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Background: Aminoglycosides, such as Streptomycin, are cheap, potent
antibiotics widely used Sub-Saharan Africa. However, aminoglycosides are
the commonest cause of ototoxicity. The limited prospective epidemiological
studies on aminoglycoside ototoxicity from Sub-Saharan Africa motivated
this study to provide epidemiological information on Streptomycin-induced
ototoxicity, identify risk factors and predictors of ototoxicity.

Method: A longitudinal study of 153 adults receiving Streptomycin-based anti-
tuberculous drugs was done. All participants underwent extended frequency
audiometry and had normal hearing thresholds at baseline. Hearing thresholds
were assessed weekly for 2months, then monthly for the subsequent 6months.
Ototoxicity was determined using the ASHA criteria. Descriptive statistics were used
to analyze socio-demographic variables. Ototoxicity incidence rate was calculated,
and Kaplan—Meier estimate used to determine cumulative probability of ototoxicity.
Chi-square test was done to determine parameters associated with ototoxicity and
Cox regression models were used to choose the predictors of ototoxicity.

Results: Age of participants was 4143 + 12.66 years, with a male-to-female ratio
of 1:0.6. Ototoxicity was found in 34.6% of the participants, giving an incidence
of 17.26 per 1,000-person-week. The mean onset time to ototoxicity was
28.0 + 0.47 weeks. By 28th week, risk of developing ototoxicity for respondents
below 40 years of age was 0.29, and for those above 40 years was 0.77. At the
end of the follow-up period, the overall probability of developing ototoxicity in
the study population was 0.74. A significant difference in onset of ototoxicity
was found between the age groups: the longest onset was seen in <40 years,
followed by 40—-49 years, and shortest onset in >50 years. Hazard of ototoxicity
was significantly higher in participants aged >50 years compared to participants
aged <40years (HR =3.76, 95% Cl =1.84-7.65). The probability of ototoxicity at
4049, 60g and 80 g cumulative dose of Streptomycin was 0.08, 0.43 and 2.34,
respectively. Age and cumulative dose were significant predictors of ototoxicity.

Conclusion: The mean onset time to Streptomycin-induced ototoxicity was
28 weeks after commencement of therapy. Age and cumulative dose can
reliably predict the onset of Streptomycin-induced ototoxicity. Medium to long
term monitoring of hearing is advised for patients on aminoglycoside therapy.
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1 Introduction

The most common disability globally is hearing loss, 432 million
adults and 34 million children have disabling hearing loss (1), and
within the next two decades people with disabling hearing loss will
increase to more than 900 million (1). The etiology of hearing loss is
multiple; however, many are preventable, including drug-induced
ototoxicity (2, 3).

Aminoglycosides such as Streptomycin, Kanamycin, and
Amikacin are powerful antibiotics but known to elicit harmful side-
effects such as ototoxicity. Aminoglycoside-induced ototoxicity arising
from injury to the cochlea sensory hair cells and stria vascularis are
thought to be permanent (3, 4), though neural degeneration without
concomitant damage to the cochlear hair cell can also occur (5). This
dose-dependent adverse effect (6) is worsened by the narrow
therapeutic range of aminoglycosides and the inconsistencies in the
drug pharmacokinetics in different persons (7).

Aminoglycoside-induced ototoxicity begins initially in the high
frequency sound range before progressing to involve the lower
This
pathognomonic feature of aminoglycoside-induced ototoxicity is

frequencies sounds (including speech frequencies) (8).

adduced to hair cell damage that starts initially at the cochlea basal
turn, before gradual advancement to involve hair cells at the cochlea
apex (9). The arrangement of the hair cells within the human cochlea
places hair cells sensitive to high frequency sounds at the base while
hair cells sensitive to low frequency sounds are near the apex, this
further the
aminoglycoside-induced ototoxicity.

arrangement  explains classic presentation of

There is a wide variation in the incidence of aminoglycoside
ototoxicity reported in the literature from 28 to 37% (10, 11), this is
probably due to variations in the benchmarks of evaluation for hearing
loss, patient classification and treatment guidelines in the various
studies (12). Application of more sensitive testing standards increases
the incidence of ototoxicity to 47% (13, 14). The incidence of
ototoxicity also depends on the drug dosage and length of
administration, thus when treatment is prolonged for up to
6-12months the incidence of ototoxicity is up to 100% (12, 15).

Mankind had been infected with Mycobacterium tuberculosis since
antiquity, yet the disease still has a large global footprint, with a third
of the human population already infected with Mycobacterium
tuberculosis and are liable to succumb to a full-blown disease (7, 16).
TB accounts for over two million mortalities every year, and nine
million individuals are newly diagnosed yearly (17). The previous
World Health Organization (WHO) recommendation was a
Tuberculosis (TB) re-treatment regimen that included 2 months of
daily Streptomycin injection. The key handicap in long-term
administration of parenteral aminoglycosides is toxicity.

Despite the well-known side effects of aminoglycosides, there is
massive prescription and administration of these drugs in many low-
and medium-income countries. The cheap price of the drugs due to
the low manufacturing costs (12) coupled with lax regulatory oversight
makes aminoglycoside antibiotics popular in societies with limited
purchasing power. Home storage coupled with self-medication is also
seen with aminoglycosides despite the parenteral route of
administration (18). A likely scenario is that aminoglycoside-induced
ototoxicity could significantly contribute to the prevalence of hearing
loss in these societies. Moreover, despite the various documentations
of aminoglycoside ototoxicity, the critical cut-off dose among
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Nigerians and Sub-Saharan Africans is not known, even though there
is wide consumption of the drugs on the continent. Moreover, the
relationship of demographic parameters with aminoglycoside
ototoxicity is not fully known. The sparse data about the toxicity that
could ensue following the massive use of aminoglycosides in the
population motivated this study. The goal of this study is to provide
data on aminoglycoside-induced ototoxicity in a patient cohort. Thus,
this study determined the incidence of ototoxicity, the probability of
ototoxicity occurrence, the median ototoxicity onset time, the critical
cumulative cut-off dosage and the demographic and pharmacologic
parameters associated with aminoglycoside-induced ototoxicity in a
cohort of patients being re-treated following an initial curative
failure of TB.

2 Materials and methods

This was a study of ototoxicity among a cohort of individuals
diagnosed with pulmonary TB an who underwent treatment with
streptomycin based anti-TB drugs. Subjects were recruited successively
from Directly Observed Therapy-Short course (DOTS) centers in
Ibadan, Southwest Nigeria as diagnosis was made and informed
consent provided. DOTS centers are embedded in hospitals, clinics or
primary health care centers, streptomycin injections were
administered to the study population by the health care workers in the
DOTS centers. Ethical approval was granted by the Oyo State Ministry
of Health, Ethical Review Committee (AD 13/479).

