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Background: Ototoxicity has been reported after administration of aminoglycosides and glycopeptides.

Objectives: To identify available evidence for the occurrence and determinants of aminoglycoside- and
glycopeptide-related ototoxicity in children.

Materials and methods: Systematic electronic literature searches that combined ototoxicity (hearing loss, tin-
nitus and/or vertigo) with intravenous aminoglycoside and/or glycopeptide administration in children were per-
formed in PubMed, EMBASE and Cochrane Library databases. Studies with sample sizes of >50 children were
included. The QUIPS tool and Cochrane criteria were used to assess the quality and risk of bias of included
studies.

Results: Twenty-nine aminoglycoside-ototoxicity studies met the selection criteria (including 7 randomized con-
trolled trials). Overall study quality was medium/low. The frequency of hearing loss within these studies ranged
from 0%-57%, whereas the frequency of tinnitus and vertigo ranged between 0%-53% and 0%-79%, respect-
ively. Two studies met the criteria on glycopeptide-induced ototoxicity and reported hearing loss frequencies of
54% and 55%. Hearing loss frequencies were higher in gentamicin-treated children compared to those treated
with other aminoglycosides. In available studies aminoglycosides had most often been administered concomi-
tantly with platinum agents, diuretics and other co-medication.

Conclusions: In children the reported occurrence of aminoglycoside/glycopeptide ototoxicity highly varies and
seems to depend on the diagnosis, aminoglycoside subtype and use of co-administered medication. More re-
search is needed to investigate the prevalence and determinants of aminoglycoside/glycopeptide ototoxicity.
Our results indicate that age-dependent audiological examination may be considered for children frequently

treated with aminoglycosides/glycopeptides especially if combined with other ototoxic medication.

Introduction

Aminoglycosides and glycopeptides are effective antibiotic
families, frequently used for treatment of several bacterial
infections in children. Aminoglycosides (such as amikacin, genta-
micin, tobramycin and streptomycin) possess a concentration-
dependent bactericidal activity against Gram-negative aerobic
bacteria (including Pseudomonas, Acinetobacter, Klebsiella and
Enterobacter species)? and certain Gram-positive bacteria
(including mycobacteria).® Glycopeptides (such as vancomycin,

teicoplanin and telavancin) inhibit the generation of peptidoglycan
resulting in reduced synthesis of cell walls of Gram-positive bac-
teria including Enterococcus, Staphylococcus and Streptococcus
species, and remain one of the first-line treatment options for
MRSA and penicillin-resistant  Streptococcus pneumoniae infec-
tions.” Currently, paediatric patients receive aminoglycosides and
glycopeptides for several types of infection including tuberculosis,”
pulmonary tract infections occurring in cystic fibrosis® and cases of
serious infections during treatment for (cancer-related) compro-
mised hosts.”®
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From clinical experience and previous studies, it has been sug-
gested that aminoglycosides and glycopeptide antibiotics may
induce cochleotoxicity and/or vestibulotoxicity in a subset of paedi-
atric patients, or may enhance the ototoxic effect of concomitantly
administered drugs.”'° Cochleotoxicity is caused by destruction of
hair cells resulting in sensorineural hearing loss and/or tinnitus.*
Vestibulotoxicity is defined as damage to the vestibular system
resulting in loss of balance and/or vertigo.”***3 The mechanism by
which aminoglycosides and glycopeptides affect the vestibulo-
cochlear structures is not fully understood yet. It seems that ami-
noglycosides interfere with mitochondrial ribosomes and thereby
inhibit protein synthesis in mammalian cells and perturb cell respir-
ation. This may lead to superoxide overproduction and accumula-
tion of free ferrous iron caused by oxidative damage of
mitochondrial aconitase, resulting in cell apoptosis via the Fenton
reaction (Figure S1, available as Supplementary data at JAC-AMR
Online), which causes destruction of inner ear cells.***® Inner ear
cells possess a high amount of mitochondria and therefore these
cells are highly sensitive to this aminoglycoside-induced toxicity.'®
Vestibular hair cells are morphologically similar to cochlear hair
cells. Peripheral vestibular cells rapidly take up systemically admin-
istered gentamicin via mechano-electric transduction channels at
the tip of the stereocilia and apical endocytosis, eventually result-
ingin a decrease in the number of hair cells.'"*®

