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s u m m a r y 

Objectives estimate the prevalence of ototoxic hearing loss in drug-resistant tuberculosis (DR-TB) patients 

treated with aminoglycoside antibiotics via a systematic review and meta-analysis. Estimate the annual 

preventable cases of hearing loss in DR-TB patients and leverage findings to discuss primary, secondary 

and tertiary prevention. 

Methods studies published between 2005 and 2018 that reported prevalence of post-treatment hear- 

ing loss in DR-TB patients were included. We performed a random effects meta-analysis to determine 

pooled prevalence of ototoxic hearing loss overall and by medication type. Preventable hearing loss cases 

were estimated using World Health Organization (WHO) data on DR-TB treatment and prevalence deter- 

mined by the meta-analysis. 

Results eighteen studies from 10 countries were included. Pooled prevalence of ototoxic hearing 

loss and the corresponding 95% confidence interval (CI) was 40.62% CI [32.77– 66.61%] for all drugs 

(kanamycin: 49.65% CI [32.77– 66.61%], amikacin: 38.93% CI [26.44–53.07%], capreomycin: 10.21% CI 

[4.33–22.21%]). Non-use of aminoglycosides may result in prevention of approximately 50,0 0 0 hearing 

loss cases annually. 

Conclusions aminoglycoside use results in high prevalence of ototoxic hearing loss. Widespread pre- 

vention of hearing loss can be achieved by following updated WHO guidelines for DR-TB treatment. When 

hearing loss cannot be avoided, secondary and tertiary prevention should be prioritized. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of The British Infection Association. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction 

Drug-resistant tuberculosis (DR-TB) is a major global pub- 

ic health concern. As compared to drug-susceptible tuberculosis, 

ifampicin-resistant (RR-) and multi-drug resistant (MDR-) TB are 

ssociated with higher rates of mortality and present a global 

hreat to the control of TB. DR-TB is resistant to rifampicin and iso- 

iazid, two of the most powerful anti-TB drugs, and therefore re- 

uires treatment with a second-line regimen. Until 2018, the World 

ealth Organization (WHO) recommended second-line regimens 

ncluding an intensive phase of injectable aminoglycoside antibi- 

tics (kanamycin, amikacin, capreomycin, or streptomycin), 1 which 
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ed to multiple adverse events and toxicities, namely ototoxicity 

i.e., drug-induced hearing loss). 

The last 5 years have brought substantial advancements in DR- 

B treatment and the WHO has revised medication rankings based 

n effectiveness into groups a, b, and c agents. 2 Current guidelines 

ecommend fully oral regimens (groups a, b; e.g., bedaquiline) for 

ost cases, but use of aminoglycosides (group c; e.g., amikacin) 

s warranted in certain cases and when measures to monitor for 

dverse reactions, including hearing loss, are ensured. 3 

Use of fully oral regimens would eliminate ototoxic hearing loss 

s an adverse event occurring after DR-TB treatment. However, pa- 

ients treated under older guidelines (i.e., pre-2018) including an 

ntensive phase of injectable aminoglycosides or patients requir- 

ng treatment with amikacin or streptomycin (i.e., group c agents) 

emain at risk for ototoxic hearing loss. Given the recency of the 

uideline change, widespread availability of aminoglycosides, and 

otential challenges to implementing new guidelines at national 
n Association. This is an open access article under the CC BY-NC-ND license 
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nd setting-specific levels, it is likely aminoglycosides are still used 

n many high-burden DR-TB countries. Preventing the permanent, 

ften bilateral hearing loss resulting from DR-TB treatment is of 

articular importance as the onset of hearing loss may intensify 

he economic distress, stigma and discrimination that many TB pa- 

ients already face. Hearing loss may have detrimental effects on 

ndividuals throughout the life span in terms of quality of life, eco- 

omic mobility, and health. Effects may be exacerbated for individ- 

als in low- and middle-income countries (LMIC; locations of high 

R-TB burden) given more limited access to hearing health care 

nd rehabilitation. Hearing loss in children impairs language devel- 

pment and is associated with lower rates of literacy and educa- 

ional attainment, 4 which may lead to a trajectory of limited eco- 

omic mobility. In adults, hearing loss is associated with social iso- 

ation, lower income, and serious co-morbid health conditions such 

s cognitive impairment. 5 , 6 The direct, indirect and societal annual 

onetary costs of hearing loss are sizable, estimated to be over 

80 billion international dollars. 7 Although public health interven- 

ions to prevent hearing loss have been deemed cost-effective and 

ave meaningful individual and economic implications, 7 –8 hearing 

oss and its prevention consistently receive inadequate attention as 

 global public health priority. Despite the serious impacts of hear- 

ng loss, little is known regarding prevalence of ototoxic hearing 

oss after treatment for DR-TB. 

There is an emerging global effort to prioritize prevention of 

isability and its rehabilitation as well as non-communicable dis- 

ases. 9 –10 A particularly pressing area for global priority and inter- 

ention is prevention of hearing loss and preservation of quality of 

ife for individuals undergoing serious personal and economic dis- 

ress, such as those being treated for DR-TB. 

