hearing loss. As such,
administration of protective agents prior to, during or after
cochlear implantation could provide the required promotion
of cochlear health to maintain residual hearing. There are a
variety of therapeutic agents that have the potential to protect
residual hearing and support SGN survival to enhance the
benefits of EAS. Future studies in this field need to elucidate
(i) the most suitable therapeutic agents, or combination
thereof, (ii) the most effective treatment regime, which may
be made up of various regimes and different drugs, and (iii)
appropriate delivery methods, including acute administration and longer-lasting gene therapy treatments, in order
to preserve residual hearing and SGN survival in cochlear
implantation and maximise the benefits and outcomes of
EAS.
We have shown that the combination of these agents with
electrical stimulation can further promote neuronal growth
[88] and it seems that this compelling combination deserves
to be explored for the benefit of EAS recipients worldwide.
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This paper describes the development of a speech-in-noise test for hearing screening and surveillance in Brazilian Portuguese
based on the evaluation of suprathreshold acuity performances. The SUN test (Speech Understanding in Noise) consists of a list
of intervocalic consonants in noise presented in a multiple-choice paradigm by means of a touch screen. The test provides one out
of three possible results: “a hearing check is recommended” (red light), “a hearing check would be advisable” (yellow light), and
“no hearing difficulties” (green light) (Paglialonga et al., Comput. Biol. Med. 2014). This novel test was developed in a population
of 30 normal hearing young adults and 101 adults with varying degrees of hearing impairment and handicap, including normal
hearing. The test had 84% sensitivity and 76% specificity compared to conventional pure-tone screening and 83% sensitivity and
86% specificity to detect disabling hearing impairment. The test outcomes were in line with the degree of self-perceived hearing
handicap. The results found here paralleled those reported in the literature for the SUN test and for conventional speech-in-noise
measures. This study showed that the proposed test might be a viable method to identify individuals with hearing problems to be
referred to further audiological assessment and intervention.

1. Introduction
Age-related hearing loss and noise-induced hearing loss are
common health problems in adults and older adults. The
World Health Organization [1, 2] recently indicated hearing
loss as the first among the twenty leading causes of moderateto-severe disability in the adult population. It is estimated
that 46% of persons over the age of 60 years, and as many as
83% over 70 years, experience some degree of hearing loss [3].
Epidemiological data suggest that nearly 1 in 25 older adults
develops a hearing impairment each year [4] and that almost
one in two persons with hearing impairment shows a decline
in their hearing over a 5-year period [5]. Yet, despite the high
prevalence and incidence, and notwithstanding the significant effects on speech communication, social participation,
personal well-being, quality of life, and cognitive decline [6–
8], hearing loss in adults is still largely underdetected and

undertreated [9, 10]. The impact of hearing problems in adults
can be substantial because many people may get used to the
slow progression of their impairment and typically do not
seek help or seek help very late, on average from eight to ten
years after the onset of first complaints and symptoms, once
the associated handicap and disability have a severe impact
on their lives [10–12]. This brings along considerable burden
on the health care system and society as the consequences
of untreated hearing loss are huge not only in older adults
but also, and increasingly, in middle-aged adults who are still
fully engaged in their working life as well as in their social and
personal domains [6, 11–13].
Recently, some initiatives and a number of studies have
promoted the definition and implementation of effective
programs of hearing screening, prevention, surveillance, and
care for adults and older adults, particularly in Europe and
in the United States [10, 14–16], although the value and
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need for community hearing screening in adults are still
controversial. As reported by the US Preventive Services
Task Force reports, current evidence is insufficient to assess
the balance of benefits and harms of screening in adults
without symptoms of hearing loss, and additional research
is needed to understand the effects of screening for hearing
loss compared with no screening on health outcomes [17, 18].
Nevertheless, the research reported by Yueh et al. in 2010 [19]
did indeed suggest that hearing screening can be a catalyst in
moving individuals from just a hearing loss to actually doing
something about it. Moreover, if the outcome of the screening
is normal, then it still might provide the individual with
an increased awareness of the potential problem and could
allow the audiologist to provide people who underestimate
their hearing problems with information about the condition, stimulating their motivation and attitude to seek help
[20]. Awareness could lead to employment of preventative
measures or earlier detection of a hearing problem, before
the onset of hearing handicap and disability [16, 21, 22]
so that health care can be delivered in a timely manner.
Early intervention is particularly important, also in view of
recent evidence showing that age-related hearing loss may be
independently associated with poorer cognitive functioning
[8, 23] and incident dementia [24, 25] and, also, in view
of the hypothesis that rehabilitative therapies and devices
may, plausibly, help to limit the cascade of negative effects
of hearing loss and reduce the risk of cognitive decline [25].
However, the potentially significant benefits of rehabilitation
on the cognitive domain were investigated and demonstrated
by only one randomized controlled trial up to now [26].
Unfortunately, there is still lack of large scale hearing
screening and surveillance programs in many developed and
developing countries, including Brazil, even though some
recent studies have demonstrated that the implementation
of adult hearing screening might be a cost-effective way to
reduce unmet need for hearing aids and improve quality of
life among older adults [16, 27]. The availability of reliable
methods to identify hearing problems is a crucial prerequisite
for the implementation of effective screening, prevention,
and surveillance programs. In the past ten years, some
novel techniques have been specifically developed for hearing
screening and surveillance, particularly in adults and older
adults. Relevant examples are digits-based tests for remote
testing (at-home self-screening) by telephone or Internet [28,
29], adaptive tests based on multiple-choice discrimination
of logatomes [30, 31], and tests of suprathreshold acuity in
noise such as the SUN (Speech Understanding in Noise) test
[32–35]. The SUN test is an automated, user-operated speechin-noise test which is made up of short list of intervocalic
consonants (VCVs, vowel-consonant-vowel, e.g., afa, aja, . . .)
that are presented in a three-alternative forced choice (3AFC)
paradigm by means of a touch sensitive screen. Stimuli are
delivered monaurally with unmodulated background speechshaped noise, which is adequately adapted in level for each
stimulus. The test score is computed as the number of VCVs
correctly identified and, based on this score, the test outcome
is given in a self-explanatory way: either “no hearing difficulties” (green light), “a hearing check would be advisable” (yellow light), or “a hearing check is recommended” (red light).
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Previous studies have shown that this test is a fast, reliable,
easy to use tool that proved to be viable to identify early
hearing difficulties in clinical as well as nonclinical settings,
including unchecked ambient noise (up to 65 dBA) [32, 33].
The aim of this study was to develop a test of suprathreshold acuity in noise, the SUN test, in the Brazilian Portuguese
language. This was done through three main steps, that is,
(1) the development of the “building blocks” of the test (i.e.,
speech stimuli and background noise); (2) the definition of
the test sequence (i.e., the list of stimuli and the associated
levels of background noise); and (3) the optimization of
the test outcomes so that the agreement between the test
outcomes and hearing impairment was the highest. The
development procedure and the most relevant results, as well
as the overall findings in a population of 101 subjects, will be
described in the following sections.

2. Materials and Methods
2.1. Development of the “Building Blocks”: Speech Stimuli
and Background Noise. Sixteen VCVs were recorded for the
Brazilian Portuguese language (aba, aca, aça, acha, ada, afa,
aga, aja, ala, alha, apa, ara, arra, ata, ava, and aza). Of the
19 consonants in the Brazilian alphabet, three (i.e., /m/, /n/,
and/𝜂/) were not used because the phonemes ama, ana, and
a𝜂a have a nasal sound which is reflected in the nasalization
of the first vowel [36] and would give a cue for discrimination,
introducing a bias in the test results. Following the same
procedure as in the other language versions of the SUN test
[32], VCV utterances were recorded as single exemplars in a
sound-treated room by a professional, native-Brazilian, male
speaker who was instructed to pronounce the VCVs with
no prosodic accent, with the stress on the first vowel and
with constant pitch across the list. Stimuli were recorded
in a professional recording studio using a Neumann TLM
103 microphone, a SSL S4000 64-channels mixer, Motu
HD 192 A/D converters (44.1 kHz, 16 bit), and GENELEC
1025A control room monitor. The level of VCV recordings
was digitally equalized across the set to meet the “equal
speech level” requirement as set in the ISO 8253-3:1996(E)
Standard for Speech Audiometry [37]. The background noise
in the test was a steady speech-shaped noise, that is, a white
noise filtered with the long-term average speech spectrum
of the Brazilian Portuguese language by a male speaker. To
deliver the test in the 3AFC multiple-choice task, each VCV
was combined with two wrong alternatives. This was done
according to the “maximal opposition” criterion: the two
wrong alternatives differed from the spoken stimulus in all
the relevant feature dimensions: voicing, manner, and place
of articulation (e.g., ata, alha, and ava) [32].
2.2. Definition of the Test Sequence. The definition of the test
sequence entailed the optimization of the list of stimuli and
the associated levels of background noise. The rationale was
to set the level of noise for each VCV so that the intelligibility
of stimuli was approximately the same across the test list (for
details, see [32]). To equalize the intelligibility of stimuli, the
presentation SNR (signal-to-noise ratio) for each VCV was
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Table 1: Maxima, mean values, and standard deviation (s.d.) of pure-tone thresholds measured in the group of 30 normal hearing young
adults (NHY) and in the group of 101 adults with varying degrees of hearing impairment and handicap (ADU).
Right ear
Frequency (kHz)
NHY
Max (dB HL)
Mean (dB HL)
S.d.
ADU
Max (dB HL)
Mean (dB HL)
S.d.

Left ear

0.5

1

2

4

8

0.5

1

2

4

8

15
6.7
6.61

15
4.3
5.53

10
2.3
3.88

15
2.8
4.29

15
2.0
3.62

20
7.5
6.79

15
4.3
4.87

10
2.2
3.39

15
2.3
4.30

10
1.3
2.60

50
20.0
10.38

60
18.0
13.84

75
19.6
17.91

100
27.3
23.71

85
32.7
26.66

65
19.4
10.68

60
17.2
13.46

70
18.7
17.63

85
27.4
22.80

95
32.8
27.98

set above the reception threshold (RT), which is theoretically
defined as the SNR where the psychometric curve reaches
79.4% correct responses in a 3AFC task [38].
To estimate the RTs, the psychometric curves of the 16
VCVs were measured for a wide range of SNRs, from chance
performance to 100% recognition, that is, from −10 dB to
+6 dB SNR, in 2 dB steps. In this experiment, the output
level of VCVs was fixed at 60 dB HL (i.e., above 100%
correct responses in normal hearing subjects [39]) and the
output level of noise was varied, from 70 dB HL to 52 dB
HL, to set the desired SNR. Noise onset and offset were
500 ms before and 100 ms after the VCV onset and offset,
respectively. To familiarize participants with the test stimuli
and procedure, VCVs were also presented at the beginning of
the test sequence at a comfortable presentation SNR of +8 dB
(above 100% recognition [40, 41]). Stimuli were presented
monaurally through headphones in the right ear and in the
left ear, in two separate sessions. At each SNR, stimuli were
presented twice, resulting in a total of 320 stimuli presented
per ear (16 VCVs × 10 SNRs × 2 repeated presentations). The
resulting test sequence was completely randomized across
SNRs and across VCVs to limit adaptation to noise levels and
learning.
Participants were 30 young adults (15 males, 15 females;
age range: 20–25 years; mean: 22.5 years; s.d. 1.89), otologically normal as in the ISO 7029:2000 Standard [42]. Table 1
(upper part) summarizes the pure-tone detection thresholds
measured in these subjects.
2.3. Optimization of the Test Outcomes. The optimization of
the test outcomes was performed by setting two cut-off scores
(𝑇1 and 𝑇2 ) between the three categories of test results (“no
hearing difficulties”: score ≥ 𝑇1 ; “a hearing check would
be advisable”: 𝑇2 < score < 𝑇1 ; and “a hearing check is
recommended”: score ≤ 𝑇2 ) so that the agreement with the
reference pure-tone benchmarks for pure-tone screening was
the highest (for details, see [32]). On a monaural basis, the
outcomes of pure-tone screening in each tested ear were
defined by three different classes and the percentage of correct
classifications, as well as the sensitivity and specificity of the
test, were measured as a function of the different values of 𝑇1
and 𝑇2 to find the cut-off scores that maximised them. The
three classes were:

Class I (pure-tone hearing thresholds ≤ 40 dB HL at 1,
2, and 4 kHz), that is, ears that would pass a pure-tone
screening at a level of 40 dB HL (a cut-off threshold
of 40 dB HL was used as this reference value is
recommended for pure-tone screening in nonclinical
settings and, in general, where the ambient noise is
not controlled [43], as well as for screening adults and
older adults [9, 44, 45]).
Class II (pure-tone hearing thresholds > 40 dB HL at
4 kHz and ≤ 40 dB HL at 1 and 2 kHz), that is, ears
that might either fail or pass a pure-tone screening
at 40 dB HL, depending on whether the frequency
4 kHz is included or not in the pass/refer criterion,
respectively [43, 44].
Class III (pure-tone hearing thresholds > 40 dB HL
at 1 or 2 kHz), that is, ears that would fail a puretone screening, irrespective of the criterion for highfrequency hearing thresholds [43–45].
On a binaural basis, the World Health Organization (WHO)
[46] criterion for disabling hearing impairment was considered the reference benchmark (i.e., hearing threshold level,
averaged over 0.5, 1, 2, and 4 kHz, >40 dB HL in the better
ear; hearing aids are usually recommended). The SUN test
results in the two ears were combined in a way that a binaural
“fail” was given when the subject received “a hearing check
is recommended” (red light) in at least one ear, as defined
in [32]. The sensitivity and specificity of the test to identify
disabling hearing impairment were measured.
Moreover, to evaluate the agreement between the test
outcomes and self-perceived hearing handicap, subjects were
also asked to fill in the HHIE-S (hearing handicap for the
elderly screening) questionnaire [44], in the Brazilian Portuguese version [47]. The HHIE-S is a 10-item questionnaire
that scores the emotional and social consequences of hearing
impairment on a scale of 0 to 40 and, based on this score, classifies subjects into three categories of hearing handicap: “no
handicap” (score ≤ 8), “mild-to-moderate handicap” (score in
the range of 10–22), or “significant handicap” (score ≥ 24).
Participants were 101 native-Brazilian adults and older
adults (43 males, 58 females; age range: 26–85 years; mean
52.7 years; s.d. 15.15) recruited in order to have a wide range
of pure-tone thresholds represented across the study sample,
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Figure 1: (a) Psychometric curves of the sixteen spoken VCVs as a function of the SNR, from −10 dB to +8 dB, in 2 dB steps. (b) Psychometric
curves of the five subsets of VCVs as a function of the SNR.

from normal hearing to severe hearing loss. The maxima,
mean values, and standard deviation (s.d.) of pure-tone
thresholds measured in this group of subjects are reported in
Table 1 (lower part). The SUN test and pure-tone audiometry
were administered in both ears, with only one exception, for
a total of 201 ears tested.
2.4. Equipment. A PC connected to the RCA analogue input
of a clinical audiometer (Auditec PAC-200 with TDH-39
headphones) was used to deliver the stimuli. The speech
output was calibrated by using a 1 kHz tone as in the “equal
speech level” requirement in the ISO 8253-1:1996 Standard for
speech audiometry [48]. A touch sensitive screen (resistive
LCD Viper 10.4 ; resolution: 800 × 600 pixels; brightness:
350 cd/m2; contrast ratio: 250 : 1) was used to display the written alternatives, record the subjects’ responses, and display
the test score. The software and user interface for experiments were implemented in MATLAB (R2007b, v. 7.5.0.342,
MathWorks). Testing was carried out in low ambient noise (as
in the ISO 8253 1:1989 Standard for Pure Tone Audiometry
[49]). The experiments were conducted in accordance with
the Declaration of Helsinki and were approved by the Ethics
Committee for Research at UNIFESP (Comitê de Ética e
Pesquisa da Universidade Federal de Sao Paulo, Plataforma
Brasil). Participants were informed of the study framework
and procedures before testing and agreed to the use of their
clinical data for research purposes.

3. Results and Discussions
Figure 1(a) shows the psychometric curves of the 16 VCVs
as a function of the SNR, from −10 dB to +8 dB. A wide

range of RTs was observed across the set, from values lower
than 10 dB (e.g., aza, acha) to about +2 dB (e.g., aba), further
supporting the need to equalize the intelligibility of test
stimuli. Following the analysis of psychometric curves as
well as the statistical distribution of results in this group, the
presentation SNR was set at +4 dB for the stimulus aba, at
0 dB for stimuli alha, apa, ata, and ava, at −2 dB for ada, aga,
ala, and arra, at −4 dB for aca, afa, aja, and ara, and at −6 dB
for aça, acha, and aza. The average psychometric curves of
the five subsets of VCVs are shown in Figure 1(b).
As a result, the SUN test sequence was obtained. It
consisted in the set of 16 VCVs, presented in five different
subsets at the five presentation SNRs listed above, from the
highest (+4 dB) to the lowest SNR (−6 dB). In addition, to
help subject familiarize with the test procedure, a short list
of VCVs is also presented (but not scored) before the actual
test list at a comfortable presentation SNR of +8 dB [32].
Figure 2 shows the percentage of ears in Classes I, II,
and III that were classified into the three categories of
test outcomes as a function of the two cut-off scores, 𝑇1
(Figure 2(a)) and 𝑇2 (Figure 2(b)). Figure 2(a) shows the
percentage of ears in Class I (i.e., ears that would pass a
pure-tone screening) with score ≥ 𝑇1 (black marks) and the
percentage of ears in Class II or Class III (i.e., ears that would
not pass a pure-tone screening) with score < 𝑇1 (white marks)
for the different values of 𝑇1 . The highest agreement between
test results and pure-tone screening results was observed with
𝑇1 = 11, which provided a sensitivity of 84% and specificity
of 76% to identify ears that might fail a pure-tone screening
(Classes II and III). Figure 2(b) shows, the percentage of ears
in Class III with score ≤ 𝑇2 (white marks) and the percentage
of ears in Class II with 𝑇2 < score < 𝑇1 (black marks) as
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Figure 2: (a) Percentage of ears in Class I with score ≥ 𝑇1 (black marks) and percentage of ears in Class II or Class III with score < 𝑇1 (white
marks) when 𝑇1 was systematically varied from 4 to 15. (b) Percentage of ears in Class III with score ≤ 𝑇2 (white marks) and percentage of
ears in Class II with 𝑇2 < score < 𝑇1 (black marks) when 𝑇2 was systematically varied from 3 to 9, and 𝑇1 was set at 11 (as this value provided
the best results, as shown in (a)).

100

80
60
40
20
0
Class I

Class II

Class III

Green
Yellow
Red

Figure 3: Distribution of the three test outcomes (green: “no hearing
difficulties”; yellow: “a hearing check would be advisable”; and red:
“a hearing check is recommended”) in ears classified into the three
classes of hearing impairment (Classes I, II, and III).

a function of 𝑇2 , with 𝑇1 set at 11. Accordingly, the cut-off
score 𝑇2 was set at 7 as this provided about 69.6% and 56%
correct subclassification between Class II and Class III and
a sensitivity of 62% and specificity of 92% to identify ears in
Class III. On a binaural basis, the sensitivity and specificity
of the SUN test to identify people with disabling hearing
impairment, as defined by the WHO criterion [46], were 83%
and 86%, respectively, paralleling results reported by previous
investigations (e.g., the sensitivity and specificity were 83.8%
and 83.9% for the Italian version of the SUN test [32] and 84%
and 75% for the English version [33]).

Figure 3 shows, on a monaural basis, the overall distribution of the three test outcomes in ears classified into
the three classes of hearing impairment. Of ears in Class
I, 75.7% were classified into the green category and only a
minor percentage (i.e., 2.8%) were classified as red. Vice versa,
of ears in Class III, an overall percentage of 88.5% were
classified as yellow (26.9%) or red (61.6%). As to ears in Class
II (i.e., ears with pure-tone thresholds higher than 40 dB HL
at 4 kHz but not at frequencies ≤ 2 kHz), the distribution
of results was as follows: 19.3% green, 45.2% yellow, and
35.5% red. This outcome might be explained by the fact that
puretone thresholds at 4 kHz are typically not per se adequate
predictors of speech reception threshold, unless they are
combined with thresholds at lower frequencies, at 2 kHz or
lower [50]. As a matter of fact, Ventry and Weinstein [44]
had reported that relying on a fail with pure-tone thresholds
at 4 kHz to screen for hearing handicap produces a high
refer rate and fails a high proportion of those who report no
handicap. Stated differently, adults with high-frequency hearing loss may—or may not—experience difficulties in speech
understanding, as reflected by our results. Conversely, when
the hearing loss involves frequencies below 4 kHz (as for ears
in Class III), the ability to understand speech, particularly
in less than ideal listening conditions, significantly decreases
because the mid-to-low frequency regions contribute more to
speech understanding than high-frequency regions [51–53].
Accordingly, as shown in Figure 3, the agreement between
speech understanding (as measured by the proposed test) and
pure-tone thresholds is much higher, as expected, for ears
in Class I or Class III (i.e., where pure-tone thresholds at
frequencies ≤ 2 kHz were lower or higher than 40 dB, resp.)
than for ears in Class II.
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Figure 4: Distribution of the three test outcomes in subjects classified into the three categories of hearing handicap, as measured by the
HHIE-S questionnaire: (a) “no handicap” (𝑁 = 80); (b) “mild-to-moderate handicap” (𝑁 = 17); (c) “significant handicap” (𝑁 = 4). For each
category of hearing handicap, subjects were divided into three subgroups according to the test results in their better ear, that is, red (left-hand
bar), yellow (center bar), and green (right-hand bar). Each of these bars also shows the distribution of scores obtained by those subjects in the
other ear: red (black bars), yellow (grey bars), or green (white bars).

It might be observed that a mismatch between results of
tests of speech recognition in noise and tests of pure-tone
detection in quiet is largely justified, particularly in adults and
older adults [51, 54, 55]. For example, in line with this, our
results showed that 2.8% of ears in Class I were in the red
category, which may be explained by possible early hearing
difficulties that are not significant yet and are not detected by
hearing threshold testing. Vice versa, 11.5% of ears in Class
III were in the green category, possibly because of gradual
adaptation to speech-in-noise recognition in people with
hearing difficulties and, also, because of the 33% guess rate
in the 3AFC task which may lead to higher-than-expected
scores. Noticeably, the results found here are in line with
findings reported in the literature for other speech-in-noise
tests (sentence, word, or nonsense syllable tests) that are
typically used for hearing assessment in the clinic [50, 56–
59], overall confirming that the SUN test can estimate speech
recognition performance reliably and quickly in adults and
older adults. In general, the agreement between speech-innoise testing and pure-tone testing widely varies as it depends
on the speech material, noise, and protocols that are used,
but typically the correlation between speech recognition and

pure-tone thresholds, particularly for consonants and short
phonemes, is below 0.7 [58, 59].
Figure 4 shows the distribution of the three SUN test
outcomes in subjects classified into the three categories of
hearing handicap, as measured by the HHIE-S questionnaire:
“no handicap” (Figure 4(a)), “mild-to-moderate handicap”
(Figure 4(b)), and “significant handicap” (Figure 4(c)). In the
group of subjects with no handicap (𝑁 = 80, Figure 4(a)),
an overall percentage of 78.8% had green in their better ear
(right-hand bar); of these, 56.3% had green in both ears,
whereas 18.7% and 3.8% had yellow or red in the other ear,
respectively. In this group, a minor percentage of subjects
(i.e., 5%, left-hand bar) obtained red in both ears, whereas
about 16% of subjects (center bar) obtained yellow either in
one ear (6.3%) or in two ears (10%). These data suggest that,
in individuals with no self-perceived hearing handicap, the
better ear plays a major role as most subjects (78.8%) had very
good outcomes (green light) in at least one ear. As a matter of
fact, good hearing functioning, at least in one ear, is likely to
help them to cope with daily (binaural) listening situations,
thus lowering the degree of self-perceived hearing handicap.
In the group with mild-to-moderate handicap (𝑁 = 17,
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Figure 4(b)), the percentage of subjects who obtained a red
outcome in both ears increased from 5% to 17.6% (left-hand
bar) and the percentage of those who had green in at least
one ear decreased from 78.8% to 52.9% (right-hand bar),
with a parallel decrease in the percentage of those who had
green in both ears, from 56.3% (45/80) to 5.9% (1/17). The
percentage of subjects who obtained yellow in their better
ear was 29.5% (17.7% had red in one ear and 11.8% had
yellow in the other ear). The distribution of test results in
this group indicates that a higher proportion of subjects with
mild-to-moderate handicap are likely to have poorer speech
recognition in noise, as measured by the SUN test, in both
ears (left and center bars: 47.1%). In the small group of subjects
who reported significant handicap (𝑁 = 4, Figure 4(c)),
two (50%, left-hand bar) had red in both ears, one (25%,
center bar) obtained yellow in one ear and red in the other
ear, and one (25%, right-hand bar) had yellow in one ear
and green in the other ear. In summary, the percentage of
subjects who obtained red outcomes in both ears markedly
increased with increasing self-perceived handicap (from 5%
to 17.6% and 50%); vice versa, the percentage of subjects who
obtained green in at least one ear markedly decreased with
increasing handicap (from 78.8% to 52.9% and 25%—this
last percentage corresponding to one out of four subjects).
Despite the very small sample size, results in Figure 4(c)
confirm the tendency observed in Figure 4(b): subjects
with significant hearing handicap tend to have poor speech
recognition in both ears. Additional research in a wider
sample of individuals with significant handicap is needed to
further support these findings and to fully understand the
role of the better (leading) ear in limiting the degree of selfperceived hearing handicap. Overall, these results indicate
that the test outcomes were in line with the degree of selfperceived hearing handicap, as measured by the HHIE-S.