Lanvers-Kaminsky et al. (2017)° reported that the severity of
ototoxicity varies among different types of aminoglycosides.
Neomycin has been described as highly toxic, whereas gentamicin,
kanamycin and tobramycin seem medium toxic, and amikacin
and netilmicin are considered to be the least toxic aminoglyco-
sides.’® Vancomycin-induced ototoxicity seems rare but discrep-
ancies in the literature excist.”®?* Awareness of the ototoxic effect
in growing and developing children is important as it may have a
deleterious impact on speech recognition and vocabulary develop-
ment, which in the long term may induce compromised communi-
cation abilities, school performance, psychosocial behaviour and
(future) quality of life.??

To date, an overview of knowledge on the prevalence of amino-
glycoside and glycopeptide-induced ototoxicity in children is lack-
ing. Besides this, little is known about concomitant risk factors such
as underlying disease, age, gender and use of other (potentially
ototoxic) co-medication (chemotherapeutics, other antibiotics,
diuretics and/or immunomodulatory agents). The aim of this
review is to summarize all available literature on the ototoxic
effect of aminoglycosides and glycopeptides in children, in order to
obtain knowledge for future application in clinical settings.

Methods

Literature search strategy

Systematic electronic literature searches were performed in PubMed
(Medline), EMBASE and Cochrane Library databases up to April 2021, by
using Medical Subject Heading (MeSH) terms and Title/Abstract (TiAb) terms
(Tables S1 and S2). Cross-reference checks were performed to detect add-
itional articles that had not been identified by electronic searching.

Inclusion and exclusion criteria

Studies were selected based on the following inclusion criteria: (i) 75% of
the study population was younger than 18 years of age at initiation of

therapy; (i) aminoglycosides and/or glycopeptides were administered
intravenously (IV) for any disease or condition; (iii) audiological examina-
tions (hearing function and/or vestibular function) were performed; (iv) the
designs included original randomized controlled trial, controlled clinical
trial, cross-sectional or cohort studies; (v) the sample sizes included >50
patients; and (vi) the articles were written in English. Studies were excluded
if they were performed in neonates only; if aminoglycosides/glycopeptides
were administered topically, via aerosols or intramuscularly; and if the
designs of the studies were case reports or reviews. We decided to exclude
studies with a completely neonatal study population as neonates often suf-
fer from comorbidities including prematurity, dysmaturity and asphyxia,
and differ in physiology compared with older children.?® Duplicate publica-
tions were removed.

Data extraction

Two independent reviewers (F.A.D. and A.J.M.M.) selected and screened all
titles and abstracts of available publications. Abstracts selected for full-text
inspection were checked based on inclusion criteria. Discrepancies were
resolved by discussion with a third reviewer (M.M.v.d.H.-E.). Each identified
paper was reviewed for the following data items: number and age of partic-
ipants, type of disease or condition, aminoglycoside/glycopeptide type,
dose and administration route, audiological and/or vestibular examination
methods, ototoxicity classification, occurrence of hearing loss, tinnitus and/
or vertigo (%) and possible risk factors for development of audiovestibular
complications (e.g. dose, duration, concomitant administration of multiple
drugs). The definition of relevant hearing loss was extracted from included
articles as this influences the reported percentages of hearing loss. Due to
heterogeneity among studies with regard to audiological examination
methods, hearing loss definition and ototoxicity classification systems, a
meta-analysis of the data was not performed.

