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Background. Individuals treated for drug-resistant tuberculosis (DR-TB) with aminoglycosides (AGs) in resource-limited
settings often experience permanent hearing loss, yet there is no practical method to identify those at higher risk. We sought to de-
velop a clinical prediction model of AG-induced hearing loss among patients initiating DR-TB treatment in South Africa.

Methods. Using nested, prospective data from a cohort of 379 South African adults being treated for confirmed DR-TB with
AG-based regimens we developed the prediction model using multiple logistic regression. Predictors were collected from clin-
ical, audiological, and laboratory evaluations conducted at the initiation of DR-TB treatment. The outcome of AG-induced hearing
loss was identified from audiometric and clinical evaluation by a worsened hearing threshold compared with baseline during the
6-month intensive phase.

Results.  Sixty-three percent of participants (n = 238) developed any level of hearing loss. The model predicting hearing loss at
frequencies from 250 to 8000 Hz included weekly AG dose, human immunodeficiency virus status with CD4 count, age, serum al-
bumin, body mass index, and pre-existing hearing loss. This model demonstrated reasonable discrimination (area under the receiver
operating characteristic curve [AUC] = 0.71) and calibration (XZ [8] = 6.10, P = .636). Using a cutoff of 80% predicted probability of
hearing loss, the positive predictive value of this model was 83% and negative predictive value was 40%. Model discrimination was
similar for ultrahigh-frequency hearing loss (frequencies >9000 Hz; AUC = 0.81) but weaker for clinically determined hearing loss

(AUC = 0.60).
Conclusions.

This model may identify patients with DR-TB who are at highest risk of developing AG-induced ototoxicity and

may help prioritize patients for AG-sparing regimens in clinical settings where access is limited.
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Tuberculosis (TB) is now the leading cause of infectious mor-
tality worldwide and is particularly common and lethal in human
immunodeficiency virus (HIV)-endemic areas such as South
Africa [1]. A growing concern in South Africa is drug-resistant
TB (DR-TB) [2]. DR-TB includes multidrug-resistant TB (TB
resistant to first-line drugs, at least rifampin and isoniazid) and
extensively drug-resistant TB (TB resistant to rifampin, isoni-
azid, and 2 classes of second-line drugs: fluoroquinolones and
injectable aminoglycosides [AGs]) [2].

Although treatment outcomes of DR-TB using injectable-
containing short-course regimens are improving [3-6], hearing

loss remains one of the most common adverse drug effects
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associated with an AG given during the intensive phase of
treatment. AG-induced ototoxicity begins with high-frequency
hearing loss and may occur with or without tinnitus, can prog-
ress even with discontinuation of AG treatment, and is often
permanent [7, 8]. Hearing loss causes social isolation, threatens
quality of life, and puts employment stability and family pros-
perity at risk [9-15]. Although AG-induced hearing loss is a
known adverse reaction that occurs in 23% to 69% of patients,
AG has been a mainstay of DR-TB treatment as recommended
by the World Health Organization (7, 8, 16].

There are several risk factors that may exacerbate AG-induced
ototoxicity. High AG plasma concentrations and frequent dosing
may increase risk; however, monitoring of drug concentrations
is infeasible in most resource-limited settings [7, 8]. The risk of
hearing loss is also impacted by HIV coinfection as a result of severe
immunosuppression along with antiretroviral therapy (ART) [1, 16,
17]. Both ART and anti-TB drugs may also cause renal impairment,
which hastens ototoxicity [18-22]. Clinical manifestations of TB
such as malnutrition and severe, disseminated inflammation may
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be associated with increased incidence of hearing loss [23-29]. Pre-
existing hearing loss, prior use of ototoxic drugs for DR-TB treat-
ment, advanced age, and substance use may increase the risk of
subsequent hearing loss [30, 31].

Despite these known risks, there is currently no readily avail-
able, practical means to quantitatively assess the risk of hearing
loss during DR-TB treatment. Such a risk assessment could
help to prioritize individuals for AG-sparing regimens and/or
more intensive monitoring while being treated with AGs. We
therefore aimed to develop a prediction model of AG-induced
hearing loss during DR-TB treatment in South Africa.