4. Conclusions
This paper described the development of a test of
suprathreshold acuity in noise in the Brazilian Portuguese
language, that is, the SUN (Speech Understanding in
Noise) test, a user-operated speech-in-noise test for hearing
screening and surveillance, already available in the English,
Italian, German, and French languages. This was done by (1)
developing its building blocks (speech stimuli and noise);
(2) defining the list of stimuli and the associated levels of
background noise; and (3) optimizing the test outcomes
in a population of adults and older adults with varying
degrees of hearing impairment and hearing handicap,
including normal hearing. The results obtained with the
proposed test fully paralleled those obtained in previous
studies in the other language versions [32–35] and were in
line with results reported for conventional clinical tests of
speech-in-noise recognition [50, 56–59]. Evidence from a
group of 101 subjects indicated that the present test can be
a viable measure for screening or surveillance programs to
identify individuals with hearing impairment and hearing
handicap to be referred to further audiological assessment
and intervention.
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It is recognized that this is a preliminary investigation
on a relatively small study sample and that more studies and
research need to be conducted on this topic, on a bigger group
of subjects. For example, it would be interesting to investigate
the association between the different degrees and types of
hearing loss (including conductive hearing loss) and the test
results on a large representative sample or, also, to measure
the correlation with conventional speech-in-noise tests or
other clinical assessment measures, including questionnaires
different than the HHIE-S. Moreover, additional research
is still needed to further evaluate the performance of the
proposed test and to fully assess its feasibility as a screening
tool, also taking into account the peculiar characteristics of
the different populations and countries (either developed or
developing). Future studies need to be performed in larger
samples of subjects to fully assess the viability of the test for
the general population; particularly, it would be important
to promote large screening campaigns in Brazil by using the
test developed here, also searching for specific solutions to
provide accessible and efficient services to help people in
remote or underserved areas. The importance of these studies
would cross the borders of this specific country as valuable,
practical indications would be set that might be useful to
the scientific and clinical community at large for the future
definition and implementation of successful early detection
and intervention services for adults.
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We have previously shown that adenosine amine congener (ADAC), a selective A1 adenosine receptor agonist, can ameliorate
noise- and cisplatin-induced cochlear injury. Here we demonstrate the dose-dependent rescue effects of ADAC on noise-induced
cochlear injury in a rat model and establish the time window for treatment. Methods. ADAC (25–300 𝜇g/kg) was administered
intraperitoneally to Wistar rats (8–10 weeks old) at intervals (6–72 hours) after exposure to traumatic noise (8–16 kHz, 110 dB
sound pressure level, 2 hours). Hearing sensitivity was assessed using auditory brainstem responses (ABR) before and 12 days after
noise exposure. Pharmacokinetic studies investigated ADAC concentrations in plasma after systemic (intravenous) administration.
Results. ADAC was most effective in the first 24 hours after noise exposure at doses >50 𝜇g/kg, providing up to 21 dB protection
(averaged across 8–28 kHz). Pharmacokinetic studies demonstrated a short (5 min) half-life of ADAC in plasma after intravenous
administration without detection of degradation products. Conclusion. Our data show that ADAC mitigates noise-induced hearing
loss in a dose- and time-dependent manner, but further studies are required to establish its translation as a clinical otological
treatment.

1. Introduction
Hearing loss is one of the greatest causes of disability (WHO),
affecting up to 1 in 6 of the population. It is estimated
that approximately 20% of the burden is generated from
excessive noise exposure in occupational and leisure settings
[1]. Hearing loss comes at a great economic cost (estimated at
1.6–3.2% GDP in Australia; Access Economics Report, 2006)
and reduces the quality of life of the affected individuals.

On a personal level, hearing loss results in considerable
communication difficulties, social isolation, and depression
and appears to be associated with early cognitive decline [2].
The damage from noise exposure is cumulative over time and
exacerbates the effects of aging on hearing loss.
Noise-induced hearing loss (NIHL) is particularly common in the military, in industrial settings (construction
workers, mining, forestry, and aircraft industry), and in
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the music industry. The proportion of nonwork related NIHL
is also considered to be on the rise contributing significantly
to the overall impact of NIHL. Hearing conservation programs are generally ineffective [3], as there are many instances
of unprotected exposure to excessive noise, particularly in
the military and heavy industry. Cumulative NIHL associated
with recreational activities and loud music from personal
listening devices is also contributing to the growth in hearing
disability. Sensory hair cells in the cochlea damaged by noise
do not regenerate, so their loss is permanent. Prosthetic rehabilitation via hearing aids and cochlear implants is the only
current treatment for hearing loss from inner ear injury and
these have significant limitations. It is therefore important
to develop therapies that can prevent or repair injury to the
delicate inner ear structures rather than relying upon medical
devices that boost residual hearing functionality. We and
others have identified adenosine receptors as one of the most
promising targets for the treatment of NIHL.
Adenosine is a cytoprotective substance released from
tissues in response to stress. Acting on adenosine receptors
(AR), adenosine augments antioxidant defences, increases
oxygen supply, improves blood flow, inhibits the release of
neurotransmitters, stabilises cells by stimulating K+ channels
and inhibiting Ca2+ channels, triggers anti-inflammatory
responses, and promotes antiapoptotic pathways [4–6]. Neuroprotective actions of adenosine receptors in CNS disorders
such as stroke, epilepsy, migraine, neurodegenerative, and
neuropsychiatric disorders have been well documented [7–
9]. Four distinct adenosine receptor subtypes have been
characterised and designated as A1 , A2A , A2B , and A3 [10].
Selective AR agonists are now being developed as cardioprotective and neuroprotective (A1 and A3 ), anti-inflammatory
(A2A and A3 ), and antinociceptive (A1 ) agents, whilst AR
antagonists show therapeutic potential as neuroprotective
(A2A ) and antiglaucoma (A3 ) agents [10]. Some of AR
agonists either are FDA approved or are currently being
investigated in clinical trials [11].
All four adenosine receptors are expressed in the mammalian cochlea and they are differentially distributed in
cochlear tissues [12]. Immunohistochemistry demonstrates
that the sensory hair cells, supporting Deiters’ cells and spiral
ganglion neurons, express multiple adenosine receptors [12].
The sources of extracellular adenosine in cochlear fluids
include active transport from the intracellular compartment
by nucleoside transporters, adenosine release from damaged
cells, and extracellular ATP hydrolysis [13, 14]. Adenosine
activates adenosine receptors on target cells in a paracrine
or autocrine fashion, whilst the clearance of adenosine from
the extracellular space is provided by nucleoside transporters
[14].
Previous studies have shown that prophylactic treatment
with adenosine receptor agonists mitigates hearing loss from
noise [15, 16] and the anticancer drug cisplatin [17]. We
have shown that the local or systemic administration of
selective A1 adenosine receptor (A1 R) agonists, such as
2-chloro-𝑁6 -cyclopentyladenosine (CCPA) and adenosine
amine congener (ADAC), can ameliorate cochlear injury and
hearing loss following noise exposure [18, 19]. The important
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aspect of this finding is that the drugs were administered
after the cessation of noise exposure, suggesting that A1 R
agonists could be useful for the treatment of acute noiseinduced cochlear injury within a therapeutic window, and not
only as prophylactics. In contrast to other drugs acting on
A1 R, ADAC lacks cardiovascular side effects at the dose used
to treat NIHL in these experiments [19–21], which suggests its
suitability for systemic administration. The lack of systemic
side effects within the therapeutic dose range for NIHL
is due to a modified chemical structure, and its increased
ability to cross the blood-brain barrier [22, 23] likely reflects
permeability across the blood/perilymph partition within the
cochlea. We previously showed that a five-day treatment of
daily ADAC injections, starting six hours after exposure to
noise, rescued up to 25 dB of otherwise permanent hearing
loss [19]. For reference, 10 dB rescue in hearing thresholds
is considered clinically significant [24]. The improvement of
hearing thresholds was supported by increased survival of
sensory hair cells and reduced expression of oxidative stress
markers in the cochlea. We have also shown that ADAC
ameliorates cisplatin-induced cochlear injury and hearing
loss [25].
In the present study, using a rat model, we demonstrate
the time window for ADAC otoprotective treatment after
noise exposure and the optimal doses for systemic administration. Pharmacokinetic studies demonstrate changes in
ADAC concentrations in plasma after systemic administration. These data provide a background for drug development
studies which aim to establish the suitability of ADAC as a
treatment for acute NIHL.

2. Materials and Methods
2.1. Animals. The studies were performed on male Wistar
rats (8–10 weeks old) sourced from the animal facility at
the University of Auckland. All procedures in this study
were approved by the University of Auckland Animal Ethics
Committee and conformed to international guidelines for
the ethical use of animals. After completion of manipulations, animals were euthanised using sodium pentobarbital
(100 mg/kg, i.p.) and cochlear tissues collected for histology.
2.2. Noise Exposure. Rats were exposed to 8–16 kHz octave
band noise for 2 hours at 110 dB SPL to induce permanent
hearing loss in untreated animals. Noise exposures were
carried out in a custom-built acoustic chamber (Shelburg
Acoustics, Sydney, Australia) with internal speakers and
external controls (sound generator and frequency selector).
The sound intensity inside the chamber was measured using
a calibrated Bruel & Kjaer 2232 sound level meter to ensure
minimal deviations of sound intensity. Control animals were
housed in the animal facility at ambient sound conditions
(45–55 dB SPL, 0.5–20 kHz).
2.3. Auditory Brainstem Responses (ABR). ABR thresholds in
response to 8–28 kHz tone pips were measured in a sound
attenuating chamber (Shelburg Acoustics, Sydney, Australia)
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before and 12 days after noise exposure. Rats were anaesthetised with a mixture of ketamine (90 mg/kg) and xylazine
(10 mg/kg) intraperitoneally and then placed onto a heating
pad, to maintain body temperature at 37∘ C. ABRs were
obtained by placing fine platinum electrodes subdermally at
the mastoid region of the ear of interest (active electrode),
scalp vertex (reference), and mastoid region of the opposite
ear (ground electrode). The acoustic stimuli were supplied
via a TD48 Beyer dynamic transducer connected to a 10 cm
plastic tube that was placed into the external auditory canal of
the left ear. A Tucker-Davis Technology (TDT) auditory physiology workstation System 3 (Alachua, FL, USA), equipped
with a computer-based digital signal processing package and
software (BioSig, Alachua), was used to produce the acoustic
stimuli and record the ABR responses. Tone pips (5 ms,
0.5 ms rise-fall time) were presented at frequencies between
8 and 28 kHz at varying intensity levels. The threshold of the
ABR complex (waves I–V) were determined by progressively
attenuating the sound intensity in 5 dB steps until the wave I–
V complex of the averaged ABR waveforms (1024 repeats with
stimulus polarity alternated) was no longer distinguishable
from noise floor in recorded traces. The ABR threshold
was defined as the lowest intensity (to the nearest 5 dB) at
which a response could be visually detected above the noise
floor. Repeat waveforms were analysed at each frequency to
determine the consistency of the responses and to identify the
recurring peaks.
2.4. ADAC Treatment. ADAC (Sigma-Aldrich) was dissolved
in 1 M HCl and then in 0.1 M phosphate buffered saline (PBS;
pH 7.4) to prepare a 100 𝜇g/mL stock solution. The stock
solution was then aliquoted and stored at −20∘ C for later
use. Light-protected ADAC aliquots were thawed at 37∘ C for
30 min before administration. In study one, the following
single ADAC dosages were used to optimize the rescue dose:
25, 50, 100, 200, and 300 𝜇g/kg/day. An equal volume of
vehicle solution was given to control animals. ADAC or
control vehicle solution was administered intraperitoneally
(i.p.) for five consecutive days at 24 h intervals, beginning six
hours after the cessation of noise exposure. In study two, one
of the higher ADAC doses (200 𝜇g/kg) was used to determine
the time window for treatment after noise exposure. ADAC
treatment (five daily injections at 24 h intervals) commenced
at 12, 24, 48, or 72 hours after noise exposure.
2.5. Measurement of ADAC Concentrations in Rat Plasma
after Intravenous Administration. Male Wistar rats (8 weeks
old) were anaesthetised with ketamine (90 mg/kg i.p.) plus
xylazine (10 mg/kg i.p.) and the femoral vein was surgically exposed. ADAC (400 𝜇g/kg) was injected (1 mL/min)
through the femoral vein, and blood samples (0.5 mL) were
taken from the heart. Up to 1.5 mL of blood was taken from
each animal, and the first sample was drawn 1 min after drug
delivery. Subsequent extraction and purification procedures
were modified from Stocchi et al. [26]. Briefly, after deproteination with 0.1 M KOH, plasma was extracted from the
blood using an Amicon Ultra-4 50 K centrifugal filtering
device (Merck Millipore, Tullagreen, Carrigtwohill, IRL).

3
Table 1: Chromatographic conditions
Min
0
1
5
5.5
6.5
7
9.5
10

%B
20
20
40
90
90
20
20
20

Flow rate (mL/min)
0.4
0.4
0.4
0.6
0.6
0.6
0.6
0.4

The filtrate was mixed with 50 𝜇L of 1 M KH2 PO4 and subjected to HPLC analysis using an Agilent 1100 series instrument (Agilent Technologies, Santa Clara, California, USA).
Reverse phase HPLC separation of ADAC was achieved on
a Phenomenex Gemini 3 𝜇m C18 column (150 × 3.00 mm,
110 Å) protected with a Phenomenex Gemini C18 guard
column (4 × 2.0 mm i.d.). The mobile phase used for the
separation of ADAC from the matrix peaks consisted of two
eluents: 45 mM ammonium formate in water, pH 7 (aqueous
mobile phase A), and 100% acetonitrile (organic mobile phase
B). The chromatographic conditions are shown in (Table 1).
Peaks were recorded with a diode-array detector at
254 nm detection wavelength and identified by comparison
of retention times (RT) with the standard. Integration of peak
areas was performed using Chemstation software version
B.01.03 (Agilent).
2.6. Data Analysis. Results are presented as the mean ±
SEM and the 𝛼 level was set at 𝑃 = 0.05. Each set of
posttreatment threshold shifts compared between the control
group and ADAC-treated groups using one-way ANOVA
and post hoc Holm-Sidak multiple pairwise comparison test.
Pharmacokinetic (PK) data were analysed by PKSolver [27].

3. Results
3.1. Dose-Response Study. ADAC (25–300 𝜇g/kg) was administered to noise-exposed Wistar rats for five consecutive
days, commencing six hours after noise exposure (8–16 kHz,
110 dB SPL for 2 hours). Auditory thresholds were assessed
using auditory brainstem responses (ABR) before and 12
days after noise exposure. Figure 1 shows the baseline and
final ABR thresholds in ADAC- and vehicle-treated (control)
rats. Baseline ABR thresholds were comparable in all groups.
All ADAC-treated groups showed a broad reduction of final
thresholds across the 8–28 kHz frequency range compared
with the hearing loss in the control group. ABR threshold
shifts for each frequency are shown in Figure 2. In the control
noise-exposed and nontreated group, the average threshold
shift across the frequencies was 37 dB, with the largest shift of
40 dB at 12 kHz. In this study, all ADAC doses significantly
(𝑃 < 0.05) reduced the extent of the threshold shift at
some or all frequencies. The most effective ADAC doses
(100 𝜇g/kg and 200 𝜇g/kg) reduced average noise-induced
threshold shift across the frequencies by 21 dB and 18 dB,
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Figure 1: ADAC dose-response study in Wistar rats: the effect on auditory brainstem responses (ABR) before (blue line) and 12 days after (red
line) traumatic noise exposure (8–16 kHz, 110 dB SPL, 2 hours). ADAC (25–300 𝜇g/kg) was administered intraperitoneally for five consecutive
days at 24 h intervals, commencing six hours after noise exposure. In the control group, injections of the vehicle solution were administered
at the same intervals as ADAC. ABR were measured in response to tone pips (8–28 kHz). Data are expressed as mean ± SEM (𝑛 = 8–10).

respectively (𝑃 < 0.001; ANOVA). These two ADAC doses
significantly (𝑃 < 0.05) reduced threshold shifts at 8–24 kHz
frequencies, but thresholds at the highest frequency (28 kHz)
improved only with a 100 𝜇g/kg ADAC dose. The 300 𝜇g/kg
and 25 𝜇g/kg doses were also effective, reducing average
threshold shift by 15 dB and 13 dB, respectively (Figure 2).
The 50 𝜇g/kg ADAC doses were the least effective, reducing

average threshold shifts by 7 dB (𝑃 < 0.05). The effect of this
dose was significantly (𝑃 < 0.01) lower compared to ADAC
doses over 100 𝜇g/kg.
3.2. ADAC Efficacy Study. The optimal time to commencement of treatment was investigated using 5 daily ADAC
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Figure 2: ADAC dose-response study: the effect on noise-induced ABR threshold shifts (defined as the difference between ABR thresholds
before and after noise exposure at a single frequency). Threshold shifts averaged across all frequencies (8–28 kHz) are also shown. ADAC
(25–300 𝜇g/kg i.p.) was administered for five consecutive days at 24 h intervals, commencing six hours after noise exposure. In the control
group (ADAC dose “0”), injections of the vehicle solution were administered at the same intervals as ADAC. Data are expressed as mean ±
SEM (𝑛 = 8–10). ∗ 𝑃 < 0.05; ∗∗∗ 𝑃 < 0.001 versus control, one-way ANOVA with pairwise comparison.
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Figure 3: ADAC efficacy study. ADAC (200 𝜇g/kg i.p.) was administered as 5 daily injections commencing 12, 24, 48, or 72 hours after
traumatic noise exposure, and the outcomes were measured using auditory brainstem responses (ABR) before and 12 days after noise exposure.
In the control group, injections of the vehicle solution were administered at the same intervals as ADAC starting 12 hours after noise exposure.
Data are expressed as ABR threshold shifts at different frequencies (mean ± SEM; 𝑛 = 8–10) and threshold shifts averaged across all frequencies
(8–28 kHz). ∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01; ∗∗∗ 𝑃 < 0.001 versus control, one-way ANOVA with pairwise comparison.
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15 min postinjection ADAC was no longer detectable (data
not shown). More sensitive assay is required to accurately
assess ADAC concentrations in cochlear perilymph.

ADAC pharmacokinetics in plasma after i.v.
administration

2.50
Concentration
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7
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4. Discussion

1.00
0.50
0.00

0

2

4

6

8

10

12

14

Time (min)
Dose = 100 𝜇g
C0 = 2.2 𝜇g/mL
T1/2 = 5 min
Ke = 0.14 ng/min
AUC 0–t = 12.8 ng·min/mL

Figure 4: Pharmacokinetic properties of ADAC in plasma after
administration through the femoral vein (400 𝜇g/kg, 1 mL/min).
Data are expressed as mean ± SEM (𝑛 = 4 per time point).
Pharmacokinetic properties were calculated using an Excel plugin
PKSolver [24]. 𝐶0 , extrapolated maximum concentration; 𝑇1/2 , halflife; 𝐾𝑒, elimination constant; AUC0–𝑡 , the integral area under the
curve, measuring the overall amount of ADAC in the compartment.

injections (200 𝜇g/kg) commencing 12, 24, 48, or 72 hours
after traumatic noise exposure (Figure 3). The outcomes were
measured using ABR before and 12 days after noise exposure.
ADAC treatment significantly (𝑃 < 0.001) reduced ABR
threshold shifts in the treatment groups that commenced
12 and 24 hours postnoise exposure by 18 dB and 16 dB,
respectively, averaged across the measured frequencies. The
treatment regime that commenced 48 hours after noise
exposure produced an average protection of 8 dB, which was
also statistically significant (𝑃 < 0.01). At 72 hours delay
before commencing ADAC treatment, the threshold shifts
were similar to nontreated animals. This study suggests that
ADAC treatment is most effective in the first 24 hours after
noise exposure.
3.3. Pharmacokinetic Properties of ADAC after Systemic
Administration. ADAC concentrations in plasma were determined using HPLC analysis. As expected, ADAC concentration was highest shortly after i.v. administration, followed
by a rapid distribution and elimination phase (Figure 4),
but without detection of degradation products. The graph
shows concentration changes of ADAC in rat plasma for the
time period of 12 minutes; after that, ADAC concentrations
dropped below the limit of UV-Vis detection (∼0.1 𝜇g/mL).
The pharmacokinetic properties of ADAC in plasma were
analysed by PKSolver, an add-in program for pharmacokinetic data analysis in Microsoft Excel [27]. Figure 4 shows
that ADAC has a short (5 min) half-life (𝑇1/2 ) in plasma
and a fast elimination rate (𝐾𝑒). The cochlear tissue was
also analysed for ADAC in these experiments using UVVis detection. ADAC was detected at 5 min after injection
in 4 out of 6 cochleae obtained from 3 animals but at

This study shows that ADAC mitigates noise-induced hearing
loss in a dose- and time-dependent manner. The ADAC
was effective across the broad dose range, from 25 𝜇g/kg–
300 𝜇g/kg i.p., reducing noise-induced threshold shifts by
clinically significant levels [24] across the tested frequency
range. At some frequencies, threshold improvement was up to
25 dB (Figure 2). ADAC was most effective at rescuing NIHL
when treatment commenced within 24 hours after noise
exposure. After 48 hours, ADAC improved ABR thresholds
by more than 10 dB at two frequencies, 8 kHz and 20 kHz,
suggesting that even delayed treatment could be useful. Pharmacokinetic studies demonstrated a short half-life of ADAC
in plasma after intravenous administration without detection
of degradation products. This rapid clearance suggests broad
uptake into tissue compartments.
The dose-response curve for individual ADAC doses was
nonlinear (nonmonotonic). The doses over 100 𝜇g/kg were
the most effective in reducing threshold shifts, followed by
25 and 50 𝜇g/kg. Nonmonotonic dose response curves are
often U-shaped or inverted U-shape (biphasic) but can also
show complex multiphasic shape [28]. Similar nonmonotonic
dose-response curves were observed in gerbils, in the study
investigating the neuroprotective effect of ADAC in experimentally induced cerebral ischaemia [21]. In that study, acute
prophylactic administration of ADAC at doses ranging from
25 to 200 𝜇g/kg was effective in preserving neurons, apart
from the 50 𝜇g/kg dose, which failed to improve neuronal survival. In the same study, chronic treatment with ADAC was
effective at lower doses: 10–100 𝜇g/kg in reducing mortality,
and 25–100 𝜇g/kg in neuronal preservation. Another study
showed that an acute treatment with ADAC (100 𝜇g/kg) is
strongly neuroprotective in a model of Huntington’s disease
[29], whilst chronic administration at the same dose was
ineffective. Together with our results, these studies provide
a good indication of the neuro- and otoprotective dose range
for ADAC, with the caveats such as different dosing schedules
and disease models, and possible species-related differences
in tissue distribution and affinity of A1 R.
The present study also demonstrates pharmacokinetic
properties of ADAC in rat plasma. The ADAC concentration
curve follows a one-compartment bolus model with firstorder output. The short half-life (5 minutes) of ADAC in
plasma after intravenous injection is most likely due to rapid
distribution in tissues, and it may explain a lack of side
effects reported previously [19, 20]. ADAC was detected in
the cochlea 5 min after administration, but the low sensitivity
of the UV-Vis detection precluded the pharmacokinetic study
after systemic administration. The peak cochlear level of
ADAC detected following intravenous administration was
consistent with pharmacological action, given the high affinity of A1 receptors for ADAC [5]. More sensitive method of
detection, such as LC/MS, will be required to characterise
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Figure 5: Overview of the basic mechanisms of noise-induced cochlear injury and proposed model of cochlear protection by ADAC. Putative
therapeutic targets of ADAC are shown in red.

ADAC concentrations in cochlear perilymph with different
delivery routes.
In NIHL, postinsult time to the initiation of the treatment
is an important factor which significantly affects treatment
outcomes. Oxidative stress and the formation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) in
the cochlea is one of the major mechanisms of cochlear injury
during and after noise exposure [30]. ROS levels increase
postexposure, due to heavy cellular energy demands and
reperfusion [30]. Production of superoxide and other free
radicals reaches a maximum 7 to 10 days after exposure [31],
and the production of ROS/RNS correlates with a gradual
spread of hair cell loss postexposure. The peroxidation of
membrane lipids, along with oxidative damage to DNA and
cellular proteins, results in cell death after noise exposure [31].
Oxidative stress and other cellular events, such as inflammation and calcium overload, contribute to the development
of cochlear injury after exposure to traumatic noise but also
provide a window of opportunity to treat cochlear injury
postexposure. We have previously shown that adenosine
receptor agonists provide an effective postexposure treatment
of acoustic injury and NIHL [18, 19], and the present study
defines the window of opportunity for cochlear rescue.
ADAC treatment provides partial rescue in the first 24 hours
after noise exposure, but after that cochlear injury becomes
less responsive to treatment. This is consistent with other
studies demonstrating partial recovery of auditory thresholds
in the first 24 hours after exposure to traumatic noise
after administration of antioxidants [32–34] or antiapoptotic
agents [35]. Despite the fact that free radical production
appears to continue for up to 10 days after exposure, it appears
that oxidative stress rapidly leads to irreversible cochlear
injury and the substantial loss of critical tissues such as
sensory hair cells beyond the first 24 hours, which limits
the window of opportunity for pharmacological treatment of
hearing loss from acute noise exposure.

The basic cochlear protection model by ADAC has
been summarised in Figure 5. Acoustic trauma can induce
excessive generation of free radicals in the cochlea by overdriving the mitochondria; it can reduce cochlear blood flow,
cause excitotoxic swelling of afferent nerve terminals, induce
intracellular Ca2+ overload in sensory hair cells, and cause
inflammation in cochlear tissues [24, 36]. Cellular damage
results in cell death from a combination of necrosis and
apoptosis, which leads to hearing loss (Figure 5). Our experimental evidence suggests that ADAC can reduce oxidative
stress in the noise-exposed cochlea, leading to protection
of sensory hair cells [19]. We have also demonstrated that
ADAC can reduce cisplatin-induced apoptosis in cochlear
tissues, particularly in sensory hair cells and strial marginal
cells [25]. Other putative mechanisms of otoprotection by
ADAC include inhibition of glutamate release via presynaptic
A1 receptors and inhibition of voltage-gated Ca2+ channels,
which can prevent activation of apoptotic and necrotic cell
death pathways [14, 36]. However, further studies are required
to fully understand the otoprotective mechanisms of ADAC,
particularly with regard to cochlear afferent neurons.

5. Conclusion
Our study suggests that ADAC has a potential to be developed
as a clinical otological treatment for acute hearing loss caused
by exposure to traumatic noise. We show that systemic
administration route is effective in mitigating cochlear injury.
Previous studies suggest that the use of ADAC is not contraindicated by cardiovascular side effects at the doses used
for otoprotection and neuroprotection; however, clinical trials will be necessary to confirm its safety for human use. Currently, the intratympanic administration to achieve uptake via
the round window is a preferred otological drug development
pathway, as it obviates possible systemic side effects (unlikely

BioMed Research International
to be a factor with ADAC, but of significant regulatory body
concern), and this also counters metabolism/elimination.
On the other hand, intratympanic drug delivery requires
expert otological intervention, whereas systemic drug administration would be more practical in a broader range of
clinical situations, or circumstances where specialist surgical
intervention is untenable. This is particularly relevant given
that the 24-hour therapeutic window that this study indicates
is therapeutically effective. Future studies are thus required
to establish the optimal drug delivery method but also to
establish the mechanisms of action and the optimum usage
situations for ADAC. The therapeutic efficacy of ADAC for
NIHL should also be evaluated in other animal models.
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Objectives. To study possible nerve regeneration of a damaged auditory nerve by the use of stem cell transplantation. Methods. We
transplanted HNPCs to the rat AN trunk by the internal auditory meatus (IAM). Furthermore, we studied if addition of BDNF
affects survival and phenotypic differentiation of the grafted HNPCs. A bioactive nanofiber gel (PA gel), in selected groups mixed
with BDNF, was applied close to the implanted cells. Before transplantation, all rats had been deafened by a round window niche
application of 𝛽-bungarotoxin. This neurotoxin causes a selective toxic destruction of the AN while keeping the hair cells intact.
Results. Overall, HNPCs survived well for up to six weeks in all groups. However, transplants receiving the BDNF-containing PA
gel demonstrated significantly higher numbers of HNPCs and neuronal differentiation. At six weeks, a majority of the HNPCs had
migrated into the brain stem and differentiated. Differentiated human cells as well as neurites were observed in the vicinity of the
cochlear nucleus. Conclusion. Our results indicate that human neural precursor cells (HNPC) integration with host tissue benefits
from additional brain derived neurotrophic factor (BDNF) treatment and that these cells appear to be good candidates for further
regenerative studies on the auditory nerve (AN).