Study quality assessment

The two independent reviewers assessed the quality and risk of bias within
the included studies. For cohort studies and cross-sectional studies, the
Quality In Prognosis Studies (QUIPS) tool was applied to assess the quality
of the studies based on the different domains, i.e. study participation, study
attrition, prognostic factor measurement, outcome measurement, study
confounding and statistical analysis and reporting.2* The risk of bias per do-
main was classified as ‘high’, ‘moderate’ or ‘low’. The risk of bias within
randomized controlled trials (RCTs) was evaluated by the Cochrane criteria
and included the following domains: random sequence generation, alloca-
tion concealment, blinding of participants and personnel, blinding of out-
come assessment, incomplete outcome data, selective reporting and other
bias.?>2¢ Here, the risk of bias per domain was classified as ‘low’, ‘high’ or
‘unclear’.

The evidence for a specific finding for each study question in each of the
studies was critically appraised by the Grading of Recommendations,
Assessment, Development and Evaluations (GRADE) classification.?” An
overall score was assigned to the summary of evidence, ranging from very
high quality (A) to moderate (B), low (C) or very low quality evidence (D).

Results

Search results and quality of the included studies

A total of 2956 articles were identified, of which 2296 remained
after duplicates were removed (Figure 1). Thirty studies were
selected based on the inclusion criteria after full-text screening.
Seven were RCTs (Table $3),2273* 20 were cohort studies (Table
S4)3>7% and 3 were cross-sectional studies (Table S5).°°7>7
Within the RCTs, one study** had a low risk of bias, whereas the
other six RCTs had a high or unclear risk of bias (Table $6).287323*
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Figure 1. Flow diagram of literature search based on preferred reporting items for systematic reviews and meta-analyses (PRISMA) recommenda-

tions. AG, aminoglycoside; GP, glycopeptide.

The risk of bias of all cohort and cross-sectional studies was
moderate to high (Table S7). The total body of evidence for
an association between aminoglycoside and/or glycopeptide
administration and ototoxicity development in children was
graded as low (level C) based on GRADE (Table S8).

Characteristics of included studies

A summary of baseline characteristics of included studies is
depicted in Tables S3-S5. Studies were carried out between 1975

and 2021.°%°* In total, 30 studies with more than 6000 children
had been included with various diseases (Figure 2). Cross-sectional
aetiology studies were performed in healthy children®” and
children with hearing loss.”>® Amikacin,322>42746:48:50.53 gentq-
micin, 28-30:34-3641-4348,50,52,5556  strantomycin®®#65157 ~ gnd
tobramycin?*333>41743:50 \yere the most frequently administered
aminoglycosides, whereas vancomycin was the only administered
glycopeptide antibiotic (Figure 3).2%“! Treatment dosages ranged
between 4.5-8.0mg/kg/day for gentamicin, 15-22.5 mg/kg/day
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Figure 2. Boxplot with overlaid dot plot showing the hearing loss frequencies (%) per disease category. Cross-sectional aetiology studies and studies
with a 100% hearing loss were not included in this figure. *Clemens et al. (2016)*! calculated hearing loss frequencies for gentamicin, tobramycin
and vancomycin separately. The central lines represent the median frequency of hearing loss; the boxes represent the frequency of hearing loss with-
in the 25th and 75th quartile; and the whiskers represent the frequency of hearing loss below the 25th quartile and above the 75th quartile.
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Figure 3. Boxplot with overlaid dot plot showing the hearing loss frequencies (%) per aminoglycoside/glycopeptide subtype. Cross-sectional aeti-
ology studies and studies with a 100% hearing loss were not included in this figure. *Clemens et al. (2016)** calculated hearing loss frequencies for
gentamicin, tobramycin and vancomycin separately. The central lines represent the median frequency of hearing loss; the boxes represent the fre-
quency of hearing loss within the 25th and 75th quartile; and the whiskers represent the frequency of hearing loss below the 25th quartile and above
the 75th quartile. Outliers are defined as values 1.5 times the IQR above the upper quartile and below the lower quartile.