The purpose of this article was twofold. First, we conducted a 

ystematic review and meta-analysis to estimate the prevalence of 

totoxic hearing loss in individuals treated for DR-TB. Second, we 

stimated the global number of preventable cases of hearing loss 

n those treated for DR-TB. We leveraged findings to discuss pre- 

ention strategies for ototoxic hearing loss. 

ethods 

This systematic review was conducted under the Preferred Re- 

orting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

uidelines. 11 

ligibility criteria 

Peer-reviewed manuscripts published in English between years 

005–2018 that were either case-control, cohort, or cross-sectional 

tudies were eligible for screening. Manuscripts must have con- 

ained information on human subjects diagnosed and treated for 

R-TB and who had hearing loss measured using standard hearing 

valuation tests, including pure tone audiometry, otoacoustic emis- 

ions (OAE), and/or auditory brainstem response (ABR) waveforms. 

tudies reporting hearing loss based on subjective self-report mea- 

ures were not considered. Eligible manuscripts were required to 

eport incident or prevalent hearing loss after DR-TB treatment 

ith aminoglycosides. 

nformation sources & search strategy 

The databases Ovid Medline, Ovid Embase, and Web of Science 

ore Collection were searched in May 2018. Search terms included 

he words “hearing loss,” “hearing impair, ∗” “deafness,” “auditory”

r “audiolog ∗” were used along with “multidrug-resistant tubercu- 

osis” or “MDR-TB.”
28 
tudy selection 

One reviewer (AMF) extracted eligible papers across the three 

atabases and removed duplicates. This reviewer also completed 

he title and abstract screen, based on the eligibility criteria stated 

bove. References were exported to Mendeley and shared with 

tudy team members. Two separate reviewers (LKD, CMM) then 

ompleted a full paper screen then a full paper review based on 

he eligibility criteria. Any differences between the two reviewers 

ere reconciled. 

ata collection & analysis 

Two WHO biostatisticians (RXM & LLP) developed data ex- 

raction tables. Extracted data included (a) meta-study informa- 

ion (name of authors, year of publication), (b) sample characteris- 

ics including demographics (e.g., age, sex), (c) intervention (treat- 

ent) details (e.g., dose, frequency, duration of treatment), (d) out- 

ome details (e.g., method of hearing loss measurement, definition 

f hearing loss), and (e) prevalence or incidence of hearing loss. 

hen studies included participants treated with more than one 

totoxic drug, the primary ototoxic drug was defined as the most 

ommonly used drug in the sample. Given heterogeneity in out- 

ome measures and definitions, the outcome of hearing loss was 

lassified in a binary fashion (rather than degree of hearing loss). 

f studies reported prevalent hearing loss on more than one oto- 

oxicity grading scale, the American Speech-Language Hearing As- 

ociation (ASHA) scale 12 determined prevalence. 

Random effects models were used to meta-analyze study re- 

ults to determine pooled prevalence of ototoxic hearing loss and 

he corresponding 95% confidence intervals (CI). Prevalence es- 

imates were stratified by the primary drug used in treatment 

kanamycin, amikacin, capreomycin) and non-mutually-exclusive 

ge categories (studies on adult subjects [ > 18 years], studies in- 

luding teenagers and adults [age 11 + years] and studies on chil- 

ren [ < 5 years]). Meta-regression models evaluated impacts of 

ose and duration of DR-TB treatment on the effect estimate. The 

 

2 statistic was used to measure heterogeneity among studies. 

stimation of at-risk and exposed populations 

For years 2015 to 2019, we estimated the number of individu- 

ls with MDR-TB (i.e., ‘at risk’ for ototoxic hearing loss) and treated 

or MDR-TB with aminoglycosides (i.e., ‘exposed’ to ototoxic medi- 

ations) with WHO global tuberculosis case notifications and out- 

omes data ( https://www.who.int/tb/country/data/download/en/ ). 

ata collection methods for these datasets are described in WHO 

ocumentation and are collected from approximately 200 coun- 

ries annually. 13 –17 

For years 2015 to 2018, we assumed all patients were treated 

ith aminoglycosides (per past WHO guidelines). For year 2019 

i.e., after guideline change), we accounted for the number of 

ases treated with all-oral long regimens. DR-TB outcome data (i.e., 

eaths, treatment failure or success, lost to follow up) were last 

ollected in year 2017. We calculated the proportion of deaths for 

015–2017 outcome data and applied the proportion of deaths to 

he number of treated cases (2015 and 2016 data applied to re- 

pective years, 2017 proportion applied to 2017, 2018, and 2019 

ata). We applied the proportion rather than the raw number of 

eaths because the cohorts (i.e., denominator) used in outcome 

nd notifications data differed. Estimates did not account for failed 

reatment rates (we assume patients still received some aminogly- 

osides), loss to follow up or missing data. 

