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Abstract
Purpose of Review Hearing loss is a common congenital sensory disorder with various underlying causes. Here, we review and
focus on genetic, infectious, and ototoxic causes and recent advances in inner ear therapeutics.
Recent Findings While hearing aids and cochlear implantation are the mainstay of treatment for pediatric hearing loss, novel
biological therapeutics are being explored. Recent preclinical studies report positive results in viral-mediated gene transfer techniques
and surgical approaches to the inner ear for genetic hearing loss. Novel pharmacologic agents, on the other hand, show promising
results in reducing aminoglycoside and cisplatin ototoxicity. Clinical trials are underway to evaluate the efficacy of antivirals for
cytomegalovirus-related hearing loss, and its pathogenesis and other potential therapeutics are currently under investigation.
Summary Individualized therapies for genetic and infectious causes of sensorineural hearing loss in animal models as well as
pediatric patients show promising results, with their potential efficacy being active areas of research.
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Introduction

Hearing loss affects nearly 35 million children globally [1].
This sensory impairment negatively impacts speech and lan-
guage development, in addition to school performance and
social interactions [2]. Despite advances in molecular and im-
aging modalities in identifying the various etiologies of con-
genital sensorineural hearing loss (SNHL), the current means
of rehabilitation are limited to hearing aids and, in more severe
cases, cochlear implantation.

In recent years, novel inner ear therapeutic approaches in
animal models and, in some cases, clinical trials are paving the

way for biological treatment options for patients. This review
discusses these recent discoveries in inner ear therapeutics,
particularly in the areas of genetic-, cytomegalovirus
(CMV)-, and ototoxicity-related SNHL in the pediatric popu-
lation. We will also discuss challenges and considerations
when testing and designing such therapies in the pediatric
population, as well as the current and potential future ad-
vances in the field of inner ear therapy.

History of the Inner Ear Anatomy and Early Attempts
at Its Access

The human inner ear labyrinth is an intricate organ that houses
both vestibular and hearing end organs. Early descriptions of
the human inner ear anatomy were reported in the mid-1500s
by Vesalius and later on by Eustachi [3, 4]. Several centuries
later, Contugo further defined anatomy of both the vestibular
and cochlear apparatuses, and Scarpa provided a more elabo-
rate description of the bony and membranous labyrinths [5, 6].
The human cochlea is mature at birth, and natural regeneration
of the sensory epithelium is minimal to non-existent in mam-
mals [7, 8]. Therefore, degeneration as a result of congenital or
acquired disorders causes irreversible hearing loss.
Therapeutic approaches to the inner ear were not attempted
until 1930, when Mollison first reported injecting alcohol into
the labyrinth as an ablative treatment for vertigo [9]. Since
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then, other therapeutic agents have been attempted, such as
intratympanic streptomycin injections into the middle ear in
1956 by Schuknecht to treat Meniere’s disease, growth factor
delivery close to the inner ear for treatment of steroid-
refractory SNHL in 2014, and most recently gene delivery
directly into the inner ear through the oval window in adult
patients with SNHL [10–12]. Given the differences in etiology
between hearing disorders in pediatric and adult patients, how
these advances could apply to the pediatric population is un-
clear. In this review, we will discuss the potential applications
and risks in children.

Pediatric Inner Ear Pathologies

The prevalence of SNHL increases throughout childhood,
with approximately 2.7 per 1000 children under the age of
five and rising up to 150 per 1000 adolescents having any
degree of hearing impairment [13, 14]. Deprivation of audito-
ry input can hinder language development, oral communica-
tion, speech processing, cognition, as well as psychosocial
and educational development [15]. Moreover, a lack of suffi-
cient auditory stimulus during a sensitive period of cortical
maturation, particularly before the age of 3–4, can result in
abnormal development of the central nervous system and
speech delays [16]. Currently, the primary treatment options
for mild-to-severe and severe-to-profound SNHL are hearing
aids and cochlear implants (CI)s, respectively. Although a
substantial number of children with profound SNHL are re-
ceiving CIs for auditory rehabilitation, outcomes can vary
given a myriad of elements, such as early access to acoustical
stimulus, socioeconomic factors, parent-child interactions,
consistent use of implants, and etiology and duration of hear-
ing loss [17, 18]. Additionally, human language development
and speech processing require a higher level of acoustical
stimulation for syntax, semantics, and pragmatics, which the
electrical stimulation of CIs cannot provide [17–19].

