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gentamicin therapy in neonatal
sepsis or infection using video
head impulse test
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Study background: Newborn infection and sepsis remain serious problems.
Guideline-compliant therapy includes, among other therapeutics, calculated
intravenous antibiosis with gentamicin. One of the known side effects of
gentamicin is severe vestibulotoxicity, which can be detected using the video
head impulse test (VHIT), which is a sensitive examination method for the
detection of vestibular hypofunction in children and adults. Previous studies
on the vestibulotoxicity of gentamicin in newborns were carried out using
caloric testing, rotary testing, and electronystagmography. Nevertheless, there
are currently no data available on VHIT examinations in children who have
been treated with neonatal gentamicin therapy.

Methods: A single-center, prospective cross-sectional study, was conducted at
a tertial referral center. VHIT was performed on 23 children aged 3-7 years who
had received intravenous gentamicin therapy for at least five days as part of the
treatment of newborn sepsis between 2012 and 2016. Main outcome was
median gain and occurrence of refixational saccades as measured with VHIT.
In addition, the children’s parents received questionnaires to detect possible
risk factors and vestibular and cochlear abnormalities.

Results: Out of 23 children with a mean age of four years and seven months
(ranging from 3 to 7 years), 11 (47.8%) indicated abnormal results in VHIT. The
VHIT results were unilaterally abnormal in six children (26.1%) and bilaterally
abnormal in five others (21.7%). Additionally, five of the children with an
abnormal HIT had abnormalities, as found in the questionnaire results.
Conclusion: and Relevance: Almost half of the children observed after having
undergone gentamicin therapy as newborns showed abnormalities in VHIT,
although they did not show any clinical signs of disbalance or vestibular
hypofunction. VHIT can serve as a sensitive investigation method for the early
screening of post-therapeutic vestibulotoxic side effects after gentamicin
therapy in children. Additionally, VHIT can enable early intervention in
these children.
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gentamicin, vestibulotoxicity, newborn, sepsis, children, video head impulse test, gain,
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Introduction

Neonatal infections are a global problem, and neonatal sepsis is
a major contributor to morbidity and mortality in newborns. In
2017, neonatal sepsis was identified as the third leading cause of
newborn mortality (1). Guideline-compliant empirical therapy
a calculated
antibiotic therapy with aminoglycosides, especially gentamicin
that is
combination with ampicillin (1, 2). The known side effects of

includes, among other therapeutics, systemic

often administered as an empirical therapy in
gentamicin include potential nephrotoxicity, cochleotoxicity and
vestibulotoxicity (3, 4). A treatment duration of 5-7 days should
be observed in newborns with positive infection parameters and
uncomplicated clinical symptoms. If the pathogen is detected in
the blood culture in clinical sepsis, the antibiotic treatment
should be extended to 7-10 days (1). With regard to adverse
drug reactions, short-term therapy of up to 5 days is preferable,
as the risk increases significantly from a therapy duration of 8
days or if therapy is repeated within 6 weeks (5). Furthermore,
unnecessary protracted antibiotic therapy should be avoided, as a
higher mortality rate and an increased risk of necrotizing
enterocolitis have been shown, especially in premature infants
with a birth weight <1,000 g, with a treatment duration of
>5 days (6).

The (both  vestibular
aminoglycosides, including gentamicin, has already been well

ototoxicity and/or cochlear) of
investigated in studies in adults (7). The toxicity of gentamicin
appears to be greater for vestibular hair cells than for cochlear
hair cells (8, 9). Despite the possible lasting effects of
vestibulotoxicity on the development of children (10, 11), there
are significantly fewer studies in children than in adults. The aim
of the present study was therefore to gain new insights into the
vestibulotoxicity of gentamicin in children.

Due to children’s limited ability to communicate, vestibular
dysfunction is often diagnosed late in this age group, which can
affect their

examination methods are indispensable for detecting vestibular

development (12, 13). Therefore, objective
dysfunction at an early stage so that affected children can be
treated accordingly as soon as possible (14). Previous studies
on the vestibulotoxicity of gentamicin in newborns were
carried out using caloric testing, rotatory testing, and
electronystagmography. The available studies did not show any
these methods (3, 15).
Nevertheless, in adults, it has already been shown that the
head impulse test (HIT) is a suitable method for detecting the

early-stage vestibulotoxicity of gentamicin (16). In patients

significant results when using

with bilateral vestibular loss, the head impulse test shows large
overt-saccades and a gain reduction (17). In adults it is earlier
and more often pathologic than hearing tests (18). We
hypothesize that this is also the case in children, as VHIT in
general is considered a suitable examination for the detection
children (11).
Therefore, we sought to evaluate high-frequency vestibular

of vestibular functional impairment in

ocular reflex (VOR) function in children who had undergone
gentamicin therapy using VHIT.
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Materials and methods

In a single-center, prospective cross-sectional study conducted
at the University Medical Center Mannheim, 23 children who had
received systemic gentamicin therapy for at least five days between
2012 and 2016 as part of neonatal sepsis were examined.