METHODS

Study Design and Setting

We performed an analysis of a prospective cohort nested within
an ongoing cluster-randomized trial in South Africa. The parent
study investigated the effects of nurse case management (NCM)
in improving treatment outcomes in individuals with DR-TB.
Data were collected across 10 public TB hospitals in the Eastern
Cape and KwaZulu-Natal provinces. Data for the parent study
were collected through medical chart review, patient interviews,
and the National Health Laboratory System online laboratory
portal from enrollment to the end of multidrug-resistant-TB
treatment. Full details regarding the parent study have been re-
ported elsewhere (https://clinicaltrials.gov; NCT02129244) [32].

Study Population

We included in our analysis all participants who met the following
criteria: (1) 13 years of age or older, (2) microbiologically confirmed
DR-TB using cartridge-based Xpert (Cepheid) mycobacterium
tuberculosis/rifampicinE, (3) enrolled in the parent study from
November 2014 to June 2017, and (4) provided informed consent
within 7 days of treatment initiation. We excluded patients who
did not receive either kanamycin or amikacin intramuscular in-
jection and those whose confirmatory drug susceptibility testing
results (within 6 months of treatment initiation) showed either
drug-sensitive TB or resistance to either fluoroquinolones or AGs.
Participants were not excluded due to their impaired renal function.

Predictors and Measures

The following variables were abstracted from the parent study’s
baseline data: (1) demographic characteristics and medical his-
tory, including previous TB history, prescribed medications,
and substance use; (2) presence of lung cavities on chest radi-
ograph at DR-TB diagnosis; (3) serum creatinine levels to cal-
culate estimated glomerular filtration rate; (4) HIV infection
history including use of ART and cluster of differentiation 4
(CD4) count; and (5) body mass index (BMI). Since the parent
study did not collect serum albumin levels, baseline albumin
results were collected from the South African National Health
Laboratory System online portal as a routine laboratory test for
DR-TB treatment.

The following variables were abstracted from the parent
study’s baseline and monthly follow-up data during the
6-month intensive phase: (1) DR-TB treatment regimen in-
cluding AG type, AG dose, and frequency; (2) confirmatory TB
test results including sputum culture and drug susceptibility
testing; and (3) auditory symptoms (ie, hearing loss and tin-
nitus) and audiometric hearing evaluation results. The initial
AG dose was determined based on the patients’ baseline weight
and the weight band-dosing table guided selection of dose
(milliliters) in practice [33]. The proxy measure of cumulative
(or weekly) AG dose per body weight (standardized weekly AG
dose) following treatment initiation was calculated as follows:

prescribed daily AG dose (mg)
x frequency of dosing over week (times per week)

weight(kg)

Audiometric evaluation was conducted by on-site audiologists
or trained nurses to establish the lowest intensity of sound
(= hearing threshold) in decibels that the person could hear
at frequencies ranging from 250 to 8000 Hz [31]. Then, the
hearing threshold for each frequency was used to define a de-
gree of hearing loss (Table 1).

This study defined pre-existing composite hearing loss
on an a priori basis as either (1) a hearing threshold out-
side of the normal range (>25 dB) in 1 or both ears at any
frequency in the range from 250 to 8000 Hz, tested by ei-
ther standard audio-booth or computer-based portable au-
diometer (KUDUwave, Emoyo) at baseline audiometry (ie,
pre-existing audiometric hearing loss), or (2) self-reported
auditory symptoms at baseline. The outcomes of AG-induced
hearing loss were further defined as (1) clinically determined
hearing loss resulting in a change in treatment (ie, reduced
or stopped AGs) due to ototoxicity confirmed by either au-
diological evaluation or self-reported auditory symptoms or
(2) audiometric hearing loss defined as a deterioration of
at least 1 category of hearing loss compared with baseline
hearing in the same range of frequencies in 1 or both ears
during the intensive phase.

