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ABSTRACT

Background: Congenital hearing loss (CHL) affects approximately 1-2 in 1000 children and significantly impacts development.
Exposure to medications during pregnancy may impact offspring hearing; however, the ototoxic effects of different drugs have
not been systematically investigated.

Methods: This systematic review and meta-analysis was conducted following PRISM A guidelines and analysed 21 experimental
and observational studies examining 60 drugs across various categories.

Findings: Magnesium sulphate and systemic steroids, alone or in combination, showed potential protective effects towards
CHL. Specific antibiotics (e.g., gentamicin and metronidazole) and non-steroidal anti-inflammatory drugs were associated with
an increased risk of CHL. Modest evidence indicated that low-dose acetylsalicylic acid increased risk, whereas higher doses
did not. Other drugs, such as anti-neoplastic agents and valproic acid, showed weaker associations with CHL. Most studies had
methodological limitations.

Conclusion: Our findings highlight the urgent need for robust research to minimise preventable hearing loss in children.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). Basic & Clinical Pharmacology & Toxicology published by John Wiley & Sons Ltd on behalf of Nordic Association for the Publication of BCPT
(former Nordic Pharmacological Society).

Basic & Clinical Pharmacology & Toxicology, 2025; 137:¢70090 1 of 34
https://doi.org/10.1111/bcpt.70090


https://doi.org/10.1111/bcpt.70090
https://doi.org/10.1111/bcpt.70090
mailto:
https://orcid.org/0000-0001-7748-5542
mailto:ask@clin.au.dk
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbcpt.70090&domain=pdf&date_stamp=2025-08-25

Summary

Hearing loss present at birth or in early childhood can sig-
nificantly affect a child's development. Some medications
taken during pregnancy may potentially influence the risk
of hearing loss in infants, but this has not been thoroughly
studied. We reviewed 21 studies investigating 60 different
drugs to gain a better understanding of their effects. We
found that certain medications, such as magnesium sul-
phate and steroids, might offer protection against hearing
loss. Conversely, others, including some antibiotics and
anti-inflammatory drugs such as acetylsalicylic acid, may
increase the risk. Our findings underscore the need for fur-
ther research to inform safer medication use during preg-
nancy and reduce preventable hearing loss in children.

1 | Introduction

Congenital hearing loss (CHL) affects 1-2 in 1000 children
worldwide [1, 2] and negatively affects language development,
academic performance and social and emotional well-being
[3]. Several recognised risk factors for CHL in children include
hereditary HL, in utero infection with cytomegalovirus (CMV)
and prolonged neonatal intensive care [4]. However, the aetiol-
ogy remains unknown for 25%-40% of affected children [3, 5-7].

The development of the inner ear begins around the fourth ges-
tational week. By the sixth gestational week, formation of the
cochlear duct commences; the bony labyrinth is ossified by
the 23rd week and fetal hearing commences by approximately
27weeks gestation. The inner ear, however, remains vulnerable
to external stimuli throughout pregnancy and postnatally until
the age of 4years, as several structures of the inner ear, such as
hair cells and neurons, continue development [8, 9].

Pregnancy exposure to drugs may contribute to CHL. In adults,
several classes of drugs can potentially damage or impair the
function of the inner ear, including some classes of antibiotics,
loop diuretics, salicylates and antimalarial drugs [10-13]. For
example, aminoglycosides are known to generate reactive ox-
ygen species (ROS), leading to apoptosis in cochlear hair cells
[14]. Salicylates impact outer hair cell electromotility and co-
chlear blood flow, causing reversible hearing changes [15, 16].
Loop diuretics impair endolymph production by disrupting ion
transport in the stria vascularis of the cochlear duct, leading to
a collapse of the endocochlear potential and causing transient,
reversible hearing loss [17]. Finally, some antineoplastic agents
accumulate in cochlear structures, leading to excessive ROS pro-
duction and DNA damage in cochlear cells [18]. As most drugs
cross the placental barrier [4], specific drugs may affect the de-
velopment of the fetal inner ear, resulting in CHL. Importantly,
the majority of pregnant women are exposed to medications
during pregnancy; in 2018, 63.3% of pregnant Danish women
redeemed at least one prescription during pregnancy [19] and
worldwide prescription drug use during pregnancy ranged from
27% to 93% [20].

There has been no systematic data reviewing the relationship
between pregnancy drug exposure and CHL. This knowledge

is crucial to reduce preventable causes of HL, allow for early
diagnostics and optimise treatment should exposure occur. We
aimed to systematically review the literature on the potential as-
sociation between maternal drug exposure and CHL in children.

2 | Methods

This systematic review was conducted according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [21, 22] and registered at the
International Prospective Register of Systematic Reviews
(PROSPERO) on 14 February 2023 (registration number
CRD42023399514).

2.1 | Eligibility Criteria
2.11 | Study Designs

Randomised controlled trials (RCTs), cohort studies and case-
control studies were included. Reviews, systematic reviews,
meta-analyses, editorials, case reports, case series, cross-
sectional studies, descriptive studies, poster presentations and
conference abstracts were excluded due to risk of bias, inability
to establish causality and insufficient data.