Pediatric hearing loss is categorized into three main etiol-
ogies: (1) genetic mutations cause nearly 50% of hearing loss
in children; (2) infectious etiologies (such as “TORCH” or-
ganisms including toxoplasmosis, rubella, CMV, herpes as
well as other bacterial and viral causes) making up another
25% of all cases; and (3) environmental triggers—including
but not limited to ototoxicity, prematurity, subarachnoid hem-
orrhage, and trauma—make up 15% of cases [2]. The remain-
ing 25% of etiologies are unknown. We describe some of
these causes and how they affect the pediatric population
below.

Genetic Causes of Hearing Loss

Genetic mutations are the most common causes of congenital
SNHL, as it is estimated that nearly 1% of all human genes
contribute to auditory function [20]. Up to 70% of all genetic-

related hearing loss is attributed to non-syndromic deafness
(NSD) genes [21]. Of these, about 80% are autosomal reces-
sive (AR), between 15 and 20% are autosomal dominant
(AD), and X-linked and mitochondrial deafness account for
1% each [22]. Out of the 56 genes causing ARNSD,more than
700 different mutations have been identified thus far, lending
themselves to potential gene replacement therapy [23]. The
most common cause of congenital ARNSD is a mutation in
the Connexin 26 gene (GJB2) [23]. While GJB2-related hear-
ing loss is usually stable over many years, some mutations
(e.g., truncated) are associated with more severe and gradually
progressive hearing loss [24]. In certain ethnic groups, muta-
tions of STRC represent the second most common cause of
ARNSD associated with progressive SNHL [25••]. On the
other hand, mutations causing Pendred syndrome and Usher
syndrome are the two most common causes of syndromic
SNHL—both inherited in an ARmanner with a naturally pro-
gressive clinical course [23]. Many other mutations have been
associated with SNHL, and a more comprehensive discussion
can be found in other reviews [23, 25••]. Unlike other causes
of hearing loss, children with genetic hearing loss may benefit
from gene replacement therapy with the goal of halting the
progression of and possibly restoring hearing.

While the history of gene therapy began in the 1960s, the
first clinical trial in humans using gene therapy was done in
1989 [26]. It took an additional 25 years before the first clin-
ical gene therapy trial in the inner ear for SNHL was initiated
in 2014 [12]. As the majority of current and previous inner ear
gene therapy studies use preclinical animal models, their po-
tential applications in the pediatric population will be
discussed below.

CMV-Related Hearing Loss

In the USA and many parts of the world, congenital CMV
(cCMV) infection has become the most prevalent infectious
cause of pre- and post-lingual hearing loss [2]. As a ubiquitous
virus that belongs to the family of DNA viruses
Herpesviridae, CMV is the most common fetal infection in
humans. cCMV is known to cause numerous perinatal abnor-
malities, including petechiae, hydrops, hepatosplenomegaly,
microcephaly, chorioretinitis, and growth retardation [27]. It
affects 0.2% to 2.5% of all live-born neonates worldwide
[28–31] but has been reported as high as 5% in developing
countries [32]. The association between cCMV and hearing
loss was first described in 1964 and is now recognized as the
most common non-genetic cause of SNHL in children [2,
33–38].

Approximately 10–15% of neonates with cCMV are symp-
tomatic at birth, while the majority are asymptomatic (with
hearing loss generally excluded as a symptom) [39]. One-
third of symptomatic neonates have hearing loss, and 71%
among those present with severe to profound SNHL [39].
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By contrast, 1 in 10 asymptomatic neonates develops hearing
loss, of which 57% are unilateral and severe-to-profound.
CMV-related hearing loss is often delayed in onset (18.1%
in symptomatic and 9% in asymptomatic children) and pro-
gresses over time [35, 39–45]. As with other forms of hearing
loss, early intervention improves patient outcomes. Since the
diagnosis can be challenging and relies on detecting viral
shedding during the first 3 weeks of life, there are ongoing
efforts to implement CMV testing in neonates who fail new-
born hearing screen nationwide [46]. Numerous studies have
also demonstrated a long-term efficacy of antivirals in
preventing progression of CMV-related hearing loss and im-
proving speech and language performance in symptomatic or
more severely affected infants [47, 48••, 49–51]. Several pre-
clinical models of CMV-related hearing loss have also shed
light on mechanisms of the disease and revealed potential
therapeutics [52, 53•, 54, 55], both of which we will discuss
in more detail below.