1. Introduction
Although stem cell therapy in many ways is still in its infancy
for treating neurodegenerative diseases or nerve trauma, cell
transplantation provides a promising strategy for treatment
of several lesions in the central nervous system (CNS). In
humans, degeneration of the auditory nerve (AN) in the inner
ear secondary to hair cell loss is an irreversible process, which

eventually reduces residual hearing in any hearing impaired
patient [1, 2]. Additionally, there are a number of lesions
and diseases that primarily affect the AN, inducing profound
to total hearing loss. Such lesions include tumors (most
commonly caused by neurofibromatosis type 2), surgery,
trauma, and auditory neuropathy [3]. Such central hearing
impairment cannot be improved by hearing aids or cochlear
implants (CI), since these are designed to aid patients with
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a cochlear sensorineural hearing loss illustrating that these
are dependent on a functioning AN. For example, it has been
demonstrated that the success of a CI is dependent on the
proper transduction of electrical signals and subsequently on
the function of the AN [4, 5]. Auditory brain stem implants
(ABI) have been developed as one possible treatment for
central hearing loss (i.e., along the AN). Even though several
studies have reported that for some patients excellent speech
understanding is possible with an ABI [6, 7], other results
obtained from such implants have only improved speech
recognition as compared with lip reading [8]. Thus, there
is a need for an improved treatment strategy for hearing
loss caused by permanently malfunctioning or lesioned spiral
ganglion neurons (SGNs). The AN is composed of bipolar
SGNs with peripheral processes and central axons and is
located in Rosenthal’s canal within the modiolus in the
cochlea. The SGNs constitute the afferent innervation from
the hair cells and transduce the nerve impulses to the next
relay station in the cochlear nucleus.
A theoretical method of restoring hearing for patients
with a permanent neuronal hearing loss may be to regenerate
the injured auditory pathway with stem cells. Neural stem
cells are precursor cells with the ability to differentiate into
neurons and glial cells. These can be not only derived from
embryonic stem cells (ESCs) but also found within the
adult nervous system [9]. In vitro, we have demonstrated
the capability of several different cell types to integrate
into the cochlear nucleus, being the second order neuron
in the auditory neuronal pathway [10–12]. Furthermore, in
a previous in vivo study we demonstrated good survival
and differentiation of mouse tau-green fluorescent protein
(GFP) embryonic stem cells transplanted to the AN in
deafened rats [13]. However, good survival, differentiation,
and, most importantly, functional improvement of hearing
are still challenges for any in vivo experiment with stem
cells transplanted to the AN. To achieve a properly restored
neuronal circuitry, the transplanted cells need to differentiate
into neurons and display regulated outgrowth of axons and
dendrites with accurate target selection [14].
Human neural precursor cells (HNPCs) have in several
studies proved an excellent capacity to generate neurons
after in vivo intracerebral transplantation [15–17]. Such cells
have been studied in animal models of neural degenerative
diseases such as Huntington’s and Parkinson’s diseases with
a remarkable ability to form site-specific neurons and to
some extent have a functional effect [17–20]. In addition, the
possibility to culture human spiral ganglion tissue to obtain
neurons indicates a presence of HNPCs also in the adult
human auditory nervous system [21]. Encouragingly, a recent
report describes a protocol to induce differentiation of human
ESCs into otic neuroprogenitors. The differentiated cells were
subsequently implanted into a gerbil auditory neuropathy
model [22]. Significantly improved auditory-evoked response
thresholds were detected for up to 10 weeks after implantation
indicating functional recovery.
Neurotrophic factors are important for the development
and maintenance of SGNs. For example, exogenous brain
derived neurotrophic factor (BDNF) has in in vitro as well
as in vivo studies proved to promote SGN survival [23–25]. It
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has further been shown that ESCs express the tropomyosinrelated kinase (TRK) receptors that mediate antiapoptotic
signals, including the BDNF receptor trkB [26]. Thus, a more
beneficial approach of regeneration or enhancement of the
AN may be to use a combination of transplanted cells and
neurotrophic factors.
Tissue engineering is an approaching research field, and
numerous studies are describing the advantages with using
nanomaterials for improving graft-host integration [27]. Our
laboratory has studied a bioactive nanofiber gel consisting of
self-assembling peptide amphiphile (PA) molecules designed
to present the neurite-promoting laminin epitope isoleucinelysine-valine-alanine-valine (IKVAV) to the transplanted
cells [28]. When mouse-derived neural precursor cells are
encapsulated in vitro in these gels, rapid and selective differentiation of the cells into neurons is observed [28]. Furthermore, the PA gel has also been shown to have an inhibitory
effect on astrocytes, thus preventing scar formations [29]. In
an earlier study we have shown a beneficial effect of BDNF
and PA gel on mouse tau-GFP cells injected to the internal
auditory meatus (IAM) or the modiolus [13].
Here, we used a previously established rodent model of
selective AN lesion [30] and injected HNPCs either with the
PA gel only or with BDNF added in the PA gel. In order to
cause minimal damage to the donor site, due to the limited
space in the thin AN, the PA gel was applied over the injection
site subsequent to the deposition of the HNPCs. HNPCs were
carrying the reporter gene GFP. Previously, GFP expression
has been found long-term in neurons as well as in glial cells
after transplantation of similar HNPCs [15, 31]. The GFP
distribution found throughout the entire cytoplasm and fine
structures of the HNPCs allowed for detailed morphological
analysis.
In the present study we demonstrate the beneficial effect
of BDNF contained in the PA gel. This treatment rendered
a significant larger number of cells, increased neuronal
differentiation, and migration of the GFP+ HNPCs after
injection into the AN. Furthermore, histological analysis
demonstrated neurite outgrowths and arborisation in the
transplanted HNPCs as well as fiber growth into the cochlear
nucleus area of the brain stem (BS).

2. Materials and Methods
2.1. Animals. All animal experiments followed the national
approved protocol for care and use of animals in Sweden
(N3/11; N4/11). Young adult female Sprague-Dawley rats
(𝑛 = 13; 200–250 g) were used in this study. To exclude
any visible middle ear infections, preoperative otoscopic
examinations were performed.
2.2. Application of 𝛽-Bungarotoxin to the Round Window
Niche. Three weeks prior to HNPC injection, the animals
(𝑛 = 13) were deafened by application of 𝛽-bungarotoxin (𝛽BuTx) to the round window niche as previously described
[30]. In brief, after anesthesia with xylazine (10 mg/kg i.p.)
and ketamine (50 mg/kg i.p.), the round window niche was
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Figure 1: Schematic of the cochlea, the auditory nerve, and the brain stem. The syringe indicates the HNPC injection site in the auditory
nerve trunk by the internal auditory meatus. AN: auditory nerve; TB: temporal bone; CPAC: cerbellopontine angle cistern; IAM: internal
auditory meatus; HC: hair cell; SGN: spiral ganglion neuron; AVCN: anteroventral cochlear nucleus; PVCN: posteroventral cochlear nucleus;
DCN: dorsal cochlear nucleus; BS: brain stem.

exposed by a retroauricular incision. Five microliters of 𝛽BuTx (0.05 𝜇g/mL, Alexis Biochemicals) was absorbed by gel
foam and applied to completely fill the round window niche.
A piece of fascia was placed to cover the hole in the bulla and
the wound was sutured.
2.3. Human Neural Precursors (HNPCs) Cell Line. The
human neural precursor cell line used for this study was originally established by L. Wahlberg, Å. Seiger, and colleagues
at the Karolinska University Hospital (original work with
the cell line was described by Carpenter et al. [32] and was
kindly provided by Professor A. Björklund (Department of
Experimental Medical Science, Lund University Sweden)).
Briefly, forebrain tissue was obtained from a nine-week-old
(postconception) human embryo and isolated under compliance with the National Institute of Health guidelines, Swedish
Government guidelines, and the local ethical committee. The
HNPCs were cultured in DMEM-F12 medium (Invitrogen)
supplemented with 2.0 mM L-glutamine (Sigma), 0.6% glucose (Sigma), N2 supplement (Invitrogen), and 2.0 mg/mL
heparin (Sigma) and were cultured as free floating clusters
(neurospheres). The growth factors: human basic fibroblast
growth factor (hbFGF, 20 ng/mL; R&D Systems), human
epidermal growth factor (hEGF, 20 ng/mL; Invitrogen), and
human leukemia inhibitory factor (hLIF, 20 ng/mL; Sigma),
were added every 3–5 days to the culture. The neurospheres
were passaged by mechanical dissociation every 7–10 days
and reseeded as single cells at a density of 1 × 105 cells/mL.
HNPCs expressed the reporter gene GFP which was previously transduced to the cells using a lentiviral infection at
MOI = 0, 1 (for details on lentiviral infection see [33]).
2.4. Surgical Approach. The surgical approach for cell injections (C.Inj.) into the AN trunk by the IAM (Figure 1)
has been previously described [34]. In brief, all animals
were anaesthetized with an intraperitoneal (i.p.) injection

of a mixture of Ketalar (50 mg/kg) and Rompun (10 mg/kg)
and the skull was put in a fixed position with the aid of a
stereotactic frame. Under a surgical microscope, an incision
was made through the skin and underlying soft tissue. Using
a drill, a hole was made in the suboccipital bone and the
underlying dura was opened and reflected towards the edge
of the hole. The cerebellar hemisphere was retracted medially
to reveal the AN entering through the IAM.
2.5. Cell Injections. A microsyringe mounted in the clamping
device of the stereotactic frame was used for all C.Injs. The
needle was positioned above the AN trunk with the angle of
the tip adjusted towards the IAM. The needle was lowered
into the AN trunk by the use of a micromanipulator and 5 𝜇L
of HNPCs dissociated into a single cell suspension in culture
medium (10.000 cells/𝜇L, i.e., a total of 50.000 cells/implant)
was injected over one minute. After injection, the needle was
left in place for 10 minutes. The wound cavity was filled with
sterile saline and a piece of fascia was applied to cover the
hole in the dura and occipital bone. The wound was sutured
in layers. Following surgery and removal from the stereotactic
frame, the animals were given subcutaneous injections of
3 mL saline and 0.2 mL Temgesic (0.3 mg/mL) and placed in a
warm cage to recover before being transferred to their home
cage.
To prevent postoperative infection and immune response
rejection, all animals received daily doses of tetracycline
(1.8 mg/mL, i.p.) and cyclosporine (4.2 mg/mL, i.p.) until
sacrificed.
2.6. BDNF and PA Gel Applications. In Groups 1–3, 1 wt%
IKVAV peptide amphiphile nanofiber gel (Nanotope, USA)
was applied over the C.Inj. site by the IAM in the same
surgical session as the C.Inj. In two groups (Groups 2 and
3) an additional 10 𝜇L high concentration BDNF (20 mg/mL)
was mixed with the applied PA gel.
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Table 1: Animal groups. Group 1 (𝑛 = 3; survival time 3 weeks) had HNPCs injected to the AN with PA gel applied on the injection site.
Group 2 (𝑛 = 4; survival time 3 weeks) had HNPCs injected to the AN with PA gel including BDNF applied on the injection site. Group 3
(𝑛 = 3; survival time 6 weeks) had HNPCs injected to the AN with PA gel with BDNF applied on the injection site. Group 4 was the control
group (𝑛 = 3; 3-week survival time) and had medium only without cells injected to the nerve.
Group
1
2
3
4

Number of animals
3
4
3
3

𝛽-BuTx
+
+
+
+

HNPC injections
+
+
+

BDNF
+
+

PA gel
+
+
+

Survival time
3 weeks
3 weeks
6 weeks
3 weeks

𝛽-BuTx, 𝛽-bungarotoxin; HNPC, human neural precursor cells; BDNF, brain derived neurotrophic factor; PA, peptide amphiphile.

2.7. Experimental Groups. The animal groups are described
in Table 1. In Groups 1–3 the HNPCs were injected into the
left AN trunk near the IAM in the central portion of the AN
(Figure 1). Group 4 served as the control group with culture
medium (vehicle) only injected.
2.8. Tissue Preparation. After three or six weeks of survival, rats were sacrificed by an overdose of pentobarbital
(60 mg/mL, i.p.) and transcardially perfused with body warm
0.9% saline followed by ice-cold 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer saline (PBS). The cochlea, the
AN, and part of the BS were carefully removed from the
temporal bone en bloc. The specimens (cochlea plus AN
including BS) were further dissected and a small hole was
made in the apex of the cochlea through which the cochlea
was perfused with PFA (initially with 4% and then with 0.5%).
The cochlea was decalcified for seven days using 1% ethylenediaminetetraacetic acid in 0.1 M PBS. After decalcification,
the specimens spent 24 hours in 20% sucrose solution and
were embedded and frozen in Optimal Cutting Temperature Compound (Tissue-Tek; Sakura Finetek, Torrance, CA,
USA). The specimens were orientated in the compound so
that the midmodiolar sections would contain the cochlea,
the AN, and the BS as a continuum. The 12 𝜇m midmodiolar
cryosections were mounted on glass slides.
2.9. Immunohistochemistry. Sections were fixed in 4% PFA
in phosphate buffered saline (PBS, pH 7.4) for 1 h at room
temperature (RT). After washing 3 times in PBS, the sections
were treated with ice cold 20% methanol in PBS for 5 min at
RT. After 3 more rinses in PBS, the tissue was permeabilized
using 0.5% Triton-X in PBS overnight at 4∘ C. The sections
were washed 3 times with PBS and incubated with 20% bovine
serum albumin (Sigma) blocking solution for 12 h at 4∘ C prior
to incubation with primary antibodies. The sections were
incubated at 4∘ C overnight with fluorescein isothiocyanate
conjugated goat polyclonal GFP antibody for transplanted
cell detection (1 : 200 dilution; Abcam, Cambridge, UK).
For double immunostaining, the sections were incubated at
4∘ C overnight with a primary rabbit polyclonal 𝛽-tubulin
(TUJ1) antibody (1 : 200 dilution; Covance Research Products, Berkeley, CA, USA). Following incubation with the
primary antibodies, the sections were incubated with secondary goat-anti-rabbit Cy3 antibody (1 : 2000 dilution; Jackson Immuno Research) for four hours at RT. Omission of the

primary antibody served as negative control. Cell nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI). After
three more rinses with PBS the sections were mounted with
Prolong Gold mounting medium (Invitrogen) and examined
using a fluorescence microscope (Axio Observer Z1, Zeiss).
The brightness and contrast of the presented images were
adjusted to aid visualization (Adobe Photoshop CS5 12.0,
Adobe Systems Inc., USA).
2.10. Quantification of Transplanted and Differentiated Cells.
The specimens were oriented and cryosectioned with the
cochlea, the AN, and the BS in the same section. Surviving
transplanted cells were defined as cell profiles with coexpression of GFP and DAPI. Differentiated transplanted cells
were defined as cell profiles with coexpression of GFP and
TUJ1. Quantification and statistical analysis were performed
on all groups assessing the number of GFP- and DAPI-stained
cells and GFP- and TUJ1 double-labeled cells. We further
quantified the number of differentiated HNPCs with nerve
fiber outgrowths.
From a total of approximately 30 serial sections from each
specimen, the number of HNPCs was in quantified in four
regions. These regions include the scala tympani (ST) in the
cochlea, the modiolus in the cochlea, the AN, and the BS
including the cochlear nucleus. The restrictions of the regions
were set in the microscope in accordance with histological
characteristics (e.g., the transitional zone between the AN
and modiolus). Quantification was performed using stereology, as previously described [13, 35].
Throughout the entire specimen, quantification was performed in every third section. Since the average diameter
of the profiles quantified was 15 𝜇m and the sections had a
thickness of 12 𝜇m, this avoided double counting of profiles.
In every analyzed section, cells were quantified in each of
the four different regions individually. Every third section
of a region was subdivided into fields where each field was
equivalent to the microscopic optic field at 40x. In order to
get a mean value of cells per section for each region, the total
number of counted cells in each region was divided by the
number of evaluated sections. Further, for every region, the
mean number of cells in one section was multiplied with the
total number of sections. The number of TUJ1 positive cells
was calculated using the same technique. The differentiation
rate was estimated by dividing the number of differentiated
cells by the number of surviving cells per specimen. All data
are presented as the mean of each experimental group.
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Figure 2: GFP+ HNPCs injected to the internal auditory meatus with application of PA gel only (Group 1). Immunohistochemical staining
was performed with DAPI ((b), (f)) for cell nuclei, GFP ((c), (g)) for transplanted cells, and TUJ1 ((d), (h)) to verify differentiation. At three
weeks following transplantation, GFP positive cells were identified along the auditory nerve “i” and in the brain stem “e.” Only a few cells have
differentiated as verified by yellow double staining (GFP and TUJ1; (a), (c), (d), (e), (g), (h), and (i)). White arrowheads indicating surviving
GFP+ HNPCs in the auditory nerve “i” and in the BS “e.” AN: auditory nerve; BS: brain stem; C: cochlea. Scale bar (a) 400 𝜇m, (b–i) 100 𝜇m.

2.11. Statistics. Two-way ANOVA followed by Tukey’s HSD
test was used to determine statistically significant differences
in cell numbers between the groups of animals. All results are
expressed as mean ± standard error of the mean (SEM).

3. Results

double labeled (yellow) with GFP (green) and TUJ1 (red)
were quantified as differentiated cells. The results are presented as comparisons between the groups with respect to cell
survival and migration patterns as well as cell differentiation.
The results of the cell quantification are summarized in
Figure 5. As no cells were found in the modiolus or in the ST,
these regions are not further mentioned in this section.

The results described include four different animal groups
(three or four rats in each group) shown in Table 1. In
two groups, the survival time was three weeks and in one
group it was six weeks. All groups were subject to the same
surgical approach with HNPC cell injections to the AN by
the IAM (Figure 1). The cells were harvested and processed
from forebrain tissue obtained from a nine-week-old (postconception) human embryo. In all cell injection groups the
BDNF was applied in the PA gel previously described. One
control group did not receive any cell injections or BDNF.
Immunohistochemistry and staining were used to identify
transplanted cells and to detect possible differentiation. Cells

3.1. Higher Numbers of GFP+ HNPCs after BDNF-Treatment.
Quantification of the number of GFP+ cells includes both
the GFP+ HNPCs with immature profiles and GFP+ HNPCs
differentiated into TUJ1 positive cells (Figure 5(a)).
Surviving GFP+ HNPCs were found in all grafted animals. Overall, Groups 2 and 3 (both receiving BDNFtreatment) had significantly higher numbers of GFP+ cells
(9562 ± 699 and 8489 ± 561, resp.) as compared to Group
1, which did not receive BDNF-treatment (1699 ± 383; 𝑃 <
0.001; Figure 5(a), cf. Figures 2–4). When the regions were
quantified separately, Groups 2 and 3 displayed a significantly
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Figure 3: GFP+ HNPCs three weeks after transplantation with BDNF in PA gel (Group 2). Immunohistochemical staining was performed
with DAPI ((b), (f)) for cell nuclei, GFP ((c), (g)) for transplanted cells, and TUJ1 ((d), (h)) to verify differentiation. Transplanted HNPCs
were identified along the auditory nerve “e” and had also migrated to the brain stem “i.” Double-labeled yellow cells (GFP and TUJ1) and
neurites (arrowheads) indicate neuronal differentiation ((a), (c), (d), (e), (g), (h), and (i)). CO: cochlea; AN: auditory nerve; BS: brain stem;
CN: cochlear nucleus. Scale bar (a) 200 𝜇m, (b–i) 100 𝜇m.

higher number of GFP+ cells in both the AN and the BS
(Group 2: 5196 ± 375 (AN); 4366 ± 08 (BS), Group 3:
1989 ± 226 (AN); 6500 ± 362 (BS)) as compared to Group 1
(481 ± 112 (AN), 1217 ± 274 (BS); Figure 5(a), cf. Figures 3
and 4). In Group 3 a majority of GFP+ cells were found in the
BS as compared to Group 2, where the majority of GFP+ cells
were found in the AN (Figure 5(a), cf. Figures 3 and 4).

3.2. BDNF in the PA Gel Promotes HNPC Differentiation.
Transplanted cells were considered to have differentiated
into a neuronal lineage if these were double stained with
GFP and TUJ1. Overall, Groups 2 and 3 displayed significantly more neuronal differentiated cells (7590 ± 639
and 6088 ± 84, resp.) as compared to Group 1 (147 ± 71;
Figure 5(b), cf. Figures 2–4). When the regions were analyzed
separately, Groups 2 and 3 had significantly more differentiated cells in both the AN and the BS (Group 2: 4002 ± 359
(AN); 3588 ± 381 (BS), Group 3: 1577 ± 137 (AN); 4511 ± 57
(BS)) as compared to Group 1 (22 ± 22 (AN), 126 ± 50 (BS);
𝑃 < 0.001; Figure 5(b), cf. Figures 3 and 4). Thus, out of the
GFP+ HNPCs the most prominent neuronal differentiation
was found in Groups 2 (79%) and 3 (72%). There were similar
numbers of differentiated cells in the BS in Groups 2 and 3
(Figure 5(b)) but significantly more cells in the AN in Group
2 as compared to Group 3 (Figure 5(b); 𝑃 < 0.001).

3.3. BDNF in the PA Gel Promotes Neuronal Outgrowths/
Extensions in Differentiated Cells. Quantification of numbers
of GFP+ HNPC with neuronal outgrowths was performed
as described above. These were defined as GFP and TUJ1
positive cells that had outgrowths that were estimated to be
at least equal in length to the cell soma. Overall, Groups 2
and 3 had significantly more cells with neuronal outgrowth
(4240 ± 474 and 5473 ± 87, resp.; Figure 5(c)) as compared
to Group 1 (17 ± 4; 𝑃 < 0.001). When we analyzed each
region individually we found that there were zero cells with
outgrowths in the AN and only 17 ± 4 in the BS in Group 1
(Figure 5(c)). Group 2 had approximately an equal number
of cells with outgrowths in the AN (2454 ± 237) as in the
BS (1786 ± 446). However, after 6 weeks of survival (Group
3), there were 4030 ± 33 cells with outgrowth in the BS as
compared to 1443 ± 104 in the AN. This is illustrated in
Figure 5(c).

4. Discussion
Here we present a novel nerve regeneration protocol for
HNPC transplantation into a damaged rat AN with coapplication of PA gel and BDNF. In the present study, surviving
and differentiated GFP+ HNPCs were detected in all groups
in both the AN and the BS for up to six weeks after transplantation into the 𝛽-BuTx-damaged rat AN. At six weeks

BioMed Research International

7

M
BS

AN

CN
DAPI

DAPI/TUJ1/GFP
(a)

(b)

TUJ1

GFP
(c)

(d)

Merge

(e)

Figure 4: GFP+ HNPCs six weeks after transplantation with BDNF in PA gel (Group 3) (a). Cryostat section of dissected rat cochlea, auditory
nerve, and brain stem following transplantation of HNPCs. Inset box in (a) shown at higher magnification in ((b)–(e)). Immunohistochemical
staining was performed with DAPI (b) for cell nuclei, GFP (d) for transplanted cells, and TUJ1 (c) to verify differentiation. Double labeling
(yellow) of GFP and TUJ1 indicates neuronal differentiation of the transplanted HNPCs. Double-labeled GFP, TUJ1 positive cells, and their
arborisation of fibers can be identified in vicinity of the cochlear nucleus ((c)–(e)); arrowhead indicates GFP/TUJ1 double-labeled fiber. M:
modiolus; AN: auditory nerve; BS: brain stem; CN: cochlear nucleus. Scale bar (a) 400 𝜇m, ((b)–(e)) 50 𝜇m.

after transplantation, a higher number of GFP+ HNPCs were
found in the BS as compared to the number of cells at
three weeks, demonstrating central-directed (from the C.Inj.
site) cell migration over time. Additionally, significantly
more fiber outgrowths were seen at the six-week time point,
demonstrating a progressive neuronal maturation over time
of the grafted HNPC.
Further, the results indicate that BDNF had a significant
effect on numbers of GFP+ cells and differentiation of the
transplanted HNPCs. BDNF was mixed and applied in a PA
gel over the injection site. This neurite-promoting laminin
epitope containing gel has in several studies been shown
to promote the regeneration of sensory nerve fibers, to
increase survival and differentiation of stem cells and neural
progenitors, and to have a suppressing effect on astrogliosis

