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INTRODUCTION

Tuberculosis (TB) remains a major public health threat. Multidrug-resistant strains of 
Mycobacteria tuberculosis are increasingly common, compromising the recent gains in 

ABSTRACT
Objectives: Our aim was to validate the “Wulira App” a mHealth application against gold standard audiometry as a 
pragmatic audiometry solution for under-served and vulnerable groups of patients at risk of hearing loss. The specific 
objectives were as follows:
1)  To compare hearing thresholds determined using the Wulira app to standard pure tone audiometry among 

patients on MDR-TB treatment.
2)  To determine the correlation between the measured hearing loss with the Wulira app and standard audiometry 

with patient reported hearing loss.
3) To determine the proportion of patients on MDR-TB treatment that experience hearing loss?

Materials and Methods: We consecutively recruited patients ≥18 years old and receiving kanamycin in their 
treatment regimen between February and June 2019 for this study. Clinical and demographic data were obtained 
from each participant and documented in a secure database. Participants had hearing assessment performed once 
at enrolment with paired standard audiometry and the Wulira mobile phone app in a soundproof room.

Results: A total of 120 MDR-TB patients with a mean age of 34.0 (±9.6) years were recruited for this study and 69 
(57.5%) were male. When compared to pure tone audiometry, the Wulira app was able to correctly detect 91.4% 
hearing loss in right ear and 88.4% in the left ear. The specificity of the Wulira app was equally high, reaching 
93.2% in the right ear and 91.5% in the left ear.

Conclusion: The Wulira app may be a useful alternative home-based tool for hearing assessment in MDR-TB 
patients, essentially for early detection of hearing loss following commencement of second-line injectable drugs.
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global TB control.[1] Operationally, second-line injectable 
aminoglycosides form the backbone of multidrug-resistant 
TB (MDR-TB) treatment regimens.[2,3] Ototoxicity and 
hearing loss are a common side effect with prevalence 
between 18% and 62% among MDR-TB patients.[4-6] Regular 
hearing assessment is required to monitor for and prevent 
disabling hearing loss, but limited availability of audiologists 
and audiometric equipment impedes the provision of these 
services in sub-Saharan Africa (SSA).[7] Our aim was to 
validate the “Wulira App” a mHealth application against 
gold standard, pure tone audiometry (PTA) as a pragmatic 
audiometry solution for this underserved and vulnerable 
group of patients.

PTA is the gold standard assessment tool to monitor hearing 
loss, but this technique is expensive and requires a trained 
operator in a controlled environment for use.[8] This is not 
practicable in high MDR-TB prevalence resource poor 
countries. Recently, a number of smartphone applications 
have been developed for hearing assessment, they include 
SPLnFFT, SoundMeter, NoISee, and uHear among others. 
These aim to increase accessibility to hearing assessment, 
although there is a paucity of robust validation data for use of 
these tools;[9] this limits effective implementation in health-
care settings. Furthermore, the tone-based mobile apps have 
variable accuracy depending on headphone and phone type 
used.[10]

In this study, we examined the “Wulira app,” a locally 
designed user-friendly mobile smartphone audiometry 
application[11] to assess hearing loss among MDR-TB patients 
receiving an aminoglycoside-based treatment regimen in a 
clinical setting. This tool was compared against PTA, the gold 
standard for hearing assessment by comparing measured 
hearing threshold under the same conditions. If accuracy 
was demonstrated, this pragmatic and accessible tool 
could improve safe aminoglycoside treatment delivery and 
minimize hearing loss for MDR-TB patients in low-income 
settings.

MATERIALS AND METHODS

Study design

This was a cross-sectional study involving MDR-TB patients 
receiving aminoglycoside-based treatment at Mulago 
National Referral Hospital MDR-TB Clinic, Kampala, 
Uganda. The hospital serves as the national referral for MDR-
TB treatment in Uganda and has PTA facilities run by a 
trained audiologist. We consecutively recruited patients ≥18 
years old and receiving kanamycin in their treatment regimen 
between February and June 2019 for this study. We excluded 
patients with a history of occupational hearing loss, inability 
to use PTA, and those who lacked capacity. No formal power 
calculation was performed for this exploratory study. This 

being a feasibility study, the sample size for this study has 
been determined on pragmatic principles considering the 
number of cases we expected to see at the center during 
the study period. At the time, an average of 120 patients 
was enrolled into MDR TB care. Mulago Hospital Research 
and Ethics Committee (MREC 1539) and Uganda National 
Council of Science and Technology (SS #4913) approved the 
study protocol.

Description of the hearing assessment approaches

Wulira app

The Wulira app is an android operating system smartphone 
mobile app that is freely downloadable at https://wuliraapp.
com/about-us/ and Google Play store.[11] It produces sounds 
of frequencies 125–8000 Hz and amplitudes between 0 and 
100 dB. A patient may use standard headphones to self-test 
themselves. The entire testing process is automated, requiring 
the patient to only click on the response button when a test 
sound is heard. The app records each of the patient’s responses 
and plots an audiogram for the test session as shown in 
[Figure 1]. It then uses an inbuilt algorithm to compute the 
average hearing threshold for the patient and generates 
a diagnosis based on the WHO classification of hearing 
loss. The results on the phone can also be shared with the 
audiologist or an ear, nose, and throat specialist for further 
advice and management. All data collected are protected and 
stored centrally and can be made available for the subsequent 
testing sessions as a baseline for comparing future tests to 
note any changes in hearing thresholds of the patient.

