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SUMMARY

Setting—A high proportion of individuals with multi-drug-resistant tuberculosis (MDR-TB)
develop permanent hearing loss due to ototoxicity caused by injectable aminoglycosides (AGS).
The prevalence of AG-induced hearing loss is greatest in tuberculosis (TB) and human
immunodeficiency virus (HIV) endemic countries in sub-Saharan Africa. However, whether HIV
coinfection is associated with a higher incidence of AG-induced hearing loss during MDR-TB
treatment is controversial.

Objective—To evaluate the impact of HIV coinfection on AG-induced hearing loss among
individuals with MDR-TB in sub-Saharan Africa.

Design—This was a meta-analysis of articles published in PubMed, Embase, Scopus, Cumulative
Index to Nursing and Allied Health Literature, Web of Science, Cochrane Review, and reference
lists using search terms ‘hearing loss’, “‘aminoglycoside’, and ‘sub-Saharan Africa’.

Results—Eight studies conducted in South Africa, Botswana and Namibia and published
between 2012 and 2016 were included. As the included studies were homogeneous (;(2:8.84,
d.f.=7), a fixed-effects model was used. Individuals with MDR-TB and HIV coinfection had a
22% higher risk of developing AG-induced hearing loss than non-HIV-infected individuals (pooled
relative risk=1.22; 95% CI=1.10-1.36) during MDR-TB treatment.

Conclusion—This finding is critical for TB programs with regard to the expansion of injectable-
sparing regimens. Our findings lend credibility to using inject- able-sparing regimens and more
frequent hearing monitoring, particularly in resource-limited settings for HIV-coinfected
individuals.
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INTRODUCTION

Multidrug-resistant Tuberculosis (MDR-TB), defined as TB resistant to at least isoniazid
and rifampicin, is a global health emergency. MDR-TB treatment is prolonged (9-24
months), poorly efficacious (<50% treatment success), poorly tolerated and quite toxic.1:2
Despite advances in injectable-sparing regimens, the mainstay of MDR-TB treatment
contains one second-line injectable, an aminoglycoside (AG), for at least 4 months in
combination with four oral drugs.2 AGs include amikacin (AMK), kanamycin (KM), and
streptomycin (SM), or the mechanistically similar cyclic peptide antibiotic, capreomycin
(CPM).3 One of the main adverse reactions from AGs is sensorineural ototoxicity: SM is
mainly vestibulotoxic, causing dizziness, ataxia, or nystagmus; AMK, KM, and CPM are
predominantly cochleotoxic, resulting in tinnitus or hearing loss.*

AG-induced hearing loss begins at high frequencies, can progress even with AG
discontinuation, and is permanent unless quickly identified.* Hearing loss leads to social
isolation, reduced quality of life, and threatens employment stability and family prosperity.
56 The risk of AG-induced hearing loss may be impacted by human immunodeficiency virus
(HIV) coinfection. Although the exact mechanism of AG ototoxicity is not known, it has
been hypothesized that excessive AG accumulation in the inner ear catalyzes the formation
of reactive oxygen species (ROS).”:8 When ROS formation overwhelms the capacity of the
intrinsic protective and repair system, the sensory hair cells undergo apoptotic death,
resulting in irreversible hearing loss.#? As chronic immune activation in HIV coinfection
triggers massive ROS formation, people living with HIV (PLHIV), particularly those who
are antiretroviral therapy (ART) naive, may be more vulnerable to AG ototoxicity.10:11

Paradoxically, HIV treatment may also be associated with an increased risk of ototoxicity.
Nucleoside reverse transcriptase inhibitors (NRTIs), a class of ART drugs, are
mitochondrial-toxic, and cause mitochondrial damage in outer hair cells.12:13 Moreover, one
NRTI, tenofovir disoproxil fumarate, is also nephrotoxic, and can compound AG-induced
ototoxicity, as AGs are eliminated through the kidneys.12:13 Poly-pharmacy is common in
MDR-TB and HIV treatment, with additional medications added to manage opportunistic
infections or adverse drug reactions.14 This complexity may result in additional drug-drug
interactions, pill fatigue and resultant non-adherence, or drug-induced renal impairment, any
of which can affect the risk of ototoxicity.1®