[28, 36]. This gel is intended to be mixed with transplanted
cells and applied directly to the nerve lesion. However, due
to limited space in the AN trunk in our experimental setup,
we were unable to use the gel as intended but instead we
applied the gel mixed with BDNF on the C.Inj. site. Although
this application approach of the gel may not have been
ideal, it is possible that our cell transplantation strategy
benefited from the inhibitory effect of the PA gel on the
glial scarring that can occur around the injection site, thus
allowing for an increased migration of transplanted cells.
Further, the cylindrical and hydrated nanofibers in the PA
gel may bind and localize neurotrophic factor protecting it
from enzymatic degradation. The gel network may also allow
for sustained release of BDNF over time. Recently Angeloni
and coworkers, using a different PA gel, demonstrated the
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Figure 5: Graphs illustrating the quantification of numbers of GFP+ HNPCs, differentiated cells, and cells with neuronal outgrowths. (a)
Total number of GFP+ HNPCs. Groups 2 and 3 had significantly better cell survival compared to Group 1 (∗∗∗ 𝑃 ≤ 0.001). After 3 weeks the
majority of the surviving cells were observed in the AN whereas after 6 weeks the majority of the cells were found in the BS. No cells were
found in Group 4 (data not shown). (b) Number of double-labeled (GFP and TUJ1) differentiated cells. Groups 2 and 3 had significantly more
differentiated cells than Group 1 (∗∗∗ 𝑃 ≤ 0.001). After six weeks, the majority of the differentiated cells were found in the BS. (c) Number
of differentiated cells with outgrowth of fibers. Groups 2 and 3 had significantly more cells with fiber outgrowth as compared to Group 1
(∗∗∗ 𝑃 ≤ 0.001).
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possibility of regenerating the cavernous nerve by delivering
Sonic hedgehog from a PA gel but not when the same
morphogen was encapsulated in conventional gel beads [37].
To evaluate the effect of BDNF on the numbers of
GFP+ cells, differentiation, and migration of the transplanted HNPCs, we quantified the number of GFP+ cells
(Figure 5(a)) as well as the number of differentiated GFP and
TUJ1 positive cells in the AN and BS (Figure 5(b)). Further
we evaluated the number of differentiated GFP and TUJ1
positive cells with fiber outgrowth (Figure 5(c)). Branching is
a necessary feature for axons in the development of complex
neuronal circuits [38]. Studies of the retinotectal system
have illustrated that BDNF, through activation of the TrkB,
promotes branching of retinal axons [38, 39]. Further, the
arborisation of neurite processes in the period of neurite
outgrowth adds to the complexity of neuronal circuits [40].
Later retraction and pruning of inappropriate branches result
in a more mature pattern of connectivity [41].
Regeneration of a sensory cranial nerve such as the AN
presents several obstacles. First, cells suitable for the task need
to be selected. There are several cell candidates in various
stages of differentiation to choose from. Most favorable
would be to transplant autogenic cells as this circumvents
the issue with immunogenic responses and host versus graft
rejection. Since the eventual goal of our experiments is to
develop a cell replacement strategy that can be used clinically,
we presently used HNPCs as cell candidate. In contrast to
rodent stem cells, HNPCs have the potential to be used as
a future allogeneic cell replacement therapy in humans. The
HNPCs were initially obtained from first-trimester human
embryonic forebrain tissue and can be long term expanded
into high numbers in vitro [42] maintaining the capacity
to form neurons, astrocytes, or oligodendrocytes, the three
main phenotypes in the CNS [32]. Second, there is the issue
of surgical approach. The AN is embedded in the cochlea
and the temporal bone. To access the distal part of the nerve,
it is therefore necessary to perform a cochleostomy; that is,
penetrate the basal turn of the cochlea and access the nerve
via the modiolus. This approach may therefore jeopardize
the integrity and homeostasis of the cochlea. However, the
central portion of the AN near the IAM can be accessed
via a craniotomy. Once the craniotomy is performed, the
cerebellum is retracted medially to reveal the AN going into
the IAM. In a previous experiment, we have demonstrated
that this central approach does not significantly affect the
hearing of the experimental animals as measured by auditory
brain stem response testing [34]. Third, the injected cells need
to differentiate into neurons and find the proper connections
both peripherally with the hair cells and centrally with
cochlear nucleus neurons. BDNF has been shown to promote
the neural differentiation of stem cells [43–45]. BDNF has
also been shown to promote axonal branching in retinal
ganglion cells through activation of the TrkB receptor [38].
Since the transplanted cells may need support by exogenous
factors to survive and differentiate, one impediment may
be how to give the cells trophic support over time. This
may be achieved by prolonged infusions via miniosmotic
pumps or containers with slow releasing agents such as a PA
gel. Indeed one in vitro study has demonstrated that BDNF
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tethered with a nanofiber scaffold enhanced the proliferation
and differentiation of cultured NSCs as compared to soluble
BDNF [44]. Here we used a PA gel mixed with BDNF in order
to provide prolonged trophic support to the HNPCs.
Overall, we observed very high neuronal differentiation
rates of the transplanted GFP+ HNPCs in the BDNF-treated
groups. At 3 weeks, 79% of the GFP+ HNPCs were TUJ1
positive. After 6 weeks of survival 72% of the GFP+ HNPCs
were TUJ1 positive, which may indicate good survival of
the human neurons over time. Additionally, from the total
number of differentiated cells we observed a higher rate of
cells with fiber outgrowth at 6 weeks 90% as compared to
cells with fiber outgrowths at 3 weeks 56% (Figure 5), in the
BDNF-treated groups, indicating that these cells appear to be
maturing over time. These effects on numbers of GFP+ cells,
differentiation, and sprouting appear to be due to BDNF since
significantly more GFP+ cells, neuronally differentiated cells,
and sprouts were found in Groups 2 and 3 as compared to the
untreated Group 1.
In the BDNF-treated groups, even though total GFP+
cell numbers were similar between the three and six weeks
of survival groups, the locations of the surviving cells were
different. The differentiated GFP+ cells at the 3-week time
point were evenly distributed between the AN (54% GFP,
53% GFP/TUJ1) and the BS (46% GFP, 47% GFP/TUJ1).
However, at the 6-week time point the majority of surviving
and differentiated cells had migrated into the BS (77% GFP,
74% GFP/TUJ1) as compared to the AN (23% GFP, 26%
GFP/TUJ1) indicating a central migration of the cells over
time. The environment in the BS being more favorable for
harboring the transplanted cells could explain this and that
site-specific cues in the BS may trigger migration, differentiation, and sprouting of these cells.
Additionally, the number of double-stained cells with
fiber outgrowths in the BDNF-treated groups was also significantly higher in the BS than in the AN after 6 weeks
as compared to the 3-week group. Therefore, it appears that
BDNF promoted differentiation and these differentiated cells
developed fibers as the cells matured over time.

5. Conclusion
Regeneration of cranial nerves constitutes a major challenge
both in the control of the microcellular environment and
in getting the proper surgical access without damaging
sensitive structures. The current study comprises a first step in
finding novel therapeutic techniques for aiding patients with
a severely damaged AN. As CIs and ABIs are getting more
advanced, higher demands on the function of the residual
AN and spiral ganglions are to be expected. A combination
therapy with CI, cell transplantation, and neurotrophic factor
stimulation may be a feasible approach. For a future clinical
use, the cells need to be derived from human sources. In this
study, we observed high survival and neuronal differentiation
of HNPCs transplanted to the rat AN. Our results also
indicate that HNPC integration with host tissue benefits from
additional BDNF. As this study did not include verification
of synapses or functional assessment, we cannot draw any
conclusions on the integration of the transplanted cells into
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the existing neuronal circuitry. However, the fact that we
found differentiated HNPCs and newly formed nerve fibers
in close proximity to the cochlear nucleus suggests the need
for further studies to explore the functional effectiveness of
this cell transplantation paradigm.
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Prior to the “onset of hearing,” developing cochlear inner hair cells (IHCs) and primary auditory neurons undergo experienceindependent activity, which is thought to be important in retaining and refining neural connections in the absence of sound. One
of the major hypotheses regarding the origin of such activity involves a group of columnar epithelial supporting cells forming
Kölliker’s organ, which is only present during this critical period of auditory development. There is strong evidence for a purinergic
signalling mechanism underlying such activity. ATP released through connexin hemichannels may activate P2 purinergic receptors
in both Kölliker’s organ and the adjacent IHCs, leading to generation of electrical activity throughout the auditory system. However,
recent work has suggested an alternative origin, by demonstrating the ability of IHCs to generate this spontaneous activity without
activation by ATP. Regardless, developmental abnormalities of Kölliker’s organ may lead to congenital hearing loss, considering that
mutations in ion channels (hemichannels, gap junctions, and calcium channels) involved in Kölliker’s organ activity share strong
links with such types of deafness.

1. Introduction
As first described in 1863 by a Swiss anatomist and physiologist Albert von Kölliker, Kölliker’s organ is an epithelial
structure present in the developing auditory sensory organ
in a wide variety of mammals, including cattle, rabbits, cats,
dogs, and humans [1, 2]. It is one of the earliest visible
epithelial structures of the developing cochlea and is the
source of the sensory cells. After sensory cell differentiation,
the residual Kölliker’s organ remains as a large collection of
epithelial cells on the medial aspect of the sensory organ,
the organ of Corti (named after one of Kölliker’s students,
Alfonso Corti), while it is still in its developmental stage.
As a transient structure, Kölliker’s organ undergoes extensive
remodelling in the embryonic or early postnatal stages and
is eventually transformed into the inner sulcus region of

the organ of Corti after the sensory structures become
sensitive to external sound. Although Kölliker’s organ was
described well over a century ago, its function, especially in
the period after sensory cell differentiation, is still largely
unknown. This review looks at the structure and putative
function of Kölliker’s organ, with a major focus on purinergic
intercellular signalling in the structure after sensory cell
differentiation.

2. Morphology and Transformation
The cochlea develops from its base to apex in a timedependent manner, both structurally and functionally. In
the mouse, the putative sensory epithelium becomes visible
around day 14 of gestation (embryonic day 14), when the
endolymphatic duct is composed of tall columnar epithelial
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cells of ectodermal origin surrounded by mesenchymal tissue
[3]. This mass of epithelial tissue which gives rise to the
sensory IHCs is sometimes referred to as “Kölliker’s organ” in
the literature [4]. However, the sensory cell development and
differentiation are not the topic of the review. Instead, it will
focus on the functional role of Kölliker’s organ after sensory
hair cell differentiation and how genetic mutations may lead
to abnormal function of this tissue and deafness.
As the sensory structures mature in the cochlea, the
epithelium forms two domains starting from around embryonic day 16 (mouse): the greater epithelial ridge (GER)
containing Kölliker’s organ lying on its medial aspect and
the lesser epithelial ridge (LER) in the lateral portion. The
epithelial cells that separate these two regions become the
inner and outer pillar cells of the organ of Corti [3]. While
IHCs are thought to originate from the GER, the outer hair
cells (OHCs) are derived from the LER [4]. The differentiation process between the sensory and nonsensory cells begins
without any visibly distinguishable features between the two
cell types, as nerve fibres begin to invade specific areas of the
GER [5, 6]. Kölliker’s organ in hamsters and other rodents
initially appears in the basal turn, along with the lateral wall
and Reissner’s membrane, while the apical turn is still in its
undifferentiated state [3, 7].
2.1. Structure of the Differentiated Kölliker’s Organ. The differentiated Kölliker’s organ is composed of tightly packed
columnar epithelial cells, but due to its dense nature, the
nuclei of these cells can be present in different regions of the
cells (though mostly in the basal half), giving it a stratified
appearance when viewed in cross section [8] (Figure 1). The
supporting cells are generally separated by an extracellular
space of about 200 Å, while some intercellular spaces measure
as little as 30 Å [8–10]. In kittens, these supporting cells
are approximately 65 𝜇m in height 3-4 𝜇m in width, and
have microvilli covering their apical or luminal surface. An
occasional kinocilium has been observed on the surface of
the epithelial cells [8], although others have suggested that all
cells within Kölliker’s organ contain kinocilium surrounded
by microvilli [10]. In mice, the microvilli are approximately
3-4 𝜇m in length and are present up to 10 days after birth
[3]. The cytoplasm at the apical or luminal end of these cells
is dense with organelles such as mitochondria, endoplasmic
reticulum, and secretory vesicles [11]. Based on their morphological appearance, it was proposed that these cells secrete the
tectorial membrane [12], as during early developmental stages
(at birth in mice), the tectorial membrane is in contact with
Kölliker’s organ through a network of fine filaments, which
later detach [3, 8, 10]. The tectorial membrane then extends
to the OHC region two weeks after birth [3].
Cells of Kölliker’s organ as well as other supporting cells
in the immature organ of Corti are extensively connected
through gap junctions, forming a syncytium [13]. Gap junctions are composed of two connexin hemichannels (connexons) from adjacent cells and are made of six subunits, each
containing 4 transmembrane regions. These gap junctions are
formed before the functional maturation of the cochlea [13]
and comprise mainly connexin 26 (Cx26) and connexin 30
(Cx30) subunits (capable of forming heteromeric channels)
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which share similar expression patterns in Kölliker’s organ
epithelial cells in mice and are associated with congenital
deafness [6].
2.2. Transformation. As the cochlea matures, columnar cells
constituting Kölliker’s organ are replaced by cuboidal cells,
which are approximately 10 𝜇m in height, forming the mature
inner sulcus [8]. The replacement process increases the intercellular space and greatly reduces the number of cells so that
the final number of cuboidal cells is approximately 12% of the
original columnar cell count [8]. This transformation occurs
in a basal to apical and medial to lateral manner. Although
the exact process behind this refinement is unclear, it may
involve apoptosis of columnar cells, followed by formation of
the inner sulcus containing cuboidal cells, while supporting
cells lining the inner hair cells (border cells and phalangeal
cells) are maintained through to the mature cochlea [8]. This
transformation process appears to be very sensitive to thyroid
hormone, as its deficiency leads to prolonged survival of
Kölliker’s organ in rats as old as 30 days and the malformed
structure of the organ of Corti, particularly the tectorial
membrane [11, 14, 15]. Supplementation of thyroid hormone
at this age stimulates the transformation of the tall columnar
cells of Kölliker’s organ to the cuboidal cells of the inner
sulcus [14].

3. Purinergic Signalling in Kölliker’s Organ
Purines have been shown to have considerable influence
on the cellular activity in Kölliker’s organ. The actions of
adenine compounds on cells and tissues were first described
by Drury and Szent-Györgyi in 1929 [16]. However, the
term “purinergic signalling” was not introduced until 1972,
when adenosine triphosphate (ATP) was recognised as a
neurotransmitter, followed by identification of purinergic
receptors in 1976 [17]. Purines such as adenosine, ATP,
and guanosine triphosphate (GTP) and pyrimidines such
as uridine triphosphate (UTP) act as neurotransmitters,
gliotransmitters, and paracrine signalling molecules in a
variety of sensory systems including vision, smell, taste, and
hearing [18]. In the peripheral auditory system, purines have
multiple roles, including regulation of cochlear sensitivity
and electrochemical homeostasis, synaptic transmission, and
signalling between sensory and supporting cells after sensory
cell injury [18]. There are two major classes of purinergic
receptors, each with multiple subtypes. The P1 receptors (A1 ,
A2A , A2B , and A3 ) are G protein-coupled and are activated
by adenosine. These are further subdivided into receptors
which stimulate the production of cyclic AMP (A2A and
A2B ) and those which inhibit its production (A1 and A3 ). P2
receptors are classified into two major groups, P2X and P2Y
(for review, see [19]). The P2X receptors are nonselective ATPgated ion channels, with high permeability for Na+ , K+ , and
Ca2+ . P2X subtypes range from P2X1 to P2X7 with various
roles throughout the body. On the other hand, P2Y receptors
are G protein-coupled metabotropic receptors, which activate
phospholipase C (PLC), resulting in activation of the second
messengers diacylglycerol and inositol trisphosphate (IP3 ).
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Figure 1: The immature organ of Corti and the adjacent Kölliker’s organ. (a) A cross sectional diagram of a rat organ of Corti (approximately
10 days old) outlining the sensory hair cells and supporting epithelia. Kölliker’s organ is found immediately adjacent to the inner hair cells
(IHCs), shaded in darker colour (HC-Hensen’s cells; DC-Deiters’ cells; OHC-outer hair cells; PC-pillar cells; IHC-inner hair cells; and KOKölliker’s organ). (b) A diagram outlining a horizontal section of the same developing organ of Corti, detailing the positions of various
sensory and nonsensory cells. (c) Resin embedded toluidine-blue stained 1 𝜇m cross section of a 10-day-old Wistar rat organ of Corti. (d)
Resin embedded horizontal section of an 11-day-old Wistar rat organ of Corti, postfixed in 1% osmium tetroxide. Scale bar: 20 𝜇m.

IP3 increases intracellular Ca2+ levels by releasing these
ions from internal stores [20]. P2Y receptors can be further
subdivided into two groups. The first is mainly coupled to
Gq /G11 , activating the PLC/IP3 pathway, and includes P2Y1 ,
P2Y2 , P2Y4 , P2Y6 , and P2Y11 [21]. The second group consists
of P2Y12 , P2Y13 , and P2Y14 and is coupled to Gi/o and
adenylyl cyclase [22].
3.1. P2 Receptors in the Developing Cochlea. In the developing
rat cochlea, P2Y1 , P2Y2 , P2Y4 , P2Y6 , and P2Y12 receptors
are expressed in sensory and nonsensory cells of the organ
of Corti and the spiral ganglion neurons [23], although this
review focuses on the cells of Kölliker’s organ (for review of
receptor expression in IHC and OHC, see [18]). P2Y2 and
P2Y4 receptors are localised in cells of the GER [23] and are
vital for its function. P2X2-3 and the transiently expressed
P2X3 contribute to specific innervation of sensory cells by the
spiral ganglion neurons (SGNs) [24]. During development,
both type I and type II SGNs innervate IHCs and OHCs. This
is followed in rodents by programmed withdrawal of the type
I SGNs from the outer hair cells and the type II fibres from the
inner hair cells few days after birth [24]. At this stage, SGNs
are supported by neurotrophins secreted by the hair cells,
such as brain-derived neurotrophic factor and neurotrophin
3 [25, 26]. P2X receptor signalling via P2X2/3 receptors
inhibits this neurotrophic support [27]. P2X7 receptors are
also expressed in hair cells and supporting cells within the
cochlea from embryonic stages through to adulthood and are
thought to be involved in ion homeostasis as well as apoptosis
in the cochlea [28]. P2X1 receptors are transiently expressed
during development and are downregulated by postnatal day
10 (P10) in rats, suggesting an involvement of this P2X subunit

only in early stages of cochlear development [18, 29]. This
may occur through regulation of cell death and differentiation
[29].
3.2. Activity in Kölliker’s Organ. Neural connections develop
throughout the auditory system during development to form
the necessary circuits. This formation and its refinement
occur during a stage when there is no sound-driven activity
(prior to the “onset of hearing”) in the cochlea. However,
there is strong evidence for experience-independent action
potentials throughout various regions of the developing
auditory circuit, from the cochlear neurons to auditory nuclei
in the brain [30, 31]. This is similar to other developing
neural circuits, including the spinal cord [32], cerebellum
[33], hippocampus [34], and the retina [35–39]. The origin
of this neural activity was first found to be in the cochlea
as tetrodotoxin applied to the round window membrane
of the developing avian cochlea resulted in the elimination of neural activity throughout the developing auditory
system [36]. The activity, therefore, appears to first begin
spontaneously in the cochlea, generating action potentials
in the auditory pathways through to the auditory cortex
through the activation of IHC and their primary afferent
neurons. The electrical activity in the immature auditory
cortex thus appears to result from the auditory neural input
in the absence of sound. Maintaining activity throughout
the auditory circuit in this manner retains and refines the
important synaptic connections made during very early
development. Although spontaneous electrical activity was
first observed in the developing IHCs over a decade ago [40],
the link to refinement of the auditory system is only recently
starting to emerge [31].
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Tritsch et al. [35] identified Kölliker’s organ as the area
of the developing organ of Corti that could be responsible for generating the intrinsic spontaneous activity which
drives the primary afferent auditory neurons [35]. Clusters
(approximately 60 𝜇m wide) of supporting cells of Kölliker’s
organ show synchronous spontaneous activity, which could
lead to a synchronous event involving adjacent IHCs because
of their close proximity [35]. Their work on prehearing
rats revealed spontaneous inward currents within epithelial
supporting cells of Kölliker’s organ and ruled out the direct
involvement of IHCs or neural activity in initiating these
events [30, 35, 41]; a finding that has been disputed by
later studies [42–44] and is discussed in the next section.
Furthermore, in the experiments by Tritsch and Bergles,
spontaneous activity in supporting cells, IHCs, and SGNs was
reduced by P2 purinergic receptor antagonists and extracellular ATP-hydrolysing enzymes (ectonucleotidases), suggesting
an involvement of ATP released from Kölliker’s organ and
a subsequent activation of P2 receptors in surrounding
cells. Predictably, experience-independent neural activity is
transient, just like Kölliker’s organ itself (it is only present
during the prehearing stages of development). During the
earliest stages of development (P0–3), the spontaneously
generated currents are smaller, faster, and more frequent
when compared to the activity observed later (P7–10) [30].
3.3. Possible Mechanisms of Spontaneous Activity Generation.
As mentioned earlier, the possible involvement of purinergic signalling in generation of spontaneous activity in the
auditory nerve was first introduced by Tritsch et al., as
P2 receptor antagonists such as suramin and pyridoxalphosphate-6-azophenyl-2 ,4 -disulphonate (PPADS) inhibited experience-independent activity [35]. In addition, application of ATP to the epithelial nonsensory cells of Kölliker’s
organ resulted in bursts of excitatory postsynaptic currents
in primary auditory afferents [30, 35]. Both P2X and P2Y
receptors (in particular P2X2 , P2X7 , and P2Y4 ) are expressed
in the developing organ of Corti, suggesting their likely
involvement in ATP-induced currents [23, 41].
It is proposed that release of ATP from Kölliker’s organ
may occur through connexin hemichannels expressed extensively in Kölliker’s organ [45, 46]. In particular, this could
involve Cx26 and Cx30 which are expressed throughout the
organ of Corti, excluding sensory cells [6]. This is supported
by the inhibitory effects of gap junction blockers (such as
octanol and carbenoxolone) on spontaneous activity as well
as the observation of an increase of activity in response to
hemichannel opening with Ca2+ -free external solutions [30,
46, 47]. It is however important to note that pharmacological
studies of such channels or hemichannels lack specificity, limiting their effectiveness in isolating the correct proteins [48].
Pannexins are another candidate for ATP release, as Panx1
and Panx2 are also strongly expressed in supporting cells
of the adult cochlea [49], although their expression during
development is not clear. Interestingly, genetic loci for the
Panx1 gene also contain part of the gene sequence responsible
for a dominant form of nonsyndromic sensorineural deafness
(DFNA11) [50]. A cochlear organotypic culture study [47]
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provided further support for connexins as the channels
responsible for ATP-induced Ca2+ waves over Panx1 and
P2X7 , though their work was limited to the outer sulcus [47].
While specific connexin activity has not yet been confirmed,
it appears that ATP release in Kölliker’s organ likely occurs
through these hemichannels.
Therefore, as first proposed by Tritsch et al., the generation of intrinsic activity in the developing cochlea may
include periodic release of ATP from inner supporting cells
of Kölliker’s organ, leading to P2 receptor activation at
the adjacent IHCs, and subsequent glutamate release [35].
This, in turn, initiates bursts of action potentials in SGNs,
connecting spontaneous activity of the cochlea to upstream
neural activity in the auditory circuit. Studies carried out on
epithelial cells of LER origin indicate that a large portion of
Ca2+ rise following purinergic activation occurs from internal
stores, as Ca2+ spikes persist in these cells even in Ca2+ -free
external solution [51–54]. Although developed from different
domains, this may give an insight into mechanisms behind
Ca2+ spikes observed during spontaneous activity generated
in Kölliker’s organ. While the rise in intracellular Ca2+ can
lead to glutamate release from IHCs, it is also thought to
be involved in inducing spontaneous morphological changes
within Kölliker’s organ. The ATP-induced activity is likely
biphasic, as the P2X receptors respond more rapidly than
P2Y receptors [35]. This is evident during the response of
supporting cells to the specific P2Y receptor agonist UTP,
which is consistently slower than the responses elicited by
ATP [35]. Following its release from supporting cells, ATP
is likely degraded through the actions of ectonucleotidases
(extracellular ATP-hydrolysing enzymes), resulting in generation of adenosine [55]. Although adenosine stimulates
P1 (adenosine) receptors in the adult cochlea, it does not
have any effect on the spontaneous activity in the developing
organ of Corti [35]. The combined action of ATP release
through connexins and its continuous degradation in the
extracellular space by ectonucleotidases may be responsible
for the rhythmic regulation of spontaneous activity. A recent
study on adult guinea pigs also suggested the involvement of
ATP in mediating gap junctional coupling [56]. This study
demonstrated an uncoupling effect on gap junctions by ATP
in cochlear supporting cells, an effect mediated by P2X rather
than P2Y receptors [56].
In contrast to the purinergic mechanism proposed by
Tritsch et al. [35], more recent findings suggest that the initiation of spontaneous activity occurs through IHCs, without ATP-induced depolarisation [42–44]. Johnson et al.
[43] recorded sustained spontaneous activity from mouse
IHCs which was independent from purinergic signalling by
Kölliker’s organ. In addition, IHCs still fire spontaneous
action potentials in the presence of broadly selective P2
receptor antagonists such as PPADS and suramin and in the
absence of the P2X4 receptor subunit [43, 44]. Both studies
revealed a modulatory role of the efferent neurotransmitter acetylcholine using 𝛼9𝛼10 nicotinic receptor antagonist
strychnine [43, 44]. This again challenges the original work by
Tritsch et al. [35], which reported no change of spontaneous
activity in response to strychnine [35]. The major differences
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between the purinergic and IHC theory of spontaneous activity generation may be due to variation in ionic compositions
(such as K+ concentrations and Ca2+ buffering), which may
affect the resting potential of IHCs and therefore their ability
to generate action potentials. However, if ATP release by
Kölliker’s organ is not responsible for generating spontaneous
activity which drives the auditory system prior to the “onset of
hearing,” questions remain regarding the role of spontaneous
purinergic activity in Kölliker’s organ.
3.4. Rhythmic Morphological Changes within Kölliker’s Organ.
Strongly correlated with the onset of inward currents, supporting cells of Kölliker’s organ undergo spontaneous morphological changes where the cytoplasm pulls away from the
membrane, resulting in crenation of the cell and increased
extracellular space between individual cells. These events are
tightly linked as demonstrated by the fact that 93% of optical
changes resulting from cell shrinking are correlated with
inward currents [35]. This allows real-time visual detection
of the spontaneous activity in Kölliker’s organ by recording
changes in the optical density/refractive indices of supporting
cells involved. Such optical changes occur at a frequency of
0.034 ± 0.003 Hz and could be observed at random locations
within the length of Kölliker’s organ [32]. Morphological
changes are relatively specific to Kölliker’s organ but are
also observed in the processes of phalangeal cells away
from the OHCs [41]. Much like the inward currents, these
spontaneously generated morphological changes are also
inhibited by nonselective P2 receptor antagonists such as
suramin and activated by both ATP and UTP, suggesting a
similar purinergic control [30, 35, 41]. Although spontaneous
currents and Ca2+ waves are present in Kölliker’s organ from
birth in rodents, morphological activity is only observed a
few days after birth, indicating that a certain level of development is required to induce changes in cell shape. While
low expression of purinergic receptors is a possibility, ATP
still induces inward currents and Ca2+ waves in Kölliker’s
organ of young rodents, suggesting that the expression levels
of purinergic receptors cannot solely account for the lack
of morphological changes at these earlier stages [23, 35].
In order to identify the mechanisms of the morphological
changes, supporting cells of Kölliker’s organ were depolarised
in the presence of high intracellular Ca2+ concentrations.
Neither large current injections nor rise in extracellular K+
resulted in the spontaneous morphological changes [41]. In
contrast, rises in intracellular Ca2+ alone induced changes in
cell diameter of the activated cell as well as adjacent cells.
These results indicate that intracellular Ca2+ rise alone can
lead to rhythmic morphological changes, which spread to
adjacent cells within Kölliker’s organ [41].
A possible mechanism for the changes in cell shape
involves the activation of Cl− channels or nonselective cation
channels by Ca2+ , leading to the expulsion of water. It has
been suggested that cultured cochlea has the ability to secrete
water, providing further support to this theory [57]. Other
possibilities include the involvement of contractile proteins
such as actin, although there is a lack of evidence to support
this. If these morphological changes in the supporting cells

5
do in fact result in the secretion of water, this process may
be involved in forming the cochlear compartmental fluids
(endolymph and perilymph) during development.
3.5. Calcium Signalling in Kölliker’s Organ. Calcium is a
major intracellular messenger in the cochlea, being involved
in a number of signalling pathways. Within Kölliker’s organ,
a strong correlation was initially observed between spontaneously generated currents, morphological changes, and
Ca2+ spikes. This likely occurs through the combined rise in
intracellular [Ca2+ ] from internal stores and inward currents
through P2X receptors-channel complexes [30, 35]. The Ca2+
waves in Kölliker’s organ are comparable to those found
between groups of astrocytes connected via gap junctions
[58]. Each wave is initiated in a small group of cells (one
to four) and then spreads radially. Ca2+ waves are also
observed within the outer sulcus cells following ATP release
or mechanical stimulation [51]. These Ca2+ waves lead to
further ATP release, resulting in a regenerative wave that
allows the synchronisation of nearby cells [30, 35]. ATPinduced Ca2+ waves can be observed from very early stages
of development, with their frequency increasing dramatically
(by 5-fold), along with an increase (1.7-fold) of the area of
activation [30]. Although extracellular ATP can induce Ca2+
waves throughout Kölliker’s organ at very early stages (P0P1), naturally occurring Ca2+ waves are rare at that age,
possibly due to lower levels of ATP release. The ATP-induced
currents are also of smaller amplitudes at that age [30, 41].
Clinically, lack of regular Ca2+ action potentials in IHCs
during development could lead to hearing impairment, particularly due to defects in the Ca2+ channel Cav 1.3, as its
dysfunction is detrimental to cochlear functioning [59]. This
particular 𝐿-type channel is the predominant Ca2+ channel in
IHCs of developing cochlea and is responsible for exocytosis
of glutamate and potentially of other neurotrophic factors
[60]. It is likely that Ca2+ is also involved in rhythmic
morphological changes within supporting cells of Kölliker’s
organ. One intriguing possibility is that the increase in
intracellular Ca2+ within supporting cells can activate Ca2+ activated Cl− channels, leading to efflux of Cl− . A recent study
has demonstrated a strong expression of Ca2+ -activated Cl−
channels (Anoctamin-1) in Kölliker’s organ, particularly in
supporting cells immediately adjacent to IHCs [61]. While
Anoctamin-1 is thought to be involved in pacemaker activity
and fluid secretion in the digestive system [62], its functional
significance in Kölliker’s organ is yet to be established. The
osmotic gradient created by this Cl− efflux could in turn
cause the movement of water out of these cells, resulting
in morphological changes within Kölliker’s organ [35, 41].
This is supported by the negative effect of Cl− channel
inhibitor 4,4 diisothiocyano-2,2 stilbene disulfonic acid on
spontaneous morphological activity in Kölliker’s organ [41].