2.1.2 | Participants

Studies on pregnant women of all ages were included. Animal
studies were excluded.

2.1.3 | Intervention

Studies on the use of all prescribed and over-the-counter drugs,
regardless of trimester and indication, were included, as were
findings on combinations of drugs. Studies of all recreational
drugs, alcohol, caffeine, vitamins/supplements or complemen-
tary medicine were excluded.

2.1.4 | Outcome

Studies reporting on sensorineural CHL in children as their
primary or secondary outcome were included, defined as mild,
moderate and severe hearing impairment diagnosed in early
childhood due to damage to inner ear structures or central audi-
tory pathways. Studies on hearing loss of all degrees of severity
were included. Studies on children with congenital infections or
genetically induced hearing loss were excluded.

2.1.5 | Imprecise Reporting

Studies where intrauterine and postnatal drug exposure in chil-
dren were reported as combined exposures rather than individu-
ally were excluded. Studies reporting hearing loss in conjunction
with other outcomes, such as neurodevelopmental outcomes,
were also excluded.
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2.1.6 | Language

As the first author is proficient in English, Danish, Swedish,
Norwegian and Turkish, studies published in these languages
were evaluated.

2.1.7 | Full-Text Articles

If only an abstract were available, the study was excluded.

2.2 | Information Sources

PROSPERO and Cochrane Database of Systematic Reviews
(CDSR) were searched to identify ongoing or recently completed
systematic reviews. The systematic literature search was con-
ducted following the PRISMA guidelines [21, 22].

A database search was conducted on Embase, PubMed and Web
of Science on 25 January 2023. A second search was conducted
on the same databases on 5 September 2024. The search string
used in PubMed is shown in Appendix A. A flow diagram of the
search and screening process is shown in Figure 1.

2.3 | Search Strategy

The specific search strategies were created with assistance from
a Health Sciences Librarian with expertise in systematic review
searching, with input from the project team. No lower limit for
publication dates was applied. Literature search strategies were
developed using the medical subject headings (MeSH) and text
words related to the subject. The search strings were performed

[ Identification of studies via databases and registers J

)
5! Records removed before
§ Records identified from screening (n = 1,089)
databases (n = 2,368) > Duplicate identified manually
g Records identified by cross- (n=23)
5 reference (n = 2) Duplicates identified by
- Covidence (n = 1,066)
| N
_ :
Records screened »| Records excluded
(n=1,282) (n=1,195)
Reports sought for retrieval »| Reports not retrieved
] (n=287) (n=0)
3 v
Reports assessed for eligibility N
(n=87) "| Reports excluded (n = 66):
Wrong study design (n = 39)
Other eligibility criteria (n =
27)
—
A
—
3 - N
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3
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FIGURE1 | Flow diagram of the systematic review process.

following the PICO strategy [23], using pregnancy (patient),
drug exposure (intervention) and HL in children (outcome).
Three major medical electronic databases were used: PubMed,
Embase and Web of Science. To ensure literature saturation, the
reference lists of included studies were scanned. See Appendix
A for the search string used in PubMed.

2.4 | Search Results

Search results were imported to the reference program
EndNote 20 (Clarivate, London, UK), where duplicates were
deleted automatically. The literature was then imported into
the online program Covidence (Melbourne, Australia) to
check for missed duplicates and to support the screening and
selection process.

Two reviewers (A.S.K. and M.@.T.) independently screened all
titles and abstracts using Covidence. The study was excluded
if the title and abstract failed to fulfil the predefined eligibility
criteria. If the title and abstract met the predefined eligibility
criteria, or if eligibility was uncertain, the article was included
for full-text screening. Disagreement between the reviewers was
resolved through discussion. Reviewers were not blinded to the
journal titles, authors, or institutions. Microsoft Excel was used
as the primary data management tool.

2.5 | Data Items

Study characteristics (author, publication year, study design,
study size, year of conduct, country or continent), patient char-
acteristics (maternal diseases, trimester of exposure and ex-
clusion/matching/adjusting criteria/randomisation method),
exposure characteristics (type of drug, dose of drug, number
of exposed and non-exposed pregnant people), outcome char-
acteristics (gestational age at birth, weight at birth, number
of children with and without hearing loss), hearing loss char-
acteristics (type of hearing loss, method of diagnosis and age
at diagnosis) were extracted by the first author. Data from all
included studies reporting effect estimates (odds ratios (OR),
risk ratios (RR) or mean differences) for the outcome CHL
was extracted, along with corresponding confidence intervals.
Studies where OR were either directly reported or where suffi-
cient information (number of participants in each group) was
provided to allow us to calculate OR were used to conduct a
meta-analysis.