Table 1. Study Variables and Degree of Hearing Loss

ASHA Hearing-
loss Range,dB*

Hearing-loss Range

Degree of Hearing Loss in This Study, dB

Normal -10 to 15 —-10 to 25
(Slight) 16 to 25

Mild 26 to 40 26 to 40
Moderate 41 to b5 41 to bb
Moderately severe 56 to 70 56 to 70
Severe 71 to 90 71 to0 90
Profound 91+ 91+

Abbreviation: ASHA, American Speech-language-hearing Association.

*Data from reference [39]
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Statistical Analysis for Model Development and Validation

We used multivariable logistic regression to develop prediction
models by introducing the following predictors: standardized
weekly AG dose, HIV status, use of ART, CD4 count, presence
of lung cavities, renal impairment (estimated glomerular filtra-
tion rate), BMI, serum albumin, pre-existing composite hearing
loss, age, sex, previous TB history, smoking, and alcohol use. We
first selected as a development cohort the 265 individuals who
had follow-up audiometric data using frequencies from 250 to
8000 Hz but not at ultrahigh frequencies (ie, hearing threshold
from 9000 to 16 000 Hz). We then used the 114 participants
with full audiometric data (including ultrahigh frequencies) as
a validation cohort. We selected the final prediction model as
the one that maximized discrimination—measured as the area
under receiver operating characteristic (ROC) curve (AUC or
c-statistic)—without statistical evidence of poor calibration
(ie, P < .05 on the Hosmer-Lemeshow x* goodness-of-fit test,
grouping the data into 10 equal bins) in the development co-
hort. We included HIV with CD4 count and weekly AG dose
as important predictors on an a priori basis. When addition of
an extra variable did not improve the AUC by at least 0.01, we
opted for the more parsimonious model. We then report the
predictive accuracy of the model, measured as the c-statistic
(for discrimination) and Hosmer-Lemeshow x* goodness-of-fit
statistic (for calibration) after applying the model to the vali-
dation cohort. We performed a second validation using data
on clinical assessment of AG-induced ototoxicity from 671

participants who did not undergo audiometric evaluation. All
statistical tests were conducted at a 2-sided significance level of
0.05 using STATA 15 (StataCorp) [34].

Ethics Approval

The parent study was approved by the Provincial Health
Research Committee of the Eastern Cape and KwaZulu-Natal
Provincial Departments of Health in South Africa. The parent
study and this substudy were both approved by the Biomedical
Research and Ethical Committee of the University of KwaZulu-
Natal in South Africa and the Institutional Review Board
of the Johns Hopkins Medical Institutions (NA_00078899/
CIR00024657).

RESULTS

Population Description

Of the 1279 participants enrolled in the parent study, 936 were
eligible for the present analysis (Figure 1). At baseline, the
population’s median age was 35 (interquartile range, 29-42)
years, 54% were male, 49% were unemployed, 58% were
hospitalized at treatment initiation, 75% were HIV coinfected,
41% had a prior history of drug-sensitive TB, and 5% had a
prior history of DR-TB infection treated with second-line in-
jectable anti-TB drugs. In terms of nutritional status, 32%
(n = 296) were underweight (ie, BMI <18.5 kg/mz) and 59%
(n = 551) had hypoalbuminemia (serum albumin <35 g/L). Of
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* (pre)XDR-TB (n=176)
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Figure 1.

Diagram of study flow. Abbreviations: AMK, amikacin; DS-TB, drug-sensitive tuberculosis; KM, kanamycin; XDR-TB, extensively drug-resistant tuberculosis.
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697 HIV-coinfected participants, 46% were taking ART and
34% were severely immunosuppressed (CD4 count <200 cells/
mm”). The majority received kanamycin (90%, n = 847), with 9
hospital sites offering kanamycin and 1 offering amikacin.