WHO documentation did not include drug-specific (i.e., 

anamycin, amikacin) data. Thus, we calculated a crude estimate of 

he number of incident cases of preventable hearing loss for years 

https://www.who.int/tb/country/data/download/en/
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Fig. 1. Study selection process. 
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015–2019 by multiplying the number of individuals treated for 

R-TB by the pooled prevalence (determined by meta-analysis) of 

earing loss after treatment with aminoglycosides, accounting for 

egimen type and death. Although we used pooled prevalence esti- 

ates applied to WHO incidence data, all but 1 study had baseline 

nd follow-up measures of hearing (i.e., they reported incidence). 

ll analyses using TB notification and outcomes data were con- 

ucted in SAS version 9.4 software (SAS Institute, Inc., Cary, NC). 

esults 

creening results 

A total of 207 non-duplicate citations were identified by using 

he selected keywords. After the final review, 18 articles were eli- 

ible for inclusion in this study. 18 –35 The study selection process 
29 
s shown in Fig. 1 . For three studies 20 , 31 , 35 we presented study 

esults stratified by drug. Therefore, prevalence estimates are pre- 

ented for a total of 22 (sub-)studies. 

tudy characteristics 

Pertinent study details are presented in Table 1 . The stud- 

es were from 10 countries (Bangladesh, Botswana, England, In- 

ia, Indonesia, Iran, Namibia, Netherlands, Niger, South Africa) 

orresponding to representation from African, European, Eastern 

editerranean, and South-East Asia regions. 

The number of studies focusing on adults ( > 18) only was 14, 

hildren ( < 5) was 3, and teenagers and adults (11 + years) was 5.

ne study included children and teenagers/adults (age range 0.6–

7 years) and was included in the ‘children’ analytic group 

21 . All 

tudies included both males and females. Out of the 22 studies, 
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Table 1 

Pertinent study characteristics. 

First Author 

(year) Country Age group 

Age range 

(years) 

Primary 

ototoxic 

drug 

Mean daily 

dose 

(mg/kg) 

Duration, 

TB 

treatment 

(days) 

Outcome 

measure 

Outcome 

definition 

n tested at 

endpoint 

Prevalence 

(%; 95% 

Confidence 

Interval) 

Appana 

(2016) 

South 

Africa 

Adult 18–56 Kanamycin n/a n/a 

Audiometry 

ASHA 52 0.99 (0.87, 

0.999) 

Arnold 

(2017) 

England Adult 24–38 Amikacin 15 178 

Audiometry 

ASHA 55 0.55 (0.41, 

0.67) 

Duggal 

(2007a) 

India Adult 17–65 Amikacin 16 235 

Audiometry 

ASHA 34 0.21 (0.10, 

0.37) 

Duggal 

(2007b) 

India Adult 17–65 Kanamycin 16 237 

Audiometry 

ASHA 26 0.15 (0.06, 

0.35) 

Duggal 

(2007c) 

India Adult 17–65 

Capreomycin 

16 215 

Audiometry 

ASHA 4 0.25 (0.03, 

0.76) 

Ghafari 

(2015) 

South 

Africa 

Children 0.6–17 Amikacin n/a n/a 

Audiometry, 

OAE or ABR 

Audiometry: 

4.0, 6.0 or 

8.0 kHz 

threshold 

> 15 dB 

OAE/ABR: 

pass † 

29 0.41 (0.25, 

0.60) 

Harris 

(2012) 

South 

Africa 

Teenagers 

& Adults 

14–70 Kanamycin n/a n/a 

Audiometry 

ASHA 151 0.58 (0.50, 

0.65) 

Heysell 

(2018) 

Bangladesh Adult 18–40 Kanamycin 18.9 240 

Audiometry 

ASHA 36 0.78 (0.62, 

0.89) 

Irwan 

(2017) 

Indonesia Adult 28–51 Kanamycin 12.5 112 

Audiometry 

ASHA 33 0.91 (0.75, 

0.97) 

Isaakidis 

(2011) # 
India Teenagers 

& Adults 

11–61 

Capreomycin 

15 n/a 

Audiometry 

Shift in 

hearing, 

classified 

by degree ‡ 

59 0.09 (0.04, 

0.19) 

Javadi 

(2011) 

Iran Teenagers 

& Adults 

15–74 Amikacin 10 45 

Audiometry 

ASHA 41 0.71 (0.55, 

0.83) 

Melchondia 

(2013) 

England Adult 24–33 Amikacin 15 122 

Audiometry 

CTCAE 12 0.58 (0.31, 

0.82) 

Modongo 

(2015) 

Botswana Adult 28–70 Amikacin 20 184 

Audiometry 

shift of 

15-25 dB 

re: 

baseline, 

averaged 

≥2 

adjacent 

frequencies 

28 0.25 (0.12, 

0.44) 

Piubello 

(2014) # 

Niger Teenagers 

& Adults 

16–66 Kanamycin 20 n/a 

Audiometry 

PTA 0.5-4.0 

kHz in 

worse ear, 

classified 

by degree §

53 0.25 (0.15, 

0.38) 