Other Environmental

Ototoxicity is an important preventable cause of hearing loss
in children. There are several classes of ototoxic drugs: anti-
biotics (aminoglycosides, macrolides, vancomycin), loop di-
uretics, salicylates, and chemotherapeutic agents (cisplatin,
carboplatin). The prevalence of antibiotic-induced ototoxicity
ranges from 2 to 50% [56], with the true incidence being an
active area of research. For example, newborns with a pre-
sumptive infectionwho receive short-term antibiotic treatment
may be at low risk, but concurrent sound exposure may ac-
centuate its potential ototoxicity [57]. This finding contrasts
those needing repeated dosing (e.g., cystic fibrosis patients)
since the cumulative dose may increase ototoxicity [56].
Moreover, patients carrying the A1555G mutation in the
12S ribosomal gene are more sensitive to aminoglycoside oto-
toxicity [58]. The A1555G mutation accounts for 10–20% of
prelingual hearing loss due to ototoxicity [59].

On the other hand, ototoxicity caused by chemotherapeutic
agents (most commonly being cisplatin) varies between 4 and
90% of recipients, depending on the chemotherapeutic and
other agents used [60]. Unlike aminoglycosides, cisplatin
has an established dose-dependent ototoxicity relationship
and audiological monitoring program for oncologic patients
receiving this therapy [61]. In a select subgroup of children,
the incidence can be as high as 82–90% of those receiving
autologous bone marrow transplantation and a concomitant
chemotherapeutic agent developed changes in hearing [60,
62]. For therapeutic options due to drug-induced ototoxicity,
the focus is currently on prevention of hearing loss prior,
during, and even after administration of the offending agent.
Various inner ear therapies will be discussed further in the
manuscript.

Inner Ear Therapy in Children

Therapies for Genetic Hearing Loss

Studies on various preclinical models using rodents and non-
human primates have recently demonstrated promising results
with high translational potential. Both gene therapy and
genomic-editing approaches have shown positive results in
mouse models of hearing loss [63, 64, 65•]. For example, a
missense mutation of SLC17A8, which encodes vesicular glu-
tamate transporter type 3 (VGLUT3), is linked to autosomal
dominant progressive high-frequency SNHL in humans [66,
67]. As one of the first proof-of-principle studies, Akil et al.
found that injection of an adeno-associated virus (AAV) 1
vector carrying VGLUT3 gene restored phenotypic function
with evidence of preservation of ABR thresholds in VGLUT3
deficient mice. Despite the recovery of behavioral and physi-
ological measures (startle reflex, ABR amplitudes), the rescue
of synaptic morphology and spiral ganglia neuron survival
was incomplete, likely due to limited transduction of hair cells
as a result of the AAV1 tropism (affinity for the types of cells
they transduce) [66].

A major accomplishment in the last few years has been the
discovery of numerous viral capsids with high transduction
efficiency in the inner ear. Several laboratories have demon-
strated high transduction efficacy of various capsids (e.g.,
AAV-ie, Anc80L65, and AAV2.7m8 vectors) across multiple
cell types in the inner ear [68••, 69, 70]. For example, in-
creased transduction efficacy was shown in a study examining
mutations of transmembrane channel-like (TMC) 1, which
broadly affects sensory hair cells causing hearing and balance
deficits [25••, 71]. Initial results using AAV1/2 vectors dem-
onstrated rescue of inner hair cell function with mixed im-
provement of auditory responses [72]. However, the use of a
highly efficient viral capsid of hair cells (Anc80L65) resulted
in remarkable improvement in both the number of hair cells
rescued and also auditory phenotype rescue [73]. To date,
many of these studies have focused solely on examining mu-
tations affecting hair cell survival and function; however,
more common mutations that cause hearing loss in children
tend to affect multiple cell types in the inner ear (e.g., GJB2).
Whether those forms of hearing loss can be similarly rescued
using viral capsids with high transduction efficacy remains an
active area of research.