People in resource-limited settings are more likely to be at high risk for AG ototoxicity.
Protein-energy malnutrition caused by insufficient intake of protein and calories is
prominent in sub-Saharan Africa due to food insecurity.16-17 In the case of protein-energy
malnutrition, albumin synthesis is impaired and changes in oncotic pressure lead to
abnormal accumulation of fluid in the interstitium of hair cells,18:1° thereby worsening AG
ototoxicity because AG is water-soluble.20 Furthermore, a dietary deficiency of protein and
calories reduces the synthesis of antioxidant enzymes and antioxidant concentrations,
leading to ROS overproduction.1921 Due to the financial costs involved in frequent
audiological assessment or therapeutic drug monitoring (i.e., daily blood tests for AG
concentration), early detection of hearing loss is impractical in most sub-Saharan African
countries, which leads to missed opportunities to prevent hearing loss.1:22
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Despite these known risks, whether HIV coinfection leads to a higher incidence of AG-
induced hearing loss during MDR-TB treatment is controversial. The objective of the
present study was to systematically review the literature and estimate the effect size of the
association between HIV coinfection and AG-induced hearing loss among MDR-TB-
infected individuals in sub-Saharan Africa.

The review process was guided by the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) standards.23 Institutional review board approval was not
required for this meta-analysis.

Inclusion/exclusion criteria

The inclusion criteria for participants were: 1) known or presumptive TB with isoniazid
resistance, rifampicin resistance, or MDR-TB on microbiologic tests (determined either on
culture with drug susceptibility testing or using cartridge-based Xpert® MTB/RIF; Cepheid,
Sunnyvale, CA, USA), and 2) use of second-line injectable anti-tuberculosis drugs (AMK,
KM, SM, or CPM). Hearing loss in study participants should have been observed either
prospectively or retrospectively during and/or after treatment with injectables. All ages and
both sexes were included in our analyses.

The following diagnoses of AG-induced hearing loss were accepted: 1) audiometric hearing
loss, defined as worsening of hearing threshold confirmed using audiometry; 2) self-reported
hearing loss, defined as symptomatic hearing loss reported by patients after AG initiation;
and 3) clinician-identified hearing loss, diagnosed by clinicians in the absence of
audiometry. In our analysis, a broader definition of AG-induced hearing loss was accepted
because regular audiological assessments are rarely conducted in many sub-Saharan African
countries due to the shortage of trained audiologists or testing equipment. This definition of
hearing loss was supported by a recent study that concluded that patient self-report of
hearing loss was highly concordant with clinician-identified hearing loss in the setting of
monthly audiological testing.24 Only studies written in English were included.

Studies were excluded if they did not include participants’ HIV status as a study variable.
We also excluded studies if full-text versions were not available (e.g., conference abstracts),
if the study did not have a quantitative design, or if studies reported the protocol only with
no measured outcomes.

Search and selection process

PubMed, Embase, Cumulative Index to Nursing and Allied Health Literature (CINAHL),
Scopus, Web of Science, and Cochrane Review were searched using the following MeSH
terms: *hearing loss’, ‘aminoglycosides’ and ‘Africa South of the Sahara’. Our initial search
was not limited by the year of publication. Electronic searches were supplemented by
manual searches of references found in identified articles and bibliographies.

Our initial database search, conducted on 19 December 2016, resulted in 367 citations. After
removing duplicates, 79 titles with abstracts were reviewed for relevance by HH. Twenty-

Int J Tuberc Lung Dis. Author manuscript; available in PMC 2018 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong et al.

Page 4

one articles were passed onto the next full-text review process. Of the 12 full-text articles
that were selected by HH and confirmed by CB, six studies reporting the number of
participants who developed AG-induced hearing loss and their baseline HIV coinfection
status provided useful data for a meta-analysis. We contacted the six corresponding authors
of the eligible studies to request unpublished descriptive statistical data to calculate the
cumulative incidence of hearing loss and prevalence of HIV coinfection; of these, two
authors provided the requested data, which were finally added to the study data set on 10
July 2017. Eight studies were included in our analysis; four studies were excluded due to
lack of useful data required for a meta-analysis (Appendix Figure A.1).

Data quality assessment

The Newcastle-Ottawa Quality Assessment Scale (NOS) was used to evaluate the quality of
the original studies.2> Three main themes were evaluated: selection of samples (four items),
comparability of cohorts (one item), and ascertainment of outcome (three items).

