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Abstract

Objective—The toxicity associated with the use of kanamycin includes irreversible hearing loss. 

There is limited data describing the relationship between hearing loss and kanamycin 

pharmacokinetics (PK). We explored the association of kanamycin PK with hearing loss in 

patients on MDR-TB treatment.

Design—We prospectively recruited patients on kanamycin-based MDR-TB treatment in Cape 

Town. Hearing thresholds from 0.25 to 16 kHz were tested at baseline and at 4, 8 and 12 weeks. 

We determined kanamycin concentrations at steady-state in serial plasma samples over 10 hours, 

and explored factors associated with hearing loss.

Study sample—One hundred and two participants including 58 (56.9%) men had analysable 

audiometric data; median age was 34.9 years, 65 (63.7%) were HIV-positive, and 24 (23.5%) had 

been treated for MDR-TB previously.

Results—Eighty-four participants (82.4%) developed hearing loss. We found a 3% (95% CI: 1 to 

6%, p=0.028) increased risk of cochleotoxicity for each 10μg•hr/L increase in 0–10 hour AUC.

Conclusion—We describe a high incidence of hearing loss in MDR-TB patients treated with 

kanamycin, with higher AUC0–10 significantly associated with hearing loss.
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INTRODUCTION

Risk factors for aminoglycoside-induced hearing loss, which ranges from 18% to 90%, 1–7 

include: older age, HIV, excessive noise, the presence of identified mitochondrial mutations, 

prior use of a drug known to cause hearing loss and high aminoglycoside plasma 
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concentrations.5,8,9 The WHO currently recommends that an aminoglycoside be included in 

the shortened treatment regimen for MDR-TB, and be considered in longer regimens where 

there is toxicity or intolerability of one of the group A or group B drugs.10 Although 

kanamycin-induced hearing loss is well described,1,3,6 there is limited data describing the 

relationship between kanamycin pharmacokinetics (PK) including area under the 

concentration-time curve, and hearing loss. 11,12 Furthermore, few studies have included 

ultra-high frequency audiometry. One recent study showed a cumulative dose-response 

relationship between amikacin exposure and hearing loss in patients on treatment for MDR-

TB.12 We measured ototoxicity prospectively including ultra-high frequency audiometry in a 

cohort of patients treated for MDR-TB, and determined the pharmacokinetic parameters of 

kanamycin. We then explored some of the risk factors for kanamycin-induced hearing loss 

including kanamycin PK.

MATERIALS AND METHODS

We performed a prospective observational cohort study in adult patients on treatment for 

pulmonary MDR-TB at two TB hospitals in Cape Town: Brooklyn Chest Hospital and DP 

Marais Hospital. We enrolled patients 18 years of age or older initiated on therapy for MDR-

TB within the previous month, and explored the relationship between covariates including 

kanamycin exposure with hearing loss. Patients with middle ear pathology were excluded 

from the hearing analysis. During the study period, the standard regimen for MDR-TB 

consisted of pyrazinamide, moxifloxacin, kanamycin, terizidone and either ethionamide or 

isoniazid (depending on the presence of katG and inhA mutations identified by line-probe 

assay in the pre-treatment sputum culture, indicating high-level resistance to isoniazid or 

low-level resistance to isoniazid and resistance to ethionamide, respectively).13 Ethambutol 

was added if the risk of ethambutol resistance was considered to be low. Kanamycin was 

dosed intramuscularly daily, 6 times per week at 15mg/kg per dose according to the South 

African Department of Health guidelines during the study period,14 and adjusted for renal 

dysfunction at the discretion of the treating clinician. We assessed renal function at 4, 8 and 

12 weeks post treatment initiation, using the Cockroft-Gault method to calculate creatinine 

clearance.

Audiological assessment

We performed pure tone audiometry including ultra-high frequencies (12.5–16 kHz), using 

an Interacoustic AC40–audiometer. Hearing assessments were performed at baseline and at 

4, 8 and 12 weeks after starting treatment. American Speech Hearing Association criteria15 

were used to define cochleotoxic hearing loss, comparing the baseline with follow-up 

audiograms as follows: a shift of 10 dB at any two contiguous frequencies with reference to 

the baseline audiogram, a 20 dB shift at any one test frequency, or loss of response at three 

contiguous frequencies where responses were previously obtained.15 A minimum of two 

audiograms were required to include participants in the hearing analysis. We used the 