A number of fundamental elements associated with gene
delivery, such as the optimal gene dosing, size limitations,
delivery methods, and patient candidacy and safety particular-
ly in children, must be assessed prior to clinical interventions.
To that end, recent studies in cynomolgus monkeys using a
variant of AAV9 demonstrated a dose-dependent transduction
efficiency on both inner and outer hair cells, suggesting that
higher doses may be needed to enhance transduction that is
otherwise limited by tropism [74, 75]. Furthermore, to
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circumvent the limited package capacity of AAVs, a virus
known to elicit little immune response [76], a dual and triple
AAV paradigm was successfully employed to deliver large
genetic sequences to rescue Otoferlin deficient mice [77,
78•]. Lastly, other novel techniques like CRISPR/Cas-9 tech-
nology [79], nanoparticle systems [80••] and short interfering
RNAs (siRNA) [81] are actively being explored.

Therapies for CMV-Related Hearing Loss

The use of antiviral treatment in cCMV has been studied, and
its efficacy in benefitting symptomatic or severely affected
infants is becoming apparent. In a randomized, placebo-
controlled clinical trial (RCT) completed in 2003, Kimberlin
et al. showed that ganciclovir (the intravenous form of
valganciclovir) prevented hearing deterioration at 6 months
in symptomatically infected infants with CMV infection in-
volving the central nervous system [47]. The same team re-
ported in a subsequent RCT that a 6-month course of
valganciclovir demonstrated modest improvement in SNHL,
speech development, and neurodevelopmental outcomes for
up to 24 months versus a shorter 6-week course in neonates
with symptomatic cCMV [48••]. However, McCrary and col-
leagues showed that valganciclovir may only have short-term
benefits with a subsequent progressive hearing loss despite
antiviral therapy when patients were followed for an average
of 3.2 years [82]. Whether valganciclovir benefits children
with asymptomatic cCMVwith isolated SNHL remains a top-
ic of controversy, and clinical trials are currently underway
[83]. One retrospective study showed that early initiation of
therapy for a 12-month course resulted in improved hearing
results for up to 1 year of follow-up [49]. Most affected ears
(69%) had an improvement in hearing, of which 96% returned
to normal hearing with no deterioration of the unaffected ear.
A majority (80%) of those with normalized hearing had
started treatment before 4 weeks of age. Given that cCMV
associated SNHL can improve without therapy, it is challeng-
ing to attribute the benefits reported to valganciclovir [84]. In
addition, the doses and duration used for this study have not
been evaluated in a RCT, which is currently underway
(ValEAR clinical trial NCT03107871).

Valganciclovir administration has the potential for signifi-
cant risk. As data to support the use of antivirals in CMV-
related hearing loss grows, many of these studies have recom-
mended close monitoring for neutropenia and anemia as pos-
sible side effects of prolonged treatment with valganciclovir
[48••, 51, 82], with one study showing an incidence of 28.8%
and 7.5%, respectively [85]. The side effects were most nota-
ble during the first 3 months of treatment with no long-term
adverse effects.

Although CMV is the most common infectious cause of
SNHL, the mechanism of injury remains poorly understood.
Novel murine models of CMV infection with different patterns

of hearing loss have been used to better elucidate the pathogen-
esis [52, 53•, 55, 86•, 87, 88, 89]. Intracerebral inoculation with
murine CMV has been shown to cause damage to the stria
vascularis, potentially leading to poor establishment and mainte-
nance of the endocochlear potential [87]. Another study
highlighted the role of natural killer cells in protecting against
CMV-induced labyrinthitis and outer hair cell loss and subse-
quent SNHL [86•]. In contrast, a murine model using an intra-
peritoneal route of CMV inoculation showed focal infection and
virus-induced cochlear inflammation causing primarily loss of
spiral ganglia neurons and synapses [53•].