for amikacin, 9.3-10.0 mg/kg/day for tobramycin, 8.0 mg/kg/day The median age of children at start of treatment within the
for netilmicin and 15mg/kg/day for streptomycin. Treatment included studies ranged from 2.5 months> to 17.0 years.** Hearing
duration varied from 2 days to 23 days (Tables S3 and S&).%*+>2 function was measured by various audiometric tests including
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extended-high frequency pure tone audiometry,?831:35>%

29,33,34,36,37,39-41,43,47-49,51,52,55-57

conven-

tional pure tone audiometry, otoa-
coustic  emissions,*03436:37:43.48:4953  quditory  brainstem
response,®”“%>3 brainstem-evoked response audiometry,?®=° vis-

ual reinforcement audiometry,®”*® conditioned play audiom-

etry®*27°® and behavioural observational audiometry.2*** The
definition of hearing loss varied between 10-15dB HL at >1 fre-
quency*? and >50dB HL in >1 ear®® (Tables S3 and S&, Figures S2
and S3). Middle ear status was tested by otoscopic examin-
Otion,35,36,43,48,52—54 tymponometryB5,36,43,44,47,48,54 and middle ear
muscle reflexes.**** Information on tinnitus was obtained via ques-
tionnaires®*>” or self-reported.?>“04649°152 Tests for vertigo
included Romberg, gait test, index finger point test, caloric stimula-
tion, rotation acceleration test with electronystagmography,®® vid-
eonystagmography, sinusoidal and rotational step testing, dynamic
visual acuity test** and caloric examination of the vestibular
labyrinth.>>3

Aminoglycoside-induced ototoxicity
Frequency of hearing loss

Twenty-nine studies evaluated the occurrence of hearing loss in
children treated with aminoglycosides?®"2">7 of which 7 were
RCTs (Table $3),2873* 19 were cohort studies (Table S4)3°737 3954
and three were cross-sectional studies (Figure 4, Table S5).>°77 In
24 of these studies, hearing loss was observed,?829:32:34737,39-44,46-
5254757 \When cross-sectional studies®> >’ and one study with 100%
hearing loss at time of inclusion were not taken into account,*® an
overall frequency of hearing loss ranging from 0.0%3%31324%3 to
57%* was found within the included studies. Hearing loss
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frequencies greatly differed per disease (Figure 2) and aminoglyco-
side subtype (Figure 3).

Seven studies had an RCT study design.?®* The primary aim of
six of them was to compare a once-daily versus multiple times
daily aminoglycoside administration regimen in terms of efficacy,
safety and toxicities including hearing loss (Table $9).%62% One
RCT compared netilmicin and gentamicin treatment for life-
threatening infections in febrile paediatric patients, and evaluated
them for toxicities including hearing loss. In both arms two
patients developed hearing loss (Tables S3 and S9).>* Hearing
loss frequencies within these RCTs ranged from 0% to 8%
(Figure 4).28,30,31,33

Three cross-sectional aetiology studies included aminoglyco-
sides as a potential ototoxic causal factor for hearing loss/deafness
(Table S5).>°77 In only one study was a statistically significant as-
sociation found between aminoglycoside exposure and hearing
loss (OR 2.28, 95% CI 0.96-6.28).°° The risk of bias was high in all
cross-sectional studies.