University of Cape Town (UCT) cochleotoxic criteria16 to classify the grade of hearing loss 

as the currently used cochleotoxicity scales for adults (CTCAEV & TUNE)17–19 use 

conventional-frequency ranges and do not include ultra-high frequency testing (12.5–16 

kHz), which we performed in our study.
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Pharmacokinetic sampling

We performed pharmacokinetic sampling once patients were established on treatment 

between two and six weeks. Blood was drawn at the following time points: predose and at 2, 

4, 6, 8 and 10 hours postdose. Dosing was strictly observed and performed under fasting 

conditions. Blood samples were immediately centrifuged and the plasma was stored at 

−70°C. Kanamycin concentrations were measured using liquid chromatography tandem 

mass spectrometry (LC-MS/MS) using methods validated according to US Food and Drug 

Administration20 and European Medicines Agency guidelines.21 The samples were 

processed with a solid phase extraction method using 50μl plasma. Five microliters of the 

extracted sample were injected onto the HPLC column. Isocratic chromatographic 

separation was achieved on a Discovery C18, 5μm, 50 mm x 4.6 mm analytical column 

using 4 mM HFBA in 0.1% formic acid in water / acetonitrile (80:20, v/v) at a flow-rate of 

500 μl/min. The mobile phase flow was split (1:1) at the source of the mass spectrometer. An 

AB Sciex API 3000 mass spectrometer was operated at unit resolution in the multiple-

reaction monitoring mode, monitoring the transition of the protonated molecular ions at m/z 

485.2 to the product ions at m/z 163.2 for kanamycin A and the protonated molecular ions at 

m/z 494.3 to the product ions at m/z 165.3 for the Kanamycin-d9 internal standard. 

Electrospray ionization was used for ion production. The assay was validated over the 

concentration range of 0.625 to 40 μg/ml. The combined accuracy (%Nom) and precision 

(%CV) statistics of the lower limit of quantification (LLQ), low, medium, and high-quality 

controls (3 validation batches, n=18) were between 101.3% and 107.0%, and 3.0% and 

14.3%, respectively.

Statistical analysis

We imputed predose kanamycin plasma concentrations below LLQ (0.625 μg/mL) as half 

the LLQ value and used STATA version 15.0 (Stata Corp, College Station, Texas, USA) to 

perform the non-compartmental and statistical analyses. Area under the concentration-time 

curve (AUC) from 0 to 10 hours after the dose (AUC0–10), AUC to infinity (AUC∞), half-

life, peak concentration, and time to peak concentration were assessed. The trapezoidal rule 

was applied for computation of the AUC0–10 and the exponential extrapolation option was 

used to calculate AUC∞. We calculated the cumulative dose of kanamycin by multiplying 

the dose by the number of days a particular dose was administered before hearing loss 

developed. The average daily dose was calculated by dividing the cumulative dose of 

kanamycin by the number of days recorded from treatment initiation to first detection of 

hearing loss. Cumulative AUC was measured by multiplying the AUC0–10 on the PK 

sampling day by the number of days the same dose was administered before first detection 

of hearing loss. If the dose was changed during the treatment period, we predicted the 

change in AUC by increasing or decreasing the exposure proportionally to the change in 

dose, since AUC after parental administration equals dose divided by clearance. For 

example, if the dose of kanamycin was halved by the treating clinician, assuming linear 

kanamycin pharmacokinetics, we considered the AUC to be 50% lower for the time period 

that the lower dose was administered. We calculated the average daily AUC of kanamycin 

by dividing the cumulative AUC0–10 of kanamycin by the number of days from treatment 

initiation to first detection of hearing loss.
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We explored factors associated with hearing loss using Cox proportional hazards regression, 

including the following factors in the univariate model: sex, age, previous exposure to 

second line anti-TB drugs, HIV status and AUC0–10. We included covariates with a p value 

of <0.2 in the multivariate model, and used Kaplan-Meier failure analyses to estimate the 

incidence of cochleotoxicity over time. We used the two-sample Wilcoxon rank-sum (Mann-

Whitney) test to compare cumulative and average daily dose and AUC between participants 

with and without hearing loss.

Ethics approval

The study protocol was reviewed and approved by the Human Research Ethics Committee at 

the University of Cape Town (HREC 065/2015). Written informed consent was taken from 

each participant in a language of their choice (either English, Afrikaans or isiXhosa).