During this four-year period, in total 235 children received
intravenous systemic gentamicin therapy at the children’s
hospital. 163 of these 235 children (69.3%) received at least 5
days of gentamicin treatment and were therefore potentially
eligible for this study.

Current contact information was available in 104 children of
these eligible 163 children. The parents of those 104 children
were contacted and finally 29 parents (27.8%) responded. Finally,
23 parents agreed to take part in the study and returned to the
clinic for examination. The examination was performed at least
three years after gentamicin therapy between 06/2018-01/2020.
The parents of all study participants gave their informed consent
to participate. The study was approved by the Ethics Committee
IT of the University of Heidelberg, Medical Faculty Mannheim
(2018-503N-MA).

In all children included, neonatal sepsis was diagnosed via
with the
preparation of an antibiogram and the laboratory chemical
determination of CRP, IL-6 and/or IL-8 and a differential blood
count. Gentamicin was administered intravenously as a one-hour

peripheral venous sampling of blood cultures

infusion every 24h at a dosage between 4.0 and 5.5 mg/kg
depending on the gestational age. Trough levels were measured
at least once during gentamicin treatment and were within target
ranges in all children.

The VHIT was carried out using EyeSeeCam™ from
Interacoustics A / S Denmark™ to register the patients’ VOR.
The children’s eye and head movements were measured with a
high-speed infrared camera (250 images/second) with a built-in
accelerometer. During the examination, the examiner stood
behind the patient, who sat in front of a wall about 1.5 m away.
The patient looked at a marked point on the wall at an angle of
20°. The system was then calibrated, and the children were
instructed to focus on a goggle-emitted laser dot that was
projected onto an animal motif on the wall. The patient’s head is
then moved in short, rapid movements without side prediction
from the central position approximately 10°-20° to the right and
left. Gain and standard deviation were automatically calculated
by the EyeSeeCam™
80 ms. Two artifact-free head impulses per side are sufficient for

software for the times 40 ms, 60 ms, and

an evaluable result, as published before (19). If saccades were
found to be present, more than two head impulses were required.
In addition, abnormalities in motor development (age of learning
to walk, ride a bike) and the ear-nose and throat (ENT) medical
history (headaches, migraines, ear diseases/operations, otitis,
kinetosis) were asked for in a questionnaire.

If the child’s newborn hearing screening data were not available
or abnormal, otoacustic emissions (OAE) or brainstem evoked
response audiometry (BERA) were performed to evaluate a
potential hearing loss.
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The outcome measures of the VHIT were median gain,
standard deviation, and the presence of catch-up saccades. The
standard values represent a mean gain of 1.02+0.28. The
presence of catch-up saccades or reduced gain (< 0.8) were rated
as abnormal. The acquired mean gain values were compared
with existing age-matched standard values using a f-test for
independent samples (p <0.05), that were acquired during the
same time at our clinic (11).

Based on the Denver Developmental Test (20), specific
questions were asked about the development of gross and fine
motor skills, language skills, and social contacts.

In addition, all study participants received an additional 10-
item questionnaire for standardized assessment of possible pre-
existing or concomitant vestibular disorders and developmental
milestones. (Supplementary Material)

Furthermore, genetic syndromes or familiarity for hearing loss
were ruled out by the family’s medical history. Furthermore, a
renewed ototoxic medication was ruled out.

Statistical analyses were carried out using SPSS Statistics
Version 24.0 (SPSS Inc., Chicago, IL, USA).

Results

The data of 23 children aged between three years and two
months and a maximum of seven years (mean age=four years
and seven months) were evaluated. The cohort consisted of 10
girls (43.48%) and 13 boys (56.52%). Two of the children were
preterm (born before week 37). Mean duration of gentamicin
therapy was 6.22 days. The family history revealed no evidence of
a genetic defect or hereditary genesis of hearing loss in any of the
children included. Furthermore, no child presented with hearing
loss or had to undergo potentially ototoxic medication in the
meantime. In detail, 5 children had abnormal newborn hearing
tests that had already been carried out again by the time of study
inclusion and were regular. Nevertheless, OAE measurement was
performed in these five patients again, without any abnormalities.
In one child, newborn hearing screening tests results were not
available. OAE and BERA were preformed and did not show any
pathologies. (Table 1 summarizes descriptive data).