Frequency of tinnitus

Eight cohort studies reported on tinnitus in children treated with
aminoglycosides. The age of children at start of treatment varied
from a median age of 5.7 years (range 0.5-16 years) to a mean
age of 14.6 4 3.6 years. All studies had a medium or high risk of
bigs.>>#04649,51,52,5457 Chjldren had received amikacin, tobra-
mycin, gentamicin, streptomycin and/or kanamycin. The overall
frequency of tinnitus ranged between 0% and 53%
(Figure 5).3>40:46:49.51.52.5457 1n totql, 54 children were reported
with tinnitus; 39 of them were identified via questionnaires
and in 15 children tinnitus was self-reported or the identifica-
tion method was unclear. No multivariate analyses were

coboe

Cohort

Cross sectional

Randomized controlled trial

Study type

Figure 4. Boxplot with overlaid dot plot showing the hearing loss frequencies (%) per study type. Cross-sectional aetiology studies with a 100% hear-
ing loss were not included in this figure. *Clemens et al. (2016)*! calculated hearing loss frequencies for gentamicin, tobramycin and vancomycin sep-
arately. The central lines represent the median frequency of hearing loss; the boxes represent the frequency of hearing loss within the 25th and 75th
quartile; and the whiskers represent the frequency of hearing loss below the 25th quartile and above the 75th quartile.
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Figure 5. Boxplots with overlaid dot plots showing tinnitus and vertigo frequencies (%) per antibiotic subtype. The central lines represent the median
frequency of hearing loss; the boxes represent the frequency of hearing loss within the 25th and 75th quartile; and the whiskers represent the fre-
quency of hearing loss below the 25th quartile and above the 75th quartile.

performed to study the association between aminoglycosides
and tinnitus.

Frequency of vertigo

Nine studies evaluated the occurrence of vertigo,
of which one was an RCT, seven were cohort studies and one was a
cross-sectional study. The risk of bias was low for the RCT*? and
medium/high for the cohort and cross-sectional studies.>®*36->1
>4 Two children with vertigo in the RCT were withdrawn from the
study.®? Children with vertigo had been treated with streptomycin,
kanamycin, gentamicin, tobramycin and/or amikacin. The occur-
rence of vertigo ranged between 0% and 79% (Figure 5).
Three studies—two cohort studies and one cross-sectional
study—investigated vestibular impairment in combination with
hearing loss. One cohort study showed a link between hearing loss
and posterior labyrinth damage.*® Another cohort study showed
that 18% of included cystic fibrosis patients developed hearing
loss and vestibular impairment.*® In the cross-sectional study,
17% of the Chinese rural children with a decrease in hearing
threshold levels at 4kHz reported dizziness.>” No multivariate
analyses were performed to study the association between ami-
noglycosides and vertigo.

33,39,43,46,51-54,57

Glycopeptide-induced ototoxicity
Frequency of hearing loss

Two cohort studies investigated the occurrence of hearing loss
after glycopeptide treatment (Figure 3, Table S4).3%%! Both studies
(n=114 and n=451) had a medium risk of bias (Table S7) and
included children treated for pneumococcal meningitis and survi-
vors of paediatric cancer. In both studies vancomycin was admin-
istered to 109 and 181 children, respectively. In the study that
included patients with meningitis, hearing loss occurred in 54% of
the patients. The multivariate logistic regression analysis revealed
that early vancomycin administration, starting <2 h after the first
dose of cefotaxime or ceftriaxone, was independently associated
with an increased risk of hearing loss (OR 13.5, 95% CI 2.5-73.0).%%
The other retrospective study in a selected platinum-treated co-
hort of childhood cancer survivors reported hearing loss in 55% of

the patients. An association between vancomycin treatment and/
or other predictors could not be shown, as co-medication data
were not systematically collected.**

