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ABSTRACT
Background: People with CF (pwCF) are often treated with prolonged courses of aminoglycosides (AGs), for which known

adverse effects include ototoxicity as a subset of hearing impairment (HI).

Methods: The PIANO‐CF trial was a single‐center study conducted at The Royal Children's Hospital where 28 pediatric

patients aged < 7 years underwent sequential hearing tests at increased range up to 12,500 Hz in relation to receiving intra-

venous (IV) AGs. More than 85% of the cohort (n= 24) participated in the follow‐up hearing testing up to 1 year.

Results: HI was defined by degree (dB) and frequency (Hz) on the audiogram. This was further reviewed to determine if the

type of HI was consistent with ototoxicity as there are frequently other causes of HI in this age group. At baseline the prevalence

of HI and ototoxicity were 11% and 7%, respectively. Over a period of 1 year, HI was identified in 12.5% and that of ototoxicity in

6%. No correlation was found between degree of IV AG exposure and HI or ototoxicity.

Discussion: The finding of HI in young children with CF, including in those with minimal IV AG exposure, has implications

for CF services to proactively screen for HI. Undetected HI may compromise learning outcomes and given the age of children

studied, this is not insignificant during the acquisition and development of language skills.

Conclusion: Routine audiometric testing for pwCF up to 12,500 Hz or beyond may increase sensitivity in detection of oto-

toxicity and should be considered for use in screening, monitoring, and future research.

1 | Introduction

There are many causes of hearing impairment (HI), one of
which is the use of ototoxic drugs [1]. Exposure to ototoxic

medications (e.g., IV aminoglycosides [AG], gentamicin and
tobramycin) can cause cochleotoxicity (which typically affects
frequencies within the conventional hearing range but may also
extend to frequencies higher than 8000 Hz) that is often delayed
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and usually permanent [2, 3] and vestibulotoxicity (affecting
balance). Ototoxicity is damage to the hearing and/or balance
organs that occurs after exposure to medications or chemicals
that affect the inner ear [4]. People with cystic fibrosis (pwCF)
are at risk for AG‐induced ototoxicity due to frequent treatment
with high doses of AGs [5–8]. Hearing is not routinely assessed in
pwCF [9–11]; however, the UK CF Trust suggests an annual pure
tone audiometry (PTA) assessment due to exposure to IV AG
[12]. While hearing assessment has traditionally been limited to
8000Hz, testing at extended high frequencies (EHFs) designated
as above 8000Hz is important as impairment is associated with
poorer speech‐in‐noise recognition [13] and is recommended for
an effective ototoxicity monitoring program [14].

The rates of ototoxicity vary depending on the type and dosage
of the AG. A survey of 24 trials of gentamicin, tobramycin, and
amikacin showed that their mean frequencies of co-
chleototoxicity were 7.7%, 9.7% and 13.8%, respectively [15].
The frequency of AG‐induced cochleototoxicity with average
doses of gentamicin, tobramycin, and amikacin of 3.9, 3.8, and
15.4 mg/kg, was 8.3%, 6.1%, and 13.9% for each, respectively
[16]. These doses are significantly lower than average doses
routinely used in children with CF [17]. At the Royal Children's
Hospital, Melbourne, gentamicin, tobramycin and amikacin
doses are significantly higher for children with CF at 7.5, 12,
and 22.5 mg/kg, respectively.

The factors that determine an individual's susceptibility to AG‐
induced ototoxicity include: individual tolerance, genetic pre-
disposition (e.g., MT‐RNR1 mutation), familial susceptibility,
age extremes, daily dosage, duration and route of drug admin-
istration and possibly dosing strategy, long term exposure (i.e.
cumulative dose) to ototoxic agents, impaired renal function
and concomitant exposure to other ototoxic agents [2].

The literature to date shows the significance of AG toxicities
including ototoxicity in people with CF. We considered the
relationship between HI and IV AG exposure using lifetime IV
AG exposure (measured in mg, mg/kg and number of days),
lifetime IV gentamicin, tobramycin and amikacin exposure
(in days) and lifetime IV AG courses (total number).

2 | Methods

This study included 28 patients (ages 0−6 years, 16 males and
12 females) under active follow‐up at the Royal Children's
Hospital from August 2014 and October 2018 (as part of the
PIANO‐CF Extension study, HREC 33188E). The RCH Pediatric
Audiology Department criteria were used to identify HI in more
than 85% of the cohort (n= 24) participated in the follow‐up
hearing testing up to 1 year (Supporting Information).