There is a growing body of evidence that reactive oxygen
species (ROS) may be involved in several types of hearing loss,
including CMV infection [90–93].Mechanistically, uncontrolled
ROS production can cause oxidation of lipids, proteins, and
DNA, eventually leading to apoptotic cell death [94]. Recent
studies have highlighted the robust inflammatory response and
possible imbalance in redox homeostasis following CMV infec-
tion, which results in a prolonged increase in ROS levels and
significant damage to the organ of Corti [52, 55, 86•, 88, 89, 95].
Antioxidants have been proposed as an approach to scavenge
excessive ROS to prevent or halt hearing loss. In mice, treatment
with antioxidants provided partial otoprotection and preservation
of cochlear hair cells and the overall hearing [52]. However,
auditory thresholds remained significantly higher than uninfected
controls, suggesting that antioxidants are not sufficient to
completely protect the inner ear after CMV infection [52].
Decreasing inflammation by administering oral corticosteroids
partially reduced loss of spiral ganglia neurons and improved
auditory function compared with untreated infected mice [53•].
While most studies have been preclinical, a retrospective chart
review of pediatric patients with cCMV infection revealed that
antioxidants vitamins A, C, and E with magnesium (ACE-Mg)
did not demonstrate significant benefits for hearing protection
[50]. Cumulatively, these findings indicate that further investiga-
tion into the potential therapeutic utility and the ability to target
inflammation, macrophages, and/or ROS production to protect
against CMV-related hearing loss in humans is warranted.

Therapies for Ototoxin-Related Hearing Loss

There is a large body of literature on various approaches of
preventing aminoglycoside and cisplatin ototoxicity. Novel
approaches to prevent drug entry into cochlear hair cells have
shown promise in preclinical studies, including the use of a
non-ototoxic variant of the aminoglycoside [96] or using nov-
el compounds that compete with these ototoxins entering hair
cells [61]. Moreover, gene therapy has also been evaluated to
deliver potentially otoprotective molecules, such as
neurotrophins and Hsp70, to prevent inner ear damage by
aminoglycosides through increased hair cell survival in ani-
mal models [97, 98].
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Preventing formation of ROS and mitochondria-related
damage has also been examined as potential treatment options
[56, 99–101]. Administered 6 h after cisplatin chemotherapy,
sodium thiosulfate resulted in a lower incidence of hearing
loss in children [102•, 103•]. However, Freyer and colleagues
reported a lower event-free survival and overall survival for
participants with disseminated disease, raising the question of
whether local administration of otoprotectants may be pre-
ferred over a systemic approach. Lastly, gene therapy has also
been studied using various inhibitors as a protective mecha-
nism against cisplatin-induced ototoxicity in animal models
[104, 105].

Potential of Stem Cell Therapies for Hearing Loss

The potential for regeneration in the auditory system is an
active field of investigation. After the early discovery of hair
cell regeneration in both the auditory and vestibular systems
of non-mammalian vertebrates such as birds and fish
[106–109], Cox and colleagues reported in 2015 limited spon-
taneous hair cell regeneration in the neonatal mouse cochlea
[110], which was long thought to be a non-regenerative organ.
This indicates the presence of hair cell progenitors suggested
by several prior reports [111–113]. While regeneration is lim-
ited to the neonatal period in mice, modulation of major sig-
naling pathways and/or transcription factors can increase the
degree of regeneration at this developmental stage [114,
115•]. Moreover, these progenitors can be expanded with de-
fined growth factors in vitro [116], thus generating a cell line
that may help guide future drug discovery. Lastly, building on
early description of modest hair cell regeneration in the mature
mammalian vestibular organs [117, 118], several groups have
since characterized hair cell progenitors contributing to this
regenerative process [119–121] and the potential role of the
hair cell transcription factor Atoh1 in enhancing regeneration
[122, 123••]. There is on-going work to evaluate the potential
role of Atoh1 and other key factors by many laboratories and
also biotechnology companies. A more thorough discussion
can be found in other reviews [8, 124, 125].

Future of Inner Ear Therapy

The current standard of care for pediatric hearing loss is hear-
ing aids and cochlear implants, both of which can be highly
beneficial despite known limitations related to socioeconomic
status and access to health care. Nonetheless, for any novel
inner ear therapeutics to become applicable in the pediatric
population, their potential benefits will likely need to be com-
pared against these current standards. Additionally, pediatric
hearing loss comprises of numerous causes including genetic
mutations with various phenotypes (some demonstrating
abrupt changes while others are stable over many years).
Ultimately, inner ear therapies chosen for SNHL will depend

on the underlying pathology as is discussed previously. Here,
we will discuss three main areas to consider.