Ramma 

(2012) 

South 

Africa 

Adult 18–60 Amikacin 20 n/a 

Audiometry 

ASHA 49 0.47 (0.34, 

0.61) 

Sagwa 

(2015a) 

Namibia Adult 26–45 Amikacin 15 n/a 

Audiometry 

ASHA 51 0.75 (0.61, 

0.85) 

Sagwa 

(2015b) 

Namibia Adult 25–48 Kanamycin 15 n/a 

Audiometry 

ASHA 302 0.56 (0.60, 

0.61) 

Seddon 

(2013) 

South 

Africa 

Children 2–9 Amikacin 20 150 

Audiometry 

or OAE 

Audiometry: 

ASHA 

OAE: pass 

94 0.25 (0.17, 

0.34) 

Seddon 

(2014) 

South 

Africa 

Children 2–6 Amikacin 20 390 

Audiometry 

and OAE 

Audiometry: 

ASHA 

OAE: pass 

98 0.26 (0.18, 

0.35) 

Sharma 

(2016) 

India Teenagers 

& Adults 

15–60 Kanamycin 15 n/a 

Audiometry 

ASHA 100 0.18 (0.12, 

0.27) 

Van Altena 

(2017a) Netherlands 

Adult 25–39 & Amikacin 4.8 166 

Audiometry 

Shift of 20 

dB, any 

frequency 

54 0.07 (0.03, 

0.18) 

Van Altena 

(2017b) Netherlands 

Adult 25–39 & Kanamycin 6.9 124 

Audiometry 

Shift of 20 

dB, any 

frequency 

25 0.20 (0.09, 

0.40) 

† Details for OAE and ABR methodology from Hunter et al. 36 

# Some audiometric details confirmed via personal communication with author 
‡ Mild shift, 21–40 dB averaged at 2 contiguous frequencies in one ear; Moderate shift, 41-55 dB averaged at 2 contiguous frequencies in at least one ear; Moderate 

shift, 56–70 at 3 contiguous frequencies; Profound shift, threshold 71-90 dB at 2KHz and above 
§ Mild (21–40 dB); Moderate (40–70 dB): Severe (71–90 dB); Profound ( > 90 dB) 
& Inter-quartile rangeAbbreviations: American Speech-Hearing Language Association (ASHA); kilohertz (kHz); decibels (dB); pure-tone average (PTA); Common Terminol- 

ogy Criteria for Adverse Events (CTCAE); Auditory brainstem response (ABR); otoacoustic emissions (OAE) 

30 
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Fig. 2. Forest plot showing prevalence of hearing loss in individuals treated for drug-resistant tuberculosis. The event rate and 95% confidence interval (95% CI) are presented 

for each study, separately, and the pooled estimate is presented. Squares indicate study-specific prevalence estimates and the diamond indicates the pooled prevalence 

estimate. 
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he primary drug used in 9 studies was kanamycin, in 11 stud- 

es was amikacin, and in 2 studies was capreomycin. Fifteen stud- 

es reported dose and the mean (range) daily dose for kanamycin, 

mikacin, and capreomycin, respectively, was 14.9 (6.9–20), 15.6 

4.8–20) and 15.5 (15–16) mg/kg. Thirteen studies reported dura- 

ion of DR-TB treatment. Mean treatment duration in these studies 

as 185 (range 45–390) days. 

Hearing loss was measured by audiometry in 19 studies, au- 

iometry and/or OAEs in 2 studies, and audiometry, OAEs or ABRs 

n 1 study. Of the 19 studies that used audiometry, 15 of them de- 

ned hearing loss by ASHA criteria, 12 2 classified them by degree 

f hearing loss, and 4 used other definitions. All but one study 

ad baseline (prior to aminoglycoside administration) and follow 

p (i.e., endpoint) audiological testing. This study was conducted in 

articipants aged under 17 years and excluded cases of congenital 

earing loss, so the endpoint likely reflects incident hearing loss. 21 

revalence estimates 

Across all studies, the pooled prevalence estimate of ototoxic 

earing loss after treatment for MDR-TB with kanamycin, amikacin 

r capreomycin was 40.62%, CI [30.67– 51.39%]. The forest plot in 

ig. 2 shows the prevalence estimate and 95% CI for each study 

squares) and the pooled prevalence estimate across all studies (di- 

monds). 

The pooled prevalence estimates of hearing loss in those treated 

rimarily with kanamycin was 49.65%, CI [32.77–66.61%], with 

mikacin was 38.93%, CI [26.44– 53.07%] and with capreomycin 

as 10.21%, CI [4.33– 22.21%]. 