Concomitant administration of co-medication in
included studies

In four studies that included paediatric cancer patients, cisplatin,
carboplatin, vincristine and/or diuretics were concomitantly
administered  with  aminoglycosides and/or  glycopepti-
des.>*374149 Here, the occurrence of hearing loss ranged from 5%
to 54%. One study showed that treatment with a higher total
cumulative dose of cisplatin (per 100 mg/m? increase; OR 1.2, 95%
CI 1.2-1.5) and co-treatment with furosemide (OR 2.3, 95% CI
1.4-3.9) were associated with ototoxicity.** No significant correl-
ation with aminoglycoside or vancomycin was found. In patients
who suffered from chronic renal failure*” and in those who had
received a liver transplant, diuretics were concomitantly applied
with aminoglycosides.*” The frequency of hearing loss ranged from
12% to 38%. Other co-medication reported within studies included
antibiotics such as cephalosporins,>>*384%52 mqacrolides,***! peni-
cillins,?®3*%>>> sulphonamides and trimethoprim,®®*> antiproto-
zoics,*> antifungals,®® inhaled or topical aminoglycosides,*%“®
antimalarials®® and tuberculostatic agents (Tables S$3-S5).46°1
One study in 70 cystic fibrosis patients reported that, beside amino-
glycosides, IV vancomycin was administered in seven children.
Four of these children developed hearing loss (P = 0.047, % test).*

Discussion

Ototoxicity can occur after aminoglycosides and glycopeptide
treatment for bacterial infections.” The current review shows
that hearing loss occurs in up to 57% of aminoglycoside-treated
children and up to 55% of glycopeptide-treated children. Tinnitus
and vertigo frequencies ranged between 0%-53% and 0%-79%,
respectively. Ototoxicity occurred more often in children who
were concomitantly treated with other potential ototoxic co-
medication. This is relevant as ototoxicity can be a serious
irreversible problem with implications on the psychosocial and
developmental health of children.?%4%:>8
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Aminoglycoside-related hearing loss frequencies found in this
review seem to be in accordance with frequencies found in adults,
in whom frequencies of 10%°° to 33%°° are reported. The hetero-
geneous frequency of hearing loss in studies that administered
aminoglycosides may be explained by the various diagnoses, co-
hort selection biases, exposure to other various ototoxic (co-)medi-
cation and the variety of applied audiological assessment
methods and classifications, as well as the variable cut-off points
for hearing loss gradation that were used. In the RCTs, hearing loss
occurred in 0%-8% of the patients. This small range might be
explained by more homogeneity with regard to audiological as-
sessment methods and hearing loss definition between these
studies, the limited use of other ototoxic medication and better
follow-up. The lack of consistency between non-RCT studies
underscores the need for epidemiological studies on aminoglyco-
side- and glycopeptide-induced ototoxicity in paediatric patients
with a set of standardized and methodologically consistent crite-
ria. More prospective and unselected full cohort studies are needed
in which complete data on aminoglycoside/glycopeptide dose and
treatment duration as well as epidemiological data are accurately
recorded, and audiological testing and grading is performed in a
standardized manner at baseline and after cessation of treatment
using age-appropriate tests [brainstem evoked response audiom-
etry (0-6 months), visual reinforcement audiometry (6 months-
3years), conditioned play audiometry (3-5years) and pure tone
audiometry (>5 years)].61:62

Four studies in this review investigated aminoglycoside-
induced ototoxicity in childhood cancer patients and survivors. In
all of these studies, however, patients were co-treated with cis-
platin, furosemide and/or vancomycin. Platinum agents including
cisplatin and carboplatin are known to be ototoxic.°*** Hearing
loss induced by these agents starts in the high frequency ranges
(8000Hz and above), has an early and irreversible effect, and
aggravates with increasing dose. Especially in young patients
(<5 years of age at start of platinum), awareness of this risk is im-
portant.”*16%%> Hence, it is likely that ototoxicity in platinum-
treated childhood cancer patients or survivors is not only induced
by aminoglycosides. Synergistic toxic effects of aminoglycosides
and cisplatin have been reported in animal studies.®®” Combined
cisplatin and gentamicin administration in guinea pigs resulted in
an augmented ototoxic effect when cisplatin was given early in a
14 day gentamicin course.®® Another study showed that a combin-
ation of antibiotics (vancomycin and gentamicin) led to a higher
risk of ototoxicity.®®