Of 936 participants, 51% (n = 481) were tested for base-
line hearing by either audio-booth (n = 238) or KUDUwave
(n = 243); 60% (n = 289) had at least mild hearing loss (=26
dB) at any frequency between 250 and 8000 Hz. Additionally,
157 of 481 participants were tested for ultrahigh-frequency
hearing (>8000 Hz). Of those, 74% (n = 116) had at least mild
hearing loss at frequencies from 250 to 16 000 Hz, and 67%
(n = 105) had ultrahigh-frequency hearing loss. One hundred
forty-two of 936 (15%) reported auditory symptoms at base-
line, and those who had auditory symptoms were more likely
to have audiometry-confirmed hearing loss at baseline at any
frequencies from 250 to 8000 Hz (prevalence ratio, 1.41; 95%
confidence interval [CI], 1.10-1.87).

Among those who were tested for hearing at baseline
(n=481), 379 were tested for follow-up audiometric evaluations
during the intensive phase and therefore eligible to contribute
to the development or validation of the prediction model. Of
those, 114 were tested for ultrahigh-frequency audiometry (ie,
for frequencies from 250 to 16 000 Hz) and served as the val-
idation cohort, with the remaining 265 being used for model
development. During follow-up, 63% of participants (n = 238)
developed any level of hearing loss at frequencies from 250 to
8000 Hz; of those, 56% (n = 134) had their AG either discon-
tinued or reduced in dose due to ototoxicity. The development
cohort had a 3 times greater number of hospitalized participants
compared with the validation cohort. Table 2 describes partici-
pant characteristics according to analytical cohort.

Model Development and Validation

In the model development cohort of 265 participants, 62%
(n = 165) developed audiometric hearing loss. We included
standardized weekly AG dose and HIV with CD4 count in
the model on an a priori basis. In addition, age and pre-
existing hearing loss were added based on the findings from
our preliminary analysis. In an analysis of ROC curves of
hearing loss based on these 4 factors, the AUC was 0.65 (95%
CI, 0.58-0.73) in the development cohort. Adding the factors
of nutritional status including BMI and serum albumin
(final model) led to a better prediction of hearing loss (AUC
=0.71; 95% CI, 0.64-0.79) without evidence of poor calibra-
tion (XZ[S] = 6.10; P = .636). The final model of hearing loss
with odds ratios is shown in Table 3. Using a cutoff of 80%
predicted probability of hearing loss, the positive predictive
value of this model for predicting future AG-induced hearing
loss was 83%, while the negative predictive value was 40%.
Also, using a cutoff of 40% predicted probability, the positive
predictive value was 69% and the negative predictive value
was 100% (Table 4, Figure 2A).

In the audiometric hearing-loss validation cohort (n = 114),
64% (n = 73) developed hearing loss at frequencies from 250
to 8000 Hz and 82% (n = 93) developed hearing loss from
9000 to 16 000 Hz. In this population, the prediction model
demonstrated comparable discrimination (AUC = 0.69; 95%
CI, 0.56-0.81) and calibration (XZ[S] = 8.03; P = .431) to that
of the development cohort (Table 4, Figure 2B). Furthermore,
when using ultrahigh-frequency hearing loss as an outcome, the
prediction model exhibited higher discrimination (AUC = 0.81;
95% CI, 0.69-0.92) and reasonable calibration (XZ[S] = 6.48;
P = .593) (Table 4, Figure 2C). When used to predict clinically
assessed (rather than audiometrically confirmed) hearing loss,
the model’s discrimination was diminished (AUC, 0.60; 95%
CI, 0.54-0.66) (Table 4, Figure 2D).

DISCUSSION

We developed and validated a simple prediction tool that can be
used to estimate the risk of hearing loss during the first 6 months
of AG treatment for DR-TB. Since ototoxicity is dose dependent
[35], our model confirmed that initial dosing of AG regimen is
a significant predictor. We also found that baseline malnutrition
(ie, underweight and hypoalbuminemia) was more strongly as-
sociated with hearing loss than was standardized weekly AG
dose, perhaps reflecting pharmacokinetic vulnerability of un-
derweight patients to high serum AG doses [36]. Our model
validation suggests that, although developed for standard-range
hearing loss, it may also predict ultrahigh-frequency hearing
loss, which is an early manifestation of AG-induced ototox-
icity [7, 37]. Taken together, these findings suggest that readily
available clinical data can be used to predict risk of future
AG-induced ototoxicity for those at highest risk with reason-
able predictive accuracy.