4. Kölliker’s Organ and Deafness
The role of Kölliker’s organ is quickly evolving from simply
providing support for adjacent IHCs, to potentially initiating
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activity that is necessary for the development of a fully
functional auditory system. While no direct link between
Kölliker’s organ dysfunction and deafness has yet been
established, critical components of its organisation appear to
be linked to major forms of deafness. One of the strongest
potential links lies within mutations of the GJB2 gene, which
encodes Cx26 and accounts for about 50% of prelingual childhood deafness [63]. Both Cx26 and Cx30 (with strong links
to both syndromic and nonsyndromic congenital hearing loss
[64, 65]) are highly expressed throughout Kölliker’s organ
and are likely to play a key role in generating and transmitting
synchronised spontaneous activity. In rodents, mutations and
blockers of Cx30 reduce Ca2+ transients within Kölliker’s
organ, and the Cx30-null mice also show an elevation of
auditory thresholds [66, 67]. Furthermore, Cav 1.3 channels
are essential in creating and maintaining synapses during the
critical spontaneous activity driven period of development,
and adverse effects are seen as early as the first postnatal week
in their absence, starting with OHC degeneration [59].
In addition, the function as well as the transformation
of Kölliker’s organ to the inner sulcus is crucial for the
maturation of the cochlear structure and function. Thyroid
gland deficiencies have been shown to affect this process
by maintaining Kölliker’s organ past the onset of hearing,
and in humans, impairment of thyroid hormone signalling
is associated with hearing loss [68–70]. This may be due to
malformed structural changes during development, although
its exact cause and incidence are still not well characterised
(for review, see [71]).

5. Summary
First discovered over a century ago, Kölliker’s organ is present
transiently in the developing cochlea, until the cochlea
becomes sensitive to external sound. It is an epithelial structure composed of long columnar cells and lies immediately
adjacent to IHCs. From this close proximity, epithelial cells of
Kölliker’s organ have been suggested to initiate spontaneous
electrical activity in the IHCs, driving action potentials in
the primary auditory neurons, and auditory nuclei in the
brainstem. Although the exact mechanism remains unclear,
rhythmic ATP release from connexin hemichannels and
activation of purinergic P2 receptors may contribute to rhythmic current/morphological oscillations of Kölliker’s organ.
The rise in intracellular Ca2+ or ectonucleotidase activity
may act as a feedback for ATP release and thus control
the rhythmicity of ATP release in the developing cochlea.
Interestingly, both types of ion channels (connexins and P2
receptors) have been linked to hearing loss. Following sound
detection by the cochlea (the “onset of hearing”), Kölliker’s
organ disappears, transforming into the adult inner sulcus
region which contains cuboidal epithelial cells. From a physiological perspective, this is an important step in cochlear
adaptation to external environment. From a developmental
point of view, purinergic signalling in Kölliker’s organ may
provide a sophisticated mechanism central to the tonotopic
organisation of the cochlea which starts to develop in the
absence of sound.
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Objective. To investigate cortical auditory evoked potentials (CAEPs) in pediatric hearing aid (HA) users, with and without language
impairment. Design. CAEPs were measured in 11 pediatric HA users (age: 8–12 years) with moderate bilateral sensorineural
hearing loss (HL); participants were classified according to language ability. CAEPs were also measured for a control group of
11 age-matched, normal-hearing (NH) children. Results. HL children without language impairment exhibited normal CAEPs. HL
children with language impairment exhibited atypical temporal CAEPs, characterized by the absence of N1c; frontocentral responses
displayed normal age-related patterns. Conclusion. Results suggest that abnormal temporal brain function may underlie language
impairment in pediatric HA users with moderate sensorineural HL.

1. Introduction
The human cochlea is mature at birth; however, axonal,
dendritic, and synaptic maturation and myelination continue
to develop in the brainstem into early childhood and in the
cerebral cortex into late childhood [1]. Auditory development
and speech perception are guided by relevant acoustic and
linguistic information experienced early in life to assure
cortical maturation [2]. Hearing loss (HL) can be deleterious to children’s speech and language development due to
reduced quality and quantity of auditory input, and these
developmental difficulties can have a cascading effect on
social, academic, and (later) occupational success [3]. Given
the restricted auditory input, abnormal cortical auditory
maturation can occur in children with sensorineural HL,
suggesting that the root cause may lie in the inner ear [4].
In case of moderate HL in childhood, hearing aids
(HAs) can improve speech audibility and facilitate language

development, assuming that the auditory cortical areas are
functional [5]. However, individual variation in language performance has been observed in children with mild to moderate sensorineural HL [6]. Approximately 50% of children
fitted with HAs for moderate HL have language impairment
despite normal aided audiometric thresholds [7, 8]; the same
finding was observed in adolescents [9]. Other studies have
suggested that impairment in basic auditory processing might
contribute to language difficulties in children with specific
language impairment [10–12]. Language impairment might
therefore be related to abnormal cortical auditory processing,
which can be investigated using cortical auditory evoked
potentials (CAEPs).
The successive peaks of CAEPs correspond to the spatiotemporal involvement of the cortical auditory generators and are therefore influenced by cortical maturation
[13–15]. Whereas the morphology of frontocentral CAEPs
is strongly influenced by age and provides an important
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index of auditory function and plasticity, the morphology of
temporal CAEPs remains stable throughout childhood [16],
with the successive negative N1a and N1c peaks occurring
at approximately 80 and 160 ms, respectively [17]. These
temporal responses (T-complex) represent the activity of the
secondary auditory cortex [17]. The frontocentral CAEPs
of children mainly exhibit two successive positive-negative
peaks (P100 and N250) occurring at approximately 100
and 200 ms, respectively. At 8–11 years, adult-like CAEP
waveforms progressively emerge, with the successive N1b,
P2, and N250 peaks occurring at approximately 100, 180,
and 220 ms, respectively. Given that speech information is
transmitted at somewhat rapid rates (100 to 200 words per
minute) [18], short interstimulus intervals (<750 ms) have
sometimes been used to study the effect of the stimulus rate
on frontocentral CAEPs in children that were categorized
according to age [13]. Indeed, stimulus rate has been recognized as a marker of cortical auditory maturation [13].
Only one study has examined the influence of stimulus rate
on temporal responses in children [19]. In that study, the
amplitude of the temporal negative peak corresponding to
Tb increased with interstimulus interval (350, 700, 1400,
and 2000 ms), indicating a long refractory period for the
underlying generator. Thus, it appears that long interstimulus
intervals may be favorable for identifying successive peaks of
the T-complex, and their asymmetry.
The aim of this study was to use CAEPs to investigate
cortical auditory processing in regard to pediatric HA users
with different levels of language ability. We hypothesized
that temporal auditory responses and/or their sensitivity to
stimulus rate would reflect different levels of language ability
in these patients.

2. Patients and Method
2.1. Subjects. In this cortical electrophysiological study, we
included children with symmetrical bilateral sensorineural
HL fitted with HAs and aged between 8 and 12 years. Children
in this age range were chosen for this pilot study as they are
likely to understand and follow instructions during testing
(i.e., CAEP, audiometry, and language tests). Participants
were recruited from the Pediatric Unit of the Otolaryngology
Department during clinical follow-up visits.
We reviewed patient charts of pediatric HA users. Thirty
children had symmetrical bilateral sensorineural HL and
were between 8 and 12 years old. Eleven children (8 males,
3 females), aged between 8.3 and 12.8 years (mean: 10.9 yrs),
fitted with bilateral HAs for a bilateral moderate sensorineural HL were accepted into the study. A control group
of 11 age- and gender-matched NH children with normal
language development, as evaluated using the battery of oral
language (evaluated with BILO battery including receptive
and expressive language skills; see below for explanation),
was also recruited for the study. For all participants, French
was the main language spoken at home. All participants were
right-handed.
Aided and unaided pure tone average (PTA) thresholds
(averaged across audiometric frequencies 0.5, 1, 2, and 4 kHz)
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were <20 dB for pediatric HA and NH participants, respectively. Demographic data for pediatric HA users are shown in
Table 1. All participants used oral communication and were
enrolled in mainstream schools.
The Ethics Committee of the University Hospital of Tours
approved the protocol, and written informed consent was
obtained from the parents and assent from the children.
Spoken language and literacy skills were assessed using
BILO, a set of standardized, computerized French language
tests [20]. The BILO battery was standardized over a population of 272 primary and middle school students. In the BILO
battery, phonology is assessed by a word repetition task using
42 words of increasing length and/or complexity. Expressive vocabulary is assessed using a classical naming task.
Expressive grammar is evaluated using a sentence completion
task and assesses the ability to produce a variety of specific
grammatical morphemes: nominal, adjectival, and verbal
inflexion, irregular plurals, prepositions, passive structure,
and pronominal clitics. Reading is assessed using a timed
task in which the child has to read, in 60 seconds, as many
words as possible from a list of words of increasing difficulty.
Spelling is tested using a word identification task, in which
the child is presented with words that are correctly spelled,
contain homophonic or nonhomophonic misspellings, or
merely belong to the same semantic field and must decide
whether the word corresponding to the picture is correct.
Lexical judgment is tested by asking the child to decide
whether there is concordance between a word and picture
presented simultaneously. Grammatical judgment is tested by
asking the child to decide whether a sentence corresponding
to a picture is grammatically correct.
As described in Delage and Tuller [9], BILO scores were
converted to z-scores. Language impairment was defined as
scores on two or more of the language subtests that were
1.2 standard deviations below the norm. Six of the pediatric
HA participants were deemed as having “good” language
ability (HL+), with BILO > 1.2, while five were deemed as
having “fair” language ability (HL−), with BILO < 1.2 (see
Table 1). They were age-matched to control group of 11 NH
children categorized according to similar language ability
(HL+ controls and HL− controls). Six children (4 males and
2 females) were included in the HL+ controls (mean age: 11.6
years ± 0.7) and 5 children (4 males and one female) were
included in the HL− controls (mean age: 9.4 years ± 1.9).

2.2. CAEPs Assessments
2.2.1. Stimuli and Procedure. Participants were tested while
sitting on an armchair in a dimly lit, sound-insulated room;
pediatric HA participants were tested while wearing their
HAs. Participants’ mother or father accompanied them in
the room during testing. The stimuli were comprised of 50ms tone bursts (1100 Hz) delivered through two loudspeakers
placed symmetrically on each side of the computer screen.
The tone stimuli were presented via Neuroscan Stim2 software. The stimuli were presented at four different interstimulus intervals: 700 (i1), 1100 (i2), 1500 (i3), and 3000 (i4) ms.
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Table 1: Demographic information for the pediatric HA users with bilateral moderate sensorineural HL.

Subject
1
2
3
4
5
6
7
8
9
10
11

Gender

Age
test
(yrs; months)

Duration of
auditory
deprivation
(months)

Age at which
child received
HA
(yrs; months)

M
M
M
F
M
M
M
F
F
M
M

8; 3
8; 5
8; 11
9; 7
10; 5
11; 5
11; 8
12; 1
12; 2
12; 6
12; 10

6
3
4
2
2
2
1
18
6
5
6

3; 5
2; 1
2
6; 1
5; 11
5; 11
3; 5
8; 11
4; 10
8; 5
5; 2

Experience xith
Aetiology
HA
(yrs; months)
4; 10
6; 4
6; 11
3; 6
4; 6
5; 6
8; 3
3; 2
7; 4
4; 1
7; 8

Unknown
Familial
Familial
Familial
Unknown
Unknown
Familial
Unknown
Familial
Familial
Unknown

Right
PTA

Left
PTA

BILO
score

Group

63
64
66
56
45
41
55
40
59
41
41

69
65
66
56
41
43
66
41
45
41
42

−1.34
−3.53
−1.46
−5.31
−0.97
−0.2
−0.46
−0.16
1.31
−1.25
−0.5

HL−
HL−
HL−
HL−
HL+
HL+
HL+
HL+
HL+
HL−
HL+

Note: M: male; F: female; yrs: years; HA: hearing aid; PTA: aided pure tone audiometric threshold averaged over 0.5, 1, 2, and 4 kHz; BILO: Batterie Informatisée
du Langage Oral; HL+: good language ability; HL−: fair language ability.

The sound intensity was 70 dBA measured at the head of the
participant.
2.2.2. Electroencephalogram (EEG) Recording. EEG recordings were obtained using 28 Ag-AgCl cup electrodes (Ffz, Fz,
Cz, Pz, O1, F3, FC1, FT3, C3, T3, CP1, TP3, P3, T5, and F7) and
their counterparts on the right hemiscalp. Electrodes were
placed according to the 10-20 system, as well as the left and
right mastoids (M1 and M2), and referenced to the nose. In
addition, to detect ocular artifacts, vertical electrooculogram
(EOG) data were recorded from two electrodes above and
below the right eye (vertical bipolar).
The EEG and EOG were digitized (Neuroscan Synamps
amplifier, Scan 4.3, Compumedics Corp., El Paso, TX) at
a sampling rate of 500 Hz. The EEG was amplified and
bandpass-filtered (0.3–100 Hz). Electrode impedances were
kept below 10 kΩ. Eye movement artifacts were eliminated
using a spatial filter transform developed by Neuroscan,
and EEG periods with movement artifacts were rejected
manually. A digital zero-phase-shift low-pass filter (30 Hz)
was then applied to the EEG.

2.2.3. Data Analysis. CAEPs were analyzed with the ELAN
software [21]. Analysis was performed for waveform peaks
occurring at frontocentral sites (N1b-P2-N250) and at temporal sites: N1a, N1c, P1t (the positive peak between these N1a
and N1c), and P2t (the positive peak following N1c).
The influence of interstimulus interval on each peak of the
CAEPs was analyzed using Friedman nonparametric analyses
of variance. Amplitudes and latency peaks measured in HL+
and HL− children and the control group were compared
using nonparametric Mann-Whitney rank tests.

3. Results
HL+ and HL− children did not differ, using Wilcoxon MannWhitney test, on age at testing (HL+: 11.7 years old ± 0.8; HL−:
9.5 years old ± 1.7; 𝑃 = 0.08) or experience with hearing aids
(HL+: 6.4 years, HL−: 5.7 years; 𝑃 = 0.4).
3.1. Frontocentral Responses. Frontocentral CAEPs displayed
similar successive N1b-P2-N250 peaks across the four groups.
No significant difference was observed for the N1b peak
amplitudes and latencies between HL+ and HL+ controls,
or between HL− and HL− controls (Figure 1). The N1b peak
amplitude was smaller for HL− than for HL+ participants
and for HL− controls than for HL+ controls. This might
be related to age differences, as the HL− and HL− control
participants were younger (mean age was, resp., 9.5 and 9.4
years) than the HL+ and HL+ control participants (mean
age was, resp., 11.7 and 11.6 years). A significant effect of
interstimulus interval was observed on N1b amplitude for
all groups except for the HL−. The N1b peak increased with
interstimulus interval in HL+ (𝑃 = 0.01), HL+ controls
(𝑃 = 0.03), and HL− controls (𝑃 = 0.04). There was a
greater P2 peak amplitude in HL+ than in HL+ controls and
was significant at i3 (𝑃 = 0.02) and at i4 (𝑃 = 0.004).
The P2 peak was better individualized in HL− children than
in matched controls. The N250 peak amplitude and latency
did not vary with interstimulus interval and no significant
differences across groups were observed.
3.2. Temporal Responses. Because no significant effect of
interstimulus interval was found for the amplitude and
latency of the successive peaks recorded at temporal sites
N1a, P1t, N1c, and P2t, the CAEPs were averaged across the
4 interstimulus intervals to increase the signal to noise ratio
(SNR).
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Figure 1: Cortical AEPs. Midline responses (Cz) at different interstimulus intervals (i1, i2, i3, and i4) for the HL+ (a), HL+ controls (b), HL−
(c), and HL− controls (d). The asterisks indicate significant effect of interstimulus interval (𝑃 < 0.05).

Although the grand average N1a peak amplitude was
greater in the HL+ and HL− groups than in their respective
controls (mainly on the left temporal site), the difference
was not statistically significant. The subsequent P1t, N1c,
and P2t waves also were not significantly different between
the HL+ and HL+ control groups. However, the N1c and
P2t amplitudes were significantly smaller (only on the right
temporal site) in the HL− group than in the HL− controls
(N1c: HL− = −0.8 𝜇V ± 1.3, HL− controls = −3.1 𝜇V ± 0.9, U =
2, 𝑃 = 0.03; P2t: HL− = 3.1 𝜇V ± 0.6, HL+ controls = 5.4 𝜇V ±
1.4, U = 2, 𝑃 = 0.03). This difference between the HL− group
and the HL− controls was not observed for either latency or
amplitude of the preceding P1t (Figure 2).

4. Discussion
The present pilot study provided interesting preliminary
findings regarding the relationship between CAEP characteristics and language ability in 8- to 12-year-old pediatric HA
users. Atypical CAEPs were observed at temporal recording
sites for pediatric HA users with some degree of language
impairment. In normal development, temporal CAEPs typically display a stable morphology through childhood and

particularly for the age range of the present study, with
successive N1a and N1c peaks [16, 17], suggesting that cortical
auditory maturation does not change the morphology of
temporal responses for children between 8 and 12 years old.
In our study, despite a normal (or greater than normal)
amplitude of the early temporal peaks (N1a, P1t) for all
pediatric HA patients, the later temporal responses (N1c and
P2t) were reduced or absent in the HL− group. This does
not appear to be due to an absence of cortical auditory input
because waves N1a and P1t were present and normal in all
the pediatric HA patients. N1c wave was absent or smaller in
the HL− group. This relationship between N1c abnormalities
(N1c being reduced or absent) and language impairment has
previously been shown in other clinical populations with
language impairment such as in children with autism [22],
Down’s syndrome [23], or specific language impairment [24].
Because generators of N1c are located at the lateral part
of the superior temporal gyrus [25–27], the present results
emphasize the importance of these cortical areas in language
processing.
Relatively few studies have investigated CAEP temporal
responses in pediatric HA users. Most of these studies have
focused on frontocentral responses (especially the latency of
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Figure 2: CAEP T3 (a and c) and T4 temporal responses (b and d) at i1, i2, i3, and i4 for the HL+ and HL+ control groups (a and b) and for
the HL− and HL− control groups (c and d). The asterisks indicate significant differences (𝑃 < 0.05) for the peak amplitude wave.

the P1 peak recorded at the vertex) in deaf children who use
cochlear implants [28–30]. These studies found that P1 peak
latency can be a biomarker of auditory cortex maturation
in children with congenital hearing loss and that this P1
peak latency will decrease with auditory rehabilitation. In the
present study, the P1 peak latency did not differ between HA
patients and NH controls, suggesting that the HA provided
enough auditory input to allow maturation of the primary
auditory cortex as found in cochlear-implanted children.
Unlike the temporal responses, the frontocentral
responses of normally developing children are greatly
influenced by age. The smaller N1b peak amplitude in the
HL− and HL− control groups, compared to the well-defined
peaks and greater amplitude of N1b in the HL+ and HL+
control groups, might be due to age differences between
groups. This result is in agreement with the literature
indicating the emergence of N1b at approximately 8–10 years
of age and greater N1b amplitude at 10–12 years of age. The
greater P2 peak amplitude observed in HL+ and HL− groups
than in the controls may be related to HA amplification, as
described in previous studies [31, 32]. N1b peak amplitude
increased with interstimulus interval in the HL+ group,
similar to the HL+ controls and previous studies [5]; the
effect of interstimulus interval was not observed for the HL−
group. This finding might be related to language impairment

or the younger age of the HL− group, as a significant effect of
interstimulus interval was observed for the HL− controls.
In this study, children with HA and good language ability
(HL+) were older than those with language impairment
(HL−). Language abilities were evaluated with BILO, which
is calibrated in order to allow comparisons in language ability
across age groups. Moreover, CAEPs were compared with
age- and gender-matched control children.
Although further longitudinal studies are needed with
larger sample of children, these preliminary results suggest
that abnormal CAEP responses recorded at temporal sites
might underlie language impairment in pediatric HA users
who have a moderate sensorineural HL.
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Chronic tinnitus is a debilitating condition and often accompanied by anxiety, depression, and sleep disturbance. It has been
suggested that sleep disturbance, such as insomnia, may be a risk factor/predictor for tinnitus-related distress and the two conditions
may share common neurobiological mechanisms. This study investigated whether acute stress-induced sleep disturbance could
increase the susceptibility to acoustic trauma-induced tinnitus in rats. The animals were exposed to unilateral acoustic trauma 24 h
before sleep disturbance being induced using the cage exchange method. Tinnitus perception was assessed behaviourally using a
conditioned lick suppression paradigm 3 weeks after the acoustic trauma. Changes in the orexin system in the hypothalamus, which
plays an important role in maintaining long-lasting arousal, were also examined using immunohistochemistry. Cage exchange
resulted in a significant reduction in the number of sleep episodes and acoustic trauma-induced tinnitus with acoustic features
similar to a 32 kHz tone at 100 dB. However, sleep disturbance did not exacerbate the perception of tinnitus in rats. Neither tinnitus
alone nor tinnitus plus sleep disturbance altered the number of orexin-expressing neurons. The results suggest that acute sleep
disturbance does not cause long-term changes in the number of orexin neurons and does not change the perception of tinnitus
induced by acoustic trauma in rats.

1. Introduction
Chronic tinnitus (“ringing in the ears”) is a debilitating
condition affecting about 10% of the adult population [1]. As
ageing occurs, its prevalence increases, affecting 14.3% of the
population between the ages of 60 and 69 [1]. Despite numerous studies investigating the underlying mechanisms and
therapeutic options, to date, there is no effective treatment for
tinnitus. Tinnitus treatment is complicated not only by a poor
understanding of its mechanisms but also by the variations
in individuals’ reactions to its perception. For example, while
some people can tolerate their tinnitus, others feel severely
distressed and handicapped [2–5]. It has been shown that
patients with tinnitus that causes distress often have high rates
of psychopathological conditions (see [6–8] for reviews).
Specifically, tinnitus severity has been associated with high
levels of anxiety, depression, and sleeping disturbance [9–14].