2.1 Study population

TB patients (>18 years) with physician diagnosed TB undergoing
second line of treatment with anti-TB drugs which included
Streptomycin, Rifampicin, Isoniazid, Pyrazinamide, and Ethambutol.
These patients had previously been treated for TB and declared cured
or completed a full course of treatment and once again developed
sputum smear-positive TB or a sputum smear positive patient who
while on treatment remains or became smear positive again 5 months
or more after commencement of treatment. Other eligibility criteria
were hearing thresholds within the normal range as assessed by pure
tone audiometry (PTA) at baseline before commencement of the
second line of treatment. The following cadres of patients were
excluded: those with previous history of hearing loss secondary to any
pathology and/or signs of ear infection after being examined, presence
of hearing loss as assessed by PTA at baseline, additional usage of
medications with ototoxic potentials and/or nephrotoxic potentials
and concurrent HIV/AIDS infection. Using the minimum sample size
calculation for cohort studies (19), the sample size estimate was
138 subjects.

2.2 Data collection

All relevant socio-demographic and medical information were
documented with the aid of a modified questionnaire (20) which was
administered by an interviewer. Supplemental medical data was
extracted from hospital folders of the patients. Baseline pre-treatment
pure tone audiometry with a KUDU wave audiometer (Geoaxon,
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Pretoria, South Africa) was done for every enrolled subject between
125Hz and 8,000 Hz (10), subsequently the pure tone audiometry was
performed again every week between 125Hz and 16,000Hz
throughout the first 2 months of the therapy. After that the pure tone
audiometry was performed for all enrolled subjects every month for
the following 6 months of the therapy. At every visit with the study
subjects, questions were asked on subjective hearing changes. Serum
streptomycin levels was not measured during the course of therapy
(10). The guidelines of the National Tuberculosis and Leprosy Control
Program mandates single intramuscular Streptomycin injection
(either 0.5g, 0.75g or 1g depending on the weight) daily for patients
undergoing TB re-treatment thus single daily dosing regimen was
adopted for this study. All the drugs used in TB management are
supplied centrally by the National Tuberculosis and Leprosy Control
Program, the Program guidelines did not stipulate refrigeration
of drugs.

The American Speech-Language-Hearing Association guidelines
were utilized in computing ototoxic threshold shift (sensorineural
hearing loss) from the baseline audiogram: (1) a reduction of 20dB or
more in any specific test frequency, (2) a reduction of 10dB or more
at any two adjacent frequencies, or (3) loss of response at three
consecutive where
obtained (21).

Grading the severity of the ototoxicity with the NCI-CTCAE
(National Cancer Institute Common Terminology Criteria for Adverse

frequencies responses were previously

Events) version 5 was done. This system of grading is one of the most
widely cited classification of ototoxicity, it rates severity of ototoxicity
on a scale of 1-4, based on changes in the audiometric thresholds,
number of frequencies affected, and indication for intervention (22).
Grade 1 is denoted as a mild adverse event and intervention is not
indicated, while grade 2 is denoted as moderate adverse event
warranting minimal intervention, grade 3 is severe adverse event; and
grade 4 indicates the most severe ototoxicity grade requiring urgent
intervention (23). NCI-CTCAE, like several ototoxicity monitoring
protocols rely on differences in hearing threshold from a baseline
audiogram. The subjects who gave history of hearing loss or who had
audiograms suggesting hearing loss were appropriately counseled and
given referrals to see an Otolaryngologist.

2.3 Statistical analysis

The cumulative dosage of Streptomycin received by each
participant was determined. The incidence of ototoxicity was analyzed
using demographic procedure of computing incidence rate. The
Kaplan-Meier estimate was used to determine probability of
developing ototoxicity and Cox regression models were used to
choose the predictors of ototoxicity.

3 Results

The number of recruited subjects was 153 adults, there were 95
males and a gender ratio of M: F, 1: 0.6. The 40-49 years age group and
the <40years age group had greater representation among the
participants (32 and 44% respectively). Majority of the participants
had only primary education (37.9%) and were married (78.4%). Most
of the participants were either laborer’s or petty traders (62.4%) and
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were of the Yoruba tribe (97.4%). The constituents of the socio-
demographic parameters of the study subjects are outlined below
(Table 1).

Knowledge of signs of TB was high among the participants, 92.2%
of the participants were aware of signs of TB. However, in contrast
only a tenth of the participants could ascertain how they contracted
the disease. The proportion of participants who were aware of possible
side effects of TB treatment on the ear was 7.8%, only 2% had ever had
any form of hearing assessment, and 32% had experienced some form
of hearing-related symptoms. Majority of the participants (63.4%)
received <0.75-gram dosage of Streptomycin while 32% received
Igram dosage of Streptomycin. The study participants were nearly
evenly distributed in the three weight categories (Table 2).

3.1 Prevalence of ototoxicity
Fifty-three participants (34.6%) developed ototoxicity (Figure 1)
corresponding to an incidence of 17.26 per 1,000-person weeks of

follow up. The median time before ototoxicity onset being 24 weeks

TABLE 1 Socio-demographic characteristics of study subjects.

Variable Frequency Percentage
(N =153) (%)
Age (years)
<40 68 44.4
40-49 49 32.0
50+ 36 235
Gender
Male 95 62.1
Female 58 37.9
Education
No formal education 8 5.2
Primary 58 37.9
Junior secondary 53 34.6
Senior secondary 20 13.1
Tertiary 14 9.2
Marital status
Married 120 78.4
Single 26 17.0
Divorced 4 2.6
Missing 3 2.0
Occupation
Professionals/ Civil servants 10 5.8
Drivers/artisans 35 20.6
Petty traders/laborer’s 106 62.4
Unemployed, fulltime housewife 19 11.2
Tribe
Yoruba 149 97.4
Ibo 2 1.3
Hausa 2 1.3
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TABLE 2 Distribution of weight and dosage.

Variable Frequency %
Weight at presentation (kg)

<50 49 32.0
50-59 60 39.2
60 and above 43 28.1
Dose of streptomycin (gram)

<0.75 104 68.0
1 49 32.0

= No

FIGURE 1
Proportion of respondents with ototoxicity.

(range = 33 weeks). However, the Kaplan Meier estimate of the mean
time to development of ototoxicity was 27.8 weeks (95% CI=25.9-
29.7; Figure 2). Figure 2 also shows the cumulative proportions of
participants with ototoxicity at different follow up time points. Almost
85% were free of ototoxicity by the 10th week, and about 75% by the
20th week. By the 30th week about 60% had no ototoxicity.

The severity grade of ototoxicity (Common Terminology Criteria
for Adverse Events) showed that Grade 1 and Grade 4 had the highest
frequency of 21 (39.6%) while Grades 2 and 3 had 7.5 and 13.2%,
respectively.

3.2 Probability of ototoxicity and factors
associated with ototoxicity

By the 28th week of follow-up (which was the mean ototoxicity-
free time), hazard rate for developing ototoxicity was 0.507, i.e., the
risk or probability of a respondent for developing ototoxicity having
survived (i.e., remaining free of ototoxicity) to 28 weeks. At follow-up
completion (36 weeks), the hazard rate of respondents was 0.736
(Figure 3).

A significant difference in time to ototoxicity was found between
age groups, with longest times to ototoxicity found among younger
participants aged less than 40Oyears, followed by those aged
40-49 years, and lowest among those 50years and above (p <0.001;
Table 3). No significant association was found between time to
ototoxicity and gender (p=0.764), weight (p=0.562), dose (p =0.486),
and previous ear symptoms (p=0.304). The Kaplan Meier plot of
cumulative ototoxicity-free time by gender showed that the two plots
of ototoxicity-free times seem to overlap though as from around the
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20th week of follow up the cumulative ototoxicity-free time of females
is higher than that of males but is lower after the 30th week (Figure 4).