In terms of the practical utility of this prediction model, we
found that the model worked more effectively at the extremes—
that is, in predicting individuals with very high or very low risk
of AG-induced ototoxicity (see the edges of the ROC curves
in Figure 2). For example, using a high-specificity cutoff (ie,
80% predicted probability of hearing loss) enabled exclusion
of 88% of individuals in the validation cohort who would not
develop hearing loss, with a positive predictive value of 83%.
Similarly, a high-sensitivity cutoff (ie, 40% predicted probability
of hearing loss) enabled prediction of 100% of individuals in
the validation cohort who would experience hearing loss while
identifying a very-low-risk population of 13% of individuals
who could be safely given AGs (Table 4). This model can there-
fore help providers prioritize patients for AG-sparing regimens
in settings where access to such regimens is limited.

This study has certain limitations. First, our sample size for
model development and validation was relatively small, re-
flecting a potentially biased subset of the full cohort on whom
audiometric data were available. Since a small sample size in
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Table 2. Baseline Characteristics of Participants in the Model

Second Validation Co-

Development Cohort: Audiometric Validation Cohort: Audiometric hort: Clinically Deter
HL (250-8000 Hz) (n = 265) HL (250-16 000 Hz) (n = 114) mined HL (n = 671)

Sex

Male 145 (55) 56 (49) 361 (54)

Female 120 (45) 58 (51) 310 (46)
Age, mean (SD), y 35.61 (10.56) 33.86 (9.39) 36.43 (11.24)

13-19 years 14 (5) 9 (8) 31 (5)

20-29 years 69 (26) 30 (26) 171 (26)

30-39 years 104 (39) 47 (41) 251 (37)

40-49 years 44 (17) 24 (21) 128 (19)

>50 years 34 (13) 4(4) 90 (13)
Smoking

Nonsmoker 168 (63) 82 (72) 453 (68)

Light smoker (<10 cigarettes/day) 58 (22) 20 (18) 129 (19)

Heavy smoker (>10 cigarettes/day) 22 (8) 10 (9) 61 (9)
Alcohol use

Nondrinker 146 (55) 71 (62) 406 (61)

Less than once per week 92 (35) 32 (28) 198 (30)

More than twice per week 27 (10) 9(8) 56 (8)
HIV status and CD4 count (cells/

mm?®)

HIV negative 58 (22) 28 (25) 181 (27)

HIV positive with CD4 >200 82 (31) 45 (39) 201 (30)

HIV positive with CD4 <200 100 (38) 30 (26) 219 (33)

HIV positive; unknown CD4 count 25 (9) 11 (10) 70 (10)
ART status, n 207 86 490

No ART at baseline 75 (36) 32 (37) 190 (39)

On ART at baseline 132 (64) 54 (63) 300 (61)
Previous history of DR-TB

New DR-TB 134 (50) 56 (49) 345 (51)

Ever had prior TB 121 (46) 56 (49) 299 (45)

Unknown 10 (4) 2(2) 27 (4)
Pre-existing composite HL?

Normal hearing 117 (44) 66 (58) 451 (67)

Baseline HL 148 (56) 48 (42) 218 (33)

Unknown 0 (0) 0 (0) 2 (0)
BMI (kg/m?)

Underweight (<18.5) 109 (41) 27 (24) 187 (28)

Normal (18.5-24.9) 109 (41) 61 (53) 277 (41)

Overweight or obese (>25) 27 (10) 24 (21) 150 (16)

Unknown 20 (8) 2(2) 101 (15)
Serum albumin (g/L)

Normal (>35) 60 (23) 26 (23) 133 (20)

Hypoalbuminemia (<35) 135 (51) 75 (66) 416 (62)

Unknown 70 (26) 13 (11) 122 (18)
eGFR (mL/min/1.73 m?)