The median horizontal gain on the right side + standard
deviation was 1.11 +£0.23; on the left side, it was 0.99 +0.30.
The t-test showed no significant difference from the normal
value (p > 0.05).

In three out of 23 participants (13.0%), a left-sided gain
reduction was found and in one participant (4.3%) a bilateral
gain reduction was found. In none of these four participants did
additional catch-up saccades occur. Two of those children had a
conspicuous anamnesis as they had started walking >16 months.

One-sided overt saccades were found in three participants
(13.0%). In four children (17.4%), overt saccades were found on
both sides; in two of these cases, additional covert saccades were
found on the right side. Three of these seven children (42.9%)
had suspicious anamnesis.

A total of 15 (65.2%) participants had developmental delays,
potential balance disorders, or risk factors for a vestibular disease
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in their medical history. Only five of these children also showed
abnormalities in VHIT (Table 2 summarizes vHIT results and
potential risk factors).

Discussion

The (both  vestibular
aminoglycosides, including gentamicin, has already been well

ototoxicity and/or cochlear) of
investigated in studies in adults (7). In contrast to nephrotoxicity,
the vestibulotoxicity of gentamicin is irreversible (21). The
toxicity of gentamicin appears to be greater for vestibular hair
cells than for cochlear hair cells (8, 9). Despite the possible
lasting effects of vestibulotoxicity on the development of children
(10, 11), there are significantly fewer studies in children than
in adults.

Most neonatal studies deal with the optimal dosage to reduce
the nephrotoxic effects of gentamicin. It could be shown that the
nephrotoxicity is reduced by longer dosing intervals (22, 23).
German guidelines for bacterial infection in newborns
recommend a single 4-5 mg dose of gentamicin per kilogram of
body weight every 24-48 h, depending on gestational age and
postnatal age (24). VHIT
abnormalities in 11 out of 23 children (47.8%), which indicates

that the guideline-based dosage was sufficiently low to avoid

In our study, showed minor

vestibulotoxic side effects.

Aust et al. also found no significant differences in rotatory tests
with regard to nystagmus and spontaneous eye movements
between children who received gentamicin as newborns and the
control group. Therefore, they concluded that gentamicin at
controlled therapeutic doses in neonates has only mild
vestibulotoxic side effects (25).

Studies examining the cochleotoxicity of gentamicin in
newborns did not demonstrate an increased rate of abnormal
hearing screenings at a median maximum daily dose of 4.0 mg/
kg/day, a median daily average dose of 3.8 mg/kg/day, a median
cumulative dose of 12.1 mg/kg, and a median therapy duration
of three days. However, it has also been suspected that high
doses and long durations of gentamicin therapy may be
associated with an increased risk of hearing damage (26, 27). To
establish serum level limits and determine the optimal dosage of
gentamicin in neonates, vestibulotoxicity may be more important
to avoid than cochleotoxicity, as all children showed normal
hearing results. Additionally, vestibular hair cells are more prone
to gentamicin toxicity and HIT might be easier or at least as easy
to perform in neonates than hearing tests.

Both the results of the study mentioned above and those of the
present study indicate that a child’s vestibular organ could be more
resistant or capable of regeneration than the vestibular organs of
adults. Other studies have already shown that, in contrast to
cochlear hair cells, neonatal and adult vestibular hair cells have
the ability to regenerate (28, 29). Regeneration in the adult
sensory epithelium is limited and occurs primarily through the
replacement of type II-like hair cells (30). The neonatal sensory
epithelium, on the other hand, appears to be more robust, and
new cells develop characteristics of hair cells type I and II (31). If
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TABLE 1 Descriptive data of all included children.

Prematurely

born

Gentamicin

Hearing test results

VHIT
results

10.3389/fped.2024.1366074

Motoric developtmental delay

(days)