The cumulative time to ototoxicity was consistently higher among
younger participants aged less than 40 years indicating longer times to
experiencing ototoxicity compared to older participants. The
difference was most marked as from 25weeks after follow-up
(Figure 5). A statistically significant difference was observed (p <0.001;
Table 3). Comparing the risk of developing ototoxicity after
re-classifying the ages into two age groups, it was seen that by 28th
week, the risk of developing ototoxicity for respondents below 40 years
of age was 0.288 while it was 0.766 for those older than 40years (p
value=0.004; Figure 6). Comparison of the probability of ototoxicity
with cumulative dosage showed that the probability of developing
ototoxicity increased with increasing cumulative dosage of
Streptomycin (Figure 7).

The crude, unadjusted hazard ratios from Cox regression of time
to ototoxicity showed that participants aged 50 years and above were
3.6 times more likely to have ototoxicity (95% CI=1.81-7.16)
compared to participants aged 30-39years. Those in the age
group 40-49 years were twice more likely to have ototoxicity, but this
higher hazard was not statistically significant (95% CI=0.99-4.02;
Table 4). Participants weighing 50-59 kg were significantly twice less
likely to have ototoxicity compared with participants weighing 60kg
and above (95% CI=0.25-0.99; Table 4). Multiple cox regression
analysis of time to ototoxicity on variables showed that the hazard of
hearing impairment was significantly higher among those aged
50years (HR=3.76, 95% CI=1.84-7.65) when likened to participants
aged 40 years and younger. No significant differences were observed
in hazards of ototoxicity between other characteristics (Table 5).

4 Discussion

4.1 Factors associated with TB
susceptibility

The results of this study showed predominance of male patients,
similar to other studies which showed male preponderance among
patients with pulmonary TB (24-28). The average male/female ratio
of TB worldwide is 1.9 +£0.6, though male/female ratio values as high
as 3.0 has been recorded in some countries (29). The male
preponderance of pulmonary TB is clearly chronicled in every
territory worldwide (30-35). There is a bi-directional relationship
between TB and poverty without a clear starting point. Most of the
study subjects (77.7%) had 9years or less of accumulated formal
education. This data demonstrates the skewed relationship between
nominal education and TB infection (36-38). Indeed, it is known that
the extent of the educational inequality associated with TB is far
greater than what is seen in other diseases (34).

4.2 Incidence of aminoglycoside-induced
ototoxicity

The study revealed an incidence of 34.6% for aminoglycoside-
induced ototoxicity. Incidence of ototoxicity is commonly
understated, probably due to the initial sparing of frequencies
within the speech

range in the early phase of
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aminoglycoside-induced ototoxicity. The lack of interference with
daily communication implies that patients often fail to notice the
adverse effect and thus do not report it. Moreover, reports from
clinical studies may be hampered by criteria used in defining
ototoxicity, differences in methods of hearing assessment and
inadequate duration of hearing threshold monitoring to aid
identification of lesions occurring very late after cessation of drug
therapy (39).

This study’s incidence rate is comparable to previous studies of
aminoglycoside ototoxicity (10), and within the range of 17 to 47%
documented earlier (40, 41). About a third of the patients in the
cohort developed ototoxicity clearly demonstrating the negative
impact of aminoglycosides usage on the hearing profiles of individuals
and cementing what is already known about the adverse effect of
aminoglycoside antibiotics.

Further evaluation was done by grading the severity of the
ototoxicity with the NCI-CTCAE (National Cancer Institute Common
Terminology Criteria for Adverse Events) version 5. Grading
ototoxicity severity may influence clinical decisions on continuity of
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therapy (42), and are essential for comparison of results from different
clinical sites through application of uniform guidelines, however, there
is paucity of publications on the grading of severity of aminoglycoside
ototoxicity. The NCI-CTCAE grading system however has certain
limitations: it discountenances ultra-high frequencies, even though
hearing loss in ototoxicity begins at these ultra-high frequencies (43),
the middle grades of NCI-CTCAE (grades 2 and 3) are also said to
be imprecise; the hearing loss in these grades is defined as spanning
between 25 and 80 dB loss; this loss of precision may hinder rendering
the consequence of the grades to daily life activities of a patient (43).
Despite these observed shortcomings the grading system remains
widely cited.

A very significant proportion of the patients had Grade 4
severity—the most severe form of the adverse event. This may have
occurred due to the long follow up period in the study, highlighting
the progressive long-term effects of aminoglycoside ototoxicity.
Aminoglycosides amass within the cochlea and persists in inner ear
tissues for long periods after clearance from the bloodstream,
accounting for delayed death of cochlear hair cells seen after
termination of treatment (44). The significant Grade 4 proportion also
demonstrates the burden of aminoglycoside ototoxicity in the society,
especially in countries with high consumption rates (8, 45-48).

4.3 Ototoxicity development timeline

The mean onset time of aminoglycoside ototoxicity was 27.8 weeks
in this study. A much shorter mean onset time of 9 weeks was recorded
among heterozygous cohort of patients with drug resistant TB on
Kanamycin therapy (49), as well as individuals with other clinical
conditions such as HIV infection, diabetes mellitus and hypertension.
These co-morbidities are independently related with hearing loss and
the drug regimens for these co-morbidities could also adversely affect
hearing (50-52), hence the much shorter onset time of ototoxicity
(53). A key importance of ascertaining the onset of ototoxicity is
utilization in planning ototoxicity monitoring programs. Early
identification of ototoxicity can avert or reduce hearing loss that could
reduce quality of life following treatment. It is imperative that when
considering implementation of ototoxicity monitoring program to
consider initiation of the monitoring at least 6 weeks after exposure to
aminoglycosides in patients without additional co-morbidities and
much earlier in patients with additional co-morbidities.

4.4 Factors influencing onset of ototoxicity

Age of the subjects was significantly associated with onset of
ototoxicity; younger people are least likely to develop ototoxicity. The
relationship between advancing age with the onset of aminoglycoside
ototoxicity has been demonstrated in other studies also (11, 49). The
impact of the cumulative insult on the inner ear from various assaults
such as noise, and the aging process could account for the worse
outcome of ototoxicity seen in older age groups.

Chronic inflammation—also known as “inflammaging”—is a
pervasive feature in all tissues as the body ages (54-57). The aging
cochlea exists in such a chronic inflammatory state, in addition,
decline in mitochondrial function with subsequent reduction in
energy production (58), atrophy of the stria vascularis and ensuing
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TABLE 3 Comparison of factors influencing time to ototoxicity.