In terms of age, the highest prevalence of hearing loss was ob- 

erved in adults ( n = 14 studies; 43.82%, CI [30.77–57.78%]), then 

n teenagers and adults (n = 5 studies; 32.34%, CI [14.16– 58.09%]) 
31 
nd was lowest for children ( n = 3 studies; 25.00%, CI [19.39–

1.61%]). 

ffects of dose and duration & heterogeneity 

Meta-regression models did not support a linear relationship 

etween aminoglycoside dose or treatment duration and preva- 

ence of hearing loss ( p = 0.69). The I 2 statistic was 90.6, indicating

 high amount of heterogeneity. 

stimates of preventable cases of hearing loss 

Table 2 displays the global annual number of incident DR-TB 

ases, the number of people treated for DR-TB and the estimated 

umber of preventable cases of ototoxic hearing loss for years 

015–2019. Between years 2015–2019, the annual estimated num- 

er of DR-TB cases (i.e., ‘at risk’) slightly decreased, and the annual 

stimated number of treated DR-TB cases (i.e., ‘exposed’) increased. 

he crude estimated five-year cumulative number of preventable 

ases of hearing loss after accounting for deaths and use of all-oral 

egimens (2019 only) was 244,739. In 2019, after accounting for 

ll-oral long regimens, the estimated number of preventable cases 

f ototoxic hearing loss was 54,976. The annual estimated number 

f preventable cases of ototoxic hearing loss is increasing, seem- 

ngly as a result of improved global treatment rates. 

iscussion 

The high prevalence (40.62%) of hearing loss in DR-TB patients 

reated with aminoglycosides highlights the need to focus on oto- 

oxic hearing loss as a preventable adverse event of DR-TB treat- 

ent. Our crude estimate of 5-year cumulative number of pre- 
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Table 2 

Estimated numbers of incident DR-TB cases, treated cases, and preventable cases of ototoxic hearing loss. 

Year 

n , incident DR-TB 

cases A 

n , treated cases 

(with second-line 

regimen)B 

n , likely treated 

with oral 

regimensC 

n , estimated 

deathsD 

n , preventable 

cases of ototoxic 

hearing loss = (B-C- 

D) ∗40.62% 

2019 465,000 177,099 15,884 25,872 54,976 

2018 484,000 156,205 n/a 22,820 54,181 

2017 558,000 139,144 n/a 20,327 48,263 

2016 600,000 130,924 n/a 19,746 45,161 

2015 580,000 122,726 n/a 18,939 42,158 

Sum 2,687,000 726,098 — 107,703 244,739 
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entable cases of ototoxic hearing loss in DR-TB patients reached 

lmost a quarter million cases. WHO treatment data show encour- 

ging results of increased treatment rates for DR-TB patients and 

lthough this is a commendable trend, it demonstrates the need 

o prioritize preservation of quality of life during and after DR-TB 

reatment which can partially be achieved via prevention of oto- 

oxic hearing loss. It is expected that incidence of ototoxic hear- 

ng loss will decrease with improved adherence to WHO guide- 

ines on DR-TB treatment (i.e., decreased use of aminoglycosides, 

articularly kanamycin). While some data (i.e., use of all-oral DR- 

B regimens, importation of bedaquiline) 17 show patterns of suc- 

essful adherence to WHO guidelines, 2019 data of oral regimens 

eported in this study suggests there remains opportunity for im- 

rovement. Another notable finding is that while amikacin use re- 

ults in a lower prevalence of ototoxic hearing loss than kanamycin 

38.93% vs 49.65%), use of amikacin under current WHO guidelines 

ill result in a substantial number of incident ototoxic hearing loss 

ases. Overall, study results imply a) adherence to WHO guidelines 

or DR-TB treatment will result in a substantial reduction of pre- 

entable cases of ototoxic hearing loss, and b) amikacin use (as 

ecommended under current guidelines) will result in many inci- 

ent cases of ototoxic hearing loss and requires implementation of 

ppropriate prevention strategies. 

Prevalence of hearing loss was highest for those treated with 

anamycin (49.65%) and amikacin (38.93%) and was lower for 

hose treated with capreomycin (10.21%). Notably, there were few 

tudies that reported capreomycin use, which likely influenced the 

revalence estimate. Similarly, prevalence estimates for teenagers 

nd children were likely influenced by the inclusion of fewer 

tudies and variability in methodology. Definitions of hearing loss 

or teenager/adult and children groups were heterogenous as au- 

iologic testing in children often necessitates use of alternative 

esting methodology (i.e., audiometry is not always valid). Age 

roups were not mutually exclusive (i.e., adults were included in 

teenagers and adults’ group). However, results are consistent with 

lder age being a risk factor for ototoxicity. 37 Dose-response or 

uration-response relationships were not observed in this review 

espite being indicated by previous research, 37 –38 likely because 

he binary outcome of hearing loss lacked sensitivity to determine 

ose- or duration-response relationships. Cumulative rather than 

aily dose may be a better indicator of a dose-response relation- 

hip 

37 but few studies in this review reported cumulative dose 

nd thus it was not evaluated. Our search strategy and exclusion 

riteria did not result in inclusion of studies using streptomycin, 

hich is currently recommended in cases when amikacin is un- 

vailable. 3 Previous reports estimate the prevalence hearing loss 

ith streptomycin treatment to range from 30 to 60%. 39 –40 The 

revalence estimates reported in this study are limited by the het- 

rogeneity and lack of standardized research methodology of the 

tudies included in this review. A recent systematic review evalu- 

ted prevalence of ototoxic hearing loss in MDR-TB patients and 

eported slightly different drug-specific incidence rates than re- 

orted in this study. 41 The present study included only articles 
32 
hat used objective measures of the auditory system, whereas Wro- 