2.6 | Data Synthesis

We present a quantitative analysis using forest plots where
sufficient data were available in the included studies, comple-
mented by a narrative of key findings of the included studies
in text and tables. We prioritised using the adjusted estimates
when they were presented in the studies; if not, we utilised
raw estimates. If none were provided but there was sufficient
data about exposed and non-exposed, we calculated the esti-
mates ourselves. We employed a random-effects model to ac-
count for heterogeneity and calculated pooled effect sizes with
95% confidence intervals.
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2.7 | Quality Assessment and Risk of Bias

The methodological quality and the risk of bias within the
included studies were assessed by the first author using the
Newecastle-Ottawa Scale (NOS) [24] for non-randomised trials
and the Cochrane risk-of-bias (ROB2, August 2019 version) [25]
for randomised trials. The NOS includes three categories of cri-
teria, giving a total maximum score of 9 points to each study.
The ROB2 includes five domains used to grade the risk of bias
in the studies, where studies are either graded ‘high risk’, ‘some
concerns’ or ‘low risk’.

The quality of evidence for all outcomes was assessed by the
first author using The Oxford Centre for Evidence-Based
Medicine 2011 (OCEBM) Levels of Evidence [26], where each
study is given a score from 1 to 5, with 1 being the highest
level of evidence (systematic review or [RCTs]) and 5 being
the lowest level of evidence (expert opinion without critical
appraisal).

The quality assessment scores were used to contextualise the
strength of individual studies; but did not influence inclusion or
weighting in meta-analyses. Sensitivity analyses by study qual-
ity were not conducted.

3 | Results

A search on PROSPERO did not identify any relevant systematic
reviews.

3.1 | Study Selection

A total of 1414 publications were identified through the data-
bases Embase (n=2856), PubMed (n=408) and Web of Science
(n=160). We removed 132 duplicates using Endnote and
Covidence, leaving 1282 publications for the initial screening
of titles and abstracts. Furthermore, 1195 publications were ex-
cluded as they were deemed irrelevant to the specific focus of
this systematic review, leaving 85 studies for full-text screening.
We excluded 66 studies due to eligibility criteria; 39 studies due
to study design, nine due to participant group, eight studies due
to wrong outcome, six studies were imprecise and four did not
meet language criteria. A list of excluded but possibly relevant
case reports and case series found through the screening process
or screening of references is provided in Appendix B. A list of
excluded but possibly relevant studies in other languages found
through the screening process or screening of references is pro-
vided in Appendix C. We included two studies through cross-
reference. A total of 21 studies were included in this systematic
review and meta-analysis.

3.2 | Study Characteristics

We included four RCTs, 12 cohort studies [27-37] and five case-
control studies [38-42] (Table 1). Four studies were conducted
in Asia, three in South America, three at multiple centres world-
wide, three in Europe, three in North America, two in Australia/
New Zealand and one in Africa.

There were four publications from the 2000s, eight from the
2010s and four from the 2020s.

The 21 studies examined a total of 60 drugs from 13 different
categories: corticosteroids alone [32, 33, 36, 41-45], magnesium
sulphate alone or in combination with corticosteroids [32, 33,40-
42, 47], antibiotics [28, 33, 39-41], antimalarials [27, 34, 35, 39],
non-steroidal anti-inflammatory drugs (NSAIDs) [39, 46], an-
tiretrovirals [29], antineoplastic drugs [30], neurological drugs
[39], diuretics [39], topical agents [39], attention deficit hyperac-
tivity disorder (ADHD) medication [37], drugs not specified [38].

Twelve [27-36, 38, 42] of 21 (57%) studies reported the assessment
method used to diagnose hearing loss. The methods included
otoacoustic emissions (OAE), transient evoked otoacoustic emis-
sions (TEAOE/TOAE), auditory brainstem response (ABR), au-
tomated auditory brainstem response (AABR/A-BAEP) and pure
tone audiometry (Table 2). In fifteen [27, 30, 32-37, 39, 42-47] of
21 (71%) studies, drug intake was the primary exposure (Table 3).

The age at hearing loss diagnosis was provided in 18 studies [27,
29-34, 36, 38-41, 43-47] and ranged from a non-specified age
(‘newborn’) to 11years of age.

3.3 | Summary of Effect Estimates

An OR or adjusted OR estimate together with 95% confidence in-
tervals was reported for 37 drugs or drug combinations (adjusted
factors are presented in Table 2). Additionally, the OR for 16
drugs in 10 studies [27, 28, 30, 34, 35, 37-39, 43, 46| could be cal-
culated using the reported numbers of exposed and non-exposed
cases and controls. A RR estimate together with 95% confidence
intervals was reported in two publications for two drug or drug
combinations. Results for all studies are summarised in Table 1.
Whenever ORs were reported or calculated, they were used to per-
form a meta-analysis, which was visually displayed using forest
plots using the software package R and a random-effects model.

3.4 | Drug-Specific Meta-Analyses

3.4.1 | Studies on Magnesium Sulphate and/
or Systemic Steroids

The overall effect estimate of the meta-analysis on magnesium
sulphate with or without steroids was OR 0.65 (95% CI: 0.42-1.00)
in favour of magnesium sulphate or magnesium sulphate in com-
bination with steroids [32, 33, 41, 42, 47] (Figure 2). The overall
effect estimate of the meta-analysis on betamethasone and sys-
temic corticosteroids given alone was OR 0.86 (95% CI: 0.69-1.08)
in favour of systemic corticosteroids [32, 33, 36, 39, 41, 43, 44]
(Figure 3). One study found an adjusted OR of 1.16 (95% CI:
0.62-2.16) for dexamethasone compared to betamethasone [45].