Among tinnitus-related problems, sleeping disturbance is
the second most frequent comorbid condition [12], affecting
50–77% of tinnitus patients [15, 16]. Both the subjective
(i.e., self-rated) and objective (i.e., electroencephalography
(EEG), electromyography (EMG), and electrooculography
(EOG) recordings) sleep measurements in tinnitus patients
with disturbed sleep are very similar to those that occur
in insomnia [14], a sleep disorder characterised by difficulties in initiating/maintaining sleep. It is tempting to think
that insomnia is a consequence of people’s reaction to the
annoyance of tinnitus; however, studies have suggested that
insomnia may, in fact, be a risk factor/predictor for tinnitusrelated distress [17, 18] and the two conditions may share
common neurobiological mechanisms (see [19] for a review).
Recent research has suggested that hyperarousal might
play an important role in the pathophysiology of both insomnia and the conscious perception of tinnitus (see [19–22] for
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reviews). It is assumed that insomnia and tinnitus perception
are the result of active cognitive appraisal behaviour that are
reinforced by a vicious cycle of biased attention and negative
behaviour. While stress-reactivity is the most important risk
factor in the development of insomnia, stressful changes in
one’s life, such as divorce, accidents, or sickness in family
members, have been linked to the development of tinnitus
and stress is especially important for tinnitus to transit from
mild to severe (see [23, 24] for reviews). Therefore, there
might be a neurobiological system that regulates the normal
arousal level under physiological conditions and a malfunction of this system under stressful conditions could serve as
a promoter for hyperarousal in pathological conditions, such
as tinnitus and insomnia.
One candidate system is the orexin system located in
the lateral hypothalamus. Discovered in 1998, the orexin
system is well recognised for its role in sleep-wake regulation,
appetite control, reward, emotional responses to stress, and
learning and memory (see [25] for a review). There are two
peptides (orexin-A and -B) and their corresponding receptors
are distributed widely in brain areas involved in arousal,
sensory processing, and autonomic function, including key
structures involved in processing auditory information, such
as the inferior colliculus and the ventral cochlear nucleus
[26]. There is evidence that orexin neurons are capable of
undergoing experience-induced synaptic plasticity, which is
thought to be responsible for the maintenance of long-lasting
arousal (see [27] for a review). Inappropriate activation of
the orexin system has been attributed to the pathophysiology of insomnia based on the beneficial effects of orexin
receptor antagonists [28, 29]. However, the possibility that
inappropriate activation of the orexin system may also reset
the arousal threshold, to promote tinnitus, has never been
explored.
Sleep patterns across many different species have been
characterised and rodents, such as rats and mice, normally
spend most of their time asleep during the light phase
and awake during the dark phase. Compared with humans,
sleep in rodents is broken into small segments, with the
duration of each sleep episode being only 10–14 min in rats
(see [30, 31] for reviews). The different rodent models of
insomnia, such as the stress-induced model, caffeine-induced
model, genetic model, and brain lesion model, have been
used to resemble some aspects of the sleep disturbance that
insomnia patients experience; however, none of the models
can convincingly represent the human insomniac condition
(see [31] for a review). Among these models, the stressinduced insomnia model using cage exchange has been
shown to result in sleep disturbance similar to that of patients
with stress-induced insomnia [32]. Given that stress is one
of the risk factors associated with both tinnitus and sleep
disorders (see [23, 33, 34] for reviews), this model is ideal for
studying the relationship between stress, sleep disturbance,
and tinnitus. Therefore, in this study, we used the stressinducing cage exchange method to induce sleep disturbance
in rats and investigated the susceptibility of these rats to
acoustic trauma-induced tinnitus. Furthermore, the number
of orexin-expressing neurons in the hypothalamus was also
assessed using immunohistochemistry.
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2. Methods
2.1. Animals. Thirty-two male Wistar rats (300–350 g, 2
months old, at the beginning of the experiment) were obtained from the Hercus-Taieri Resource Unit, Dunedin, New
Zealand, and were divided into 3 groups (𝑛 = 12 per group):
(1) control (no cage exchange and no acoustic trauma); (2)
acoustic trauma + clean cage; and (3) acoustic trauma +
dirty cage. The animals were maintained on a 12 : 12 h
light : dark cycle at 22∘ C and had free access to food but
were water deprived throughout the tinnitus behavioural test.
All procedures were approved by the University of Otago
Committee on Ethics in the Care and Use of Laboratory
Animals.
2.2. Acoustic Trauma to Induce Tinnitus. Unilateral acoustic
trauma was delivered using a procedure described previously [35, 36]. Briefly, the animals were anaesthetised with
fentanyl citrate (0.2 mg/kg, s.c.), medetomidine hydrochloride (Domitor, Novartis; 0.5 mg/kg, s.c.), and atropine sulphate (50 𝜇g/kg, s.c.) and placed inside a sound attenuation
chamber. A 16 kHz 110 dB pure tone generated by a NI
4461 Dynamic Signal Acquisition and Generation system
(National Instruments New Zealand Ltd.) was delivered to
one of the ears for 1 h through a closed field magnetic speaker
(Tucker-Davis Technologies) connected to a custom made
speculum. Acoustic values were calibrated by connecting the
speaker to a 0.25 inch prepolarised free-field microphone
(Type 40BE, GRAS Sound & Vibration) via the speculum
used to fit into the external auditory canal. The unexposed
ear was blocked with cone-shaped foam and taped against the
foam surface. The exposure was counterbalanced between the
left and the right ears. The control animals were kept under
anaesthesia for the same duration as the acoustic trauma
animals, but without exposure.
2.3. Auditory Brainstem Responses. Auditory function in
the exposed ears before and immediately after the acoustic trauma was measured using auditory brainstem-evoked
response (ABR) thresholds described previously [37]. Briefly,
the animals were anaesthetised as previously described and
subdermal needle electrodes were placed at the vertex and
over the bullae with a reference electrode at the occiput. Tone
bursts of 5 ms duration (2 ms rise/decay, 1 ms plateau) were
presented at a rate of 50/sec and in a series of decreasing
intensity, which began at a level that resulted in distinct
evoked potentials. Tone intensities progressed in 20-, 10-, and
5-dB steps, at 32, 20, 16, and 8 kHz, and the ABR threshold was
determined as the lowest intensity that produced a visually
distinct potential.
2.4. Cage Exchange to Induce Sleep Disturbance. Twenty-four
hours after acoustic trauma, sleep disturbance was induced
using the cage exchange method described by Cano et al. [32].
Briefly, rats in group 3 were placed in dirty cages previously
occupied by another male rat for 1 week and left undisturbed
for 5.5 h. The control and the acoustic trauma-only group
rats were placed in clean cages for the same duration. The
5.5 h duration was chosen because insomnia and neuronal
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activation have been shown to be induced at this time point
[32]. In order to confirm that cage exchange induced sleep
disturbances and stress, the animal’s behaviour inside the
exchanged cage (dirty or clean cage) was recorded for 5.5 h
and the sleep-wake cycle, that is, the latency to fall asleep,
duration of sleep, and number of sleep episodes, was analysed
[32].
2.5. Tinnitus Assessment. At 3 weeks after acoustic trauma,
the animals were tested for the behavioural signs of tinnitus
inside an operant conditioning test chamber (ENV-007,
Med Associates Inc.) using the conditioned lick suppression method routinely used in our laboratory [37–40]. The
animals were water deprived to 95% of their normal body
weight and this ensured that the animals reliably produced
approximately 2000 to 6000 licks per 15 min testing session.
A broadband noise (BBN) was played throughout the 15 min
session except at 10 random intervals, at which point 15 sec
acoustic stimulus presentations were inserted. Two of the 10
presentations were always speaker- off periods (i.e, silence)
and the remaining 8 were one of BBN, 20 kHz tones, or
32 kHz tones at one of 4 different intensity levels (BBN =
30 dB, 40 dB, 50 dB, 70 dB; 20 kHz = 70 dB, 80 dB, 90 dB,
100 dB; 32 kHz = 70 dB, 80 dB, 90 dB, 100 dB) in a random
order with each stimulus repeated twice within each session.
The type of stimulus varied randomly between sessions
but remained constant within a session. The animals were
trained to establish a conditioned lick suppression response
by pairing the silence (conditioned stimulus) with mild foot
shock (0.35 mA, 3 sec; unconditioned stimulus) produced
by a constant current shock source (ENV-410B, Med Associates Inc.) through a scrambler (ENV-412, Med Associates
Inc.). The magnitude of lick suppression was measured by
comparing the number of licks in the period preceding the
stimulus presentation (𝐴) and the period during the stimulus
presentation (𝐵), that is, the suppression ratio (SR):
SR =

𝐵
.
𝐴+𝐵

(1)

Once the lick suppression was established (SR < 0.2),
the rats were subjected to the frequency discrimination test,
during which the acoustic stimuli were presented in the
same way as in the acclimation and the suppression training.
However, the foot shock was delivered only if the SR for the
speaker off period was >0.2. If a rat did not have tinnitus, the
presentation of the stimuli had no effect on its licking activity.
However, if a rat had tinnitus, the tinnitus sound would serve
as the conditioned stimulus instead of the silence. Therefore,
a testing stimulus with similar acoustic features to its tinnitus
should produce greater lick suppression in this rat than in
control rats.
2.6. Immunohistochemistry. Four rats from the sham group
and four rats that exhibited the behavioural signs of tinnitus
were selected from each exposed-clean cage and exposeddirty cage group. At the conclusion of the tinnitus behavioural
testing, the rats were overdosed with sodium pentobarbital
and perfused transcardially with 4% paraformaldehyde. The
brains were dissected out, postfixed, and frozen. Forty 𝜇m

serial sagittal sections throughout the hypothalamus were
collected according to a random, systematic sampling design
for free floating immunolabelling. Antigen retrieval was
achieved by incubating the sections in citrate buffer (pH 6)
at 90∘ C for 10 min. The sections were then blocked with a
blocking buffer (5% normal goat serum, 1% bovine serum
albumin, and 5% Triton X-100 in 0.01 M PBS) for 2 h at room
temperature before being incubated with a rat anti-orexin-A
antibody (1 : 2000; Millipore, AB 3704) for 48 h at 4∘ C. This
was followed by an incubation with a secondary antibody
(horseradish peroxidase-conjugated goat anti-rabbit IgG,
1 : 200; Santa Cruz, sc-2004) for 2 h at room temperature.
The orexin immunocomplex was visualised using a DAB kit.
Every orexin-positive neuron was counted under a 63x oil
objective lens throughout the thickness of the section in one
set of the serial sections collected and the total number of
orexin-positive neurons in the left and right hypothalamus
was then estimated using a modified fractionator method
[41–43].
2.7. Statistical Analysis. All data were tested for the normal
parametric assumptions of normality and homogeneity of
variance [44]. Where these assumptions were violated, the
data were natural log or square root transformed and retested.
Data were analysed using 2-way ANOVAs with repeated
measures and multiple comparisons were conducted using
Bonferroni tests. The number of animals exhibiting clear
signs of tinnitus in each group was analysed using a chisquared test. 𝑃 ≤ 0.05 was considered significant.

3. Results
3.1. The Effect of Acoustic Trauma on Animals’ ABR Thresholds.
Unilateral acoustic trauma caused an immediate increase
in the ABR thresholds across all the frequencies examined
(Figure 1). There was a significant exposure effect for both
clean and dirty cage animals (𝐹3,175 = 216.3, 𝑃 ≤ 0.0001) and
a significant frequency-exposure interaction (𝐹9,175 = 10.76,
𝑃 ≤ 0.0001), which suggests that the ABR threshold elevation
was much greater at the higher frequencies compared with
the lower frequencies.
3.2. The Effect of Cage Exchange on Animals’ Sleeping Patterns.
The general behaviour of the rats placed in the dirty cages
was not obviously different from those placed in the clean
cages. However, after 5.5 h, the cage bedding was noticeably
dishevelled, which suggests that the animals in the dirty
cages were more unsettled. When the sleeping patterns were
analysed, animals placed in the dirty cages had significantly
fewer sleep episodes during the 5.5 h period when compared
with those in the clean cages (𝑡 = 3.86, 𝑃 ≤ 0.0012; Figure 2).
A close inspection of the sleep episodes within each hourly
period revealed that the reduced number of sleep episodes
occurred mainly during the first 3 h inside the dirty cages,
with the significant reduction being observed between 2 and
3 h (𝐹1,17 = 14.86, 𝑃 ≤ 0.0013; Figure 2). There was no
difference between the clean and dirty cage groups in the
time taken to fall asleep and the duration of sleep, whether it
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the hypothalamus (data not shown). Stereological cell counting showed that there was no significant difference in the
total number of orexin-positive neurons in the hypothalamus
either between the ipsilateral and contralateral sides to the
acoustic trauma-exposed ear or among the sham, exposedclean, and exposed-dirty groups (Figure 4(b)), which suggests that neither tinnitus alone nor tinnitus plus sleep disturbance altered the number of orexin-expressing neurons.
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Figure 1: ABR thresholds at different stimulus frequencies in the
ipsilateral ear of the animals from the exposed-clean and exposeddirty cage groups measured pre- and postexposure to acoustic
trauma. Symbols represent means ± 1 SEM.

was measured during the 5.5 h or within each hourly period
(Figure 2).
3.3. The Effects of Cage Exchange on Animals’ Tinnitus
Perception. Frequency discrimination curves for all of the
groups were plotted using the SRs against the intensity of
each frequency of the stimulus (Figure 3). As expected, SR
values differed significantly with different stimulus intensities
for BBN (𝐹4,108 = 134.7, 𝑃 ≤ 0.0001), 20 kHz (𝐹4,108 = 64.42,
𝑃 ≤ 0.0001), and 32 kHz (𝐹4,108 = 43.08, 𝑃 ≤ 0.0001)
stimuli. While there was no significant group difference
when tested for any of the 3 stimuli presentations, there
was a significant intensity 𝑥 group interaction specifically
for the 32 kHz tones (𝐹8,108 = 2.954, 𝑃 ≤ 0.005). Multiple
comparisons revealed that 32 kHz tones elicited a significant
downward shift of the curves at 100 dB for both the exposedclean and exposed-dirty groups compared with the sham
group (𝑡 = 3.071, 𝑃 ≤ 0.05, for the exposed-clean group; 𝑡 =
2.950, 𝑃 ≤ 0.05, for the exposed-dirty group). The number of
animals exhibiting clear behavioural signs of tinnitus was not
significantly different between the exposed-clean (4 out 12)
and exposed-dirty (5 out of 12) groups (𝑃 = 1.000, chi-square
test).
3.4. The Effects of Cage Exchange and Tinnitus on the
Number of Orexin Neurons in the Hypothalamus. Orexin
immunohistochemistry was carried out in four nontinnitus
rats from the sham group, four tinnitus rats from the exposedclean group, and four tinnitus rats from the exposed-dirty
group and revealed selective and specific staining in the
cytoplasm of the cell bodies and the processes of neurons
throughout the hypothalamus (Figure 4(a)). Orexin-positive
fibres were present in many areas of the brain including
the cochlear nucleus; however, no orexin-positive cell bodies were observed in any areas of the brain other than

Our results showed that stress-inducing cage exchange
caused a sleep disturbance and acoustic trauma-induced
tinnitus in rats. However, sleep disturbance did not affect
tinnitus perception caused by acoustic trauma. Furthermore,
sleep disturbance and tinnitus did not change the number of
orexin neurons in the hypothalamus.
The cage exchange method to induce sleep disturbance
is based on the notion that stress is the most common cause
of sleep disorders. This method, by placing the rat in a dirty
cage previously occupied by another male rat for 1 week, has
been shown to successfully induce sleep disturbances in rats
with similar behavioural and electrophysiological patterns to
those observed in stress-induced insomnia in humans [32]. In
addition, using c-Fos as an indication of neuronal activation,
the study also showed an activation of the brain areas involved
in arousal and emotional control. It was hypothesized that
“being inescapably surrounded by the territory that has been
marked by another male rat” is the psychological stressor
rather than the odour of another rat itself, since the animals
were housed next to each other [32]. Indeed, compared with
the rats being placed in clean cages, the rats in the dirty
cages were noticeably unsettled, which indicated an increase
in stress. Analysis of the sleeping patterns revealed that
animals in dirty cages had significantly fewer sleep episodes
compared with the animals in clean cages, albeit with no
difference in sleep durations. The decrease in the number of
sleep episodes was observed during the third hour after cage
exchange, which is similar to what was reported previously
[32]. However, the dirty cage animals in our study had similar
latencies to fall asleep and slept for a similar duration as the
clean cage animals. These findings are in contrast with the
previous study where a longer latency to fall asleep and an
increased wakefulness were reported [32]. One of the factors
that might contribute to the differences between the studies
is that our rats received anaesthesia 24 h prior to the cage
exchange and the anaesthesia might have affected the level
of stress induced by cage exchange. Although it is difficult to
determine whether the duration of sleep or the number of
sleep episodes is more important for the quality of sleep in
rats, the fact that sleep in rats was highly fragmented suggests
that the reduced sleep episodes in dirty cage animals may
reflect a reduced quality of sleep. However, changes in sleep
quality did not exacerbate the behavioural signs of tinnitus in
these animals.
Tinnitus was induced by exposing the rats to a 16 kHz
pure tone at 110 dB SPL for 1 h. Acoustic stimuli at the
intensities between 110 and 115 dB SPL have successfully
induced tinnitus in rats in our previous studies [37–40, 45].
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Figure 2: Sleep patterns during the 5.5 h cage exchange period. (a) Total number of sleep episodes during the 5.5 h period. (b) Number of
sleep episodes during each hourly period. (c) Total duration of sleep during the 5.5 h period. (d) Average sleep duration for each sleep episode
during each hourly period. (e) Time taken to fall asleep. (f) Sleep duration during each hourly period. Bars represent means ± 1 SEM.

We chose to use the intensity at the lower end, that is, 110 dB
SPL, for this study with the intention of causing a moderate
level of tinnitus in the exposed-clean group and to increase
the sensitivity to detect a difference between animals in the
clean and dirty cages if the dirty cages made tinnitus worse.
As expected, this acoustic trauma parameter induced clear

behavioural signs of tinnitus in 33% of the animals (4 out of
12 animals) in the clean cage group, which is lower than our
previous tinnitus induction rate (62.5–75%) when a 115 dB
tone was used. However, dirty cages did not significantly
increase the number of animals exhibiting tinnitus (5 out of
12 animals). We found acoustic trauma-induced tinnitus with
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Figure 3: Frequency discrimination curves for suppression ratio in sham, exposed-clean, and exposed-dirty animals in response to BBN,
20 kHz or 32 kHz stimuli at different intensities. Symbols represent means ± 1 SEM.

acoustic features similar to a 32 kHz tone of 100 dB in both
the clean and dirty cage animals and there was no significant
difference between the clean and dirty cage animals. Given
that acoustic trauma caused comparable elevations of the
ABR thresholds immediately after the exposure in both
groups of animals, the peripheral damage caused by acoustic
trauma should also be similar between the two groups.
Therefore, additional stress and sleep disturbance 24 h after
acoustic trauma did not increase tinnitus severity in this
experiment. If a stress factor was introduced during or
immediately after the acoustic trauma, it might be possible to
increase tinnitus severity. However, under the current animal
ethics regulation, that is, the acoustic trauma was delivered
under anaesthesia, this possibility could not be explored.
Another reason that sleep disturbance failed to intensify

tinnitus might be that the stress-inducing cage exchange was
delivered only once following acoustic trauma and the sleep
disturbance did not last long enough. Methods to induce
chronic stress or chronic sleep disturbance may be needed
in order to further investigate the relationship between stress
and tinnitus perception.
Since hyperarousal has been proposed to underlie both
tinnitus and insomnia (see [19] for a review) and the orexin
system plays an important role in maintaining long-lasting
arousal (see [27] for a review), it remains unknown whether
the orexin system could be altered in animals that developed tinnitus and/or sleep disturbance. In this study, the
total number of orexin-expressing neurons was estimated
using immunohistochemistry and stereology throughout the
hypothalamus. No significant difference was found between
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the different groups. Different types of stimulations, such
as insulin-induced hypoglycemia, caffeine, and stress, have
been shown to activate orexin neurons in the hypothalamus
evaluated by measuring c-Fos expression in orexin neurons [46]. It is possible that changes in the orexin system
are mediated by activation of the existing orexin neurons
rather than the induction of new orexin neurons. Another
possibility is that there is an increased orexin projection
to the target areas, since orexin neurons project to a wide
range of brain areas including the inferior colliculus and
the ventral cochlear nucleus [26]. Therefore, an increase
in orexin neurotransmission in these auditory brain areas
might be related to tinnitus. Further studies are needed
to examine these possibilities following acoustic traumainduced tinnitus.
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Background. Cisplatin is a well known platinum-based chemotherapeutic agent used for the treatment of various malignant
tumours. A frequent side effect of cisplatin therapy is ototoxicity. Unfortunately, currently there are no available treatments.
Material and Methods. Experimental, clinical studies and reviews published between 2004 and 2014 in the English medical literature
concerning ototoxicity were selected using Medline, PubMed, and Google Scholar databases. Inclusion criteria were cisplatininduced ototoxicity and therapy aimed at preventing or curing this disorder. Molecular mechanisms and clinical, audiological, and
histological markers of cisplatin-induced ototoxicity are described. Moreover, experimental and clinical strategies for prevention or
treatment of hearing loss were also reviewed. Results and Discussion. Experimental studies demonstrate a wide range of otoprotective
molecules and strategies efficient against cisplatin-induced hearing loss. However, only dexamethasone proved a slight otoprotective
effect in a clinical study. Conclusion. Further research must be completed to bring future therapeutic options into clinical setting.

1. Introduction
Cisplatin (cis-diamminedichloroplatinum II) is a well-known
chemotherapeutic alkylating agent very effective in the treatment of various malignant tumors, especially squamous cell
cancers of the head and neck regions, in both the pediatric
and adult age groups [1]. Though synthesized already since
1845 by Peyrone owing to him its name of Peyrone’s salt, only
in the late 1960s was it used clinically in oncologic therapy
for head and neck, lung, bladder, cervical, ovarian, testicular,
and gastrointestinal cancers, as well as malignant gliomas
and metastatic cancers such as melanoma, mesothelioma,
and those of the prostate and breast [2]. One of its major
side effects is irreversible neurosensorial hearing loss which
affects ears symmetrically: high frequencies in the first place
followed by low, speech range frequencies in a dose related
and cumulative fashion. Cisplatin-induced hearing loss is
favoured either by preexisting afflictions like hypoalbuminemia, anaemia, renal failure, and noise-induced hearing loss or
by risk factors like therapy with loop diuretics, aminoglycoside antibiotics, radiotherapy fields which includes the inner

ear, extreme ages (very young or very old), duration and dose
schedule of cisplatin infusion, and genetic factors. Between
11% and 97% of patients treated with cisplatin develop hearing
loss, with an average incidence of 62% [3]. Cisplatin-induced
tinnitus is not an infrequent occurrence either. Ototoxicity
may occur within hours to days after cisplatin administration.
As subsequent multiple cisplatin regimens for the control of
cancer may be necessary, side effects should be prevented
or treated without reducing the efficacy of the antitumor
mechanisms.

2. Material and Methods
A review of the literature from 2004 to 2014 was performed,
using the Medline, PubMed, and Google Scholar databases.
The search terms included cisplatin-induced hearing loss,
protective therapy for inner ear diseases, intratympanic
therapy, systemic therapy, and gene therapy. Only original
experimental and clinical research papers were included. A
total of 43 relevant papers were selected for the present review.
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Table 1: Mechanisms of ototoxicity.

Cellular mechanisms of ototoxicity
(i) Damage to outer hair cells
(ii) Damage to supporting cells
(iii) Damage to marginal cells of stria vascularis
(iv) Damage to the spiral ligament
(v) Damage to spiral ganglion cells

Molecular mechanisms of ototoxicity
(i) Creation of reactive oxygen species
(ii) Depletion of antioxidant glutathione and its regenerating enzymes
(iii) Increased rate of lipid peroxidation
(iv) Oxidative modifications of proteins
(v) Nucleic acids damage by caspase system activation
(vi) S-Nitrosylation of cochlear proteins

3. Results
3.1. Mechanisms of Cisplatin Ototoxicity. Cisplatin inflicts
injuries mainly to outer hair cells, progressing from the
third to the first row and to some extent to inner hair
cells of the organ of Corti in the basal turn of the cochlea
followed by alterations in sensorial cells situated in the
apex. Cisplatin also targets supporting cells, marginal cells
of the stria vascularis, and the spiral ligament [4]. The
vestibular organs are not spared, nor are spiral ganglion cells
in experimental conditions [5]. The ensuing hearing loss may
be very disabling to patients whose communication is already
impaired due to cancers of the head and neck. Hearing loss
is also a common cause for depression and reduction of the
quality of life [6].
Molecular mechanisms of cisplatin-induced hearing loss
involve the creation of reactive oxygen species and depletion
of antioxidant glutathione and its regenerating enzymes
as well as increased rate of lipid peroxidation, oxidative
modifications of proteins, nucleic acids damage by caspase
system activation [3], and S-nitrosylation of cochlear proteins
and resulting apoptosis of inner ear cells [7].
Oxygen free radicals in the cochlea are produced principally in the wake of nicotinamide adenine dinucleotide
phosphate oxidase 3 isoform (NOX3) activation. NOX3 is
known to be upregulated by cisplatin. Cochlear tissues fight
the oxidative stress by means of antioxidant defence systems
including glutathione, glutathione reductase, superoxide dismutase, and catalase [1]. Cisplatin-induced disturbance of
potassium uptake and secretion in the stria vascularis has
also been suggested, leading to impairment of the function of
outer and inner hair cells in the organ of Corti, with alteration
of the endocochlear potential and subsequent hearing loss [1].
A summary of mechanisms of cisplatin associated ototoxicity
is displayed in Table 1.
The extent of ototoxicity due to cisplatin administration can be assessed clinically through measurements of
hearing loss by means of pretreatment and follow-up serial
audiologic tests and experimentally through histological
examinations [8]. The former include pure tone (normal
frequency and extended high-frequency range), speech and
impedance audiometry, auditory brainstem responses, and
Distortion Product Otoacoustic Emissions (DPOAEs) testing. DPOAEs reflect early injuries to outer hair cells in
the organ of Corti thereby allowing monitoring and early
detection of cisplatin ototoxicity during cancer treatment
[9, 10]. Cisplatin early ototoxic effects cause hearing impairment in the high frequencies at 6 kHz, 8 kHz, and above

as measured by conventional or extended high-frequency
pure tone audiometry [11]. Multiple doses of cisplatin worsen
hearing, ultimately affecting the speech frequency range
(500–4000 Hz). Since DPOAEs measurement is based on the
integrity of outer hair cells which is affected by cisplatin
therapy before elevation of auditory threshold as measured by
pure tone audiometry, DPOAE testing is more sensitive than
the latter for the detection of cisplatin-induced ototoxicity.
Moreover, the results provided by DPOAEs, as an objective
testing, are not influenced by the ability of the deteriorating
cancerous patient to respond to the sound stimulus [9].
In small children who undergo cisplatin administration for
cancer treatment and who cannot cooperate for pure-tone
testing because of their younger age and poor cognitive
ability, either sound field behavioural testing or DPOAEs can
be performed [12].
In experimental animals, hearing loss after cisplatin treatment can be assessed by audiological study of the auditory
brainstem responses where threshold measurement defines
the lowest intensity of sound stimulus that evokes a clear,
visually detectable, reproducible waveform [4].
Histologic examinations of inner ear after cisplatin
administration reveal destruction primarily of outer hair cells
and to some extent inner hair cells and associated nerves,
degeneration of the vestibular organs, stria vascularis edema,
and detachment of the myelin sheath of the spiral ganglion
cells [5]. Light microscopy of cochlear samples obtained
from animals receiving cisplatin shows loss of hair cells with
collapse of the tunnel of Corti and Nuel’s space. In cisplatin
treated animals’ cochlea the scanning electron microscopy
detects damage and loss of stereocilia of the hair cells as well
as rupture of the cuticular plate [13]. The damage is especially
noticed in the high frequency region of the cochlea (i.e.,
the basal turn) probably due to a base to apex gradient of
the cisplatin ototoxicity [14]. Tumour necrosis factor-alpha
(TNF-𝛼) and other inflammatory cytokines (IL-8, IL-6) were
also detected by immunostaining in the outer hair cells, stria
vascularis, spiral ligament, and spiral ganglion neurons in
cisplatin exposed cochleae [4].
Cisplatin pharmacokinetics in the inner ear after intravenous injection is influenced by its strong binding to the
plasma proteins rendering a large part of it nonactive and
by the barrier systems in the cochlea, the blood-perilymph
barrier, separating blood from perilymph, and the intrastrial fluid-blood barrier, separating blood from endolymph
[15]. The amount of free chemotherapeutic agent reaching
targets in the cochlea is responsible for the ototoxic effect
and consequent hearing loss. High frequency audiometric