In this meta-analysis, comparability was assessed as to whether the original studies isolated
conductive hearing loss (e.g., cerumen impaction or middle ear infection) using otoscopy or
tympanometry, because AG mainly causes cochlear-toxic sensorineural hearing loss. One
point was awarded for each quality item; a total of eight points thus indicated the highest
quality. In general, as positive findings are more likely to be published, we also tested for

publication bias to estimate the possibility of distortion of synthesized meta-analysis results.
26

Statistical analysis

RESULTS

Cumulative incidence (absolute risk, i.e., the total number of events divided by the total
number of people at risk) of each study was initially calculated because of the different
follow-up durations and formats used to measure events across studies.2’ Heterogeneity was
tested using Cochran’s Q statistic, along with summary estimates using the metan command.
Due to non-significance of heterogeneity (y? =8.84, d.f.=7, p=0.26; /= 20.9%), which
suggested that the differences between the studies were explicable by random variation,28
we used the Mantel-Haenszel fixed-effects method with the metan command in Stata/IC 14
(StataCorp, College Station, TX, USA) to combine the different results and obtain a pooled
estimate of the effect size.28.2% The cumulative incidence ratio (relative risk [RR]) was used
as a pooled measure of association to interpret the synthesized impact of the prevalence of
HIV coinfection on the risk of AG-induced hearing loss, with variance presented by 95%
confidence intervals (Cls). The funnel plot—a graphic plot to diagnose publication bias and
other small-study effects (the tendency for smaller studies in a meta-analysis to show larger
treatment effects)—was used using the funne/ command.28:29

Overview of studies included in the meta-analysis

This meta-analysis comprised eight studies that met the inclusion and exclusion criteria
(Table). All eight studies were published between 2012 and 2016.13:24.30-35 Most were
prospective and retrospective cohort studies; one study retrospectively collected study
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outcomes from medical records and then compared these to cross-sectional patient interview
outcomes.24 The studies were conducted in specialist TB hospitals (n=7)13:24.30.32-35 anq
community-based HIV-TB clinical settings (n=1).3! Seven studies had a cohort sample of
adults aged >14 years;13.24.31-35 only one study had a sample of children aged <15 years.30
Sample size was between 50 and 99 individuals in four studies,30-32:34 petween 100 and 299
in two studies,1324 and >300 in two studies.33:35 All studies were conducted in southern
Africa: four studies were conducted in South Africa,13:24:30.31 two in Botswana33:34 and two
in Namibia.32:35 NOS scores ranged between 5 and 8; the mean was 6.75 out of 8.

The outcomes of hearing loss diagnosis were categorized by audiometric hearing loss
(n=3)13:30.35 and composite hearing loss, including both clinician-identified hearing loss
confirmed using audiometry (n=4)2431.33.34 and self-reported hearing loss (n=1).32
Audiometric hearing loss was assessed using either pure tone audiometry in adults and
children aged >7 years or distortion product otoacoustic emissions in children aged <6 years.
30 Of the five studies that used audiometry testing of both air and bone conductions to
diagnose drug-induced sensorineural hearing loss, only two studies confirmed and
differentiated conductive hearing loss by assessing outer and middle ears through
tympanometry or otoscopy.13-30 Finally, the risk of hearing loss during injectable anti-
tuberculosis treatment ranged from 23% to 69%. The prevalence of HIV coinfection at TB
treatment initiation ranged from 30% to 83%.

Effect of human immunodeficiency virus coinfection on aminoglycoside-induced hearing

loss

MDR-TB and HIV-coinfected individuals had a 22% higher risk of developing AG-induced
hearing loss than non-HIV-infected individuals (pooled RR=1.22, 95% CI1=1.10-1.36, p<.
001) during MDR-TB treatment (Figure 1).13:24:30-35 Ng significant differences were found
in subgroup analysis of studies for which audiometric hearing loss data were available (n=5).
Such analyses demonstrated that the risk of hearing loss was 24% higher among HIV-
coinfected individuals than among non-HIV-infected individuals (pooled RR=1.24, 95%
Cl=1.11-1.38, p<.001) (Figure 2). As shown in Figure 3, three studies compared the effect
of participants’ ART status on AG-induced hearing loss, although the type of ART was not
specified; the risk of developing AG-induced hearing loss did not differ, regardless of ART
status in PLHIV (pooled RR=1.01, 95% CI=0.72-1.41, p=0.97).2431.33 Baseline CD4 count
was available from only one study, and patients whose baseline CD4 count was <200
cells/mm3 did not have a significantly increased risk of hearing loss compared with those
with a baseline CD4 count =200 cells/mm3 (RR=1.16, 95% C1=0.95-1.42, p=0.15).33