3.4.2 | Studies on Acetylic Salicylic Acid
and Other NSAIDs

We identified only two studies on NSAIDs including acetylsali-
cylic acid (ASA). Foch et al. [39] first studied the association for
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Was drug
exposure the

(o}

= 0,

9)
/ROB2

N
(min
max

CEBM
levels of
evidence
(max

(Continued)

TABLE 3

primarily
investigated

1,
5)

exposure

scaling

min=

Limitations presented by the study authors Other shortcomings of the study

Author

Yes

Low risk

« Age of diagnosis was 2years or before,

Data not collected on the use of postnatal corticosteroids and

Crowther et al. 2019 [45]

which may be too early to diagnose all with

HL.

might have differed in the exposed vs. non-exposed group.

Yes

High risk

2

« Age of diagnosis was 18 months, which
may be too early to diagnose all with HL.

Use of several different assessment tools, some
neurodevelopmental assesments not complete, not all childrenf

The MAGPIE Follow Up

Trial. 2006 [47]

« Lost-to-follow up was predominantly in

developing countries.

from the primary study included in this follow-up study
(those included were usually more low risk. Those excluded

« Only one exposed was deaf.

usually from families in countries with high PNM).

Abbreviations: ABR: auditory brainstem response, ADHD: attention deficit hyperactivity disorder, AABR: automated auditory brainstem response, A-BAEP: automated brainstem auditory evoked potential, PNM: perinatal

mortality CEBM: Centre for Evidence-Based Medicine, CMV: cytomegalovirus, GA: gestational age, HL: hearing loss, HIV: human immunodeficiency virus, ICD: international classification of diseases, NDS: Newcastle-Ottawa

Scale, NICU: neonatal intensive care unit, OAE: otoacoustic emission, RoB2: Risk of Bias 2, TEOAE: transient evoked otoacoustic emission.

antithrombotics as a group and found an overall OR of 1.42 (95%
CI: 1.02-1.99). In a subgroup analysis, they found an OR of 1.53
(95% CI: 1.12-2.11) for a daily dosage of ASA<300mg and an
OR 0f 1.00 (95% CI: 0.81-1.12) for a daily dosage of ASA >300mg
and other NSAIDs. An OR of 1.32 (95% CI: 0.27-6.49) for in-
domethacin was calculated using the numbers reported in
the study of Soraisham et al. [46]; a meta-analysis of ASA and
NSAIDs at all doses yields an overall point estimate of OR 1.21
(95% CI: 0.87-1.68) (Figure 4).

3.4.3 | Studies on Antibiotics

Six studies investigated the relationship between antenatally
administered antibiotics and CHL in children. A number of an-
tibiotics in pregnancy indicated a possible association with HL.
A meta-analysis of all antibiotics together yielded an overall
point estimate of OR 1.23 (95% CI: 0.97-1.57) 28, 31, 33, 39-41]
(Figure 5).

3.4.4 | Studies on Other Drugs

An odds ratio was reported or could be calculated for a num-
ber of other classes of drugs investigated in seven studies
[27, 29, 30, 34, 35, 37-39] (Figure 6). Additionally, one study in-
vestigated the effect of antiretroviral therapy combinations and
found an RR of 0.13 (95% CI: 0.05-0.32) [29].

4 | Discussion

This systematic review and meta-analysis identified 21 studies
on antenatal drugs and CHL. The studies were heterogeneous
in terms of study design and exposure. Given the observational
design of most studies, causal relationships cannot be inferred
due to the inherent risk of confounding, selection bias and lack
of randomisation. Therefore, any observed association should be
interpreted cautiously.

4.1 | Classes of Drugs Considered

Key drugs investigated were magnesium sulphate, systemic
steroids, ASA and other NSAIDs and antibiotics. Magnesium
sulphate and systemic steroids, either alone or in combination,
showed potential protective effects. There was modest evi-
dence of an increase in the risk when ASA was given at lower
doses but not at higher doses. Several antibiotics, including
gentamicin and metronidazole, showed some evidence of an
increased risk. Several other drugs showed weaker evidence
of an association with CHL, including anti-neoplastic agents
and valproic acid.

4.2 | Corticosteroids

Antenatally administered systemic corticosteroids in infants
subsequently born preterm are associated with reductions in ce-
rebral palsy, lower risk of neurodevelopmental impairment and
lower incidence of bronchopulmonary dysplasia, possibly due to

]
5
o

=
w
S

Basic & Clinical Pharmacology & Toxicology, 2025

85U8017 SUOWIWIOD BA1E81D) 8|qeotidde ay) Aq peusnob ae el VO '8sn J0 S9Nl Joj Akelq18UIIUQ AB]1M UO (SUONIPUOO-PUE-SWUISIW0 A8 |1 ARe.dl U1 |Uo//StY) SUORIPUOD pue SIS | 81 88S *[G202/TT/L2] U0 Akeidi8uljuo A8|IM ‘[10unoD yosessey D18 PUY UIESH [euotieN Aq 0600 1do0/TTTT OT/I0p/W0 A8 i Akeiq pul|uo//sdiy wouy pepeojumoq ‘s ‘520z ‘ev8Lzr.T