2.1 | Study Type

This was a single‐center study in which ototoxicity in children
with CF receiving an IV AG were investigated. Patient char-
acteristics are found in Table 1. When receiving an IV AG,
nebulized or inhaled AGs are routinely withheld.

2.2 | Data Collection

Data were obtained from the patient's medical records. Thus,
the analyses were based on clinical and laboratory data col-
lected as part of the patients' regular medical care and inclusion
criteria of the PIANO‐CF study (HREC 33188E). Of note,
hearing tests were not routinely performed and so were per-
formed as part of the study protocol in addition to standard
care. Demographics (age≤ 6 years and gender), serum creati-
nine levels, CF genotype, chronic infection status, body mass
index (BMI), lung function, CFRD status, transplantation status
and data on lifetime exposure to intravenous AG and oral mac-
rolide use were recorded. Exclusion criteria were IV AG in the
previous 8 weeks or IV immunoglobulin in the previous
12 weeks, respectively, pre‐existing renal impairment or (reduced
eGFR calculated by the Schwartz equation) or a pre‐existing
kidney condition (including, but not limited to, nephrotic syn-
drome, vesicoureteric reflux, urolithiasis and pyelonephritis) and
diabetes mellitus [18].

2.3 | Hearing Test

Participants had a baseline hearing test performed on admission
before being given an IV AG. In instances where this was not
possible (e.g., admission over a weekend), a baseline audiometric
assessment was performed at the next available appointment, or
the results of a previous hearing test were obtained. The hearing
test was repeated at the child's next outpatient visit, usually four
to 6 weeks post‐discharge and approximately 1 year later if the
family had consented (this was an optional part of the study).
The results of the hearing test were documented on RCH
Audiological Investigations form MR481/I and stored in the
medical records. A description of the types of audiometric
assessment, or hearing tests, is provided below. Each test is
painless, and the type of assessment performed was determined
by the age and cooperation of the child. Audiometry was con-
ducted blind to knowledge of AG treatment.

2.4 | Definition of HI and Ototoxicity

As per definition by the World Health Organization (WHO), HI
is defined if a person/adult is not able to hear as well as
someone with normal hearing, meaning hearing thresholds of
20 dB or better in both ears. It can be mild, moderate, moder-
ately severe, severe or profound, and can affect one or both ears
[2, 19, 20]. The prevalence was defined as the number of cases
of HI at baseline. Incidence was defined as the number of new
cases over the study period. Since the WHO grading system for
HI applies to adults, we used the widely accepted classification
system from the Royal Children's Hospital Pediatric Audiology
Department, which specializes in pediatric patients. HI was
defined by occurrence of impairment > 20dB [21]. It was then
defined by frequency (e.g., 8000 Hz v. 12,500 Hz) and location
(e.g., right ear, left ear, or bilateral).

When HI was detected, the audiogram was reviewed by a senior
pediatric audiologist to determine if changes were consistent
with ototoxicity. Changes were considered consistent with
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ototoxicity if HI was at high frequencies (> 8000 Hz), testing
reliability was good and tympanometry was classed as type A
(healthy) in both ears. If impairment was at high frequencies,
testing reliability was good and tympanometry was classed as
type B or C (indicating possible congestion), it was uncertain
whether changes in hearing were due to the presence of inner
ear fluid, and this was considered “indeterminate.”

We considered the relationship between HI and IV AG ex-
posure using lifetime IV AG exposure (in absolute mg, mg/kg
and number of days), lifetime IV gentamicin, tobramycin, and
amikacin exposure (in days) and lifetime IV AG courses (total
number).

3 | Results

We assessed the prevalence of HI at baseline before IV AGs
exposure in children with CF. Twenty‐eight children consented
for the hearing sub‐arm of the PIANO‐CF study, for whom 76
hearing tests were completed with a median of three tests per

child. More than 85% of the cohort (n= 24) participated in
follow‐up hearing testing up to 1 year. Details of the children
whose hearing was tested are tabulated for the entire cohort and
for each AG in Table 2. HI was observed in nine of the 76 tests

TABLE 1 | Characteristics of study cohort at baseline who consented for hearing testing.