RESULTS

Participant characteristics are shown in Table 1. Of the 147 participants initially recruited 

into the study, 102 (69.4%) had analyzable hearing data. The reasons why 45 participants 

(30.6%) were unable to complete the two valid hearing tests required for the analysis were 

as follows: ten were discharged from hospital prior to study completion, five withdrew from 

the study, five died, five were too sick for the hearing tests to be completed timeously, two 

left hospital against medical advice, one participant was transferred out to another facility, 

six had comorbid medical conditions that made the hearing tests uninterpretable, and 11 

participants had hearing test results, which were determined by the study audiologist to be 

unreliable.

The median (IQR) duration of kanamycin therapy to first detection of hearing loss was 61 

(43 to 81) days. Of the 102 participants with analyzable hearing data, 84 (82.4%) developed 

hearing loss on treatment with kanamycin including 20 participants (23.8%) who developed 

moderate-severe hearing loss. The grade of cochleotoxicity in those participants who 

developed hearing loss is shown in table 2.16 The key pharmacokinetics measures of 

kanamycin are shown in Table 3. Covariates associated with any degree of hearing loss and 

moderate to severe hearing loss are shown in tables 4 and 5 respectively. On multivariate 

analysis in those participants who developed any degree of cochleotoxicity, hearing loss was 

significantly associated with kanamycin AUC0–10 (aHR: 1.03, 95% CI: 1.00 to 1.06; 

p=0.028) – see table 4. We observed a stronger association between kanamycin AUC0–10 

and moderate-severe hearing loss in a subgroup of 20 participants (HR: 1.05, 95% CI: 1.01 

to 1.10; p=0.017) – see table 5. Table 6 compares cumulative kanamycin exposure between 

those who developed hearing loss and those who did not. Figures 1A and 1B show time to 

any grade of hearing loss and time to moderate-severe hearing loss respectively in the 102 

participants with analysable hearing data. The follow up time period for figures 1A and 1B 

extends beyond the 12 week study period as the final hearing tests for some patients were 

either delayed or postponed for logistical reasons.
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DISCUSSION

We describe a nearly universal (>8 in 10 patients) incidence of hearing loss in patients 

treated with kanamycin for MDR-TB. Given that kanamycin-containing regimens have been 

associated with worse outcomes compared with regimens without it, this high level toxicity 

is not balanced by efficacy benefits.22 Our findings therefore support the WHO’s recent 

recommendation to remove kanamycin from MDR-TB treatment regimens.23 There are 

several possible reasons for the high incidence of hearing loss we observed. First, 

considering aminoglycosides initially affect the highest hearing frequencies, we tested ultra-

high frequencies (up to 16 kHz) in all participants, which is higher than the maximum 

conventional frequency (8 kHz) tested in most studies.1,2,24 Thus, we diagnosed patients 

with hearing loss who would otherwise not be identified at conventional frequency 

thresholds. Second, HIV infection is a risk factor for hearing loss1 and there was a large 

proportion of HIV-infected patients in our cohort (63.7%). However, HIV-infection was not 

a significant risk factor in the univariate analysis in our study. Third, 24/102 participants 

(23.5%) had documented evidence of prior treatment for MDR-TB with aminoglycosides, 

which may have predisposed some participants to developing hearing loss. We did not find 

prior aminoglycoside use to be significantly associated with hearing loss, although we had 

limited information on previous MDR-TB treatment exposure at the time of recruitment.

We found kanamycin exposure to be significantly associated with hearing loss with a 3% 

increased risk of hearing loss for every 10 μg•hr/L increase in kanamycin AUC0–10 (see 

table 3). When we explored the association of kanamycin exposure in a subgroup of 20 

participants who developed moderate-severe hearing loss, the effect of kanamycin exposure 

on hearing loss was enhanced (see table 5). Cumulative assessments of kanamycin exposure 

including AUC and dose as well as the average daily dose and AUC were not significantly 

higher in those participants who developed hearing loss compared with those who did not 

(see table 6). A possible reason for the lack of association between cumulative exposure and 

hearing loss, which has been described previously,12 is that the treating clinicians responded 

to the hearing test results in real time by either stopping or decreasing the dose of 

kanamycin, which may have attenuated the effect of cumulative exposure in those patients 

who developed hearing loss. A second possible reason could be statistical: the relationship 

between cumulative AUC and hearing loss described previously is non-linear while the 

regression method we used in our study follows a linear analytical approach. There was an 

unexpected trend toward younger patients being at higher risk of hearing loss, possibly due 

to patients with age-related hearing loss at baseline being excluded from the analysis. We 

also considered this may be due to a higher incidence of HIV in younger patients, which has 

previously been described as risk factor for hearing loss,1 although we did not find HIV to 

be associated with hearing loss in this study.