1 |F 5 years 2 months No (37 w+2d) 7 Newborn HS normal Abnormal | No
2 | M 3 years 9 months Yes (31 w+4 d) 5 Newborn HS initially abnormal, | Normal No
OAEs repeatedly normal
3 |F 6 years 6 months No (37 w+14d) 7 Newborn HS normal Abnormal | No
4 | F 3 years 8 months No (38 w+6 d) 7 Newborn HS normal Normal No
5 | M 3 years 10 months No 39 w+1d) 5 Newborn HS normal Abnormal | Able to walk >16 months,
6 |'M 5 years 0 month No (38 w+3 d) 7 Newborn HS normal NORMAL | No
7 |M 4 years 1 month No (39 w+4 d) 7 Newborn HS initially abnormal, | normal No
OAEs repeatedly normal
8 |F 3 years 8 months No (40 w+2 d) 5 Newborn HS initially abnormal, | Abnormal | No
OAE:s repeatedly normal
9 |'M 3 years 8 months No (36 w+6 d) 5 Newborn HS normal Normal No
10 | F 4 years 3 months No 39 w+2d) 7 Newborn HS normal Abnormal | No
11 | F 3 years 6 months No (40 w+0 d) 7 Newborn HS normal Abnormal | No
12| M 3 years 11 months No (38 w+1 d) 7 Newborn HS normal Normal Able to walk >16 months,
13| M 5 years 11 months No (37 w+6 d) 7 Newborn HS normal Normal Able to walk >16 months, delayed motoric
developtment
14 | F 3 years 2 months No (38 w+2d) 5 Newborn HS initially abnormal, | Normal No
OAEs repeatedly normal
15| M 7 years 0 month No (38 w0 d) 5 Newborn HS initially abnormal, | Normal No
OAE:s repeatedly normal
16 | F 4 years 5 months No (40 w+5 d) 7 Newborn HS normal Normal No
17 M 5 years 7 months No 39 w+2d) 5 Newborn HS normal Abnormal | Able to walk >16 months, delayed motoric
developtment
18 M 5 years 11 months No (37 w+6 d) 7 Newborn HS normal Abnormal | Able to walk >16 months, delayed motoric
developtment
19 | F 3 years 7 months No (37 w+3 d) 6 Newborn HS normal Normal No
20 | M 3 years 5 months No (39 w+5 d) 7 HS data missing; OAE and Abnormal | Able to walk >16 months,
BERA normal
21 | F 5 years 11 months No (38 w+2d) 7 Newborn HS normal Abnormal | No
22 | M 5 years 10 months Yes 32 w+6 d) 5 Newborn HS normal Normal No
23| M 6 years 8 months No (38 w+0 d) 6 Newborn HS normal Abnormal | No

F, female; M, male; y, years; mo, month; w, weeks; d, days; gentamicin, duration of therapy in days.

HS, hearing screening; OAE: otoacoustic emissions.

one assumes that these research results can be transferred to the
human sensory epithelium, this could mean that the human
vestibular organ is more capable of regeneration in newborns
than in adults.

The VOR response only reaches normal functioning within the
first two months of life (32) by linking the visual signal paths (33),
among other things. On the molecular and electrophysiological
levels, some maturation processes of vestibular hair cells take place
within their first few weeks of life (34). An investigation of the
vestibular hair cells of mice showed that certain ion channels, which
are also involved in gentamicin uptake, mature postnatally. With
the development of these ion channels, the uptake of gentamicin
into the cell, and thus its toxic effect, also increases (35). Thus, the
vestibulotoxic effect of gentamicin may be lower in neonates.

In our study, no significant differences in VOR gain were found
compared to the control group. However, seven participants
showed unilateral or bilateral saccades, which were rated as
Three of these
conspicuous questionnaire with regard to vestibular symptoms.

conspicuous. seven children also had a
Since saccades are unphysiological in children (11, 32), this
suggests
conjunction with the conspicuous questionnaire.

gentamicin-induced vestibulotoxicity, especially in

Frontiers in Pediatrics

Although the study results by Aust et al. (25) reject the notion
of vestibulotoxicity, this cannot be completely ruled out since
rotary chair testing was used as the examination method. Rotary
chair testing only examines the middle-frequency range of VOR,
whereas VHIT examines the high-frequency range (36). The
toxicity of gentamicin results in changes of high-frequency
horizontal VOR (37); thus, compensatory reactions, such as
saccades caused by gentamicin, might not have been detected by
rotary chair testing.

Six study participants
examination results (catch-up saccades or gain reduction). In the

showed unilaterally pathological

case of systemic therapy with gentamicin, bilateral damage is
expected. In addition to bilateral functional losses (4, 38),
unilateral functional losses were also observed after systemic
gentamicin therapy (17, 39).

Another reason for unilaterally pathological examination
results could be the increased examination duration, which
causes children to lose concentration. This leads to only one-
sided eye tracking and artifacts. Nevertheless, it is unexpected to
see more than 50% with a unilateral damage. Unilateral recovery
would also be a hypothetic explanation without evidence-
based support.
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TABLE 2 vHIT results and potential risk factors median gain and standard
deviation (SD) values of all 23 included children.