an et al. 41 included articles using objective or subjective mea- 

ures (e.g., self-report, tuning fork) of hearing loss. Subjective (vs 

bjective) measures of hearing loss are less accurate (vs audiom- 

try, OAE or ABR), and thus inclusion of subjective hearing mea- 

ures may underestimate prevalence of ototoxic hearing loss. 42 To 

educe heterogeneity across studies, it is recommended that future 

tudies on aminoglycoside-induced hearing loss provide thorough 

escription of DR-TB treatment and use standardized methods of 

udiometric data collection and reporting. 

The WHO recently released the first World Report on Hear- 

ng, 7 which highlights key hearing-related interventions relevant 

or Member States and proposes strategies for adoption and in- 

egration. The WHO has called for the creation of national com- 

ittees to prepare hearing health care plans and manage major 

auses of hearing loss, such as ototoxicity, in a setting-specific 

anner. 43 –44 Country-level engagement is integral to prevention of 

earing loss and provision of hearing health care as relevant deci- 

ions are often made at the national level. Active stakeholder en- 

agement is needed for policy development, implementation, and 

ustainment. 

Table 3 outlines key primary, secondary, and tertiary preven- 

ion strategies for ototoxic hearing loss, challenges to implemen- 

ation of prevention strategies and recommendations for overcom- 

ng these challenges. Not all prevention strategies are included in 

his article and, although not discussed, we stress the importance 

f upstream prevention focusing on preventing and surveilling DR- 

B, intervening on social and environmental determinants of DR-TB 

nd maximizing patient adherence to DR-TB treatment. 

rimary prevention 

Primary prevention of ototoxic hearing loss in DR-TB patients 

an largely be achieved by implementing 2018 WHO DR-TB treat- 

ent guidelines, which recommend all-oral (i.e., no aminoglyco- 

ides) treatment regimens. 1 Use of amikacin or streptomycin is 

ecommended only when there is no other viable option and when 

earing can be monitored. However, challenges to implementation 

f guidelines are complex and broadly, may involve development 

f supporting policies, provision of access to alternative medica- 

ions (i.e., bedaquiline instead of aminoglycosides), disruption of 

xisting service delivery models for early access, and the need to 

rain providers on new treatment regimens. The WHO provides 

upport for switching to current guidelines including the Opera- 

ional Handbook on Tuberculosis, 45 which outlines necessary steps 

o programmatically implement DR-TB regimens, as well as an im- 

lementation plan for introduction and scale up of bedaquiline at 

he national level 46 to be used by stakeholders in a given country. 

se of these resources is necessary for successful implementation 

f new guidelines. 

Successful primary prevention of ototoxic hearing loss in DR-TB 

atients can potentially ameliorate negative consequences of hear- 

ng loss for up to 55,0 0 0 individuals annually. Primary prevention 
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Table 3 

Key primary, secondary and tertiary prevention strategies for ototoxic hearing loss, potential challenges to prevention, and recommendations to overcome challenges. 

Recommended Actions for Prevention Challenges to Recommended Action Recommendations for Overcoming Challenges 

Primary Prevention: Avoid development of 

hearing loss 

Follow 2018 WHO guidelines for non-injectable 

regimens 

Policy adjustment, access to new medications, 

disrupted service delivery models & updated 

training for health care workers 

• Use WHO operational handbook on 

tuberculosis, which focuses on ways to 

programmatically implement updated 

MDR-TB guidelines. 
• Use WHO documentation to implement 

bedaquiline at country level. 

In some cases, use of amikacin or streptomycin is 

warranted. 

• When possible, consider dose modification. 
• Otherwise, employ secondary or tertiary 

prevention strategies. 

Secondary Prevention: Detect hearing loss early 

and prevent it from worsening 

Implement serial ototoxicity monitoring Lack of trained hearing health care professionals 

to conduct monitoring 

• Train new health care workers in hearing 

health. 
• Task sharing or shifting, use of 

telecommunications 
• Use WHO training manuals on hearing health 

care for health workers. 

Lack of provider knowledge on ototoxic side 

effects 

• Sensitize health care workers on hearing 

conservation & ototoxicity of aminoglycosides 

via continuing education and in-service 

trainings. 

Shortage of national and center-specific 

ototoxicity monitoring guidelines 

• Interdisciplinary stakeholder teams create 

ototoxicity monitoring programs, task 

sharing/shifting strategies & referral 

pathways. 
• Stakeholders should advocate for guideline 

implementation and evaluate 

efficacy/effectiveness of ototoxicity 

monitoring programs. 
• Existing ototoxicity monitoring programs 

should be adapted to national or 

center-specific settings. 
• Ototoxicity monitoring guidelines should be 

comprehensive & flexible. 