Characteristic Gentamicin Tobramycin
Mean difference

p value#95% CI

n 15 13

Male sex n (%) 8 (53%) 8 (62%) 0.6674

CFTR genotype

p.Phe508del homozygous n (%) 9 (60%) 6 (46%)

p.Phe508del heterozygous n (%) 5 (33%) 6 (46%)

Other n, (%) 1 (7%) 1 (8%)

Pancreatic insufficient n (%) 15 (100%) 13 (100%)

Age (years) 4.26 ± 1.76 3.69 ± 2.29 0.56
–1.05 to 2.17

0.4775

Weight (kg) 18.02 ± 4.97 16.39 ± 6.34 1.63
–2.86 to 6.12

0.4603

Weight centile 60.79 ± 21.73 55.18 ± 33.32 5.62
–16.84 to 28.07

0.6088

Weight Z‐score 0.31 ± 0.63 0.28 ± 1.36 –0.03
–0.83 to 0.90

0.9365

Height (cm) 103.55 ± 13.70 97.1 ± 21.12 6.43
–7.79 to 20.65

0.3579

Height centile 51.26± 22.20 51.37 ± 36.08 –0.11
–24.12 to 23.91

0.9926

Height Z‐score –0.02 ± 0.63 0.05 ± 1.52 –0.03
–0.98 to 0.93

0.9533

BMI (m2) 16.30 ± 1.45 16.61 ± 1.89 –0.31
–1.65 to 1.02

0.6316

BMI centile 62.01 ± 25.29 57.25 ± 32.27 4.76
–18.09to 27.61

0.6712

BMI Z‐score 0.42 ± 0.0.82 0.34 ± 1.19 0.08
–0.73 to 0.89

0.8389

Also enrolled in COMBAT‐CF trial n, (%) 2 (13%) 2 (15%)

Note: Mean ± SD. For normally distributeddata, an unpaired (two‐sample) t‐test with unequal variance and Welch approximation was used. For non‐parametric data,
Wilcoxon rank sum (Mann−Whitney) was used.

TABLE 2 | Number of hearing tests by time point and

aminoglycoside.

Hearing Tests
by time point

All
AGs Gentamicin Tobramycin

At baseline 28 15 13

At next
outpatient visit

24 12 12

At ≥ 1 year
following study
admission

24 12 12

Total 76 39 37

Note: The type of testing was determined by the child's age and most tests were play
(n=30) or PTA (n=30), followed by VROA (n=14), BOA (n=1) and ASSR (n=1).
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(12%). There were five tests where HI was considered oto-
toxicity, and four tests were considered indeterminate. In these
four tests, tympanometry results indicated eustachian tube
dysfunction, which may have contributed to HI; thus, it is
uncertain whether impairment was indeed ototoxicity. Of the
study cohort, five children (18%) exhibited HI at any point in
time. Some children whose hearing was impaired went on to
subsequently have normal tests. The details of all children who
displayed HI are shown in Table 3. All nine instances identified
as HI were tested to a frequency of 12,500 Hz. The majority of
cases were classified as mild impairment (n= 4) with only one
child displaying a moderate degree of HI (Table 3).

HI at baseline was observed on three occasions; two occasions
were classified as ototoxicity, and one was indeterminate. This
represents a prevalence of HI and ototoxicity at 11% and 7%,
respectively. There were no differences between children who
received gentamicin at baseline and those who received to-
bramycin (Table 1). Next, we studied the incidence of HI over
the study period. Excluding baseline hearing tests, HI was
observed on four occasions at the next outpatient visit and two
occasions at the 1‐year follow‐up. This represents incidences of
HI and ototoxicity of 12.5% and 6%, respectively, over a period
of 1 year. There was no difference in HI or ototoxicity between
those who received gentamicin and those given tobramycin
(χ2 p= 0.326 and p= 0.688, respectively).

Furthermore, we assessed if there was an association between HI
and cumulative IV AG exposure. Regarding cumulative IV AG
exposure two‐thirds had previous exposure (64%) and one‐third
was AG naive (36%). In the children with previous exposure, the
median number of IV AG courses was three, IQR one to six
courses (range 1−11 courses). If IV AG exposure was examined
using a categorical variable, the majority of children (61%) had
one to four courses, followed by five to nine courses (33%) and
only a one child (6%) had ≥ 10 courses. Data for IV AG exposure
were skewed; therefore, non‐parametric analysis was performed
using Spearman's rank correlation for all exposure variables.
There was no association between HI and IV AG exposure for all
variables representing IV AG exposure, as shown in Table 4.

The same result was observed when specifically examining
ototoxicity and cumulative IV AG exposure. The values of rho
observed were all within the range of 0−0.2; this indicating very
low correlation. These results indicate no linear relationship
between HI or ototoxicity and cumulative IV AG exposure.