We identified only one study that investigated the role of chron-
ic kidney disease (CKD) as an additional risk factor for ototoxicity,
which showed that the occurrence of sensorineural hearing loss
was significantly increased during the administration of aminogly-
cosides and furosemide in patients with CKD.*” A number of trans-
porters and ion channels involved in K* cycling and endolymphatic
K*,Na*, Ca** and pH homeostasis are expressed in the kidney and
inner ear.%” It has been suggested that fluid and/or electrolyte dis-
turbances during chronic renal failure may be independently re-
sponsible for hearing loss development’® by changing electrolyte
composition of the endolymph. Recently, a study in adults con-
firmed that reduced kidney function is independently associated
with hearing loss development.”! However, aminoglycosides and
glycopeptides are also known to be nephrotoxic,”*’* possibly lead-
ing to reduced kidney function. The exact mechanisms that may

influence systemic and cochlear electrolyte homeostasis in chil-
dren are still unexplored and unclear, which urges the need for
further in vitro and in vivo studies. In addition to ototoxicity,
nephrotoxicity may be a dose-limiting factor. Therefore,
pharmacokinetics could be important, as high aminoglycoside/
glycopeptide concentrations may lead to toxicities. This could be
due to inappropriate or lacking therapeutic drug monitoring.
Pharmacokinetic/pharmacodynamic modelling and simulation
can be used to support therapeutic drug monitoring and conse-
quently may reduce the occurrence of toxicities.”*”>

Aminoglycosides are widely used in children with cystic fibrosis
for antibiotic treatment during pulmonary exacerbations.?® In
these children a prevalence between 0% and 57% has been
described.?>**>* The total cumulative number of IV courses of
aminoglycosides (>10) and the total cumulative aminoglycoside
dose induce a higher risk of ototoxicity.*>“*’®’7 In addition to con-
ductive, sensorineural and mixed hearing loss, substantially higher
rates of multiple symptoms associated with audiological disorders
(such as tinnitus, imbalance and dizziness) have been reported in
cystic fibrosis children compared with healthy controls.>* Based on
these findings, we suggest that routine hearing screening may be
considered during and after aminoglycoside exposure.

Only two cohort studies investigated glycopeptide-induced oto-
toxicity.*®*! Their results might not be fully ascribed to possible in-
dependent ototoxic effect of vancomycin as patients in these
studies were suffering from meningitis and childhood cancer. The
latter group was treated with platinum. Meningitis is a clinical con-
dition associated with hearing loss especially in case of pneumo-
coccal infections.”®”® The mechanism underlying meningitis-
associated hearing loss is not completely understood yet, but it
has been shown that labyrinthitis ossificans and a decrease in spi-
ral ganglion neuronal density are important factors.2%#! Spiral
ganglion neuronal density is decreased 2 weeks after meningitis
and correlated with the severity of permanent hearing loss as
demonstrated in a rat model. The loss of neurons could be
explained by meningitis-associated spiral ganglion neuronal ne-
crosis rather than apoptosis.®°

Historically, it has been described that vancomycin contained
impurities that caused adverse reactions including ototoxicity.®?
Currently, the occurrence of ototoxicity has decreased due to im-
provement in the manufacturing process. However, to our know-
ledge, no large prospective studies in older children have been
performed since the discovery of vancomycin. This is in contrast to
a study in neonatal patients who showed hearing loss at hospital
discharge and 5 years after vancomycin treatment.®* Such studies
would be highly relevant to determine the exact risk of
vancomycin-induced ototoxicity in current practice.