Publication bias

The asymmetric distribution funnel plots suggested some visual evidence of publication bias
(Appendix Figure A.2); however, the effect size of AG-induced hearing loss was considered
to be small. The homogeneity from Q statistics and significant P values for effect size
supported the characteristics of stability, suggesting reasonably low levels of publication
bias.
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DISCUSSION

Questions are frequently raised about the risk of treatment-induced hearing loss. However,
few studies have focused on the factors that might result in a higher risk of AG ototoxicity
during MDR-TB treatment in sub-Saharan Africa. Although mitochondrial mutations in MT-
RNR1 may increase genetic susceptibility,36:37 this is more prevalent in Europeans and
Asians and not in sub-Saharan Black Africans, among whom the prevalence of this mutation
is extremely low (0-0.09%).37-40

We found that individuals with MDR-TB and HIV coinfection had a higher risk of AG-
induced hearing loss than non-HIV-infected MDR-TB patients. It is therefore likely that the
high burden of HIV coinfection in sub-Saharan Africa may be the reason for the
staggeringly high prevalence of AG-induced hearing loss (23-69%) compared with less
burdened countries, such as the United States (13%),%! the Netherlands (18%),2 the United
Kingdom (28%),3 and India (10-25%).44-46

We also revealed that AMK was the most common choice of AG for MDR-TB treatment
across all eight studies. However, one of the included studies found that the risk of
ototoxicity with AMK was four times higher than with KM (adjusted odds ratio 4.0, 95%Cl
1.5-10.8).35 These findings will assist health care providers to develop personalized
interventions, for example by choosing less ototoxic drugs, changing to an AG-sparing
regimen, or scheduling more frequent hearing monitoring in PLHIV where AG is required
for MDR-TB treatment, especially in sub-Saharan Africa.

A new short-course MDR-TB treatment regimen recommended by the World Health
Organization (WHO) reduces treatment from 20-24 months to 9—12 months; however, an
injectable AG remains part of this recommendation, in part because of the low cost as well
as potent antibacterial activities.2* To qualify for substitution of less or non-ototoxic drugs
(e.g., bedaquiline) for AGs, many TB programs currently require evidence of treatment-
related hearing loss. All patients’ hearing should therefore be carefully monitored while
using second-line injectable AGs through routine audiological assessments for the early
detection of hearing loss. Regular audiological assessments may prevent severe or complete
hearing loss because, by the time a symptom of hearing loss is detected, it is often too late to
reverse hair cell damage.?

In our meta-analysis, only three studies used an audiometric definition of hearing loss for all
study participants,13:24:35 while others embraced self-reported or clinician-identified hearing
loss as a surrogate outcome of hearing loss. Our meta-analysis also found that only two of
eight studies conducted tympanometry and otoscopy to confirm drug-induced sensorineural
hearing loss by differentiating it from conductive hearing loss.13:30 These findings suggest
that regular and comprehensive audiological assessment may be impractical in many study
sites due to insufficient resources.

The present study has several strengths. First, we used PRISMA criteria to increase the
transparency of reporting and avoid selection bias during the study selection phase.23
Second, we conducted a comprehensive search of all potentially relevant studies with the
help of an academic librarian to ensure a systematic approach to capture all the evidence that
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may pertain to the question of interest. Third, the NOS tool was used to assess the quality of
all included studies so that results could be interpreted in the context of their quality. Finally,
we used a meta-analysis, a rigorous statistical method, to consolidate research findings from
studies addressing a similar topic but conducted in diverse settings.#”-48 This approach
enables the analysis to draw more decisive conclusions on effect size for a relationship
between AG-induced hearing loss and HIV coinfection because of its greater statistical
power and external validity.4”

While our study findings contributed to the risk analyses of AG-induced hearing loss, there
were several limitations. First, despite our expanded search criteria, only a small number of
studies met the inclusion criteria due to the lack of published studies. As very few studies
reported the ART status of participants, we were unable to conclude whether concomitant
administration of ART affected the risk of AG-induced hearing loss during injectable MDR-
TB treatment. Second, samples of included studies were not necessarily representative of the
variety of people living in sub-Saharan Africa, as the geographical sites of the included
studies were mostly limited to southern Africa, and participants were predominantly adults.
Finally, this meta-analysis did not control for potential confounders, such as age or use of
ototoxic or nephrotoxic drugs, during injectable treatment.