10.3389/fneur.2024.1412645

Variable Number of Mean time to ototoxicity Median time to ototoxicity Log rank Chi p value
events (n =53) in weeks (SD) in weeks (range) square
Gender 0.09 0.764
Male 34 20.1(10.1) 24(33)
Female 19 20.0(10.8) 22(33)
Age 15.33 <0.001
<40 14 21.2(11.0) 24(33)
40-49 18 19.7(10.4) 20(33)
50+ 21 18.3(8.9) 18(33)
Weight 0.34 0.562
<50 20 21.5(9.2) 24(32)
50-59 17 22.2(10.2) 24(33)
60+ 16 15.5(10.5) 12(33)
Previous ear symptoms 1.06 0.304
Yes 21 18.8(10.2) 20(33)
No 32 20.8(10.4) 24(33)
Lo- 1o nge(:r; 3 groups
7140-49
50+
4~ <40-censored
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r . r r r Kaplan—Mejer estimate curve comparing ototoxicity onset by age
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FIGURE 4
Kaplan—Meier estimate curve: ototoxicity onset by gender (censored the insidious ototoxicity effect of aminoglycosides is worsened by the
;ﬁ/\erl\otes individuals with ototoxicity). Green line: Female. Blue line: aging process, this explains further the association between increase
ale.
in age and ototoxicity onset (62, 63). Significant necroptosis and

disruption in blood supply (59) are some of the possible mechanisms
by which increase in age worsens cochlea function including cochlea
response to external insults such as aminoglycoside ototoxicity.
Damaging the cochlear mitochondria is key step in the
pathogenesis of aminoglycoside induced ototoxicity (60). The cochlea
organ has steep energy requirements to sustain the endo-cochlear
potential generated by the stria vascularis, thus there is high
concentration of mitochondria within the different cellular
components of the cochlea for energy production through cellular
respiration (61). The high energy stipulation for optimal function of
the cochlear makes the organ susceptible to the aging process. Thus,
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proinflammatory responses are seen in the aging cochlea (62), this
may have a synergistic effect with the ototoxic potential of
aminoglycosides and thus contributes to the association between age
and onset of ototoxicity.

A statistically significant relationship was not observed between
gender and ototoxicity onset in this cohort. Though there were more
males who developed ototoxicity than females within the cohort. The
predominance of male subjects with ototoxicity was probably not
directly related to the gender variation of the cohort. The M:F ratio in
the cohort is 1.6:1, however, the M:F ratio among those with ototoxicity
was 1.8:1; suggesting that there was a greater incidence of ototoxicity
in the male gender despite the gender variation in the main cohort.
This is in keeping with previous reports of hearing loss being more
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common in males (64). However, other authors found a different
observation, gendered differences were seen in response to drugs—in
pharmacodynamics and pharmacokinetics—manifesting as increased
disposition of females to drug ototoxicity among other adverse drug
conditions (65, 66). Similarly, in a cohort of patients with
nontuberculous mycobacteria pulmonary disease who received an
aminoglycoside therapy—amikacin—females in the cohort had
greater vulnerability to initiation of ototoxicity compared to males (67).

No statistically significant association was observed between
subjects’ weight and ototoxicity development. Even though a causal
relationship between weight and hearing loss has not been established
(68), a relationship between both conditions is plausible (68-78). It is
possible that the use of weight alone as an indicator of the BMI—as
used in this study—may be insufficient to accurately predict

10.3389/fneur.2024.1412645

relationship with onset of ototoxicity. Moreover, the weight of the
subjects may not be taken in isolation for predicting ototoxicity onset,
there could be interplay of several modulators such as adipose tissue
distribution, gender and age that could interconnected functions in
determining the onset of ototoxicity.

The study showed that increasing the cumulative dose of
Streptomycin was associated with a significant increase in the
likelihood of ototoxicity (10, 79). The presence of aminoglycosides in
the cochlea 11 months post completion of therapy (80) suggests
reduced clearance from the cochlea and this may be a possible
contributor to aminoglycoside ototoxicity (81). Cumulative dose may
thus indicate the degree of accumulation of the aminoglycosides in
the inner ear, and a pointer to the possible degree of toxicity. A very
sharp increase in the probability of ototoxicity was seen when the
cumulative dosage reached 70 g among subjects in this study, other
studies have also shown that every 10-fold increment in the
cumulative dose of aminoglycoside increased the odds of ototoxicity
by 6.9-fold (10). This dose-dependent nature of aminoglycoside
ototoxicity with its narrow therapeutic window, suggests the need for
strict regulation of the drug usage, particularly for patients on
hospital admission (79) and/or when the drug is to be used for
extended periods. Thus, it is advocated to offer therapeutic drug
monitoring in the treatment of TB patients on aminoglycosides with
the goal of reducing cumulative dosage and ototoxicity while
maintaining efficacy, instead of the current WHO recommendation
of dosing based on body weight, resulting in lower dosing based on
serum concentrations of the drug (82). This approach of using
pharmacokinetic/pharmacodynamic parameters has been proven to
be a driver of successful therapy (83). However, this personalized
approach is fraught with multiple challenges in low resource settings.
Adopting this precision medicine approach will require provision of
serum aminoglycosides levels in high-throughput rates for swift and
precise results, as well as evaluating susceptibility to drug to
determine precise MIC values (84), this implies provision of trained
and experienced personnel and appropriate equipment. Surmounting
the cost barriers for a national roll-out of this personalized care may
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TABLE 4 Crude hazard ratios from Cox regression of ototoxicity onset on
socio-demographic characteristics and past symptoms.

Variable Crude 95% p-value
hazard confidence

ratio (CHR) interval CHR
Age (years)
30-39 (ref) 1 0.99-4.02 0.053
40-49 2.00 1.81-7.16 <0.001
50+ 3.60
Gender
Male 1.09 0.62-1.91 0.770
Female (ref) 1
Weight (kg)
Less than 50 0.77 0.40-1.48 0.427
50-59 0.50 0.25-0.99 0.049
60+ (ref) 1
Previous ear symptoms
Yes 1.32 0.76-2.30 0.319
No 1

TABLE 5 Adjusted hazard ratios from Cox regression of ototoxicity onset
on socio-demographic characteristics and past symptoms.

Variable Adjusted 95% p-value

hazard ratio confidence

(AHR) interval AHR

Age (years)
30-39 (ref) 1 0.99-4.08 0.052
40-49 2.01 1.84-7.65 <0.001
50+ 3.76
Gender
Male 123 0.69-2.20 0.478
Female (ref) 1
Weight (kg)
Less than 50 1.13 0.49-2.58 0.777
50-59 0.60 027-1.33 0.206
60+ (ref) 1
Previous ear symptoms
Yes 1.25 0.70-2.21 0.457
No 1

be impractical in the short term in many low- and medium-income
countries, however, centralizing analytical facilities to concentrate
knowledge/personnel and reduce costs may be a feasible option (82).

5 Limitations

This study had certain limitations, the National Tuberculosis and
Leprosy Control Program in Nigeria guidelines does not include
monitoring of serum aminoglycosides and serum creatinine
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monitoring levels in the patients undergoing TB treatment thus these
were not done in this study.

6 Conclusion

This study filled a critical gap by providing longitudinal data on
the incidence of aminoglycoside ototoxicity after extended
monitoring of study subjects, including the prevalence of ototoxicity
in a cohort of individuals on long term aminoglycoside therapy,
identification of risk factors and predictors of ototoxicity. The mean
time to onset of Streptomycin-induced ototoxicity was determined to
be 28 weeks after initiation of therapy. This may be useful in designing
screening programs for hearing loss in patients receiving
aminoglycoside therapy. Knowing when to expect the onset of
ototoxicity will assist in the proper allocation of resources to ensure
maximum yield while eliminating unnecessary redundancy in
health care.