Several children were exposed to oral macrolide antibiotics
(azithromycin, clarithromycin, and erythromycin) in the
12 months preceding admission and recruitment into the study.
None of these children had HI on any occasion. None of the
patients receiving azithromycin had HI. The hearing of children
with CF was not compared to that of healthy controls.

4 | Discussion

In this study, we assessed the incidence of HI and ototoxicity in
28 pediatric patients with CF after acute exposure to IV AGs.
The RCH Pediatric Audiology Department criteria were used to
identify HI. The classification of pediatric HI varies across
publications. The American Academy of Pediatics and the
American Speech‐Language‐Hearing Association adopt com-
parable classifications. The RCH criteria are more rigorous than
limits applied in most of the published literature and therefore,
may underestimate the incidence and prevalence of HI and
subsequently, ototoxicity.

Unique to this study was the investigation of the characteristics
of HI observed and tympanometry results. This was done to
ascertain whether the impairment observed was suggestive of
ototoxicity, as opposed to conductive HI caused by fluid accu-
mulation (e.g., as in a middle ear infection which is common in
children). Previous studies have not separated HI and ototoxicity
and thus, may incorrectly assume that all HI is ototoxicity.

The prevalence of HI at baseline was lower at 11% than that
recently reported in a study in children with CF at 31.8%,
although the cohort was comparatively younger and the clas-
sification of HI that we employed was more conservative [22]. It
was, however, higher than the rate reported by CF data regis-
tries in children with CF of 0.9−1.1% [23, 24]. It is possible with
increasing age that the likelihood of increased IV AG exposure,
rates of HI are higher. Additionally, doses of AGs used in CF are
higher than the general population and consequently rates of
HI reported in product literature likely underreport HI in CF.

The incidence of HI reported represents the number of new cases
of HI observed over the study period of approximately 1 year.
During this time, three tests were performed: at baseline, at
approximately four to 6 weeks after study admission for IV AG
and at approximately 1‐year post‐admission. The only other
study to examine hearing in children with CF longitudinally was

TABLE 4 | IV AG exposure non‐parametric data Spearman's rank correlation was used.

Characteristic Mean SD Min/max

28

Lifetime AG exposure (mg) 3300 3816 0 to 11,317

Lifetime AG exposure (mg/kg) 256 279 0 to 848

Lifetime AG exposure (days) 29 33 0 to 108

Lifetime gentamicin exposure (days) 22 31 0 to 108

Lifetime tobramycin exposure (days) 7 11 0 to 41

Lifetime amikacin exposure (days) 0.4 2 0 to 11

Lifetime IV AG courses (#) 4 4.6 0 to 15
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TOPIC ‐once versus three‐times daily regimens of tobramycin
treatment for pulmonary exacerbations of cystic fibrosis‐ trial
[25]. The time profile of AG‐induced ototoxicity and the optimal
time for detection of HI, specifically ototoxicity, is unknown. It is
possible that testing at these time points may have missed acute
transient changes in hearing or, conversely, long‐term cumula-
tive toxicity and impairment that arises beyond 1 year.

Based on previous studies we hypothesized there would be a
positive association between exposure (cumulative IV AG's,
with a potential additive effect of oral azithromycin use) and
ototoxicity. Hence, the lack of correlation between HI and
cumulative IV AG exposure was surprising. One reason may be
that our study population was younger than most previously
studied and therefore had less IV AG exposure. Indeed, only
one child had exposure to ≥ 10 courses of IV AGs. The study
cohort was however, not without IV AG exposure with two‐
thirds having previous exposure.

The finding of HI in young children with CF, including in those
with minimal IV AG exposure, has implications for CF services
to proactively screen for auditory impairment. Undetected, HI
may compromise learning outcomes and given the age of chil-
dren studied, this is not insignificant during the acquisition and
development of language skills.

Research into AG‐induced ototoxicity has shifted in the last
decade to focus on screening for mutations that may predispose
patients to ototoxicity. Current work also concerns the use of
concomitant otoprotectants to reduce the risk and rate of
otoxicity, including aspirin, N‐acetylcysteine and D‐methionine
[26–30] and developing less ototoxic AG antibiotics. This may
change the incidence and prevalence of AG‐induced ototoxicity
in the future.