VHIT Results Potential risk factors
. . developmental delay
gain+SD | gain £ SD
right left
1| 1314029 | 1,06+041° | —
2 1,34 £ 0,66 1,33+£045 | —
3 0,94 £ 0,19 0,95+0,44° | Father: migraine
4 1,39 £ 0,49 1,20 +0,21 —
5 1,01 £0,15 0,46 +0,23% | Able to walk >16 months,
Both parents migraine and kinetosis
6 0,95+ 0,39 0,90 +0,34 | Mother: migraine
7 0,86 £ 0,31 0,84 +0,42 | Mother: migraine
8 | 0,69+005° | 0,64+0,03" | Father: migraine
9 0,98 £ 0,14 1,11+0,15 | Child: kinetosis
10 0,94 +0,27 0,57 0,208 | —
11| 1,37+0,20° 1,24 +0,42 | Mother: migraine
Child: kinetosis
12 1,06 + 0,00 1,01+0,63 | Able to walk >16 months,
mother: migraine
13 1,26 + 0,12 0,96 + 0,28 Able to walk >16 months,
delayed motoric development
14 1,32£0,28 1,01+0,41 | Child: kinetosis
15 1,10£0,13 1,44+£039 | —
16 1,04 £ 0,09 0,88+£0,40 | —
17| 140+0,14° | 1,12£031° | Able to walk >16 months,
kinetosis and delayed motoric development
18 1,53 +0,23° 1,04 +0,18° | Able to walk >16 months, delayed motoric
development
19 1,01 +0,21 1,10+0,21 | Father: migraine
20 1,02 + 0,06 0,75+ 0,21% | Able to walk >16 months,
both parents migraine, delayed motoric
development
21| 1,15£0,19%¢ | 094£0,12° | —
22 0,92 £ 0,52 1,05+0,39 | Episodic nystagmus,
mother: migraine
23| 1,00£0,16%¢ | 1,11£0,13° | —

Pathologic vHITs are marked. Occurrence of saccades are indicated by O
respectively C, reduced gain by R.

In summary, we did not find a significantly reduced VOR
function measured by VHIT in children who had undergone
systemic gentamicin therapy. Nevertheless, to our knowledge,
for the first time, we were able to identify refixational saccades
as a indicator for altered VOR-function in children who
received postnatal systemic antibiotic therapy with gentamicin.
Accordingly, vHIT seems to be an appropriate diagnostic tool
for vestibular screening in children undergoing systemic
gentamicin therapy.

Nevertheless, our study has limitations that need to be
mentioned: Our number of included children is relatively small.
In addition, a selection bias cannot be ruled out, as parents who
might have noticed a potential delayed motor development are
presumably more likely to accept a study offer for further
clarification than parents of children without any problems.
Therefore, future studies with larger case numbers are needed to
further investigate these findings. Ideally, baseline testing prior to
gentamicin therapy and longitudinal testing would certainly
be preferable.
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However, baseline vHIT-testing in particular does not appear
to be easily practicable, as antibiotic therapy takes place directly
postnatally and vHIT testing results are only reproducible from
fixation (11).
longitudinal vHIT-testing may lead to a better understanding of
semicircular  canal  function

the moment of visual However, repeated

after  perinatal gentamicin
administration. Vestibular evoked myogenic potentials can be
considered as a possible alternative for assessing at least otolith
function, as these can be derived from birth and data are even
available for premature births (40). However, vHIT-testing
should be performed at the earliest possible point in time to
detect and to objectify possible vestibulotoxic damage at an early
stage. Future studies should therefore also focus on the other
semicircular canals as well as the otolith function to examine the
entire vestibular function, especially, since macular hair cells
seem to be more likely to be lesioned by gentamicin.

Meanwhile, it seems appropriate to propose a vestibular
screening in children who had undergone gentamicin therapy for
the early detection of potential vestibular hypofunction and to

promptly initiate further diagnostics or treatment.

Conclusion

Guideline-oriented intravenous gentamicin therapy in children
with neonatal sepsis does not seem to lead to clinically significant
vestibular hypofunction or delayed motoric development in
children. Nevertheless, VHIT can serve as a sensitive investigation
method for the early screening of post-therapeutic vestibulotoxic
side effects after gentamicin therapy in children. Additionally,
VHIT can enable early intervention for these children.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethik-
Kommission II der Universitit Heidelberg, Medizinische Fakultat
Mannheim—Haus 42—Ebene 3; Theodor-Kutzer-Ufer 1-3, 68167
Mannheim. The studies were conducted in accordance with the
local legislation and institutional requirements. Written informed
consent for participation in this study was provided by the
participants’ legal guardians/next of kin.

Author contributions

LZ: Data curation, Writing - original draft. AK: Data curation,
Formal Analysis, Writing - review & editing. SH: Methodology,
Writing - review & editing. RN: Writing - review & editing. AS:

frontiersin.org


https://doi.org/10.3389/fped.2024.1366074
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Zaubitzer et al.