In addition, it is appropriate to counsel patients receiving
aminoglycoside therapy not only about the risk of ototoxicity, but
also the possibility of late onset of ototoxicity after initiation of
therapy, and the need for active hearing conservation efforts.
Medium- to long-term monitoring of hearing should also
be provided for these patients. Personal monitoring of hearing by
patients receiving or completing aminoglycoside therapy should
be encouraged. These individuals can use free mobile applications
such as the “hearWHO” app developed by the World Health
Organization (85). This will allow early detection of hearing loss
and appropriate interventions.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving humans were approved by Oyo State
Ministry of Health, Ethical Review Committee. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

AA: Writing - review & editing, Writing — original draft,
Resources, Project administration, Methodology, Investigation,
Funding acquisition, Data curation, Conceptualization. BA:
Writing - review & editing, Formal analysis, Data curation. JA:
Writing - review & editing, Formal analysis. JOA: Writing -
review & editing, Formal analysis. OOO: Writing - review &
editing, Supervision. OMO: Writing - review & editing,
Validation, Supervision.

frontiersin.org


https://doi.org/10.3389/fneur.2024.1412645
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Adeyemo et al.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
research was supported by the Consortium for Advanced Research
Training in Africa (CARTA). CARTA is jointly led by the African
Population and Health Research Center and the University of the
Witwatersrand and funded by the Carnegie Corporation of
New York (Grant No--B 8606.R02), SIDA (Grant No: 54100113),
the DELTAS Africa Initiative (Grant No: 107768/Z/15/Z) and
Deutscher Akademischer Austauschdienst (DAAD). The DELTAS
Africa Initiative is an independent funding scheme of the African
Academy of Sciences (AAS)‘s Alliance for Accelerating Excellence
in Science in Africa (AESA) and supported by the New Partnership
for Africa’s Development Planning and Coordinating Agency
(NEPAD Agency) with funding from the Wellcome Trust (UK) and
the UK government. In addition, AAA also received support from
the Robert McNamara World Bank Fellowship. The statements

References

1. WHO. World Health Organization. (2023). Factsheets on Deafness. Available from:
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss

2. Xing G, Chen Z, Wei Q, Tian H, Li X, Zhou A, et al. Maternally inherited non-
syndromic hearing loss associated with mitochondrial 125 rRNA A827G mutation in a
Chinese family. Biochem Biophys Res Commun. (2006) 344:1253-7. doi: 10.1016/j.
bbrc.2006.04.033

3. Xing G, Chen Z, Cao X. Mitochondrial rRNA and tRNA and hearing function. Cell
Res. (2007) 17:227-39. doi: 10.1038/sj.cr.7310124

4. Dobie RA, Black FO, Pezsnecker SC, Stallings VL. Hearing loss in patients with
vestibulotoxic reactions to gentamicin therapy. Arch Otolaryngol Head Neck Surg. (2006)
132:253-7. doi: 10.1001/archotol.132.3.253

5. Hinojosa R, Lerner SA. Cochlear neural degeneration without hair cell loss in two
patients with aminoglycoside ototoxicity. J Infect Dis. (1987) 156:449-55. doi: 10.1093/
infdis/156.3.449

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

7. Duggal P, Sarkar M. Audiologic monitoring of multi-drug resistant tuberculosis
patients on aminoglycoside treatment with long term follow-up. BMC Ear, Nose and
Throat Disord. (2007) 7:1-7. doi: 10.1186/1472-6815-7-5

8. Human H, Hagen CM, de Jong G, Harris T, Lombard D, Christiansen M, et al.
Investigation of mitochondrial sequence variants associated with aminoglycoside-
induced ototoxicity in south African TB patients on aminoglycosides. Biochem Biophys
Res Commun. (2010) 393:751-6. doi: 10.1016/j.bbrc.2010.02.075

9. Duvall AJ, Wersill J. Site of action of streptomycin upon inner ear sensory cells.
Acta Otolaryngol. (1964) 57:581-98. doi: 10.3109/00016486409137120

10. Peloquin CA, Berning SE, Nitta AT, Simone PM, Goble M, Huitt GA, et al.
Aminoglycoside toxicity: daily versus thrice-weekly dosing for treatment of
mycobacterial diseases. Clin Infect Dis. (2004) 38:1538-44. doi: 10.1086/420742

11. Sturdy A, Goodman A, José RJ, Loyse A, O’'Donoghue M, Kon OM, et al.
Multidrug-resistant tuberculosis (MDR-TB) treatment in the UK: a study of injectable
use and toxicity in practice. ] Antimicrob Chemother. (2011) 66:1815-20. doi: 10.1093/
jac/dkr221

12. Xie J, Talaska AE, Schacht J. New developments in aminoglycoside therapy and
ototoxicity. Pathol Inner Ear. (2011) 281:28-37. doi: 10.1016/j.heares.2011.05.008

13. Campbell KCM. Audiologic monitoring for ototoxicity In: PS Roland and JA
Rutka, editors. Ototoxicity. Ist ed. Hamilton, Ontario: B C Decker (2004). 153-60.

14. Fausti SA, Helt W], Gordon JS, Reavis KM, Phillips DS, Konrad-Martin DL.
Audiologic monitoring for ototoxicity and patient management In: K Campbell, editor.
Pharmacology and ototoxicity for audiologists. Ist ed. New York, NY, USA: Thomson-
Delmar Learning (2007)

15. Gilbay BE, Giirkan OU, Yildiz OA, Onen ZP, Erkekol FO, Baggioglu A, et al. Side
effects due to primary antituberculosis drugs during the initial phase of therapy in 1149
hospitalized patients for tuberculosis. Respir Med. (2006) 100:1834-42. doi: 10.1016/j.
rmed.2006.01.014

16. Jones-Lopez EC, Ayakaka I, Levin J, Reilly N, Mumbowa E, Dryden-Peterson S,
et al. Effectiveness of the standard WHO recommended retreatment regimen (category

Frontiers in Neurology

10.3389/fneur.2024.1412645

made and views expressed are solely the responsibility of
the authors.

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.

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.

II) for tuberculosis in Kampala, Uganda: a prospective cohort study. PLoS Med. (2011)
8:¢1000427. doi: 10.1371/journal.pmed.1000427

17. Harries AD, Dye C. Tuberculosis. Ann Trop Med Parasitol. (2006) 100:415-31. doi:
10.1179/136485906X91477

18. Dillard LK, Wu CZ, Saunders JE, McMahon CM. A scoping review of global
aminoglycoside antibiotic overuse: a potential opportunity for primary ototoxicity
prevention. Res Soc Adm Pharm. (2022) 18:3220-9. doi: 10.1016/j.
sapharm.2021.10.004

19. Charan J, Biswas T. How to calculate sample size for different study designs in
medical research? Indian ] Psychol Med. (2013) 35:121-6. doi: 10.4103/0253-7176.116232

20. Katijah KS, Anniah M, Precious MN. Ototoxic effects of tuberculosis treatments:
how aware are patients. Afr ] Pharm Pharmacol. (2009) 3:391-9.