Lack of resources to conduct serial ototoxic 

monitoring 

• When audiometric equipment is unavailable, 

use simple measures of hearing (e.g., tuning 

fork or whisper tests, patient self-report). 
• Incorporate ototoxicity monitoring into 

existing service delivery systems such as 

hospital- or community-based monitoring. 

Tertiary Prevention: Reduce the negative impacts 

hearing loss and restore function to the 

maximum extent possible 

Treatment of hearing loss via auditory 

rehabilitation 

Lack of trained health professionals to conduct 

auditory rehabilitation 

• Same as above, with focused training on 

auditory rehabilitation and counseling. 

Hearing aids are expensive and may be 

cost-prohibitive. 

• Consider use of locally manufactured and/or 

lower-cost options for hearing aids (e.g., solar 

powered). 
• Consider alternative forms of rehabilitation. 

Difficulties accessing hearing health care • Task sharing/shifting and/or telehealth to 

diagnose hearing loss and fit hearing aids. 
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s likely more cost-effective than secondary and tertiary prevention 

trategies which may be cost-prohibitive in some settings. 47 How- 

ver, when amikacin or streptomycin use is warranted, secondary 

or tertiary) prevention strategies should be employed (discussed 

elow). 

econdary prevention 

Secondary prevention of ototoxic hearing loss should be pri- 

ritized when aminoglycoside use cannot be avoided. Goals of 
l

33 
totoxicity monitoring include early detection and when possi- 

le, preventing hearing loss progression. Ototoxicity monitoring 

ccurs via monitoring hearing acuity over time (i.e., baseline to 

rug cessation) in patients at risk for ototoxic hearing loss. Cu- 

ulative aminoglycoside dose has been identified as a potential 

isk factor for ototoxic hearing loss 28 , 35 and studies have indicated 

totoxic hearing loss is likely progressive in nature. 48 Therefore, 

arly detection of hearing loss may indicate treatment modifica- 

ion (e.g., dosage modification or alternative pharmaceutical treat- 

ents) when possible and when such actions may prevent hearing 

oss. If treatment modification is not viable, providers may reduce 
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nnecessary burden of hearing loss via counseling (i.e., on likely 

evelopment of hearing loss, rehabilitative options) and/or consult 

ith health professionals who focus on hearing (where available, 

tolaryngologists, hearing health care providers) or general health 

i.e., primary care). 

Many countries ( n = 128) systematically record adverse events 

n TB information systems 45 and it is recommended that active 

rug safety monitoring and management (aDSM) systems moni- 

or ototoxicity as an adverse event. 49 Despite availability of nec- 

ssary systems to monitor and record ototoxicity, the extent to 

hich ototoxicity is monitored/recorded is not known. Ideally, se- 

ial measures of hearing should be recorded to document devel- 

pment and/or progression of hearing loss at baseline and dur- 

ng/after treatment. 

Potential challenges for ototoxicity monitoring include lack of 

rained hearing health care professionals to conduct ototoxicity 

onitoring, 7 , 50 –53 lack of provider knowledge on ototoxic effects 

f aminoglycosides, 54 –55 and shortage of national and/or center- 

pecific ototoxicity monitoring guidelines. 56 Surveys have revealed 

 paucity or absence of hearing care specialists in many LMIC, 
 , 50 –53 , 57 resulting in complex challenges in development and im- 

lementation of ototoxicity monitoring programs. Strategies have 

een suggested to address this challenge, 58 –59 including using 

elecommunications to increase workforce capacity by upskilling 

urrent health workers in hearing health. A second strategy is 

ask sharing, in which tasks are shared among health care teams, 

r task shifting, where tasks are shifted from highly trained pro- 

essionals (e.g., otolaryngologists, audiologists) to workers with 

horter training (e.g., community health workers). 60 –61 Provision 

f broad training may enable task shifting to be successful in sit- 

ations with fewer professionals. 62 –63 Sensitization of health care 

roviders to deleterious ototoxic effects of aminoglycosides and the 

eed to conserve hearing should occur via dissemination of infor- 

ation through continuing education courses and interdisciplinary 

n-service trainings. 