>90 162 (61) 87 (76) 427 (64)

60-89 63 (24) 19 (17) 133 (20)

<60 16 (6) 4(3) 51 (7)

Unknown 24 (9) 4(3) 60 (9)
AG type

Kanamycin 226 (85) 112 (98) 621 (93)

Amikacin 39 (15) 2(2) 50 (7)
Hospitalization at baseline

Inpatient setting 206 (78) 26 (23) 309 (46)

Outpatient setting 59 (22) 88 (77) 362 (54)

Data are presented as n (%) unless otherwise indicated. Abbreviations: AG, aminoglycoside; ART, antiretroviral therapy; BMI, body mass index; CD4, cluster of differentiation 4; DR-TB, drug-
resistant tuberculosis; eGFR, estimated glomerular filtration rate; HIV, human immunodeficiency virus; HL, hearing loss; SD, standard deviation; TB, tuberculosis.

“Pre-existing composite HL defined as confirmed by either audiometry or self-reported auditory symptoms.
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Table 3. Multivariable Logistic Regression Model Predicting Hearing
Loss

Predictors Adjusted OR (95% CI) PValue
Age (years) 1.04 (1.01-1.08) .014
BMI (kg/m?)

<18.5 1 (Reference)

18.5-24.9 0.38 (0.18-0.82) .014

>25 0.28 (0.09-0.87) .028
Standardized weekly AG dose (mg/kg/week)

<60 1 (Reference)

60-74.9 0.66 (0.26-1.69) .386

>75 1.31 (0.52-3.33) .569

HIV status and CD4 count (cells/mm?®)

HIV negative 1 (Reference)

HIV positive with CD4 >200 1.69 (0.68-4.22) 261

HIV positive with CD4 <200 2.02 (0.82-5.01) 127
Serum albumin (g/L) 1.02 (0.97-1.08) 486
Pre-existing composite hearing loss® 1.17 (0.55-2.46) .685

Full model: log odds of hearing loss = 0.045 (age) — 0.96 (BMI: 18.5-24.9)
—1.27 (BMI: >25) — 0.41 (weekly AG dose: 60-74.9) + 0.27 (weekly AG
dose: >75) + 0.53 (HIV+ with CD4 >200) + 0.71 (HIV+ with CD4 <200) +
0.02 (serum albumin) + 0.15 (pre-existing composite hearing loss) — 1.61.

Abbreviations: AG, aminoglycoside; BMI, body mass index; CD4, cluster of differentiation
4; Cl, confidence interval; HIV, human immunodeficiency virus; OR, odds ratio.
“Pre-existing composite hearing loss defined as confirmed by either audiometry or self-
reported auditory symptoms.

developing a prediction model reduces predictive accuracy and
increases variance in the validation of model performance, this
model should be validated in other cohorts and used carefully
in clinical settings. The concern about sample size is particularly
acute for assessment of ultrahigh-frequency hearing loss, which
is more clinically useful for early detection of ototoxicity but for
which even fewer data were available in this setting. Second, our
model did not include all potential predictors of AG-induced
hearing loss because the selection of study variables was lim-
ited to those collected by the parent study. In practice, this

model could be combined with clinical data including conduc-
tive hearing loss, objective measures of vestibular dysfunction,
noise exposure, and family history to improve clinical decision
making. Third, we acknowledge that there might be potential
threats of intervention effects because NCM intervention sites
may be more likely to facilitate hearing screening and modifica-
tion of AG regimen since nurse case managers are more involved
in patient care. Although the audiometric validation cohort
consisted of more NCM intervention sites, this model was not
adjusted for assignment of intervention site to maximize gener-
alizability of the model. Fourth, BMI and audiometry data were
collected by hospital staff members trained by their respective
hospital and thus the quality of measurement is uncertain and
may be subject to measurement error. Nevertheless, these pro-
grammatic measurements were used by healthcare providers
to make clinical decisions including TB medication dosing, so
while they may be biased relative to a gold standard, they reflect
the data as might be collected if this prediction model were used
in clinical practice. Fifth, this study only observed the outcome
of hearing loss during the first 6 months of the intensive phase.
Since hearing loss may progress even after AG discontinuation
[38], it is necessary to follow patients’ hearing beyond the in-
tensive phase of treatment. Finally, we did not perform a formal
cost-effectiveness analysis to quantify the economic costs and
benefits that could be expected by using this model to prioritize
the allocation of more expensive AG-sparing regimens. Future
studies performed in larger, well-defined prospective cohorts
and that include regular audiometric evaluation and compre-
hensive history taking by specifically trained personnel, meas-
urement of AG peaks and troughs, as well as cost-effectiveness
analyses would be useful to further validate our findings.
Despite these limitations, this is the first study to develop a
prediction model of AG-induced hearing loss among individuals
being treated for DR-TB. Recently updated World Health