21. American Speech-Language-HearingAssociation. Audiologic Management of
Individuals Receiving Cochleotoxic Drug Therapy [guidelines]. (1994).

22. Crundwell G, Gomersall P, Baguley DM. Ototoxicity (cochleotoxicity) classifications:
areview. Int ] Audiol. (2016) 55:65-74. doi: 10.3109/14992027.2015.1094188

23. National Cancer Institute. Common Terminology Criteria for Adverse Events
(CTCAE). US: US Department of Health Services (2017).

24. Gomerep SS, Eze UA, Chiegboka LO, Olanipekun TOEzeudu CC, Shityo T, et al.
Sputum smear pattern among patients diagnosed with pulmonary tuberculosis in
Makurdi, north Central Nigeria. Niger ] Med. (2015) 24:201-6. doi:
10.4103/1115-2613.278928

25. Bhushan B, Kajal NC, Maske A, Singh SP. Manifestations of tuberculosis in elderly
versus young hospitalised patients in Amritsar, India. Int ] Tuberc Lung Dis. (2012)
16:1210-3. doi: 10.5588/ijtld.11.0778

26. Cucunawangsih WV, Widysanto A, Lugito NPH. Mycobacterium tuberculosis
resistance pattern against first-line drugs in patients from urban area. Int ] Mycobacteriol.
(2015) 4:302-5. doi: 10.1016/j.ijmyco.2015.08.002

27. Venugopalan B, Rajendra P. A retrospective study of death among patients treated
for tuberculosis in the Klang chest clinic for the year 1999. Med ] Malaysia. (2001)
56:39-43.

28.Zaman R. Tuberculosis in Saudi Arabia: epidemiology and incidence of
mycobacterium tuberculosis and other mycobacterial species. Tubercle. (1991) 72:43-9.
doi: 10.1016/0041-3879(91)90023-L

29. WHO. Global tuberculosis control 2009: Epidemiology, strategy, financing.
Geneva, Switzerland: World Health Organization (2009). 301 p.

30. Neyrolles O, Quintana-Murci L. Sexual inequality in tuberculosis. PLoS Med.
(2009) 6:1-6. doi: 10.1371/journal.pmed.1000199

31. Hamid Salim MA, Declercq E, Van Deun A, Saki KA. Gender differences in
tuberculosis: a prevalence survey done in Bangladesh. Int ] Tuberc Lung Dis. (2004)
8:952-7.

32. Lienhardt C, Fielding K, Sillah JS, Bah B, Gustafson P, Warndorff D, et al.
Investigation of the risk factors for tuberculosis: a case-control study in three countries
in West Africa (2005) 34:914-23. doi: 10.1093/ije/dyi100,

33. Kunst AE, Mackenbach JP. Measuring socio-economic inequalities in health.
Copenhagen: World Health Organization; (2000). p. 50-54.

frontiersin.org


https://doi.org/10.3389/fneur.2024.1412645
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://doi.org/10.1016/j.bbrc.2006.04.033
https://doi.org/10.1016/j.bbrc.2006.04.033
https://doi.org/10.1038/sj.cr.7310124
https://doi.org/10.1001/archotol.132.3.253
https://doi.org/10.1093/infdis/156.3.449
https://doi.org/10.1093/infdis/156.3.449
https://doi.org/10.1186/1472-6815-7-5
https://doi.org/10.1016/j.bbrc.2010.02.075
https://doi.org/10.3109/00016486409137120
https://doi.org/10.1086/420742
https://doi.org/10.1093/jac/dkr221
https://doi.org/10.1093/jac/dkr221
https://doi.org/10.1016/j.heares.2011.05.008
https://doi.org/10.1016/j.rmed.2006.01.014
https://doi.org/10.1016/j.rmed.2006.01.014
https://doi.org/10.1371/journal.pmed.1000427
https://doi.org/10.1179/136485906X91477
https://doi.org/10.1016/j.sapharm.2021.10.004
https://doi.org/10.1016/j.sapharm.2021.10.004
https://doi.org/10.4103/0253-7176.116232
https://doi.org/10.3109/14992027.2015.1094188
https://doi.org/10.4103/1115-2613.278928
https://doi.org/10.5588/ijtld.11.0778
https://doi.org/10.1016/j.ijmyco.2015.08.002
https://doi.org/10.1016/0041-3879(91)90023-L
https://doi.org/10.1371/journal.pmed.1000199
https://doi.org/10.1093/ije/dyi100

Adeyemo et al.

34. Alvarez JL, Kunst AE, Leinsalu M, Bopp M, Strand BH, Menvielle G, et al.
Educational inequalities in tuberculosis mortality in sixteen European populations. Int
J Tuberc Lung Dis. (2011) 15:1461-8. doi: 10.5588/ijtld.10.0252

35. Machiyama K, Semenza JC, Silverwood R], Palmer MJ, Lim TA, Manissero D, et al.
School life expectancy and risk for tuberculosis in Europe. Int ] Public Health. (2016)
61:603-11. doi: 10.1007/s00038-015-0768-6

36. Coker R, McKee M, Atun R, Boika D, Dodonova E, Kuznetsov S, et al. Risk factors
for pulmonary tuberculosis in Russia: case-control study. BMJ. (2006) 332:85-7. doi:
10.1136/bmj.38684.687940.80

37.Lonnroth K, Jaramillo E, Williams BG, Dye C, Raviglione M. Drivers of
tuberculosis epidemics: the role of risk factors and social determinants. Soc Sci Med.
(2009) 68:2240-6. doi: 10.1016/j.socscimed.2009.03.041

38. Kaseliené S, Kalédiené R. Inequalities in mortality from infectious diseases and
tuberculosis by the level of education in Lithuania. Medicina (Kaunas). (2011)
47:347-53. doi: 10.3390/medicina47060049

39. Einarsson EJ, Petersen H, Wiebe T, Fransson PA, Grenner J, Magnusson M, et al.
Long term hearing degeneration after platinum-based chemotherapy in childhood. Int
J Audiol. (2010) 49:765-71. doi: 10.3109/14992027.2010.485595

40. Fausti SA, Frey RH, Henry JA, Olson DJ, Schaffer HI. Early detection of ototoxicity
using high-frequency, tone-burst-evoked auditory brainstem responses. ] Am Acad
Audiol. (1992) 3:397-404.

41. Mulheran M, Degg C, Burr S, Morgan DW, Stableforth DE. Occurrence and risk
of cochleotoxicity in cystic fibrosis patients receiving repeated high-dose aminoglycoside
therapy. Antimicrob Agents Chemother. (2001) 45:2502-9. doi: 10.1128/
AAC.45.9.2502-2509.2001

42. Minasian LM, Frazier AL, Sung L, O’Mara A, Kelaghan J, Chang KW, et al.
Prevention of cisplatin-induced hearing loss in children: informing the design of future
clinical trials. Cancer Med. (2018) 7:2951-9. doi: 10.1002/cam4.1563

43. Theunissen EAR, Dreschler WA, Latenstein MN, Rasch CRN, van der Baan S, de
Boer JP, et al. A new grading system for ototoxicity in adults. Ann Otol Rhinol Laryngol.
(2014) 123:711-8. doi: 10.1177/0003489414534010

44. Schacht J, Roland PS, Rutka JA. Mechanisms for aminoglycoside ototoxicity: basic
science research In: PS Roland and JA Rutka, editors. Ototoxicity. Ist ed. Hamilton,
Ontario: B C Decker (2004). 93-8.