Conceptualization, Supervision, Writing — original draft, Writing -
review & editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article.

For the publication fee we acknowledge financial support
by Deutsche within the funding
programme “Open Access Publikationskosten” as well as by

Forschungsgemeinschaft

Heidelberg University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Shane AL, Sanchez PJ, Stoll BJ. Neonatal sepsis. Lancet. (2017) 390
(10104):1770-80. doi: 10.1016/S0140-6736(17)31002-4

2. Kim F, Polin RA, Hooven TA. Neonatal sepsis. Br Med J. (2020) 371:m3672.
doi: 10.1136/bmj.m3672

3. Aust G. Vestibulotoxicity and ototoxicity of gentamicin in newborns at risk. Int
Tinnitus J. (2001) 7(1):27-9. PMID: 14964951

4. Halmagyi GM, Fattore CM, Curthoys IS, Wade S. Gentamicin vestibulotoxicity.
Otolaryngol Head Neck Surg. (1994) 111(5):571-4. doi: 10.1177/019459989411100506

5. De Jager P, Van Altena R. Hearing loss and nephrotoxicity in long-term
aminoglycoside treatment in patients with tuberculosis. Int ] Tuberc Lung Dis.
(2002) 6(7):622-7. PMID: 12102302

6. Cotten CM, Taylor S, Stoll B, Goldberg RN, Hansen NI, Sanchez P, et al.
Prolonged duration of initial empirical antibiotic treatment is associated with
increased rates of necrotizing enterocolitis and death for extremely low birth weight
infants. Pediatrics. (2009) 123(1):58-66. doi: 10.1542/peds.2007-3423

7. Rutka J]. Aminoglycoside vestibulotoxicity. Adv Otorhinolaryngol. (2019)
82:101-10. doi: 10.1159/000490277

8. Lyford-Pike S, Vogelheim C, Chu E, Della Santina CC, Carey JP. Gentamicin is
primarily localized in vestibular type I hair cells after intratympanic administration.
J Assoc Res Otolaryngol. (2007) 8(4):497-508. doi: 10.1007/s10162-007-0093-8

9. Webster JC, McGee TM, Carroll R, Benitez JT, Williams ML. Ototoxicity of
gentamicin. Histopathologic and functional results in the cat. Trans Am Acad
Ophthalmol Otolaryngol. (1970) 74(6):1155-65. PMID: 5312832

10. Rine RM, Cornwall G, Gan K, LoCascio C, O’'Hare T, Robinson E, et al. Evidence
of progressive delay of motor development in children with sensorineural hearing loss
and concurrent vestibular dysfunction. Percept Mot Skills. (2000) 90(3 Pt 2):1101-12.
doi: 10.2466/pms.2000.90.3¢.1101

11. Hulse R, Hormann K, Servais JJ, Hulse M, Wenzel A. Clinical experience with
video head impulse test in children. Int ] Pediatr Otorhinolaryngol. (2015) 79
(8):1288-93. doi: 10.1016/j.ijpor].2015.05.034

12. Rine RM. Growing evidence for balance and vestibular problems in children.
Audiol Med. (2009) 7(3):138-42. doi: 10.1080/16513860903181447

13. Wiener-Vacher SR, Hamilton DA, Wiener SI. Vestibular activity and cognitive
development in children: perspectives. Front Integr Neurosci. (2013) 7:92. doi: 10.
3389/fnint.2013.00092

14. Gioacchini FM, Alicandri-Ciufelli M, Kaleci S, Magliulo G, Re M. Prevalence
and diagnosis of vestibular disorders in children: a review. Int ] Pediatr
Otorhinolaryngol. (2014) 78(5):718-24. doi: 10.1016/j.ijporl.2014.02.009

Frontiers in Pediatrics

10.3389/fped.2024.1366074

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.2024.
1366074/full#supplementary-material

15. Camarda V, Moreno AM, Boschi V, Di Carlo A, Spaziani G, Saponara M.
Vestibular ototoxicity in children: a retrospective study of 52 cases. Int J Pediatr
Otorhinolaryngol. (1981) 3(3):195-8. doi: 10.1016/0165-5876(81)90002-1

16. Van Hecke R, Van Rompaey V, Wuyts FL, Leyssens L, Maes L. Systemic
aminoglycosides-induced vestibulotoxicity in humans. Ear Hear. (2017) 38
(6):653-62. doi: 10.1097/AUD.0000000000000458