Delivery of Therapeutics in Children

In the past decade, major strides in research on therapeutics
and approaches to the inner ear have been achieved. Most
studies have been done in preclinical animal models; to ex-
trapolate these results to humans including children, it is im-
portant to understand the labyrinthine microanatomy. The rate
and the redistribution of each substance, whether it is viral
capsids for gene therapy or antioxidants to negate ototoxicity,
as it transverses the fluid and cellular compartments of the
inner ear will vary depending on the size, half-life, consistency
of the vehicle, and the anatomical area of injection.
Homeostatic mechanisms within the inner ear also matter, as
recent animal studies demonstrated that the regulation of fluid
dynamics will affect the final distribution of agents based on
the approach to introduce inner ear therapeutics [126•]. When
comparing dye delivery into the posterior semicircular canal
or through the round window membrane of mice (Fig. 1), the
former produced higher levels of dye delivery within the co-
chlea, while the latter led to higher levels of dye distribution in
the brain [126•].While the patency of the cochlear aqueduct in
humans is a topic of discussion, the possibility exists that this
connection between the central nervous system and the inner
ear is patent in children, thereby allowing for therapeutics to
enter the brain [127, 128]. Therefore, the best approach to
deliver therapy to humans, specifically children, remains to
be determined.

Additionally, while many therapeutics can be given
transtympanically to adults in the clinic setting, this approach
is not easily achievable in young children, who often require
anesthesia even for minimally invasive procedures. Given the
inherent risk of anesthesia, particularly in those younger than
12months, repeat dosingmay prove to be more challenging in
children, necessitating approaches employing a singular ther-
apeutic delivery or the use of a drug vehicle allowing
sustained release.

Timing of Treatment

Another important consideration is the timing of intervention.
For progressive hearing loss such as those caused by Pendred
syndrome or other genetic mutations, one may consider inter-
vening earlier when target cells in the labyrinth remain viable
and thus amenable to gene replacement. However, this moti-
vation is weighed against the potential risk of hastening the
progression of hearing loss by accessing the labyrinth, which
is likely already vulnerable to injury. Moreover, the stakes are
particularly high for children suffering from hearing loss in the
pre-lingual and peri-lingual period (< 4 years old). As stated
before, one must always return to the fundamental question:
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can this new therapy complement or replace hearing aids and/
or cochlear implants, which can be quite effective and safe in
treating this patient population?

On the other hand, children with post-lingual and slowly
progressive hearing loss may have a larger therapeutic win-
dow for testing new therapies, again provided that therapeu-
tics or the approach do not risk propagating the hearing defi-
cits before improvements are seen. Should the child be mon-
itored for hearing changes and provided with inner ear therapy
once the hearing loss becomes non-serviceable, or should the
intervention be administered prior to such progression?
Answers will likely depend on the etiology, age of the patient,
and potential risks of the therapy.

Parental Concerns

While clinical trials evaluating the efficacy of biological ther-
apeutics, including gene therapy, have begun in adults, the
applicability of these interventions to children is unknown.
Conscious decision-making will require involvement of the

parent, child, and the surgical team. The emotional strain on
parents of whether or not to treat with novel therapies can
create a feeling of guilt and responsibility for the well-being
of their child; these are facets of the parent-child relationship
that cannot be ignored. For example, approximately 30–40%
of deaf children have additional special needs [129–131].
Thus, many will require post-treatment care and monitoring
by a multi-disciplinary team of surgeons, audiologists, speech
pathologists, psychologists, and educational specialists.

Conclusion

It has been almost 40 years since the first CI was performed in
pediatric patients [132]. Since that time, the field has evolved,
and much advancement has been made in diagnosing and
understanding the pathophysiology of pediatric hearing loss.
While the results in animal models of human hearing loss are
promising, one should carefully weigh the risks and benefits
of novel technology before translating into clinical trials, es-
pecially in the pediatric population.
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