45. Fischel-Ghodsian N. Genetic factors in aminoglycoside ototoxicity In: PS Roland
and JA Rutka, editors. Ototoxicity. Ist ed. Hamilton, Ontario: B C Decker (2004). 144-9.

46. Bardien S, Human H, Harris T, Hefke G, Veikondis R, Schaaf HS, et al. A rapid
method for detection of five known mutations associated with aminoglycoside-induced
deafness. BMC Med Genet. (2009) 10:1-9. doi: 10.1186/1471-2350-10-2

47. Hobbie SN, Bruell CM, Akshay S, Kalapala SK, Shcherbakov D, Béttger EC.
Mitochondrial deafness alleles confer misreading of the genetic code. Proc Natl Acad
Sci. (2008) 105:3244-9. doi: 10.1073/pnas.0707265105

48. Guan MX. Mitochondrial DNA mutations associated with aminoglycoside
ototoxicity. Audiol Med. (2006) 4:170-8. doi: 10.1080/16513860601136982

49. Sogebi OA, Adefuye BO, Adebola SO, Oladeji SMAdedeji TO. Clinical predictors
of aminoglycoside-induced ototoxicity in drug-resistant tuberculosis patients on
intensive therapy. Auris Nasus Larynx. (2017) 44:404-10. doi: 10.1016/j.an1.2016.10.005

50. Agarwal S, Mishra A, Jagade M, Kasbekar V, Nagle SK. Effects of hypertension on
hearing. Indian ] Otolaryngol Head Neck Surg. (2013) 65:614-8. doi: 10.1007/
512070-013-0630-1

51. Kakarlapudi V, Sawyer R, Staecker H. The effect of diabetes on sensorineural
hearingloss. Otology Neurotol. (2003) 24:382-6. doi: 10.1097/00129492-200305000-00006

52. Ongulo B, Oburra H. Hearing disorders in HIV positive adult patients not on
anti-retroviral drugs at Kenyatta National Hospital. East Afr Med J. (2010) 15:96-101.

53. Kim Y], Tian C, Kim J, Shin B, Choo OS, Kim YS, et al. Autophagic flux, a possible
mechanism for delayed gentamicin-induced ototoxicity. Sci Rep. (2017) 7:1-11. doi:
10.1038/srep41356

54. Watson N, Ding B, Zhu X, Frisina RD. Chronic inflammation - inflammaging - in
the ageing cochlea: a novel target for future presbycusis therapy. Ageing Res Rev. (2017)
40:142-8. doi: 10.1016/j.arr.2017.10.002

55. Verschuur C, Agyemang-Prempeh A, Newman TA. Inflammation is associated
with a worsening of presbycusis: evidence from the MRC national study of hearing. Int
J Audiol. (2014) 53:469-75. doi: 10.3109/14992027.2014.891057

56. Chung HY, Kim HJ, Kim KW, Choi JS, Yu BP. Molecular inflammation hypothesis
of aging based on the anti-aging mechanism of calorie restriction. Microsc Res Tech.
(2002) 59:264-72. doi: 10.1002/jemt.10203

57. Fiilop T, Dupuis G, Witkowski JM, Larbi A. The role of Immunosenescence in the
development of age-related diseases. Rev Investig Clin. (2016) 68:84-91.

58. Madreiter-Sokolowski CT, Sokolowski AA, Waldeck-Weiermair M, Malli R, Graier
WE Targeting mitochondria to counteract age-related cellular dysfunction. Genes
(Basel). (2018) 9:1-20. doi: 10.3390/genes9030165

59. Ding B, Walton JP, Zhu X, Frisina RD. Age-related changes in Na, K-ATPase
expression, subunit isoform selection and assembly in the stria vascularis lateral wall of
mouse cochlea. Hear Res. (2018) 367:59-73. doi: 10.1016/j.heares.2018.07.006

Frontiers in Neurology

10.3389/fneur.2024.1412645

60. Fischel-Ghodsian N, Kopke RD, Ge X. Mitochondrial dysfunction in hearing loss.
Mitochondrion. (2004) 4:675-94. doi: 10.1016/j.mito.2004.07.040

61. Keithley EM. Pathology and mechanisms of cochlear aging. ] Neurosci Res. (2020)
98:1674-84. doi: 10.1002/jnr.24439

62. Lyu AR, Kim TH, Park SJ, Shin SA, Jeong SH, Yu Y, et al. Mitochondrial damage
and necroptosis in aging cochlea. Int J Mol Sci. (2020) 21:1-17. doi: 10.3390/
{jms21072505

63. Oliveira SR, Amaral JD, Rodrigues CMP. Mechanism and disease implications of
necroptosis and neuronal inflammation. Cell Death Dis. (2018) 9:1-3. doi: 10.1038/
s41419-018-0872-7

64. Lien KH, Yang CH. Sex differences in the triad of acquired sensorineural hearing
loss. Int ] Mol Sci. (2021) 22:1-16.

65. Beierle I, Meibohm B, Derendorf H. Gender differences in pharmacokinetics and
pharmacodynamics. Int J Clin Pharmacol Ther. (1999) 37:529-47.

66. Franconi F, Brunelleschi S, Steardo L, Cuomo V. Gender differences in drug
responses. Pharmacol Res. (2007) 55:81-95. doi: 10.1016/j.phrs.2006.11.001

67. Aznar ML, Marras TK, Elshal AS, Mehrabi M, Brode SK. Safety and effectiveness
of low-dose amikacin in nontuberculous mycobacterial pulmonary disease treated in
Toronto, Canada. BMC Pharmacol Toxicol. (2019) 20:37. doi: 10.1186/s40360-019-0302-1

68. Dhanda N, Taheri S. A narrative review of obesity and hearing loss. Int ] Obes.
(2017) 41:1066-73. doi: 10.1038/ij0.2017.32

69. Yang JR, Hidayat K, Chen CL, Li YH, Xu JY, Qin LQ. Body mass index, waist
circumference, and risk of hearing loss: a meta-analysis and systematic review of
observational study. Environ Health Prev Med. (2020) 25:1-9. doi: 10.1186/
$12199-020-00862-9

70. Cederholm T, Jagren C, Hellstrom K. Outcome of protein-energy malnutrition in
elderly medical patients. Am ] Med. (1995) 98:67-74. doi: 10.1016/
$0002-9343(99)80082-5

71.Sitar ME, Aydin S, Cakatay U. Human serum albumin and its relation with
oxidative stress. Clin Lab. (2013) 59:945-52. doi: 10.7754/Clin.Lab.2012.121115