Future studies aiming to find AG-induced hearing loss risk factors or prevent AG-induced
hearing loss must consider including a wide range of HIV-related variables, such as CD4
count, viral load, duration of living with HIV infection, as well as the specific ART
combination given and its frequency. Future studies need to consider the influences of time-
dependent variables, such as weight, serum creatinine, and AG accumulation on the risk of
AG-induced hearing loss. Because conductive hearing loss commonly results from otitis
media or cerumen impaction that can threaten construct validity, conductive hearing loss
must be ruled out by comprehensive audiological assessment, including audiometry,
tympanometry, and otoscopy.#? Finally, children need to receive more attention in AG-
induced hearing loss studies, as children with hearing loss may suffer from delayed

communicational development and literacy compared with children with normal hearing.
50,51

CONCLUSION

The WHO recommends a new short-course MDR-TB treatment regimen, which includes an
AG. The present study lends credibility to using injectable-sparing regimens and more
frequent hearing monitoring—particularly in resource-limited settings for PLHIV in sub-
Saharan Africa. Such strong evidence of AG-induced hearing loss risk may help health care
providers to make clinical decisions when initiating MDR-TB treatment for PLHIV.
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Author Year Country N AG Type RR 95% ClI W(eo/ight Forest Plot
Harrisetal.’™® 2012 South Africa 151 AMK, KM, SM, CPM  1.73 125 239 11.01 J
Seddon etal.® 2012 South Africa 93  AMK, SM, CPM 1.50 0.84 268 3.05 | 1‘
Brust et al.3! 2013 South Africa 91 KM 0.83 042 167 363 j
Sagwaetal® 2013 Namibia 57 AMK, KM, SM, CPM 1.34 050 361 1.97 ‘ )
Modongo et al.®® 2014 Botswana 437 AMK 1.13 0.96 1.33 4064 __.:_
Modongo et al.34 2015 Botswana 28 AMK 0.76 029 202 218 ;
Sagwaetal® 2015 Namibia 342 AMK, KM 1.18 0.99 140 33.75 _;_
Kelly et al.?* 2016 South Africa 121 N/S 1.58 0.78 3.20 3.78 i
Mantel-Haenszel pooled RR 1.22 1.10 1.36 100.00 <>

1.0 1.22 3.6

Figure 1.
Effect of HIV Coinfection on Risk of AG-Induced Hearing Loss

HIV=human immunodeficiency virus; N=sample size; AG=aminoglycoside; RR=relative

risk; Cl=confidence interval; AMK=amikacin; KM=kanamycin; SM=streptomycin;
CPM=capreomycin; N/S= Not specified.
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Author Year Country N AG Type RR 95% CI W(eo/'?ht Forest Plot
(]
Harrisetal.”® 2012 South Africa 151 AMK, KM, SM, CPM  1.68 122 231 1349 ‘_°_
Seddon etal.®® 2012 South Africa 93 AMK, SM, CPM 1.94 064 582 158 .
Modongo et al.?3 2014 Botswana 437 AMK 1.16 099 1.36 4230 ——
Modongo et al.3¢ 2015 Botswana 28 AMK 0.56 014 233 1.83 + :
Sagwaetal® 2015 Namibia 342 AMK, KM 1.18 0.99 1.40 40.80 ——
Mantel-Haenszel pooled RR 1.24 111 1.38 100.00 <>
1.0 1.24 7.42

Figure 2.

Effect of HIV Coinfection on Risk of AG-Induced Hearing Loss Confirmed by Audiometry
HIV=human immunodeficiency virus; N=sample size; AG=aminoglycoside; RR=relative

risk; Cl=confidence interval; AMK=amikacin; KM=kanamycin; SM=streptomycin;

CPM=capreomycin.
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Author Year Country N AGtype RR 95% ClI W(ec}g);ht Forest Plot

0
Brust et al.3! 2013  South Africa 91 KM 0.81 040 164 26.74
Modongo et al.3® 2014  Botswana 286  AMK 1.38 0.85 223 4503
Kelly et al.?* 2016  South Africa 90 N/S 0.60 032 113 2823 ¢
Mantel-Haenszel pooled RR 1.01 0.72 1.41 100.00 <

323 1.01 3.1
Figure 3.

Effect of ART status on Risk of AG-induced Hearing Loss
ART=antiretroviral therapy; N=sample size; AG=aminoglycoside; RR=relative risk;
Cl=confidence interval; KM=kanamycin; AMK=amikacin; N/S= Not specified.
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