4.1 | Limitations

These finding may be somewhat limited by the low number of
participants. Although interestingly these children still had sig-
nificant IV AG exposure despite their young age. There is the
possibility that there may be an association between cumulative
drugs doses and ototoxicity, but that it is not a linear relationship
and therefore could not be detected with the statistical testing
applied in this study. Furthermore, we only collected data on IV
AG exposure before the first hearing test, and not subsequently.

It is important to bear in mind there is potential bias as the type
of testing performed was not uniform. This was due to the
variability in age of our cohort (0−6 years) and the fact that
audiological testing is guided by age and the child's develop-
mental stage. Secondly, the limit of testing (frequency) must be
considered in the interpretation of the outcome of HI. Most of
the testing was performed up to 8000 Hz (n= 40, 53%), followed
by testing performed to 12,500 Hz (n= 34, 45%), with extended
high frequency testing above 8000 Hz preferred for the detec-
tion of ototoxicity. Testing was not always performed to
12,500 Hz on account of the equipment that was available at the
time of the audiology appointment, therefore HI may have been
overlooked in these patients. On two occasions (3%) for an
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infant, testing was performed to a frequency of 4000 Hz as
owing to the child's age, PTA testing to 8000 or 12,500 Hz was
not possible. Categories were used to classify the severity of HI
as opposed to calculating changes in individual thresholds.

Furthermore, we did not test for the presence of a variation in
MT‐RNR1 which has been reported to make the individual
more susceptible to AG‐induced ototoxicity [31–33].

There is debate as to what is considered the threshold of EHFs.
We considered above 8000Hz EHF and used the local RCH
criteria for defining HI, as we were reliant on the clinical service
performing audiometry. On nine occasions, HI was not detected
at 8000Hz, yet when tested at 12,500Hz, there was HI (Table 5).

4.2 | Recommendations

Concerning the findings of this study and the current evidence
base, baseline audiometric assessment of all persons with CF is
recommended before first IV AG exposure [34]. Testing using
EHFs up to, or beyond, 12,500Hz is advocated, as 8000Hz may
fail to detect AG‐induced ototoxicity. Future studies should
prospectively measure hearing at baseline and changes with
ongoing IV AG exposure. There is no well‐established threshold
of IV aminoglycoside exposure in pediatric or adult patients that
reliably predicts the risk of ototoxicity. In fact, in adult CF pa-
tients, one course of IV tobramycin was sufficient to cause
HI and other ototoxic symptoms 4 weeks after treatment ended
[35, 36]. Dong et al. showed that their advanced pharmacokinetic
modeling is able to provide an informed analysis predicting
ototoxicity risk in patients with CF treated with tobramycin [6].
Hence, as most adult patients with CF are frequently exposed to
intravenous AG, resulting in HI at a rate significantly higher than
what would be expected from aging alone [37].

4.3 | Clinical Applications

Early detection may lead the clinician to consider alternative
treatment to prevent ongoing HI. For example, choosing neb-
ulized antibiotics rather than IV, which have a greater surface
area deposition in lungs, lower systemic absorption, and lower
incidence of adverse effects like ototoxicity. The therapeutic
potential for ameliorating HI with concomitant use of otopro-
tectants such as N‐acetyl cysteine, D‐methionine or glutathione
may offer future benefits, but both the patient population who
would benefit most and the clinical efficacy of these regimens
are currently ill‐defined and more work needs to be done to
ensure lack of interference between the otoprotectant with the
AGs' antibacterial activity.

4.4 | Conclusion

The prevalence of HI and ototoxicity were 11% and 7%,
respectively. Over a period of 1 year, the incidence of HI was
12.5% and that of ototoxicity was 6%. No correlation was found
between IV AG exposure and HI or ototoxicity. Testing to
12,500 Hz increased sensitivity for detection of ototoxicity and

as such testing in the higher ranges should be considered for
use in screening, monitoring and future research.

In defining a protocol for assessment of ototoxicity in children
with CF, the purpose of the assessment should be considered
(e.g., screening or monitoring) with regard to the target popula-
tion (e.g., age group, exposure status, current treatments). There
should be a system for referral with selection of appropriate
audiometric tests for AG‐induced ototoxicity and developmental
age and stage. This should consider the schedule or frequency of
testing in relation to IV AG exposure and the definition of a
significant change in hearing. A clear communication pathway
for sharing audiometric test results and discussing the frequency
of follow‐up in relation to the patient's antibiotic regimen should
be established. Multi‐disciplinary approaches such as advocated
by the CF Foundation provide recommendations to navigate
decisions related to otolaryngology consultation [38].
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