72. Blot SI, Pea F, Lipman J. The effect of pathophysiology on pharmacokinetics in the
critically ill patient — concepts appraised by the example of antimicrobial agents. Adv
Drug Deliv Rev. (2014) 77:3-11. doi: 10.1016/j.addr.2014.07.006

73. Khare M, Mohanty C, Das BK, Jyoti A, Mukhopadhyay B, Mishra SP. Free radicals
and antioxidant status in protein energy malnutrition. Int | Pediatr. (2014) 2014:1-6.
doi: 10.1155/2014/254396

74. Anema A, Vogenthaler N, Frongillo EA, Kadiyala S, Weiser SD. Food insecurity
and HIV/AIDS: current knowledge, gaps, and research priorities. Curr HIV/AIDS Rep.
(2009) 6:224-31. doi: 10.1007/s11904-009-0030-z

75. Koethe JR, Chi BH, Megazzini KM, Heimburger DC, Stringer JSA. Macronutrient
supplementation for malnourished HIV-infected adults: a review of the evidence in
resource-adequate and resource-constrained settings. Clin Infect Dis. (2009) 49:787-98.
doi: 10.1086/605285

76. Gonzalez LS I11, Spencer J. Aminoglycosides: a practical review. Am Fam Physician.
(1998) 58:1811-20.

77. Huth ME, Ricci AJ, Cheng A. Mechanisms of aminoglycoside ototoxicity and targets
of hair cell protection. Int ] Otolaryngol. (2011) 2011:1-19. doi: 10.1155/2011/937861

78. Krause KM, Serio AW, Kane TR, Connolly LE. Aminoglycosides: an overview.
Cold Spring Harb Perspect Med. (2016) 6:1-19. doi: 10.1101/cshperspect.a027029

79. Hong H, Dowdy DW, Dooley KE, Francis HW, Budhathoki C, Han HR, et al. Risk
of hearing loss among multidrug-resistant tuberculosis patients according to cumulative
aminoglycoside dose. Int ] Tuberc Lung Dis. (2020) 24:65-72. doi: 10.5588/ijt1d.19.0062

80. Dulon D, Hiel H, Aurousseau C, Erre JP, Aran JM. Pharmacokinetics of gentamicin
in the sensory hair cells of the organ of Corti: rapid uptake and long term persistence.
C R Acad Sci I11. (1993) 316:682-7.

81.Schacht J, Talaska AE, Rybak LP. Cisplatin and aminoglycoside antibiotics:
hearing loss and its prevention. Anat Rec (Hoboken). (2012) 295:1837-50. doi:
10.1002/ar.22578

82.Van Altena R, Dijkstra JA, Van der Meer ME, Borjas Howard JF, Kosterink
JGW, Van Soolingen D, et al. Reduced chance of hearing loss associated with
therapeutic drug monitoring of aminoglycosides in the treatment of multidrug-
resistant tuberculosis. Antimicrob Agents Chemother. (2017) 61:1-12. doi: 10.1128/
AAC.01400-16

83. Modongo C, Pasipanodya JG, Magazi BT, Srivastava S, Zetola NM, Williams SM,
et al. Artificial intelligence and amikacin exposures predictive of outcomes in multidrug-
resistant tuberculosis patients. Antimicrob Agents Chemother. (2016) 60:5928-32. doi:
10.1128/AAC.00962-16

84. Heysell SK, Pholwat S, Mpagama SG, Pazia SJ, Kumburu H, Ndusilo N, et al.
Sensititre MycoTB plate compared to Bactec MGIT 960 for first-and second-line
antituberculosis drug susceptibility testing in Tanzania: a call to operationalize MICs.
Antimicrob Agents Chemother. (2015) 59:7104-8. doi: 10.1128/AAC.01117-15

85. De Sousa KC, Smits C, Moore DR, Chada S, Myburgh H, Swanepoel DW. Global
use and outcomes of the hearWHO mHealth hearing test. Digit Health. (2022)
8:205520762211132. doi: 10.1177/20552076221113204

frontiersin.org


https://doi.org/10.3389/fneur.2024.1412645
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.5588/ijtld.10.0252
https://doi.org/10.1007/s00038-015-0768-6
https://doi.org/10.1136/bmj.38684.687940.80
https://doi.org/10.1016/j.socscimed.2009.03.041
https://doi.org/10.3390/medicina47060049
https://doi.org/10.3109/14992027.2010.485595
https://doi.org/10.1128/AAC.45.9.2502-2509.2001
https://doi.org/10.1128/AAC.45.9.2502-2509.2001
https://doi.org/10.1002/cam4.1563
https://doi.org/10.1177/0003489414534010
https://doi.org/10.1186/1471-2350-10-2
https://doi.org/10.1073/pnas.0707265105
https://doi.org/10.1080/16513860601136982
https://doi.org/10.1016/j.anl.2016.10.005
https://doi.org/10.1007/s12070-013-0630-1
https://doi.org/10.1007/s12070-013-0630-1
https://doi.org/10.1097/00129492-200305000-00006
https://doi.org/10.1038/srep41356
https://doi.org/10.1016/j.arr.2017.10.002
https://doi.org/10.3109/14992027.2014.891057
https://doi.org/10.1002/jemt.10203
https://doi.org/10.3390/genes9030165
https://doi.org/10.1016/j.heares.2018.07.006
https://doi.org/10.1016/j.mito.2004.07.040
https://doi.org/10.1002/jnr.24439
https://doi.org/10.3390/ijms21072505
https://doi.org/10.3390/ijms21072505
https://doi.org/10.1038/s41419-018-0872-7
https://doi.org/10.1038/s41419-018-0872-7
https://doi.org/10.1016/j.phrs.2006.11.001
https://doi.org/10.1186/s40360-019-0302-1
https://doi.org/10.1038/ijo.2017.32
https://doi.org/10.1186/s12199-020-00862-9
https://doi.org/10.1186/s12199-020-00862-9
https://doi.org/10.1016/S0002-9343(99)80082-5
https://doi.org/10.1016/S0002-9343(99)80082-5
https://doi.org/10.7754/Clin.Lab.2012.121115
https://doi.org/10.1016/j.addr.2014.07.006
https://doi.org/10.1155/2014/254396
https://doi.org/10.1007/s11904-009-0030-z
https://doi.org/10.1086/605285
https://doi.org/10.1155/2011/937861
https://doi.org/10.1101/cshperspect.a027029
https://doi.org/10.5588/ijtld.19.0062
https://doi.org/10.1002/ar.22578
https://doi.org/10.1128/AAC.01400-16
https://doi.org/10.1128/AAC.01400-16
https://doi.org/10.1128/AAC.00962-16
https://doi.org/10.1128/AAC.01117-15
https://doi.org/10.1177/20552076221113204

	Re-telling the story of aminoglycoside ototoxicity: tales from sub-Saharan Africa
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Data collection
	2.3 Statistical analysis

	3 Results
	3.1 Prevalence of ototoxicity
	3.2 Probability of ototoxicity and factors associated with ototoxicity

	4 Discussion
	4.1 Factors associated with TB susceptibility
	4.2 Incidence of aminoglycoside-induced ototoxicity
	4.3 Ototoxicity development timeline
	4.4 Factors influencing onset of ototoxicity

	5 Limitations
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