Aerosolized administration of kanamycin in the treatment of MDR-TB has been described 

as having the potential to reduce systemic exposure, and hence hearing loss, with enhanced 

kanamycin concentrations at the bronchi.25 Further research is required to determine the 

safety and efficacy of aerosolised kanamycin in the treatment of patients with MDR-TB. As 

aminoglycoside induced hearing loss is progressive from high to low frequencies, we used 

ultra-high frequency audiometry (up to 16 kHz) to detect early cochleotoxic hearing loss 
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before damage to the speech frequency range occurs. In clinical practice, testing ultra-high 

frequencies may allow earlier detection of hearing loss thereby prompting clinicians to stop 

aminoglycosides before speech range hearing loss develops.

Our study has some limitations. First, a baseline audiogram could not be obtained before 

commencement of MDR-TB treatment in all participants, as some participants initiated 

treatment at local clinics prior to referral to the study sites. This may have led to under-

reporting of hearing loss if only one audiogram was able to be performed at the TB 

hospitals. Second, because we measured the AUC to a maximum of 10 hours post dose, the 

cumulative AUC0–10 is likely an underestimation of the true cumulative AUC until the first 

detection of hearing loss. Third, we had limited information on previous aminoglycoside use 

and other risk factors such as genetic factors which are known to influence patients’ 

susceptibility to aminoglycoside-induced ototoxicity.9 Fourth, we were unable to include 

patients with only one hearing test or those with pre-existing hearing loss, which had a 

negative effect on our sample size.

CONCLUSION

Using ultra-high frequency audiometry, we report a high incidence of hearing loss in patients 

on treatment with kanamycin for MDR-TB, with approximately a quarter of patients with 

analysable data developing moderate to severe hearing loss. Higher Kanamycin AUC0–10 is 

strongly associated with an increased incidence of hearing loss, which adds to the growing 

body of evidence in support of the rollout of injectable-sparing treatment regimens for 

MDR-TB.
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Figure 1A. 
Time to any grade of hearing loss in 102 participants on treatment with kanamycin for 

multidrug-resistant tuberculosis
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Figure 1B. 
Time to moderate-severe grade of hearing loss in 102 participants on treatment with 

kanamycin for multidrug-resistant tuberculosis

Ghafari et al. Page 10

Int J Audiol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghafari et al. Page 11

Table 1:

Participant characteristics of 102 patients with analyzable hearing data on treatment with kanamycin for 

multidrug-resistant tuberculosis

Variable Value

No. (%) male 58 (56.9%)

No. (%) HIV infected 65 (63.7%)

No. (%) with previous MDR-TB treatment 24 (23.5%)

Median age, yr 34.9 (27.2–42.2)

Median BMI, kg/m2 17.3 (15.6–18.9)

Creatinine clearance, mL/min (n=95) 79.7 (58.8 to 98.8)

Where appropriate, the percentage/ interquartile range is shown in brackets
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Table 2:

Grade of cochleotoxicity in 84 participants who developed hearing loss during the first 12 weeks of treatment 

with kanamycin for multidrug-resistant tuberculosis

Grade of cochleotoxicity *(UCT criteria)

Grade of 
Impairment

Change in hearing thresholds [PTA: 0.5, 1, 2 & 4 kHz] 
(SANS 10154–1)

Description of activity limitation n=84

0 (No impairment) No significant change in hearing thresholds None 0

Grade 1a (UHF 
impairment)

≥10 dB threshold shift relative to baseline at ≥2 frequencies OR 
≥ 20 dB threshold shift at ≥ 1 frequency; 9–16 kHz
PTA: 10–15 dB HL

None; able to hear a whisper 10

Grade 1b (Slight 
impairment)

≥10 dB threshold shift relative to baseline at ≥2 frequencies OR 
≥ 20 dB threshold shift at ≥ 1 frequency; 2–16 kHz
PTA: 16–25 dB HL

Slight hearing problems especially in 
the presence of background noise

37

Grade 2a (Mild 
Impairment)

≥10 dB threshold shift relative to baseline at ≥2 frequencies OR 
≥ 20 dB threshold shift at ≥ 1 frequency; 2–16 kHz
PTA: 26–40 dB HL

Able to hear and repeat words spoken 
in normal voice at 1 meter. Likely to 
experience difficulties listening in noisy 
environments