17. Weber KP, Aw ST, Todd M]J, McGarvie LA, Curthoys IS, Halmagyi GM.
Horizontal head impulse test detects gentamicin vestibulotoxicity. Neurology. (2009)
72(16):1417-24. doi: 10.1212/WNL.0b013e3181a18652

18. Ishiyama G, Ishiyama A, Kerber K, Baloh RW. Gentamicin ototoxicity: clinical
features and the effect on the human vestibulo-ocular reflex. Acta Otolaryngol. (2006)
126(10):1057-61. doi: 10.1080/00016480600606673

19. Wenzel A, Hilse R, Thunsdorff C, Rotter N, Curthoys I. Reducing the
number of impulses in video head impulse testing-it’s the quality not the
numbers. Int ] Pediatr Otorhinolaryngol. (2019) 125:206-11. doi: 10.1016/j.ijporl.
2019.07.013

20. Frankenburg WK, Dodds JB. The denver developmental screening test. ] Pediatr.
(1967) 71(2):181-91. doi: 10.1016/50022-3476(67)80070-2

21. Selimoglu E. Aminoglycoside-induced ototoxicity. Curr Pharm Des. (2007) 13
(1):119-26. doi: 10.2174/138161207779313731

22. Kent A, Turner MA, Sharland M, Heath PT. Aminoglycoside toxicity in
neonates: something to worry about? Expert Rev Anti Infect Ther. (2014) 12
(3):319-31. doi: 10.1586/14787210.2014.878648

23. McWilliam SJ, Antoine DJ, Smyth RL, Pirmohamed M. Aminoglycoside-
induced nephrotoxicity in children. Pediatr Nephrol. (2017) 32(11):2015-25. doi: 10.
1007/s00467-016-3533-z

24. Michael Zemlin (Homburg; federfithrend) ABW, Axel Franz (Tiibingen), Christian
Gille (Tibingen), Christoph Hartel (Liibeck), Helmut Kiister (Gottingen), Andreas
Miiller (Bonn), Frank Pohlandt (Ulm), Arne Simon (Homburg), Waltraud Merz
(Bonn). Bakterielle Infektion bei Neugeborenen S2k Leitlinie 024/008, AWMF. 2018

25. Aust G, Schneider D. Vestibular toxicity of gentamycin in newborn infants.
Laryngorhinootologie. (2001) 80(4):173-6. doi: 10.1055/s-2001-13762

26. Puia-Dumitrescu M, Bretzius OM, Brown N, Fitz-Henley JA, Ssengonzi R,
Wechsler CS, et al. Evaluation of gentamicin exposure in the neonatal intensive
care unit and hearing function at discharge. J Pediatr. (2018) 203:131-6. doi: 10.
1016/j.jpeds.2018.07.101

27. Hess M, Finckh-Kramer U, Bartsch M, Kewitz G, Versmold H, Gross M.
Hearing screening in at-risk neonate cohort. Int ] Pediatr Otorhinolaryngol. (1998)
46(1-2):81-9. doi: 10.1016/S0165-5876(98)00151-7

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fped.2024.1366074/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2024.1366074/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)31002-4
https://doi.org/10.1136/bmj.m3672
https://pubmed.ncbi.nlm.nih.gov/14964951
https://doi.org/10.1177/019459989411100506
https://pubmed.ncbi.nlm.nih.gov/12102302
https://doi.org/10.1542/peds.2007-3423
https://doi.org/10.1159/000490277
https://doi.org/10.1007/s10162-007-0093-8
https://pubmed.ncbi.nlm.nih.gov/5312832
https://doi.org/10.2466/pms.2000.90.3c.1101
https://doi.org/10.1016/j.ijporl.2015.05.034
https://doi.org/10.1080/16513860903181447
https://doi.org/10.3389/fnint.2013.00092
https://doi.org/10.3389/fnint.2013.00092
https://doi.org/10.1016/j.ijporl.2014.02.009
https://doi.org/10.1016/0165-5876(81)90002-1
https://doi.org/10.1097/AUD.0000000000000458
https://doi.org/10.1212/WNL.0b013e3181a18652
https://doi.org/10.1080/00016480600606673
https://doi.org/10.1016/j.ijporl.2019.07.013
https://doi.org/10.1016/j.ijporl.2019.07.013
https://doi.org/10.1016/s0022-3476(67)80070-2
https://doi.org/10.2174/138161207779313731
https://doi.org/10.1586/14787210.2014.878648
https://doi.org/10.1007/s00467-016-3533-z
https://doi.org/10.1007/s00467-016-3533-z
https://doi.org/10.1055/s-2001-13762
https://doi.org/10.1016/j.jpeds.2018.07.101
https://doi.org/10.1016/j.jpeds.2018.07.101
https://doi.org/10.1016/S0165-5876(98)00151-7
https://doi.org/10.3389/fped.2024.1366074
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Zaubitzer et al.