Odds ratios for antenatal magnesium sulphate (+/- steroids) and risk of congenital hearing loss

Drugs OR 95% CI
Magnesium sulphate (28) 0.38 =—q 0.20-0.74
Magnesium sulphate (41) 2.02 I 0.20-20.72
Magnesium sulphate (36) 1.01 - 0.90-1.14
’:nadg;:ts:r;n;til::::;eif needed (27) 023 Fe—— 0.05-1.19
’:nac? E:f;::;t?:z::;e(zs) 0-31 = 0.16-0.60
':nadg 2:::;:;2:?:(37) Qi —e— 0.61-1.57
i 079 = 067093
Overal 0.65 — 0.42-1.00

I T T 1

0 1 2 3

OR with 95% CI

FIGURE2 | Forest plot of odds ratios for magnesium sulphate alone or in combination with systemic steroids and congenital hearing loss. Studies
included in the forest plots reported either an OR or an adjusted OR and 95% confidence intervals, or these could be calculated using reported raw
numbers. Numbers in parentheses correspond to individual study identifiers. OR: odds ratio. CI: confidence interval. NI: no information.

Odds ratios for antenatal steroids and risk of congenital hearing loss

Drugs OR 95% ClI
Betamethasone (28) 0.41 —— 0.20-0.86
Betamethasone (27) 1.59 F 0.39-6.43
Betamethasone (40) 0.77 t 0.19-3.06
Betamethasone (39) 1.80 t 0.71-4.56
Betamethasone 083 S 0.50-1.40
or dexamethasone (31)
Corticosteroids (34) 0.75 = 0.61-0.93
Steroids (36) 0.99 = 0.90-1.09
Overall 0.86 ——— 0.69-1.08
] T T 1
0 1 2 3

OR with 95% CI

FIGURE 3 | Forest plot for systemic steroids where an OR or an adjusted OR and 95% confidence intervals were reported or could be calculated
using reported raw numbers. Numbers in parentheses correspond to individual study identifiers. OR: odds ratio. CI: confidence interval.

improved respiratory function and lower rates of intraventric- inflammation caused by chorioamnionitis [51] and by improv-
ular haemorrhage [48-50]. Antenatal corticosteroids may di- ing blood circulation to inner ear cells and brain areas regulat-
rectly protect against congenital sensorineural CHL by reducing ing hearing. However, antenatal administration of antenatal
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Odds ratios for antenatal acetylsalicylic acid and risk of congenital hearing loss

Drugs OR 95% CI
Acetylsalicylic acid < 300 mg (34) 1.53 —a— 1.12-2.11
Acetylsalicylic acid > 300 mg
1.00 0.81-1.12

and other NSAIDs (34) =
Indomethacin (42) 1.32 L+ 0.27-6.54
Overall 1.21 —— 0.83-1.76

I T T 1

0 1 2 3

OR with 95% CI

FIGURE4 | Forest plot for acetylsalicylic acid and other NSAIDs where an OR or an adjusted OR and 95% confidence intervals were either report-
ed or could be calculated using reported numbers. Numbers in parentheses correspond to individual study identifiers. OR: odds ratio. CI: confidence

interval.

steroids to women who subsequently deliver at term has been
associated with mental and behavioural disorders in children in
the long term [52].

4.3 | Magnesium Sulphate

Magnesium sulphate, often given with corticosteroids, is used
as a neuroprotectant for pregnancies at risk of preterm delivery
[53]. Studies on magnesium sulphate primarily focus on mor-
tality and cerebral palsy [54], but magnesium alone has been
shown to reduce hearing damage caused by acoustic trauma
in guinea pigs [55-57]. We speculate that the potential mecha-
nism could be due to its ability to preserve inner hair cells and
cochlear function and protect these areas from damage related
to prematurity. Another possible mechanism is that magnesium
lowers the risk of complications of prematurity and therefore
protects against the development of HL in the newborn.

4.4 | Acetylsalicylic Acid

Our systematic review found that low doses (ASA <300mg/
day), but not high doses (>300mg/day) of ASA were associated
with hearing loss, based on the study by Foch et al. [39]. This is
in contrast with evidence from adults, where high doses of sa-
licylates, commonly used as an analgesic, can induce reversible
hearing loss [12, 58] through vasoconstriction and ischaemic
damage [59]. We hypothesise that this discrepancy may be due
to the timing and duration of the exposure, rather than the daily
dosage itself. High doses of ASA are typically discontinued in
the third trimester due to an increased risk of premature ductal
closure [60, 61], whereas low doses are typically administered
from before the 16th gestational week and throughout the preg-
nancy to women at risk of preeclampsia. The extended exposure

and possibly higher cumulative doses during critical develop-
mental periods could influence fetal physiology, contributing to
the higher risk of CHL.