17

Grade 2b (Moderate 
Impairment)

≥10 dB threshold shift relative to baseline at ≥2 frequencies OR 
≥ 20 dB threshold shift at ≥ 1 frequency; 2–16 kHz
PTA: 41–60 dB HL

Able to hear some words when shouted 
into better ear

10

Grade 3 (severe 
Impairment)

≥10 dB threshold shift relative to baseline at ≥2 frequencies OR 
≥ 20 dB threshold shift at ≥ 1 frequency; 2–16 kHz
PTA: 61–80 dB HL

Able to hear some speech when 
shouted into better ear; more likely to 
have poor word discrimination scores

10

Grade 4 (Profound 
Impairment)

≥10 dB threshold shift relative to baseline at ≥2 frequencies OR 
≥ 20 dB threshold shift at ≥ 1 frequency; 2–16 kHz PTA ≥ 81 dB 
HL

Unable to hear speech even at a shouted 
voice. Less likely to benefit from 
conventional hearing aid

0

UCT criteria for cochleotoxicity in adults (Ramma, 2016)

Grade of impairment is based on the most severely affected ear

PTA=pure tone average

UHF=Ultra high frequency
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Table 3:

Pharmacokinetic measures of kanamycin exposure in participants on treatment for multidrug-resistant 

tuberculosis

Pharmacokinetic measure Hearing Loss (n=69) No Hearing Loss(n=16)

Dose (mg/kg/day) 15.9 (15.0 to 17.5) 16.0 (14.5 to 17.2)

Peak concentration (μg/mL) 36.4 (29.4 to 42.7) 34.1 (29.5 to 38)

Trough concentration (μg/mL) 0.3125 (0.3125 to 0.84) 0.3125 (0.3125 to 0.3125)

AUC 0–10 (μg•hr/L) 155.6 (127.3 to 212.1) 152.5 (121.2 to 168.2)

AUC∞ (μg•hr/L) 168.8 (134.6 to 244.0) 160.1 (128.9 to 199.3)

Half- life (hours) 2.5 (2.2 to 3.4) 2.5 (2.2 to 2.9)

Median is shown with interquartile range in brackets
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Table 4.

Covariates associated with hearing loss in 102 participants on treatment with kanamycin for multidrug-

resistant tuberculosis

Variable Univariate Multivariate

HR (95%CI) P value aHR (95%CI) P value

Sex 0.99 (0.64 to 1.53) 0.968

Age 0.98 (0.96 to 1.00) 0.058 0.97 (0.95 to 1.00) 0.050

HIV 1.06 (0.67 to 1.67) 0.813

Previous MDR-TB treatment 0.90 (0.56 to 1.45) 0.670

AUC0–10 (per 10 μg•hr/L increase) 1.03 (1.00 to 1.05) 0.051 1.03 (1.00 to 1.06) 0.028

aHR: adjusted Hazard Ratio

HR: Hazard ratio

CI: Confidence Interval
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Table 5.

Covariates associated with moderate-severe hearing loss in participants on treatment with kanamycin for 

multidrug-resistant tuberculosis

Variable (n=20) Univariate

HR (95% CI) P value

Sex 0.98 (0.40 to 2.36) 0.959

Age 1.02 (0.98 to 1.06) 0.302

HIV 1.71 (0.67 to 1.67) 0.300

Previous MDR-TB treatment 0.61 (0.62 to 4.75) 0.409

AUC0–10 (per 10 μg•hr/L increase) 1.05 (1.01 to 1.10) 0.017

HR: Hazard ratio

CI: Confidence Interval
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Table 6.

Comparison of key pharmacokinetic measures in participants with and without hearing loss, treated with 

kanamycin for multidrug-resistant tuberculosis

Variable Hearing loss (n=84)* No hearing loss (n=18)* P value

AUC0–10 155.6 (127.3 to 212.1) 152.5 (121.2 to 168.2) 0.425

Cumulative AUC0–10 9450.9 (6541.3 to 12615.2) 7226.8 (4794.7 to 9885.0) 0.103

Average daily AUC0–10 639.2 |(450.9 to 689) 644.1 (477.6 to 666.7) 0.567

Cumulative dose (mg) 46625 (33687.5 to 59375) 41678 (27750 to 62500) 0.390

Average daily dose (mg) 639.2 (450.9 to 689.0) 644.1 (477.6 to 666.7) 0.568

Median is shown with interquartile range in brackets
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