Tinnitus is considered to be a symptom of various underlying
somatic events, rather than a disease itself. Such events include
middle ear pathology, vascular pathology including arteriovenous
malformations, (iatrogenic) cochlear trauma or damaging lesions
of the central nervous system.®* In a mouse model, electrophysio-
logical assessments of hearing via auditory brain stem response
were performed and showed an increased central activity in the
auditory brainstem. This suggests that aminoglycosides induce
central hyperactivity and possible manifestation of tinnitus.®
Tinnitus is most often subjective, indicating that it cannot be per-
ceived by others. Thus, determination of the presence and severity
of tinnitus during and after aminoglycoside/glycopeptide exposure
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is only possible through questioning. Even though the disorder is
not life-threatening, patients may experience tinnitus as frustrat-
ing and annoying, leading to severe distress and reduced quality of
life.5#® Treatment for tinnitus can be effective in certain patients,
and may include counselling and/or cognitive behavioural ther-
apy.?* As the identification and quantification of tinnitus have
remained difficult in young children, we expect that the actual tin-
nitus prevalence might be underestimated in this population.®” To
the best of our knowledge, a validated tinnitus anamnesis/ques-
tionnaire in children younger than 8 years of age is currently not
available. A detailed anamnestic screening for tinnitus as
described by Savastano et al. (2007)%7 may be considered in chil-
dren aged 8years and older and treated with potential ototoxic
medication including aminoglycosides and glycopeptides.

In this review, the occurrence of vertigo in children was docu-
mented in eight studies. Even though we observed a broad fre-
quency range within the studies, the prevalence of vertigo in
children treated with aminoglycosides seems higher compared
with the general paediatric population. In the USA, Brodsky et al.
(2020)88 analysed the prevalence of dizziness and balance prob-
lems in healthy children and found an overall prevalence of 5.6%.
Interestingly, a higher frequency of vertigo was described in
patients treated with streptomycin.?*°? Streptomycin is known to
be a more pronounced vestibulotoxic aminoglycoside that prefer-
ably affects the vestibular system rather than the cochlear struc-
tures.®%9° Another explanation for the broad range in vertigo
prevalence could be the use of objective testing in some stud-
ies?¥43°5153 gnd self-reported vertigo in other studies.®**6>%>7
Objective testing (e.g. dynamic visual acuity, videonystagmogra-
phy and sinusoidal and rotational step testing) could possibly lead
to an earlier diagnosis of vertigo.** As vertigo may lead to problems
with posture, gait and coordination in children,’* early objective
testing and treatment is suggested in children treated with vesti-
bulotoxic medication.

Limitations

First, the overall quality of included studies was medium and low,
and thus the risk of bias was high. Second, due to heterogeneity
between studies it was not possible to conduct a meta-analysis.
The studies had different inclusion and exclusion criteria, various
types and doses of aminoglycosides were administered, thera-
peutic drugs monitoring was not always performed, and hearing
loss testing and definitions highly varied. Although Clemens et al.
(2019)°? conclude that there is good concordance between exist-
ing ototoxicity scales, diversity in definitions of functional out-
comes still exist. In most cohort studies, baseline audiological
assessments were not performed. Therefore, pre-existing hearing
loss either congenital, induced by previous prescribed medication,
or caused by the disease itself cannot be ruled out. Due to the large
variance in administered co-medication, heterogeneity between
included studies and overall study quality, the results should be
interpreted with caution.

Conclusions

This systematic review reveals that the reported occurrence of
hearing loss, tinnitus and vertigo related to aminoglycosides and
glycopeptides in children varies highly and seems to depend on

the diagnosis, type of medication, type of assessment and ototox-
icity definition. Nevertheless, children treated with combinations
of potential ototoxic medication seem more prone to develop
hearing loss. As ototoxicity may have a considerable social and de-
velopmental impact on children, age-dependent audiological
examinations should be considered for these children on a routine
basis. The influence of glycopeptides on ototoxicity development
has remained unclear so far. More research is needed on the
pathophysiology basis of ototoxicity related to glycopeptides and
aminoglycosides, as well as the potential synergistic interactions
of ototoxic drugs in children. Future prospective studies are needed
to gaininsight into the independent as well as concomitant contri-
bution of aminoglycosides and glycopeptides to ototoxicity devel-
opment in children.
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