BioMed Research International

3
Table 2: Treatment of cisplatin ototoxicity.

Preventive treatment for cisplatin ototoxicity
Treatment of hypoalbuminemia, anemia, renal failure
Intratympanic dexamethasone
Transtympanic L-N-acetylcysteine
Resveratrol

thresholds are initially affected. When doses in excess of
100 mg/m2 are used the hearing impairment may progress
from high frequencies to involve the middle frequencies.
Reducing the total amount of cisplatin by limitation of the
total dose per cycle, dose intensity and the cumulative dose
would diminish the antitumor effect which is not desirable.
Various otoprotective compounds have been tested both in
experimental animals and humans. If given systemically, they
should be nontoxic, must attain efficient concentrations in
the inner ear to protect labyrinthine tissues from cisplatin
ototoxicity, and should not hamper the antitumor effect of
cisplatin. Higher concentrations of otoprotective molecules
can be achieved by intratympanic administration. This latter
route provides direct access of the protective agents to
inner ear structures while avoiding systemic side effects and
interference with the antineoplastic activity of cisplatin [16].
3.2. Experimental Studies. Several otoprotective molecules
and strategies against cisplatin-induced ototoxicity have been
tested in experimental animals. Some, like diethyldithiocarbamate, exerted important side effects in humans [16]. A
summary of preventative and restorative treatment options
is presented in Table 2.
Hyperbaric oxygen therapy consists of intermittent
inhalations of 100% oxygen at a pressure higher than 1 atm
and is used as adjuvant therapy in pathological processes
like soft tissue infections, radiation injury, gas gangrene,
and decompressive disease. Its main effect is tissue hyperoxygenation through plasma dissolved oxygen and was successfully tested in guinea pigs as a protective agent against
cisplatin ototoxicity. Efficacy of otoprotection by hyperbaric
oxygen therapy after cisplatin administration was evaluated
by otoacoustic emissions following hyperbaric treatment and
by scanning electron microscopy examination. The study
confirmed that cisplatin induces dose-dependent cochlear
alterations consisting of cellular lesions and significant hair
damage in outer hair cells. Analysis of anatomical changes
in cochlear outer hair cells indicated signs of otoprotection
against cisplatin in animals treated with hyperbaric oxygen
therapy although in functional studies distortion product
acoustic emission were absent reflecting a certain degree
of hearing loss, most probably reversible and related to
experimental artefacts. The study concluded that hyperbaric
oxygen therapy has otoprotective effects against cisplatininduced ototoxicity. However, further studies are necessary to
test other effects of high pressure oxygen on the cochlea [17].
Another study investigated the effect of epigallocatechin gallate (EGCG) on the transcription factor STAT1, an
important mediator of cell death. STAT1 phosphorylation is
involved in both hair cells and support cells transformation
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after experimental exposure of mouse utricule to cisplatin.
EGCG proved its efficiency as an otoprotective agent against
cisplatin ototoxicity due to its inhibition of STAT1. The
hypothesis was further supported by the failure of EGCG to
provide protection against cisplatin in STAT1-deficient mice
[18].
Former studies showed that lactate injected intratympanically in guinea pigs treated with ototoxic levels of cisplatin
allowed near total preservation of otoacoustic emissions
[19]. Since lactate is a part of Ringer solution, safely used
in human subjects, and has the smallest molecular weight
among other antioxidants which facilitates transport across
the round window membrane, a further study was conducted
to prove its otoprotective effect against cisplatin ototoxicity
when injected intratympanically, before intraperitoneal cisplatin administration. The molecular protective mechanism
is based on the enzyme lactate dehydrogenase located in the
mitochondria of outer hair cells. The conversion of lactate
to pyruvate in the presence of the enzyme leads to the
formation of nicotinamide adenine dinucleotide (NADH)
which is a natural antioxidant that may be involved in
reducing toxic effects of oxygen reactive species resulted at
cellular level following cisplatin therapy. Electron microscopy
examinations of guinea pig cisplatin-insulted inner ears
pretreated with lactate showed partial preservation of outer
hair cells stereocilia, more significant at midfrequencies
(2000–4000 HZ) but not statistically significant at higher
frequencies. The study used auditory brainstem responses
recordings which is a more sensible method than otoacoustic
emissions testing, a fact that explains the differences in
otoprotective effect reported by previous studies. The same
study investigated the otoprotective effect of intratympanic
N-acetylcysteine injections as well as its systemic diffusion
following the administration. The results showed that high
concentration of intratympanic N-acetylcysteine is not reliable for otoprotection against cisplatin ototoxicity since it
caused more middle and inner ear damage than cisplatin
alone. Yet, N-acetylcysteine did not diffuse systemically when
applied to the middle ear. This was confirmed by highperformance liquid chromatography testing of blood samples
taken from the venous system of the experimental animals
after intratympanic injections of N-acetylcysteine. This latter
outcome proves that the intratympanic route of administration would be safe and prevent inactivation of antitumor
effect of cisplatin by binding between the thiol moiety of Nacetylcysteine and the platinum-containing molecule of the
chemotherapeutic drug [20].
Most of the existing studies focus on exogenous administration of antioxidants. Pharmacological activation of intrinsic defence mechanisms against oxidative stress in the inner
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ear caused by cisplatin therapy also proved helpful as
showed by an experimental animal study using systemic
administration of thiamine pyrophosphate (TPP). Thiamine
pyrophosphate functions as coenzyme for peroxisomes being
a crucial factor for energy metabolism, antioxidation, and
myelinisation of nerve cells. Its intraperitoneal injection
increased the level of natural antioxidants like glutathione
and antioxidant enzymes (superoxide dismutase, glutathione
peroxidase and glutathione reductase) and reduced the content of malonildialdehyde, an indicator of lipid peroxidation
following increased levels of oxygen reactive species resulting
from cisplatin toxicity. The histologic evaluation of cochleae
harvested from TPP treated animals showed preservation of
the morphology of the organ of Corti and outer hair cells
and no destruction of spiral ganglion cells and stria vascularis
following cisplatin therapy [5].
The wide range of therapeutic molecules studied for their
otoprotective effect against cisplatin-induced ototoxicity also
includes sertraline, an antidepressant with neuroprotective
effects in rats [6]. The selective serotonin reuptake inhibitor
also has antioxidant effects, stimulates neurogenesis, and
increases antiapoptotic protein levels [21]. It has been documented by distorsion product otoacoustic emissions recordings that oral administration of sertraline in cisplatin-treated
rats prevented hearing loss above 5000 Hz, in a statistically
significant manner. Besides, sertraline would be beneficial to
patients whose communication abilities are already deteriorated either by the cancer itself or by the treatment modalities
and, therefore, feel depressed [6].
An experimental single dose model of cisplatin ototoxicity in guinea pigs showed the otoprotective effect of systemic
histone deacetylase inhibitor sodium butyrate. Distortion
product otoacoustic emissions testing were chosen to provide
a sensitive assay of the functional state of outer hair cells
after systemic cisplatin insult on the cochlea. The systemic
administration of the otoprotective agent avoided the side
effects of the more invasive tympanic local route of administration. Moreover, sodium butyrate did not interfere with
the tumoricidal effect of cisplatin providing both protections
from reactive oxygen species and a certain degree of antitumor activity according to former reports. Acetylation of
different cell proteins, including histones, is responsible both
for the protective effect against oxidative stress and for the cell
division inhibition and subsequent anticancer activity. The
experiment’s weak point is that it only showed the effect of
sodium butyrate in a single dose of cisplatin model whereas
in clinical practice cisplatin is typically given repeatedly at a
couple of weeks intervals for several months [22].
The unique isoform of NADPH oxidase, NOX3, found
in the cochlea and its involvement in the generation of
reactive oxygen species was at the base of an animal study
showing the efficacy of short interfering RNA in preventing
cisplatin ototoxicity by reducing the expression of NOX3
in outer hair cells, spiral ganglion cells, and stria vascularis
in the rat. Auditory brainstem responses were used to
certify reduced threshold shifts in cisplatin treated animals
who received transtympanic NOX3 siRNA. Since cisplatin
administration has been previously associated with upregulation of NOX3 in the inner ear, Nox3 is thought to be
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a major source of free radicals in the cochlea following
cisplatin exposure. The resulting free radicals initiate the
inflammatory process in the cochlea by activating signal
transducer and activator of transcription-1 (STAT1), followed
by activation of p53 and increase in inflammatory mediators
like TNF-alpha and interleukin-1𝛽 [23]. A single transtympanic injection of siRNA attenuated cisplatin ototoxicity
by suppressing inflammation in a dose-related manner. It
hampered cisplatin-induced auditory brainstem responses
threshold shift and higher doses allowed for complete morphological preservation of outer hair cells as proven by scanning electron microscopy examinations of the rat cochleae
[24].
Among various strategies that have been devised in experimental settings to prevent cisplatin ototoxicity, minocycline,
a tetracycline derivative, proved its partial efficacy in vivo
and in vitro. The anti-inflammatory and neuroprotective
properties of minocycline have been previously reported. The
biochemical mechanisms involve caspase-1 and caspase-3
inhibition, which decreases the amount of interleukin-1 and
prevents apoptosis. The protective effect of minocycline has
been tested both on cisplatin treated cell cultures and in
experimental animals which underwent cisplatin intraperitoneal therapy after systemic administration of the otoprotective agent. Cell viability assays showed that minocycline
had a protective effect against cisplatin toxic action. Yet,
minocycline failed to protect cells at higher concentrations
of cisplatin. Recordings of auditory brainstem responses and
evaluation of the scanning electron microscopy sections of
inner ears harvested from minocycline plus cisplatin treated
animals indicated a partial preservation of the function and
morphology of the outer hair cells as compared to those from
animals treated with cisplatin alone [25].
The effect of intraperitoneal administration of erdosteine
on cisplatin-induced ototoxicity in a guinea pig model was
also studied. Erdosteine is a thiol derivative with established
antioxidant properties due to its active sulfhydryl groups
following liver first-pass metabolism. Pre- and posttreatment
auditory brainstem responses measurements were performed
in living animals while outer hair cell counts were analyzed
by scanning electron microscopy of the cochleae removed
from euthanized animals. Although the study had limitations
(i.e., minimal number of animals included, lack of enzymatic
activity detection for the main antioxidant enzymatic systems
of the inner ear), the results outlined the systemic administration of erdosteine as a promising therapeutic strategy for
cisplatin-induced ototoxicity [26].
In a first murine model for cisplatin-induced ototoxicity,
it was shown that intratympanic dexamethasone prevents
hearing loss in a frequency related manner. Evoked brainstem
responses audiometry indicated that 8 kHz and 16 kHz stimulus elicited responses in cisplatin plus dexamethasone treated
mice while high frequency stimulus (32 kHz) perception
was affected. Apparently, cisplatin had deleterious effects on
outer and inner ear cells situated in the basal turn of the
cochlea despite intratympanic administration of protective
dexamethasone [27]. Further experimental studies supported
the finding that cisplatin exerts its damaging effect in a base
to apex gradient, lower frequencies being spared for long.
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Higher doses of dexamethasone also seem to be more protective than lower doses. Moreover, lower doses of cisplatin
allow the naturally present antioxidants to annihilate the
resulting reactive oxygen species, explaining the spontaneous
hearing threshold recovery even in the absence of protective
dexamethasone administration [28].
The intratympanic administration of dexamethasone
avoids diminishing the tumoricidal activity of cisplatin.
Downregulating apoptosis genes in tumour cells are responsible for this common side effect of systemic steroid
therapy [29]. An experimental study conducted on cisplatin treated guinea pigs asserted the safety of intratympanic dexamethasone based on audiologic and histologic
results. Auditory brainstem responses testing, optic microscopic and scanning electron microscopic examinations of
cochleae showed no significant differences between intratympanic dexamethasone-treated animals and salinetreated controls. Dexamethasone administered intratympanically proved efficacious in protecting the labyrinth against
cisplatin-induced ototoxicity as shown by reduced auditory
brainstem responses threshold shifts and unaltered histological inner ear structures. The molecular mechanisms
involve increased expression of Na/K channels and aquaporins in the endolymphatic sac and the tissues around the
endolymphatic spaces. The study’s results also suggest that
giving the intratympanic dexamethasone one hour before the
cisplatin administration provides the best protection (total
protection) against the ototoxic insult by the alkylating agent
compared to dexamethasone injections one day prior to
cisplatin administration (partial protection) [14]. According
to another study, in order for the dexamethasone to exert a
protective effect against cisplatin ototoxicity, the timing of
administration of the two drugs should be highly synchronized so that the peak concentration of dexamethasone in
the perilymph should correlate with the peak concentration
of the chemotherapeutic agent [3].
Otoprotection with dexamethasone against cisplatininduced age-related hearing loss was investigated in a guinea
pig model following observations that persons older than
65 years account for more than half of the newly diagnosed
malignancies. Hearing loss due to the aging process shares
the same cause (i.e., oxidative stress) with hearing loss due to
ototoxic chemotherapeutic agents. A single dose of cisplatin
was administered intraperitoneally in old mice preceded and
followed by dexamethasone injected intratympanically to
counteract the cisplatin toxic effect on inner ear hair cells.
Pre- and posttreatment auditory brainstem responses were
recorded to evaluate hair cell function. The results of the study
pointed out that no synergistic action between age related
hearing loss and cisplatin-induced hearing loss exists since
threshold shifts were smaller in older animals than those
in young mice. Another finding of the study was that the
protective effect of dexamethasone against cisplatin-induced
ototoxicity was a function of stimulus frequency in old
mice. Susceptibility to otoprotective effect of dexamethasone
was higher in mid to basal cochlear regions (at and above
24 kHz) in old mice, whereas in young mice, dexamethasone
bestowed more protection in apical regions of the cochlea (at
16 kHz and below). Age-related changes of the mechanism of
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distribution of dexamethasone in scala tympani perilymph
after round window membrane application in guinea pigs
seem to account for the frequency dependent otoprotective
effect [30].
Intratympanic dexamethasone failed to protect against
cisplatin-induced ototoxicity in a multidose cisplatin ototoxicity mouse model. The study was prompted by typical clinical protocols of cancer treatments which require
administration of multiple, smaller cisplatin doses, exerting
their curative effect through cumulative dosing. Contrary to
previous experimental studies, the mice received five doses
of cisplatin throughout five days, mimicking the cumulative
exposure seen in malignant tumours treatment. Intratympanic dexamethasone was administered on the same days as
the intraperitoneal cisplatin. The results mirrored by auditory
brainstem responses threshold measurements demonstrated
continued change in hearing thresholds several weeks after
cisplatin exposure and no protective effect of intratympanic
dexamethasone against cisplatin ototoxicity [31].
An experimental study focused on systemic administration of steroid for protection against cisplatin-induced
ototoxicity showed no otoprotection following several days’
prophylaxis with a high dose dexamethasone treatment. Only
a slight decrease of TNF-alpha expression in the cochlea was
demonstrated by immunohistochemical staining of anatomical samples harvested from systemic cisplatin plus dexamethasone treated animals. Dexamethasone also seemed
to protect stria vascularis from morphological alterations,
probably owing this effect to higher concentrations of steroid
in the lateral cochlear wall following increased cochlear flow
and a naturally highly vascularised stria vascularis. Still, a
functional otoprotective effect of systemic dexamethasone
against cisplatin-induced hearing loss was not observed [4].
Among naturally occurring molecules, Rosmarinic acid,
a water-soluble polyphenolic compound extracted from
Dansam-Eum, was tested for its protective effect against
cisplatin-induced ototoxicity in laboratory settings. The
results of the study showed that Rosmarinic acid inhibited
cisplatin-induced caspase-1 activation providing protection
against stereocilia loss in the primary organ of Corti explants
[32].
Another natural remedy, the Maytenus ilicifolia aqueous
extract, was evaluated for its possible otoprotection in guinea
pigs. Despite the well-known South America plant’s antioxidant effects (due to the presence of flavonoids and alkaloids),
functional tests did not demonstrate any protective action
on the cisplatin exposed cochleae. Yet, the extract improved
the clinical status and weight of guinea pigs and diminished
mortality after cisplatin exposure [33].
Resveratrol, a polyphenol found in grape skin and seed,
has antioxidant, neuroprotective, and dose dependent antiapoptotic properties [34]. Recent experimental research
pointed out the preventive effect of resveratrol against cisplatin induced ototoxicity. An in vitro study on House Ear
Institute-Organ of Corti 1 cell line showed that resveratrol in
low doses prevented ototoxicity mainly influencing apoptotic
gene expression but proved cytotoxic effect in high doses
[34]. Two other studies showed conflicting results. Thus,
high doses of oral resveratrol administered to mice seem to
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Table 3: Clinical trials currently underway (http://clinicaltrials.gov/ct2/results?term=cisplatin+ototoxicity).

Trial title

Trial status

Protection from cisplatin ototoxicity by lactated Ringers
Alpha-Lipoic acid in preventing hearing loss in cancer patients undergoing treatment with cisplatin
The protective effect of Ginkgo Biloba extract on cisplatin-induced ototoxicity in humans
Preventing nephrotoxicity and ototoxicity from osteosarcoma therapy
Sodium thiosulfate in preventing hearing loss in young patients receiving cisplatin for newly diagnosed germ
cell tumor, hepatoblastoma, medulloblastoma, neuroblastoma, osteosarcoma, or other malignancies
SPI-1005 for prevention and treatment of chemotherapy induced hearing loss

Completed
Completed
Completed
Recruiting

enhance cisplatin ototoxicity [35] whereas systemic administration of lower doses of resveratrol provided significant
protection to the cochlea against cisplatin [36].
3.3. Clinical Studies. Intratympanic dexamethasone was clinically tested for its otoprotective effect in patients suffering
from neoplastic diseases for which the treatment protocol
included cisplatin. Intratympanic dexamethasone has already
been tested clinically for the treatment of idiopathic sudden sensorineural hearing loss and Meniere disease [37].
Intratympanic administration of steroids avoids significant
systemic side effects like hyperglycaemia, peptic ulcers,
hypertension, osteoporosis, and psychosis. The intratympanic route also provides higher concentrations of drug in
the inner ear fluids and prevents significant interference
between dexamethasone, which is known to reduce efficacy
of chemotherapeutic agents, and cisplatin. Patients enrolled
in the study underwent unilateral intratympanic dexamethasone administration prior to every cisplatin treatment
session, with the contralateral ear used as a control. Serial
follow-up audiometry and distorsion product otoacoustic
emissions testing were performed to check the functional
state of both study and control ears. The statistically significant results showed that intratympanic dexamethasone is
slightly protective against cisplatin-induced hearing loss at
6000 Hz and decreases the outer hair cells dysfunction in
the frequency range of 4000 to 8000 Hz. The conclusion of
the study is that intratympanic dexamethasone has minimal
effect towards reducing cisplatin ototoxicity. Further studies
using different concentrations of dexamethasone and a perfect timing of administration are necessary to investigate its
role in preventing hearing loss after cisplatin therapy [3].
Transtympanic L-N-acetylcysteine was also clinically
tested in head and neck cancer patients undergoing cisplatin
therapy. Thiol compounds are known to either directly bind
cisplatin or act as free radical scavengers. Based on that,
their intratympanic administration was suggested to avoid
the decrease of oncologic effectiveness of cisplatin and to
reduce the oxidative stress caused by it. Intratympanic L-Nacetylcysteine was well tolerated by patients receiving multiple doses of cisplatin as part of their oncologic treatment. The
relation between dose and otoprotection was not taken into
account. Higher concentrations may have yielded better otoprotection. The study protocol required the L-NAC injection
to be approximately 1 hour before systemic administration of
cisplatin, for the sake of better timing. The outcome of the

Active, not recruiting
Not yet recruiting

pure tone audiometry testing at 1 and 2 months after the last
cycle of cisplatin showed that L-N-acetylcysteine was overall
not significantly otoprotective. Still, hearing loss was reduced
in two patients out of eleven who completed the study. The
study protocol had several challenges like the difficulty in
maintaining high enough concentrations of aqueous solution
of L-N-acetylcysteine in the middle ear due to the technique
of administration. Another study flaw was the different initial
hearing thresholds due to preexisting hearing loss [38].
Few clinical studies tested systemic otoprotective molecules for preventing cisplatin-induced hearing loss. Amifostine, a phosphorylated aminothiol designed to protect
against radiation damage, was known to counteract the toxic
effect of different anticancer treatments without interfering
with the tumoricidal effect. Although significant protection
of amifostine against haematological toxicity after high dose
carboplatin therapy in a child with medulloblastoma was
reported [39], a clinical study considering systemic administration of amifostine failed to prove any otoprotective
effect against cisplatin-induced hearing loss in a group
of pediatric patients treated with cisplatin associated with
other chemotherapeutic agents [40]. Clinical trials currently
underway as documented by their registration in a public
database (http://clinicaltrials.gov/ct2/results?term=cisplatin
+ototoxicity/) are listed in Table 3.
3.4. Otopharmacogenetics. The well-isolated inner ear organ
makes it prone to targeted genetic therapies. Viral or nonviral
gene vectors can be delivered through a transtympanic route
without the risk of dispersing them and reaching other tissues
with subsequent undesirable genetic alteration. Long term
effects after single administration, cellular selectivity, and
replacement of genetically flawed nucleic acid sequences are
the main benefits of gene therapy. Common viral vectors
include herpes simplex virus, recombinant adenoassociated
virus, recombinant adenovirus, and adenovirus, used to
amplify the expression of targeted genes. Cells are infected
with the vectors (transfection) which transfer genes whose
expressed proteins influence important processes like growth,
oxidative stress, and apoptosis. Chemical transfection can
also be achieved with plasmid vectors. Short interfering RNA
can be used to shut down target genes.
Among inner ear target genes dealt with by the gene
therapy studies are ATOH1 (Math1), CAT (catalase), SOD1
(Cu/Zn superoxide dismutase), SOD2 (Mn superoxide dismutase), BDNF (brain-derived neurotrophic factor), HGF
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(hepatocyte growth factor), GJB2 (gap junction protein),
Bcl-xL (B-cell lymphoma-extra large), FGF2 (basic fibroblast
growth factor). The gene therapy modifies the synthesis
of a wide range of proteins including neurotrophic factors
(NTF3, GDNF), apoptosis mediators (XIAP, BCL2), oxidases
(NADPH, NOX1, NOX3, NOX4), an antioxidant response
regulator (Nfe2l2), a cytoprotective enzyme (HO-1), copper
transporters (Ctr1), a nonselective cation channel (Trpv1),
and protein Otospiralin (Otos).
Cisplatin-exposed tissues can benefit from genetically
induced upregulation of neurotrophic factors, inhibition
of apoptosis, and generation of endogenous antioxidant
enzymes.
Experimental animal studies and in vitro experiments
show the efficacy of gene therapy for cisplatin-induced ototoxicity. Clinical applications require further studies regarding safety, immunogenicity, and consequences of genetic
manipulation [41].
Another strategy to avoid cisplatin-induced hearing loss
would be the pretreatment genotyping to find out patients
at risk for the ototoxic effect of cisplatin [42]. Genetic
variants (polymorphism) of different protein systems (Thiopurine S-methyltransferase, Catechol-O-methyl transferase,
Glutathione-S-transferase with its subclasses M1/T1/P1, Magalia) can stand for the interindividual variability in cisplatin
ototoxicity [43].

4. Discussion
Forty-three publications were reviewed concerning prevention or treatment of cisplatin induced ototoxicity. Publications were devised in either experimental or clinical studies.
Experimental studies sustained the efficiency of hyperbaric
oxygen therapy, epigallocatechin therapy, and intratympanic
lactate. The latter two therapies provide exogenous antioxidants while pharmacologic activation of endogenous antioxidants by means of intratympanic thiamine pyrophosphate
was consistent with higher levels of natural antioxidants.
Oral sertraline, besides its otoprotective effect against cisplatin induced ototoxicity, also has therapeutic value concerning the depression occurring frequently in oncologic
patients. Sodium butirate proved its efficiency against cisplatin induced hearing loss in a monodose cisplatin model.
Yet, in clinical practice the patient receives multiple doses of
cisplatin. The production of endogenous radicals of oxygen
species was reduced after intratympanic administration of
short interfering RNA which reduces the expression of NOX3
in the cochlea. Minocycline appeared to be efficient only
at low doses of cisplatin while systemic erdosteine showed
promising results. Dexamethasone in experimental studies
combined efficiency against cisplatin induced ototoxicity
with preservation of the tumoricidal activity of cisplatin.
When older mice were treated, the dexamethasone was more
otoprotective at higher frequencies compared to experiments
including younger subjects. Rosmarinic acid also proved to
be otoprotective while the Maytenus ilicifolia aqueous extract
was not. Resveratrol had contradictory effects, systemic low
doses, and in vitro administration preventing ototoxicity,
whereas high oral doses seem to enhance cisplatin ototoxicity.

7
There also were experimental studies which showed inefficiency of intratympanic N-acetylcysteine and intratympanic
and systemic dexamethasone. N-Acetylcysteine also had a
damaging effect on middle and inner ear structures.
Clinical studies proved a minor otoprotective effect of
intratympanic dexamethasone and no effect of systemic amifostine and intratympanic L-N-acetylcysteine. New perspectives are brought about by genetic therapy using viral vectors
and genotyping to anticipate interindividual variability in
cisplatin ototoxicity.

5. Conclusion
Hearing loss prevention and treatment during cisplatin therapy for cancer needs further research to find new strategies
and optimize old ones. The intratympanic route of administration along with the gene therapy appears to be the
most attractive objective for further experimental and clinical
studies.
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Background noise can make speech communication tiring and cognitively taxing, especially for individuals with hearing
impairment. It is now well established that better working memory capacity is associated with better ability to understand speech
under adverse conditions as well as better ability to benefit from the advanced signal processing in modern hearing aids. Recent
work has shown that although such processing cannot overcome hearing handicap, it can increase cognitive spare capacity, that is,
the ability to engage in higher level processing of speech. This paper surveys recent work on cognitive spare capacity and suggests
new avenues of investigation.

1. Introduction
Speech is the main mode of communication for most people.
If speech understanding is compromised by noise or hearing
impairment, communication may become harder, leading to
limitations in social participation. Technical compensation is
available in the form of hearing aids. However, although the
amplification provided by hearing aids can improve speech
understanding in quiet, persons with hearing impairment
still have disproportionately large difficulties understanding
speech in noise. One of the reasons for this may be that when
the cognitive resources required for speech comprehension
are engaged in the lower level processes of deciphering the
signal, fewer resources may be available for higher level
language processing. In other words, cognitive spare capacity
is reduced.
1.1. Speech Comprehension. Speech comprehension requires
the auditory ability to hear the signal and the cognitive ability
to relate this information to the existing knowledge stored
in semantic long-term memory [1, 2]. The role of cognition

in speech comprehension is reflected in the hierarchical
nature of its cortical representation [3, 4].
Speech processing engages a clearly defined cortical
network involving the classical language areas in the left
inferior frontal cortex and superior temporal gyrus [3, 4]. The
primary auditory cortex is sensitive to most sounds and is the
first cortical region to be activated during speech perception
[4]. Listening to words activates the middle and superior
temporal gyri bilaterally and listening to sentences engages
regions involved in processing semantics and syntax in the
left prefrontal cortex [3]. It has been possible to trace the
pathways linking these regions by using animal models [4–
6]. These pathways represent different functional streams that
take either a ventral route through superior temporal regions
to ventrolateral prefrontal cortex or a dorsal route through
posterior parietal cortex and dorsolateral prefrontal cortex
[6, 7]. One ventral route seems to deal more with conceptual
or semantic processing, while there is a dorsal route that is
more related to phonological or articulatory processing [6, 7].
Ventral and dorsal routes for syntactic processing have also
been proposed [8].