4.5 | Antibiotics

Several antibiotics have well-documented ototoxic effects in
children and adults [58, 62]. Aminoglycosides are toxic to inner
hair cells of the cochlea, the stria vascularis, marginal cells and
spiral ganglion neurons and damage to these structures may
contribute to hearing loss [58]. This is in accordance with our
findings, which provide some evidence for an association be-
tween specific antibiotics, including gentamicin and metronida-
zole and CHL.

4.6 | Antimalarials

Evidence linking antimalarial drug usage in utero to CHL is
limited. A systematic review concluded that it might be the
case for not all but for some antimalarials, through loss of
outer cochlear hair cells and damage of the neural cells in the
cochlea [63]. This could explain the varied results, underlin-
ing the necessity of examining these drugs separately rather
than as a group.

4.7 | Antineoplastic Agents

Previous studies have found an association between treatment
with platinum analogues for cancer in children and adults that
increases the risk of hearing loss [64, 65] through oxidative stress,
DNA damage and apoptosis in cochlear cells [66, 67]. A similar
mechanism could affect the foetus when exposed antenatally.
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Odds ratios for antenatal antibiotics and risk of congenital hearing loss

Drugs OR 95% CI
Amoxicillin & clavulanate (28) 0.66 t 0.15-5.40
Ampicillin (28) 0.63 ——— 0.33-1.19
Ampicillin & sulbactam* (28) 2.30 ' 1 1.08-4.00
Azithromycin (28) 0.92 ' 0.10-7.60
Clindamycin (28) 0.99 — 0.36-2.74
Erythromycin (34) 1.1 —— 0.81-1.52
:rl::at::::igt]l::in/toxicortol (34) b8 : ! h82:4,89
Gentamicin (34) 3.22 0.43-24.28
Gentamicin (36) 1.80 { 0.68-4.48
Gentamicin and furosemide (35)  0.97 = 0.89-1.06
Gentamicin and furosemide (34)  1.01 L] 0.96-1.07
Metronidazole (34) 1.77 0.60-5.10
Other antibiotics** (34) 1.05 P 0.50-2.20
Other antibiotics*** (23) 25.75 > 2.98-240.80
Ototoxic drugs**** (26) 0.91 ' ! 0.20-4.16
Overall 1.24 0.97-1.58

| T T T T 1

0 1 2 3 4 5

OR with 95% CI

FIGURE 5 | Forest plot for antibiotics where an OR or an adjusted OR and 95% confidence intervals were either reported or could be calculated

using reported numbers. Numbers in parentheses correspond to individual study identifiers. *Reporting that it was no longer significant when ad-
justed for GA, but without reporting adjusted OR or CIs. **Sulfamethoxazole and trimethoprim, cefotetan, ceftriaxone, cephalexin, cefazolin. ***The
authors reported that in this group aminoglycosides (especially amikacin) were the most common. ****Furosemide, dexamethasone, vancomycin,

gentamicin, tobramycin. OR: odds ratio. CI: confidence interval.

4.8 | Valproic Acid

Valproic acid is teratogenic through possible mechanisms, such
as oxidative stress, folate antagonism and histone deacetyl-
ase inhibition [68, 69]. However, there is a lack of evidence of
its effect on the development of the inner ear and hearing. We
identified only one study [39] investigating this association, sug-
gesting strong evidence of increased risk of CHL following preg-
nancy exposure to valproic acid.

4.9 | Dihydroergocryptine

Dopamine receptors expressed in the cochlea indicate they
have a role in auditory function; however, evidence on how
they affect hearing development is unclear [70]. This could
explain why antenatal exposure to dihydroergocryptine could
alter hearing.

4.10 | Antiretroviral Therapy

For highly active antiretroviral therapy in HIV/AIDS treatment,
the study by Fasunla et al. [29] found a strong protective effect
(RR=0.13, 95% CI: 0.05-0.32). We speculate that this is due to
a direct therapeutic effect on HIV/AIDS, limiting the negative
impact of the disease on the development of the fetal ear.

5 | Limitations of the Evidence Included in This
Review

5.1 | Study Design

The studies in this systematic review were highly heteroge-
neous in terms of study size, study design and methods of anal-
ysis, making it difficult to systematically compare the studies
across all parameters. For some of the exposures, the combined
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Odds ratios for antenatal drugs and risk of congenital hearing loss

Antenatal Drugs OR
Cisplatin (25) 24.75
Oxaliplatin (25) 2.31
Carboplatin (25) 8.25
Chloroquine diphosphate (25) 1.1
Quinine (34) 3.76
Antimalarial drugs* (29) 0.35
Antimalarial drugs** (30) 5.98
Valproic acid/valpromide (34) 5.20

Cream of glycerol, paraffin and vaseline (34)  1.28

ADHD medication*** (32) 1.29
Furosemide (34) 1.18
Ototoxic drugs (not specified) (33) 1.66
Overall OR

95% CI

> 6.24-98.15

0.13-41.90

' 1.05-64.85

0.02-61.49

' 0.49-28.60

i 0.02-5.84

I 0.96-37.00

' 1.93-14.00

e 1.00-1.64

= 0.92-1.81

0.16-8.60

= 1.12-2.47

95% CI

T T T T T T T 1

1 2 3 4 5 6 7 8
OR with 95% Cl

FIGURE 6 | Forest plot of other drugs or drug combinations where an OR or an adjusted OR and 95% confidence intervals were reported.