Table 4. Model Performance in Predicting Aminoglycoside-induced Hearing Loss

Audiometric HL in Develop-

Audiometric HL in Valida-

Clinically Deter

High-frequency HL in Validation mined HL Valida-

ment Cohort (250-8000 Hz) tion Cohort (250-8000 Hz) Cohort (9000 Hz-16 000 Hz) tion Cohort

AUC (95% Cl) 0.71 (0.64-0.79) 0.69 (0.56-0.81) 0.81 (0.69-0.92) 0.60 (0.54-0.66)
Hosmer-Lemeshow %’18] = 6.10 (P = .636) %’18] = 8.03 (P = .431) %’18] = 6.48 (P = .593) $’18] = 4.34

Goodness-of-fit (P =.825)
Cutoff of 80% predicted probability, %

Sensitivity 22.77 31.15 84.42 0.00

Specificity 93.65 8750 56.25 100.00

PPV 85.19 82.61 90.28 .

NPV 43.07 40.00 42.86 60.10
Cutoff of 40% predicted probability, %

Sensitivity 90.10 100.00 9740 52.44

Specificity 23.81 12.50 0.00 58.30

PPV 65.47 68.54 82.42 45.50

NPV 60.00 100.00 0.00 64.86

Abbreviations: AUC, area under receiver operating characteristic curve; Cl, confidence interval; HL, hearing loss; NPV, negative predictive value; PPV, positive predictive value.
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Figure 2. A-D, ROC curves for AG-induced hearing loss. Abbreviations: AG, aminoglycoside; ROC, receiver operating characteristic.

Organization treatment guidelines offer, for the first time, an
AG-sparing regimen to improve treatment outcomes and patients’
quality of life [39]; however, a number of patients with DR-TB,
including those treated with recently recommended standard
short-course regimens, will still receive amikacin [40]. Today, the
selection of regimen is based solely on availability and clinical ex-
pertise; this prediction model offers a validated measure to sup-
port those decisions. If the risk of AG-induced hearing loss can be
estimated at treatment initiation, healthcare providers can triage
high-risk patients to newer, less ototoxic drugs such as bedaquiline
that, while more costly, do not have hearing loss as a side ef-
fect. Importantly, in July 2017, the South African Department of
Health initiated an AG-sparing regimen that includes bedaquiline;
because our data collection ended in June 2017, we anticipate
that bedaquiline availability had minimal impact on our study
findings. In most resource-limited countries, TB programs do not
have the financial resources to universally offer an AG-sparing
regimen to people suffering from DR-TB. In these settings, our
prediction model may be used to guide clinical decision making
in the context of constrained resources. We intentionally included
only clinical data that would be collected based on South African
national guidelines for DR-TB management. Thus, this model

can be applied without the need to perform additional laboratory
tests or clinical evaluations. We also suggest the need to evaluate
provider adherence to national guidelines of audiometric evalua-
tion for those who are receiving injectable-containing regimens.
The availability of on-site audiologists and well-functioning
audiometers at TB hospitals must be audited regularly to make
early detection of AG-induced hearing loss possible.

Conclusions

Our model suggests that patients’ initial AG dosing, nutritional
status, HIV status, and pre-existing hearing loss at baseline
can be used to predict the future development of AG-induced
hearing loss. The findings have the potential to inform treat-
ment guidelines using readily accessible data to prioritize
patients with DR-TB to receive AG-sparing regimens. This
model may therefore improve the management of DR-TB, of-
fering a personalized intervention to prevent drug-induced
hearing disability in underserved populations.
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