2
1.2. Hearing Impairment. Around 25% of the population
in developed countries has a hearing impairment severe
enough to interfere with speech communication [9]. Hearing
sensitivity decreases with age such that although only about
2% of individuals in their early twenties have a hearing
loss, the prevalence of significant hearing impairment is 40–
45% in persons over the age of 65 and exceeds 83% in
persons over the age of 70 [10, 11]. Hearing difficulties are
associated with long-term absence from work in the working
age population [12, 13] and loneliness in the older population
[14]. Further, individuals with better cognitive abilities report
more hearing difficulties [15, 16], possibly because they have
higher expectations of their communication. Even moderate
degrees of hearing impairment lead to decrease in neural
activity during speech processing and may contribute to grey
matter loss in primary auditory cortex [17, 18].
Types of hearing loss are traditionally categorized according to site of lesion: impairment of sound transmission
in the external or middle ear is referred to as conductive
hearing loss, while other types of hearing loss are referred to
as sensorineural. Sensorineural hearing loss can be further
subdivided into sensory loss, resulting from impairment of
cochlear function, retrocochlear loss, resulting from impairments relating to conduction in the auditory nerve or
brainstem, and central losses, resulting from impairments
in cortical processing of the auditory signal. Sensorineural
hearing loss is the major diagnostic category and includes
age-related hearing loss or presbyacusis. These categories are
relatively coarse and it has been suggested that they may
be inadequate for pinpointing the contribution of hearing
loss to communication difficulties under adverse listening
conditions [19].
The primary diagnostic tool in audiology is the pure
tone audiogram. This method of determining frequencyspecific hearing thresholds is based on delivering sine waves
of different intensities to each ear and asking the patients to
respond by pressing a button each time they hear a sound. The
resulting resolution is poor, and since this procedure requires
the processes of intention and attention that characterize
listening as opposed to simply hearing and thus tap into
cognitive processes that may also be declining with age,
diagnosis may be confounded. Other diagnostic tools include
measures of auditory brainstem response and otoacoustic
emissions which may be more independent of high-level
cognitive contribution, although it has recently been shown
that cognitive load influences brainstem responses [20] and
otoacoustic emissions may also be influenced by attention
through efferent innervation [21]. Assessment of speech
intelligibility in quiet and in noise is also part of hearing
evaluation.

1.3. Hearing Aids. The most important objective for hearing
aid signal processing is to make speech audible [22]. This
is not a trivial problem. Over 30 years ago, Plomp [23]
proposed a model of hearing aid benefit that classed hearing
impairment in terms of attenuation and distortion showing
that while the hearing aids of the day could compensate
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well for the former by providing amplification, they were
poorer at tackling the latter. As distortion is a characteristic
of even the mildest hearing losses, it is important that hearing
aids address this issue and the industry has taken on this
challenge [24]. Distortion can be simply characterized as
a decrease in the ability to distinguish speech from noise.
It is not only due to decreased frequency and temporal
resolution, as well as impaired ability to discriminate pitch
and localize sound sources, but also due to abnormal growth
of loudness [25], such that if all sounds are amplified the same
way, some may become uncomfortably loud. Thus, modern
digital hearing aids include technologies that tackle some
of these problems [26]. Wide dynamic range compression
systems restore audibility by amplifying weaker sounds more
than loud sounds to compensate for the abnormal growth of
loudness. The regulation of the compression system may be
fast (syllabic) or slow (automatic volume control). Fast-acting
wide dynamic range compression (fast WDRC) provides different gain-frequency responses for adjacent speech sounds
with different short-term spectra on a syllabic level. On the
assumption that communication partners look at each other,
directional microphones may be used to attenuate sounds
not coming from the front. Of course, if the attended signal
does not come from the front, directional microphones may
make communication harder. Single-channel noise reduction
schemes (NR) may reduce background sounds by identifying
portions of the signal as nonspeech and attenuating these.
This does not improve speech intelligibility per se, but it may
reduce the annoyance from background sounds. Notwithstanding the benefits of signal processing, there is no getting
away from the fact that it may also degrade the auditory
signal, which may make listening harder. This applies in
particular to aggressive signal processing algorithms that may
be used experimentally but are not generally prescribed to
patients. Aggressive processing is characterized by substantial
spectral alteration of the signal within the space of a few
milliseconds. For example, some aggressive NR algorithms
generate audible artifacts [27] and WDRC distorts individual speech sounds in ways that influence the phonological or sublexical structure of the incoming speech signal
[22, 28–30].
1.4. Noise. Acoustic noise impacting speech perception can
be categorized as signal degradation, energetic masking, and
informational masking [31]. Signal degradation reduces the
amount of information in the signal. As we have seen, this
is the result of hearing aid signal processing. Other examples
relate to processing for data transmission. Energetic masking
is a competing signal that partially obscures the target signal.
Air conditioning fans are a good example. Informational
masking also obscures the target signal but in addition
has a fluctuating structure that in some circumstances may
distract the listener but in others may allow the listener to
systematically glimpse parts of the signal. An informational
masker may consist of tonal patterns, for example, or one or
more competing speakers. As regards the neural networks
underpinning speech comprehension in noise, a pattern is
starting to emerge involving widespread frontal and parietal
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activation as well as increased temporal activation [32].
There is also some evidence that the brain tracks target and
competing speech streams in a manner that is modulated by
attention [33] with selective attention networks for pitch and
location [34].
Persons with hearing impairment have particular difficulties listening in noise which may be reflected in recruitment
of neural networks supporting compensatory processing
[35, 36] whereas persons with normal hearing are generally
better at coping with informational than energetic masking [37]; the same may not always be true for persons
with hearing impairment [38–40]. An informational masker
includes cues in terms of pitch or temporal fine structure
that may help segregation and dips in the masker may
reveal portions of the target signal. This may result in
the listener perceiving fragments of a target signal that
need to be pieced together to achieve understanding. An
informational masker may also include semantic information that distracts the listener from the target signal and
thus needs to be inhibited. Such processes rely on cognitive
functions.

2. Working Memory and Speech
Comprehension
2.1. The Role of Cognition in Listening. Cognitive processes
are required to focus on the speech signal and match its
contents to stored knowledge [1, 2]. When listening takes
place in adverse conditions, for example, when there is
background noise or the listener has a hearing impairment,
high-level cognitive functions such as working memory and
executive processes are implicated [41, 42]. Working memory
(WM) is the capacity to perform task-relevant processing
of information kept in mind [42, 43] and is supported by a
frontoparietal network [44, 45] that is sensitive to stimulus
quality and memory load [46, 47]. Many different models of
WM have been proposed [48], and one of the most influential
of them is the component model originating in the seminal
1974 paper by Baddeley and Hitch [43]. This model was
characterized by a central executive controlling two slave
buffers for processing verbal and visuospatial information,
respectively. It elegantly accounted for a host of empirical
data from dual task paradigms, that is, tasks requiring two
different kinds of processing at the same time. However,
it could not easily account for evidence of multimodal
information binding, for example, use of visual cues during
speech understanding. A new generation of WM models
including an episodic buffer filling just such a function saw
the light of day around the turn of the 21st century. These
include an updated version of the original component model
[49] and a model specifically describing the role of WM in
language understanding: the WM model for ease of language
understanding (ELU) [41, 50]. Although early work placed
the episodic buffer among executive functions organized in
the frontal lobes [51], later work has shown that multimodal
information binding does not necessarily load on executive
functions. For example, visual binding has been shown to take
place without executive involvement [52] and multimodal
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semantic binding has been shown to have its locus in the
temporal lobes [53, 54].
The ELU model [41] links in with a parallel line of conceptual development represented by the individual differences
approach to WM. This approach focuses on the large variance
in individual ability to perform WM tasks rather than characterizing different components of WM [55–57]. According
to the ELU model [41], language understanding proceeds
rapidly and smoothly under optimal listening conditions,
facilitated by an episodic buffer which matches phonological
information in the incoming speech stream with the existing
representations stored in long-term memory. Because this
buffer deals with the rapid, automatic multimodal binding of
phonology, it is known by the acronym RAMBPHO. Adverse
listening conditions hinder RAMBPHO processing. This may
result in a mismatch between auditory signal and information
in the mental lexicon in long-term memory. Under such
circumstances, explicit or conscious processing resources
need to be brought into play to unlock the lexicon. The ELU
model proposes that this occurs in a slow processing loop.
Processing in the slow loop may include executive functions
such as shifting, updating, and inhibition [58]. Inhibition
may be required to suppress irrelevant interpretations, while
updating may bring new information into the buffer at
the expense of discarding older information. Shifting may
come into play to realign expectations [30, 59]. All these
functions are linked to the frontal lobes [44] and there is
evidence that they are supported by anatomically distinct
substrates [60]. Their role in speech communication under
adverse conditions may be bringing together ambiguous
signal fragments with relevant contextual information. There
is a constant interplay between predictive kinds of priming of
what is to come in a dialogue and postdictive reconstructions
of what was missed through mismatches with the lexicon in
semantic long-term memory [41]. There is no doubt that such
processing is effortful and increases cognitive load [61, 62]
and modulates the neural networks involved in speech
processing under adverse conditions [63]. From an individual
difference perspective, it makes sense that individuals with
high WM capacity would perform better on tasks requiring
speech understanding under adverse conditions, and this is
indeed the case [64–66].
More than a decade ago, it was established that there is a
relation between cognitive ability, in particular WM capacity,
and the benefit obtained from hearing aid signal processing
[64, 67–69]. In particular, it was shown that any benefit
of fast-acting WDRC in terms of the ability to understand
speech in noise was contingent on cognitive ability [64,
68]. Since then, it has been shown that this relationship is
influenced by type of background noise [70–72] and the type
of target speech material [30, 70, 73]. Cognitive resources are
especially important when modulated noise is combined with
fast-acting WDRC [30, 61, 71–73] above all when the target
speech is unpredictable [30]. These complex relations change
over time [30, 73, 74].
The capacity of WM can be increased by training,
suggesting an inherent plasticity in the system [75, 76].
Training effects may generalise to similar nontrained tasks,
for example, a different WM task [75]. This is known as near
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transfer. However, generalization to other cognitive abilities,
known as far transfer, has been elusive [77]. Recent work,
however, has shown that for older adults, cognitive training
requiring multitasking can result in sustained reduction in
multitasking costs and improvement in WM [78]. As we have
noted, WM is about simultaneous storage and processing, in
other words a form of multitasking. The results of Anguera
et al. [78] suggest that in order to improve WM, it may be
more efficient to target multitasking abilities as such. Since
WM capacity is related to the ability to understand speech
in noise, it is tempting to speculate that increasing WM
capacity may also improve the ability to understand speech
in noise. However, published evidence for the efficacy of
individual computer-based auditory training for adults with
hearing loss is not robust [79]. We suggest that cognitive
training that targets the multitasking abilities inherent in
speech understanding under adverse conditions may improve
WM capacity and result in better speech understanding in
adverse conditions. This is an important avenue for future
research.

3. Cognitive Spare Capacity
for Communication
3.1. Cognitive Spare Capacity. When listening takes place in
adverse conditions, it is clear that the cognitive resources
available for higher level processing of speech will be reduced
[80]. In other words, the listener has less cognitive spare
capacity (CSC) [59, 69, 81, 82].
CSC is closely related to WM in that it is concerned
with short-term maintenance and processing of information
[59]. Work to date suggests that the storage functions of CSC
and WM are similar [83] but that once executive processing
demands are introduced, there no longer seems to be a
simple relationship between the two concepts [69, 82, 84].
Thus, in order to understand the role of cognition in speech
understanding under adverse conditions, it is important to
measure not only WM capacity but also CSC. The concept
of CSC is related to, although distinct from, other concepts
in the literature. For example, differences in susceptibility to
functional impairment as a result of brain damage have been
explained in terms of “cognitive reserve,” that is, individual
differences in cognitive function [85], or “brain reserve,” that
is, individual differences in brain size [86]. CSC is similar to
these concepts in that it is based on individual differences
in cognitive function and may explain differences in speech
communication and underlying mechanisms that may be
related to functional changes at any level of the auditory
system [69, 81].
Recent work has shown that noise reduction (NR) in
hearing aids can enhance CSC by improving retention of
heard speech [83, 87]. This applies to both adults with normal
hearing thresholds [87] and adults with sensorineural hearing
impairment [83]. In the study by Ng et al. [83], experienced
hearing aid users listened to sets of highly intelligible,
ecologically valid sentences from the Swedish hearing in
noise test (HINT) [88, 89]. The HINT sentences were presented in noise and the participants were asked to memorize
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the final word of each sentence. The participants repeated all
the target words to ensure that they were intelligible. At the
end of each set, participants were prompted to recall all the
sentence-final words. Although they were capable of repeating the sentence-final words, irrespective of the presence of
background noise, noise did disrupt recall performance [83].
Being able to retain heard information is an integral part of
speech communication. Thus, the findings of Ng et al. [83]
demonstrate that, for individuals with hearing impairment,
background noise reduces the cognitive resources available
for performing the kind of cognitive processing involved in
communication. This is in line with the work showing that
extra effort expended simply in order to hear comes at the cost
of processing resources that might otherwise be available for
encoding the speech content in memory [90, 91]. However,
when NR was implemented, the negative effect of noise on
recall was reduced, even though the ability to repeat sentencefinal words remained the same [83]. This demonstrates that
hearing aid signal processing can enhance memory processes
underpinning speech communication. Informational masking was more disruptive of memory processing than energetic
masking and was also more susceptible to the positive effect
of NR [83]. However, it remains to be determined whether
it is the semantic content or phonological structure of the
informational masker that interacts with the ability of NR to
improve memory for highly intelligible speech.
Speech communication under adverse conditions is likely
to draw on cognitive functions other than simply memory
retention [30, 59]. In order to investigate the ability to
perform executive processing of heard speech at different
memory loads, the cognitive spare capacity test (CSCT)
[82, 84] was developed. In the CSCT, sets of spoken twodigit numbers are presented and the participant reports back
certain numbers according to instructions. Two executive
functions are targeted at two different memory loads. The
executive functions in question are updating and inhibition,
both of which are likely to be engaged during speech
understanding in adverse conditions. Updating ability may
be required to strategically replace the contents of WM with
relevant material while inhibition ability may be brought into
play to keep irrelevant information out of WM. Memory
load depends on how many numbers need to be reported. In
everyday communication, seeing the face of your communication partner can enhance speech perception by several dB
[92]. Thus, in order to determine how visual cues influence
CSC, the CSCT manipulates availability of visual cues. The
CSCT can be administered in quiet or in noise and other
manipulations introducing different kinds of signal processing are also possible.
Across three different studies including persons with and
without hearing loss, an interesting pattern of results has
emerged [69, 82, 84, 93]. Adults with normal hearing who
perform the CSCT in quiet conditions have lower scores
when they see the talker’s face [82, 84]. This is probably
because when target information is highly intelligible, visual
cues provide superfluous information that causes distraction
during performance of the executive tasks [82, 84]. Although
this finding is contrary to the literature on speech perception, which demonstrates better performance in noise when
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the talker’s face is visible, for individuals with normal hearing
[94] and individuals with hearing impairment [95–97], it
is in line with other lines of evidence showing that visual
cues may increase listening effort [98, 99]. In particular, dual
task performance is lower for audiovisual compared to auditory stimuli when intelligibility is equated across modalities
[98, 99].
Adults with normal hearing who perform CSCT in noisy
conditions do not show this pattern [82] and nor do older
adults with raised hearing thresholds, even in quiet [93].
In these conditions, visual cues probably help segregate the
target signal from internal or external noise, resulting in
richer cognitive representations [82, 100]. Older adults with
hearing loss demonstrate lower CSC than young adults,
even with better SNR, adapted to provide high intelligibility
[101] and individualised amplification, and this effect is
most notable in noise and when memory load is high [69].
Although CSC and WM do not seem to be strongly related,
there is evidence that age-related differences in WM and
executive function do influence CSC [69, 93]. It remains to be
seen how different kinds of hearing aid signal processing will
interact with executive processing of speech with and without
visual cues and whether training CSC can counteract agerelated decline in its capacity or even improve CSC. Adaptive
training based on CSCT processing may provide a means of
improving the ability to understand speech under adverse
conditions.
3.2. Phonological Representation. The ELU model describes
the way in which the mapping of phonological structure
of target speech onto phonological representations in the
mental lexicon [102] is mediated by WM during speech
understanding under adverse conditions [41]. We have seen
that fast-acting WDRC distorts the speech signal in a way
that may influence its phonological characteristics [22, 28–
30]. In the short term, this may make it harder to match
speech to representations, thus requiring more cognitive
engagement to achieve speech understanding [41, 70, 73].
However, in the long term, when hearing aid users have
had the opportunity to become accustomed to the way in
which speech sounds different, phonological representations
may alter to match incoming information. Some evidence
of this has been found in cochlear implantees [103] and
hearing aid users [30]. It is even possible that the new
phonological representations based on processed speech may
be more mutually distinct than the representations they
replace based on less appropriate signal processing. The
neural correlates of such changes in phonological representation due to habitual use of WRDC have yet to be
investigated.
Lexical access is faster when phonological representations
are easier to distinguish from each other [102, 104]. However,
long-term severe acquired hearing impairment may lead to
less distinct phonological representations [103]. This makes
it harder to determine whether printed words rhyme with
each other [105], especially when orthography is misleading [106]. For example, individuals with poor phonological
representations due to severe long-term hearing impairment
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may be more unsure than their peers with normal hearing whether “pint” rhymes with “lint” or whether “blue”
rhymes with “through.” However, good WM capacity can
compensate for this deficit, albeit at the cost of long-term
memory representations [106]. Compensatory processing by
individuals with hearing impairment during visual rhyme
judgment is associated with larger amplitude of the N2
component [107], indicating use of a compensatory strategy,
possibly involving increased reliance on explicit mechanisms
such as articulatory recoding and grapheme-to-phoneme
conversion.
In summary, phonological structure of target speech
material is not only influenced by speaker characteristics
but also by distortion due to hearing aid signal processing.
Phonological representations in the mental lexicon may be
influenced by long-term effects of both hearing impairment
and signal processing. Further, both of these may have
distinct neural signatures. Measures designed to improve
phonological distinctiveness of both target speech and
phonological representations are likely to enhance CSC and
support speech communication under adverse conditions.
This deserves further investigation.
3.3. Semantic Context. Provision of semantic context can
facilitate speech understanding under adverse conditions.
This process engages language networks in left posterior
inferior temporal cortex and inferior frontal gyri bilaterally [108]. Studies investigating the role of WM capacity
in the benefit obtained from WDRC have indicated that
the semantic content of the materials delivered for speech
recognition may influence this relationship. For example,
Rudner et al. [30] found that WM capacity was associated
with speech understanding for individuals with hearing
impairment using WDRC listening to matrix-type sentences
[109, 110], but not Swedish HINT sentences [88, 89]. The
Hagerman sentences are semantically coherent, but the fiveword syntactic structure is always the same and each word
comes from a closed set of ten appropriate items. Thus none
of the items can be accurately predicted. The HINT sentences,
by contrast, are diverse in length, syntactic structure and
semantic coherence. It is likely that the constrained structure
and content of the Hagerman sentences make guessing harder
and thus increase reliance on the bottom-up information
provided by the speech signal. However, it has been found
that the benefit of having access to the temporal fine structure
of the speech signal was greater for open set materials than for
closed-set materials [111], indicating that the regular structure
and closed set of matrix-like sentences can facilitate guessing .
Future work should systematically investigate the interaction
between the semantic coherence of the speech signal, hearing
aid signal processing, and individual cognitive characteristics
such as WM and CSC.
Text cues can facilitate speech understanding in noise
when they match the semantic content of the auditory
signal [112–116] and inhibit it when they are misleading
[116]. Cue integration is supported by language networks
including the inferior frontal gyrus and temporal regions
[115]. Matching text cues also enhance the perceived clarity
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of degraded speech [63] and recently it was shown that this
effect may be modulated by both lexical access speed and
WM capacity [117]. WM capacity modulates the activation
of networks involved in semantic processing [115] and also
predicts the ability to inhibit misleading text cues during
speech understanding in steady state noise [116] as well as
the facilitation of speech understanding against a single talker
background [112]. Recently, it has been shown that coherence
and cues can have separate facilitatory effects on perceived
clarity of degraded speech [117]. Future work should focus
on determining the benefit of providing text cues for hearing
aid users, for example, using automatic speech recognition
[114] and how this interacts with the semantic coherence
of the target speech, the availability of semantic content
in the noise background, and individual cognitive skills.
Imaging studies are likely to provide important information
about the neurocognitive systems supporting these complex
interactions.
3.4. Aging and Communication. Sensory and cognitive functions decline with age [118, 119]. Sensory decline can be
traced to physiological change, but the mechanisms behind
cognitive change are more elusive, although both genetic and
lifestyle factors have been implicated [118]. Several different
theories attempt to explain the relation between sensory and
cognitive decline. The common cause hypothesis [119] proposes that a general reduction in processing efficiency drives
both phenomena. The information degradation hypothesis
[120], on the other hand, claims than when sensory input
is degraded, cognitive processing becomes less efficient as
a result. Reserve theories suggest that the ability to cope
with brain damage is related to premorbid brain size or
cognitive ability [86]. The compensation-related utilization
of neural circuits hypothesis [35] suggests that older adults
compensate for less efficient processing by engaging more
neural resources than younger adults when task load is
still relatively low while brain maintenance theory [118]
proposes that individual differences in the manifestation
of age-related brain changes and pathology allow some
people to show little or no age-related cognitive decline.
All these theories are more or less sophisticated in their
attempts to capture the relationship between physiological,
sensory, and cognitive function in an aging perspective.
The relations they describe suggest that keeping the brain
healthy and providing it with better sensory input will
facilitate speech understanding for individuals of advancing
age. The theories that focus on a special role for cognition
suggest that lowering cognitive load and enhancing CSC
during speech communication may have special importance
in later adulthood and even allow some older adults to function communicatively just as successfully as their younger
counterparts.
Recent work has shown that older adults show less activation in auditory cortex than younger adults while listening
to speech in noise, especially at poor signal to noise ratios
and compensate by recruiting prefrontal and parietal areas
associated with WM [36]. Epidemiological studies show that
individuals with hearing loss are at increased risk of cognitive
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impairment and that rate of cognitive decline and risk of
cognitive impairment are associated with severity of hearing
loss [121]. Thus, hearing loss may result in decreasing CSC.
No study has yet specifically addressed this issue. However,
analysis of data from the Betula study of cognitive aging [122]
demonstrated that hearing aid users with poorer hearing
also had poorer long-term memory [123]. This applied even
when the long-term memory task had no auditory component. However, degree of hearing loss was not associated
with decline in WM. Importantly, there was no significant
association between loss of vision and cognitive function.
These results suggest that although hearing loss and cognitive
decline are related, even in hearing aid users, the association
may not apply across all cognitive domains. The challenge is
to uncover the specific mechanisms behind age-related sensory and cognitive decline so that speech communication can
be preserved into old age by optimizing cognitive capacity.
This may involve a range of different interventions that target
hearing through appropriate hearing aid fitting, enhance
the role of other sensory modalities that can be exploited
in communication, and capitalize on cognitive abilities by
seeking to maintain and extend them.

4. Conclusion
Speech communication in adverse conditions makes specific
demands on cognitive resources. In particular, WM capacity
and executive function are engaged in unravelling the speech
signal. This depletes CSC and leaving fewer resources for
higher level processing of speech. CSC is influenced by
cognitive load, noise, visual cues, and aging and can be
enhanced by appropriate hearing aid signal processing. The
phonological structure and semantic content of speech influence processing mechanisms and engagement of cognitive
resources. Optimizing CSC is an important aim for preserving speech communication into old age. We have reviewed
evidence suggesting that CSC may be enhanced by a number
of means including cognitive training and providing the
optimal balance between visual, phonological, and semantic
information. Future research should focus on finding ways to
optimize CSC.
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[50] J. Rönnberg, “Cognition in the hearing impaired and deaf as a
bridge between signal and dialogue: a framework and a model,”
International Journal of Audiology, vol. 42, supplement 1, pp.
S68–S76, 2003.
[51] V. Prabhakaran, K. Narayanan, Z. Zhao, and J. D. E. Gabriel,
“Integration of diverse information in working memory within

[65]

[66]

[67]

the frontal lobe,” Nature Neuroscience, vol. 3, no. 1, pp. 85–90,
2000.
R. J. Allen, A. D. Baddeley, and G. J. Hitch, “Is the binding
of visual features in working memory resource-demanding?”
Journal of Experimental Psychology: General, vol. 135, no. 2, pp.
298–313, 2006.
M. Rudner, P. Fransson, M. Ingvar, L. Nyberg, and J. Rönnberg,
“Neural representation of binding lexical signs and words in the
episodic buffer of working memory,” Neuropsychologia, vol. 45,
no. 10, pp. 2258–2276, 2007.
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[73] M. Rudner, C. Foo, J. Rönnberg, and T. Lunner, “Cognition and
aided speech recognition in noise: specific role for cognitive factors following nine-week experience with adjusted compression
settings in hearing aids,” Scandinavian Journal of Psychology,
vol. 50, no. 5, pp. 405–418, 2009.
[74] R. M. Cox and J. Xu, “Short and long compression release times:
speech understanding, real-world preferences, and association
with cognitive ability,” Journal of the American Academy of
Audiology, vol. 21, no. 2, pp. 121–138, 2010.
[75] E. Dahlin, A. S. Neely, A. Larsson, L. Bäckman, and L. Nyberg,
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“Cognitive spare capacity in older adults with hearing loss,”
Frontiers in Aging Neuroscience, vol. 6, article 96, 2014.
N. P. Erber, “Interaction of audition and vision in the recognition of oral speech stimuli,” Journal of Speech and Hearing
Research, vol. 12, no. 2, pp. 423–425, 1969.
J. G. W. Bernstein and K. W. Grant, “Auditory and auditoryvisual intelligibility of speech in fluctuating maskers for normalhearing and hearing-impaired listeners,” Journal of the Acoustical Society of America, vol. 125, no. 5, pp. 3358–3372, 2009.
K. W. Grant, B. E. Walden, and P. F. Seitz, “Auditory-visual
speech recognition by hearing-impaired subjects: consonant
recognition, sentence recognition, and auditory-visual integration,” Journal of the Acoustical Society of America, vol. 103, no. 5,
pp. 2677–2690, 1998.
K. W. Grant and P.-F. Seitz, “The use of visible speech cues for
improving auditory detection of spoken sentences,” Journal of
the Acoustical Society of America, vol. 108, no. 3 I, pp. 1197–1208,
2000.
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