Numbers in parentheses correspond to individual study identifiers. *Chloroquine, coartem, quinine + clindamycin, primaquine. **66.7% was chloro-

quine. ***Methylphenidate, amphetamine, dexamphetamine, lisdexamphetamine, modafinil, atomoxetine, clonidine. OR: odds ratio. CI: confidence

interval.

evidence was based on very few exposed, limiting the power of
the analyses.

Only four of the 16 studies [43-45, 47] were RCTs; 12 were
cohort studies [27-37, 46] and five were case—control studies
[38-42]. Although RCTs are often considered the gold standard
for drawing causal inferences due to their better control for con-
founders [71], they are not feasible or ethical for investigating
antenatal drug exposure and hearing loss as the primary out-
come in children.

In studies where HL and/or drug exposure are not the primary
outcomes, the study design and methods might be more prone
to using less specific and thorough methods for assessing these
variables, leading to both misclassification and underreport-
ing—for example, in the study by Azizi et al. [38] it is unclear
whether all cases and controls were examined by the same di-
agnostic methods.

5.2 | Age and Method of Diagnosis of Hearing Loss
and Follow-Up

This systematic review included studies from 47 different
countries. A global survey on newborn hearing screening [72]

found that, among these countries, 18 (38.3%) had a univer-
sal newborn hearing screening program, 19 (40.4%) did not
and for 10 countries (21.3%) the status was unknown. The ab-
sence of newborn hearing screening in many countries creates
a critical gap in early hearing loss detection. While maternal
records often provide detailed information about medical ex-
posures during pregnancy, the lack of early screening means
that HL in newborns frequently goes undetected until later
in childhood or adulthood. This delay postpones intervention
and makes it difficult to link hearing loss to prenatal drug
exposure. Over time, this connection becomes less likely to
be considered, as other postnatal factors may arise that could
contribute to hearing loss.

The definition of hearing loss in all studies ranged from un-
specified hearing loss to more specific criteria, such as hearing
screening in newborns with OAE and AABR, to more definitive
methods like diagnostic ABR and pure-tone audiometry. The test
method also varied, from only using single screening methods
(e.g., OAE) to using several diagnostic methods in combination.
The age of diagnosis ranged from shortly after birth up to sev-
eral years. The lack of standardisation in defining and diagnos-
ing cases could cause an over- or underrepresentation of cases in
each study. Several studies relied on screening tools (e.g., OAE
or AABR); this might have produced false positives and very
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few of the studies followed up with confirmatory audiometry or
ABR to confirm sensorineural hearing loss. The inconsistent fol-
low-up increases the likelihood that some reported cases reflect
false-positive findings rather than true CHL. Conversely, these
screening tools may also yield false negatives, potentially under-
estimating the true prevalence of CHL. Further, as diagnosis of
hearing loss may be difficult in newborns and younger children
and if diagnosed later may be affected by postnatal contributors
to hearing impairment, i.e., traumatic hearing loss, a potential
bias may have been introduced in studies with longer follow-up.

5.3 | Dose and Timing

Teratogenicity may be dose-dependent and related to timing
in pregnancy [73], data on drug dosage were limited in the in-
cluded studies. Furthermore, for the majority of the investigated
drugs in the included studies, the trimester of exposure was not
reported.

These limitations are likely to have contributed to the incon-
sistent findings. The prevalence of CHL in the included RCTs
ranged from 0.09% to 3% and in the other study designs from
0% to 16.5%. In comparison, the prevalence of CHL requiring
treatment is 0.4% in Danish children [74].

5.4 | Confounders

To accurately assess the impact of specific drug exposures on
hearing, known risk factors for hearing loss must be considered
and controlled for in the analysis. Several pre-, peri- and post-
natal risk factors associated with early childhood hearing loss
include genetic disposition, neonatal intensive care over 5days,
hyperbilirubinaemia requiring exchange transfusion, aminogly-
coside administration for over 5days, congenital infections and
several congenital malformations [3]. Many studies included in
this systematic review did not systematically assess or exclude
children with genetic hearing loss, anatomic malformations or
congenital infections, such as CMV. Most included studies ad-
justed for few or no risk factors (Table 2). Genetic hearing loss
and congenital infections were exclusion criteria in this review;
however, only one study was excluded based on this criterion
and most studies did not investigate these causes, potentially
inadvertently including these patient groups. The lack of proper
adjustment for known confounders in most studies could lead
to spurious associations between antenatal drug exposure
and CHL.

Many of the drugs administered perinatally are related to the
risk of premature birth. Of 21 included studies, seven studies
only included preterm infants or children with low birth weight
[31-33, 36, 41, 42, 46]; 13 included either only term or both term
and preterm children [27-30, 34, 35, 37, 39, 40, 43-45, 47] and
one included children of unknown gestational age at birth [38].
Several studies have found a negative association between ges-
tational age, birth weight and neurodevelopmental impairment
[75, 76]. Drugs like steroids, magnesium sulphate and antibiot-
ics, administered to manage preterm birth risks, may therefore
be subject to confounding by indication. For all antenatally

administered drugs studied, it is crucial to differentiate between
the drug's effects and those of the treated condition on CHL, to
avoid confounding by indication. This potential for confounding
by indication, particularly in high-risk pregnancies requiring
medical treatment, is a major inherent limitation in evaluating
drug-specific effects.