In order to address shortages of national and/or center-specific 

totoxicity monitoring guidelines, healthcare providers and spe- 

ialists with a vested interested in hearing (i.e., otolaryngolo- 

ists, audiologists where available) should collaborate to estab- 

ish guidelines, task sharing/shifting strategies and referral path- 

ays, advocate for guideline implementation, and evaluate effi- 

acy/effectiveness of ototoxicity monitoring programs. 43 –44 It is 

ecommended that existing ototoxicity monitoring guidelines be 

dapted to national or center-specific settings. The WHO has train- 

ng manuals on hearing health care for hearing health care workers 

o aid in development of hearing health care curricula, 64 which can 

e incorporated into prevention programs of ototoxic hearing loss. 

he gold standard for ototoxicity monitoring focuses on serial col- 

ection of objective hearing measures (i.e., audiometry, OAE, ABR) 

nd prioritizes methods that are most sensitive to detecting hear- 

ng loss from cochlear outer hair cell dysfunction, such as distor- 

ion product OAE and extended high frequency pure tone audiom- 

try, performed with calibrated equipment and locally developed 

nd validated normative data. 65 –67 However, such technologies are 

ikely to be unavailable in some high-burden DR-TB countries. In 

rder to maximize impact, ototoxicity monitoring protocols should 

e adapted for specific settings, which may necessitate use of alter- 

ative, simpler measures of hearing such as tuning fork or whisper 

ests or patient self-report of hearing loss. 7 , 49 To maximize adher- 

nce to ototoxicity monitoring protocols, programs should be in- 

orporated into existing service delivery models, such as hospital- 

ased or community-based TB monitoring programs (e.g., directly 

bserved treatment short-course [DOTS]). National and/or center- 

pecific quality improvement programs should identify the best 

ays to incorporate ototoxicity monitoring programs into existing 

ystems. 
34 
ertiary prevention 

In some situations, use of aminoglycosides (and thus, ototoxic 

earing loss) will be unavoidable. In such cases, tertiary preven- 

ion can reduce negative impacts of hearing loss and attempt to 

estore function. When available, auditory rehabilitation should be 

rovided, as the outcomes are similar in higher income and LMIC 

ountries. 68 –69 

Yet two main challenges to rehabilitation of hearing loss in 

igh-burden DR-TB countries are shortages of hearing health pro- 

essionals and the high cost of hearing devices. 70 –71 The global 

hortage of professionals working in hearing health care has been 

ell-documented 

7 , 51 and should be addressed in similar ways as 

escribed above with a focus on hearing rehabilitation and coun- 

eling. 

Cost poses a substantial barrier to hearing healthcare given high 

osts of hearing aids, maintenance (e.g., repairs) and batteries. The 

HO has recognized these restrictions and provides guidance on 

earing aids suitable for use in LMICs, specifically, by focusing on 

earing aid features (e.g., type, technology) as well as factors re- 

ating to distribution (e.g., cost, labeling) 71 . A growing body of in- 

ovative research has prioritized hearing rehabilitation in LMIC, fo- 

using on lower-cost local manufacturing of hearing aids, 72 –73 de- 

ign of low-cost hearing aids, and solar-powered hearing aids to 

itigate high costs of hearing aid batteries. 74 –75 Cochlear implan- 

ation may be an option in cases of profound hearing loss, but 

vailability of cochlear implant technology and the need for spe- 

ialist surgeons and hearing health care workers may make this 

ption less feasible. To some extent, these challenges can be alle- 

iated by use of telehealth, which increases access to hearing loss 

ssessment and hearing aid fitting and may be increasingly viable 

iven increased global internet access. 76 When hearing aids are un- 

vailable or cost-prohibitive, other forms of rehabilitation, such as 

peech reading or sign language, should be considered. 

There are a number of available resources to assist in the devel- 

pment, implementation, and sustainment of ototoxic hearing loss 

revention in DR-TB patients. The first tier and priority for preven- 

ion should be reduction of aminoglycoside use, which can largely 

e achieved by following WHO guidelines for DR-TB treatment. Ac- 

ive engagement of national stakeholder committees underlies the 

uccessful implementation of primary, secondary and tertiary pre- 

ention for ototoxic hearing loss. 

imitations 

This systematic review is limited by the heterogeneity and 

ack of standardized methodology of the studies included and re- 

ects strengths and weakness of each study. Some studies used 

ore than one aminoglycoside during treatment and/or included 

ndividuals that underwent dose or drug modifications during 

he study period, making it challenging to interpret drug-specific 

revalence estimates. Given the few published articles on hearing 

oss prevalence in DR-TB patients, we were unable to evaluate or 

ccount for risk factors relating to development of hearing loss in 

R-TB patients, which may influence prevalence estimates. Our cal- 

ulation of the estimated number of preventable cases of hearing 

oss is crude. In 2019 calculations, we were not able to determine 

he number of individuals potentially treated with all-oral short 

egimens, which may result in an overestimation of the number of 

ases of preventable hearing loss. It was not possible to determine 

he number of cases of preventable hearing loss by each specific 

edication and we were not able to estimate prevalent hearing 

oss for those treated primarily with streptomycin. 
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5  
onclusions 

In individuals treated for DR-TB, it is possible to avoid approxi- 

ately 50,0 0 0 cases of hearing loss annually. Widespread preven- 

ion of incident cases of hearing loss can be achieved by following 

pdated WHO guidelines for DR-TB treatment. When use of oto- 

oxic medications cannot be avoided, serial ototoxicity monitoring 

secondary prevention) or rehabilitation of hearing loss (tertiary 

revention) should be prioritized. 
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