28. Burns JC, Stone JS. Development and regeneration of vestibular hair cells in
mammals. Semin Cell Dev Biol. (2017) 65:96-105. doi: 10.1016/j.semcdb.2016.11.001

29.Li W, You D, Chen Y, Chai R, Li H. Regeneration of hair cells in the mammalian
vestibular system. Front Med. (2016) 10(2):143-51. doi: 10.1007/s11684-016-0451-1

30. Kawamoto K, Izumikawa M, Beyer LA, Atkin GM, Raphael Y. Spontaneous hair
cell regeneration in the mouse utricle following gentamicin ototoxicity. Hear Res.
(2009) 247(1):17-26. doi: 10.1016/j.heares.2008.08.010

31. Wang T, Chai R, Kim GS, Pham N, Jansson L, Nguyen DH, et al. Lgr5+cells
regenerate hair cells via proliferation and direct transdifferentiation in damaged
neonatal mouse utricle. Nat Commun. (2015) 6:6613. doi: 10.1038/ncomms7613

32. Wenzel A, Eck S, Hulse K, Rohr K, Hormann K, Umbreit C, et al. Development
of a new software and test setup for analyzing hVOR in very young children by vHIT.
J Vestib Res. (2017) 27(2-3):155-62. doi: 10.3233/VES-170611

33. Weissman BM, DiScenna AO, Leigh RJ. Maturation of the vestibulo-ocular
reflex in normal infants during the first 2 months of life. Neurology. (1989) 39
(4):534-8. doi: 10.1212/WNL.39.4.534

34. Wang T, Niwa M, Sayyid ZN, Hosseini DK, Pham N, Jones SM, et al.
Uncoordinated maturation of developing and regenerating postnatal mammalian
vestibular hair cells. PLoS Biol. (2019) 17(7):¢3000326. doi: 10.1371/journal.pbio.3000326

Frontiers in Pediatrics

07

10.3389/fped.2024.1366074

35. Qian X, He Z, Wang Y, Chen B, Hetrick A, Dai C, et al. Hair cell uptake of
gentamicin in the developing mouse utricle. J Cell Physiol. (2021) 236(7):5235-52.
doi: 10.1002/jcp.30228

36. Agrawal Y, Van de Berg R, Wuyts F, Walther L, Magnusson M, Oh E, et al.
Presbyvestibulopathy: diagnostic criteria consensus document of the classification
committee of the barany society. J Vestib Res. (2019) 29(4):161-70. doi: 10.3233/
VES-190672

37. Walther LE, Huelse R, Blattner K, Bloching MB, Blodow A. Dynamic change of
VOR and otolith function in intratympanic gentamicin treatment for meniere’s
disease: case report and review of the literature. Case Rep Otolaryngol. (2013)
2013:168391. doi: 10.1155/2013/168391

38. Black FO, Pesznecker S, Stallings V. Permanent gentamicin vestibulotoxicity.
Otol Neurotol. (2004) 25(4):559-69. doi: 10.1097/00129492-200407000-00025

39. Ahmed RM, MacDougall HG, Halmagyi GM. Unilateral vestibular loss due to
systemically administered gentamicin. Otol Neurotol. (2011) 32(7):1158-62. doi: 10.
1097/MAO.0b013e31822a2107

40. Wang S-J, Chen C-N, Hsieh W-S, Young Y-H. Development of vestibular
evoked myogenic potentials in preterm neonates. Audiol Neurootol. (2008) 13
(3):145-52. doi: 10.1159/000112422

frontiersin.org


https://doi.org/10.1016/j.semcdb.2016.11.001
https://doi.org/10.1007/s11684-016-0451-1
https://doi.org/10.1016/j.heares.2008.08.010
https://doi.org/10.1038/ncomms7613
https://doi.org/10.3233/VES-170611
https://doi.org/10.1212/WNL.39.4.534
https://doi.org/10.1371/journal.pbio.3000326
https://doi.org/10.1002/jcp.30228
https://doi.org/10.3233/VES-190672
https://doi.org/10.3233/VES-190672
https://doi.org/10.1155/2013/168391
https://doi.org/10.1097/00129492-200407000-00025
https://doi.org/10.1097/MAO.0b013e31822a2107
https://doi.org/10.1097/MAO.0b013e31822a2107
https://doi.org/10.1159/000112422
https://doi.org/10.3389/fped.2024.1366074
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Assessing long-term, vestibulotoxic side effects after gentamicin therapy in neonatal sepsis or infection using video head impulse test
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