A further important limitation is that not all studies reported
adjusted effect estimates and we therefore used unadjusted ef-
fect estimates or calculated crude estimates from available data,
potentially increasing the risk of residual confounding. As the
unadjusted effect estimates and calculated estimates do not ac-
count for known risk factors, the pooled estimates should be
interpreted with caution and observed associations may poten-
tially be explained by unmeasured confounders.

5.5 | Socioeconomic Factors

None of the included studies considered socioeconomic factors,
although this may influence health-seeking behaviour and
health literacy, access and drug use in pregnant people and af-
fect child health outcomes.

5.6 | Polypharmacy

Most of the included studies did not mention the use of multiple
drugsin the interpretation of their results. However challenging,
polypharmacy is an important factor when conducting studies
on the effects of drug use, as many patients consume multiple
medications, either prescribed or over-the-counter. Some associ-
ations could therefore possibly be due to drug-drug interactions
known to be related to polypharmacy.

In this systematic review and meta-analysis, only 21 studies ful-
filled the eligibility criteria; many of these studies were of too
small a size to detect an association with a rare outcome such
as CHL. Although some found associations between the inves-
tigated drugs and CHL, none of these results are unfortunately
sufficient to draw clinical conclusions.

6 | Strengths and Limitations of the Review
Process

6.1 | Language Criteria

While screening and evaluating studies in several different
languages stated in the Methods section minimises language
bias within those languages, it introduces a potential limita-
tion by excluding studies published in other major languages,
such as French, Chinese and Spanish. This restriction may
potentially have led to the exclusion of relevant findings, re-
ducing the global representativeness of the review. We were
able to identify 11 possibly relevant publications that could not
be included in the systematic review due to language criteria
(Appendix C). Several non-analytical studies that could poten-
tially contain additional important information were excluded
due to study design.

29 of 34

85U8017 SUOWIWIOD BA1E81D) 8|qeotidde ay) Aq peusnob ae el VO '8sn J0 S9Nl Joj Akelq18UIIUQ AB]1M UO (SUONIPUOO-PUE-SWUISIW0 A8 |1 ARe.dl U1 |Uo//StY) SUORIPUOD pue SIS | 81 88S *[G202/TT/L2] U0 Akeidi8uljuo A8|IM ‘[10unoD yosessey D18 PUY UIESH [euotieN Aq 0600 1do0/TTTT OT/I0p/W0 A8 i Akeiq pul|uo//sdiy wouy pepeojumoq ‘s ‘520z ‘ev8Lzr.T



6.2 | Effect Estimates Not Reported

An important limitation in our meta-analysis was the lack of re-
porting of effect estimates in some included studies. While the
necessary numbers of study participants were provided, we cal-
culated an effect estimate to include in our meta-analysis. This
allowed for a more comprehensive inclusion of available data but
also led to unadjusted effect estimates, as we were not able to ac-
count for potential confounders that the original studies might
have adjusted for in their analyses. Therefore, the pooled effect
estimates may overestimate the effect of antenatal exposure to
the investigated drug on the development of CHL.

6.3 | Future Perspectives

The limitations of the review process highlight the need for a
cautious interpretation of our results and underline the need for
research using population-linked data from multiple countries,
although this approach cannot account for over-the-counter
drugs or all confounders. Alternatively, conducting cohort or
case-control studies using large registries on sensorineural
hearing loss or deafness could be considered, recognising that
this method may be prone to bias. Future larger clinical stud-
ies should account for the many factors associated with expo-
sure (dosage of drug, trimester of exposure) and outcome (other
known risk factors associated with CHL) and explicitly adjust
for potential confounders, such as congenital CMV, genetic
predisposition, maternal infections and socioeconomic factors.
Confounding by indication should also be considered, especially
in high-risk pregnancies where drug exposure is more common.
The methods used to diagnose hearing loss should be stan-
dardised, e.g., by performing newborn hearing screening and
follow up as indicated using gold standard methods and there
should be a sufficient time window for follow up, diagnosing
all childhood hearing loss cases while excluding cases caused
by other factors later in life. Finally, international collaboration
using standardised data collection methods could improve sam-
ple sizes and generalisability.

7 | Conclusion

This systematic review and meta-analysis identified several
antenatal drugs potentially related to CHL and some that may
protect against it, including magnesium sulphate and systemic
steroids. We found a reverse dose-response effect of ASA,
which may be explained by a cumulative dosage effect or that
the fetal ear is more susceptible in the late part of the preg-
nancy. Several antibiotics, including gentamicin, metronida-
zole and aminoglycosides, may increase the risk of CHL but
part of these associations might be explained by confounding
by indication due to the underlying disease. Given the wide-
spread use of drugs during pregnancy and the negative impact
of hearing loss on child development, large, rigorous studies
are warranted.
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