PTA

PTA is a procedure carried to test hearing of an individual 
in a soundproof room using headphones. An audiometer 
operated by the skilled radiologist delivers sound intensities 
to each ear separately and the frequency at which an 
individual hears is documented. The PTA is calibrated daily 

Figure 1: Screenshot of the Wulira App interface showing the 
testing dashboard and an audiogram.
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Table 1: Demographic and clinical characteristics of multidrug-
resistant tuberculosis patients receiving injectable medication. 
Data are in number (%) unless otherwise stated.

Characteristic Frequency (percentage)

Age (Mean ± SD) years 33.98 ± 9.59
Patient reported hearing loss in the 
right ear

17 (14.2)

Patient reported hearing loss in the 
left ear

14 (11.7)

Patient currently receiving 
injectable/ototoxic drug

36 (30.0)

Patients reported perception of 
hearing quality

Poor 12 (10.0)
Good 101 (84.2)
Very good 7 (5.8)

before commencing of hearing assessments for patients by 
the audiologist to minimize errors.

Study procedure

Clinical and demographic data were obtained from each 
participant after explaining the study procedures and 
obtaining written informed consent. All data were entered 
into a secure database. Before the start of the study, one 
radiologist (with 1 year experience in audiometry) underwent 
training. The training included how to use the Wulira app, 
PTA, and completion of the study data collection tools. She 
consistently performed hearing assessment once for all 
participants at enrolment with PTA and the Wulira mobile 
phone app in a soundproof room. The hearing threshold of 
25 dB was taken as normal while threshold above 25 dB was 
taken as abnormal.[12] The assessment was done at 500 Hz, 
1000 Hz, 2000 Hz, 3000 Hz, and 4000 Hz, with both ears tested 
one after the other as recommended by the World Health 
Organization.[13] The results obtained from both instruments 
were recorded, outputs from PTA were used to determine the 
presence of hearing loss, and outputs from Wulira app were 
compared with the PTA readings. The degree of agreement 
of hearing threshold measured by the two instruments was 
also determined. Participants were asked to make a subjective 
report of their own hearing ability and this was compared 
with measurements from both instruments.

Statistical analysis

Categorical variables were summarized using frequencies 
and proportions, while continuous variables were 
summarized using means and standard deviations. The 
sensitivity, specificity, and positive predictive value (PPV) 
and negative predictive values (NPV) of the Wulira app 
were calculated for both ears at the different frequencies 
with reference to PTA. The area under the receiver operating 
characteristic curves, using the Wulira app for both ears at 
the different frequencies, was also determined with respect 
to the PTA. Statistical analysis was performed using STATA 
15.0 (StataCorp, Texas, USA).

RESULTS

Demographics and clinical characteristics

We recruited 120 MDR-TB patients with mean age of 34.0 
(±9.6) years of age. Sixty-nine (57.5%) of the participants were 
male. No patients had a prior formal diagnosis of hearing 
impairment, but 12 patients (10.0%) reported subjective 
poor hearing on direct questioning. Thirty-six (30.0%) of the 
patients were still receiving the injectable aminoglycosides at 
the time of recruitment. Of the remainder, 34 (28.3%) had 
been on MDR-TB treatment for more than 1 year, 32 (26.7%) 

patients for seven to 12 months, and 18 (15.0%) patients 
for 6 months or less [injectable component of treatment 
completed; Table 1].

Frequency of hearing loss

The frequency of hearing loss among participants, as 
measured by the PTA in the right ear, was 26.7% at 500 Hz, 
19.2% at 1000 Hz, 17.5% at 2000 Hz, and 30.0% at 4000 Hz. 
In the left ear, the prevalence of hearing loss was 25.0% at 
500 Hz, 17.5% at 1000 Hz, 16.7% at 2000 Hz, and 35.0% at 
4000Hz.

Wulira app detection of hearing loss

When compared to PTA in terms of sensitivity, the Wulira 
app was able to correctly detect 91.4% hearing loss in right ear 
and 88.4% in the left ear. The specificity of the Wulira app was 
equally high, reaching 93.2% in the right ear and 91.5% in the 
left ear. The PPV and the NPV are reported in [Table 2].

Performance characteristics of Wulira app

The ability of the Wulira app to detect with accuracy, the 
hearing threshold in all participants, when compared to the 
PTA (sensitivity), was 81.3% in the right ear and 76.6% in 
the left ear. The specificity, PPV, and the NPV are reported in 
[Table 3]. The extent of accuracy achieved by the Wulira app 
when compared to the PTA at different frequencies is shown 
as area under the receiver operating curve in [Figure 2].

DISCUSSION

In this study, we found a high prevalence of hearing loss 
among MDR-TB patients receiving aminoglycoside-based 
treatment regimen. Wulira app demonstrated high sensitivity 
and specificity at detecting hearing loss against gold standard 
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Table 2: The sensitivity, specificity, PPV, and NPV of the Wulira app to detect hearing loss as compared to the pure tone audiometer at 
different thresholds.

Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Right Left Right Left Right Left Right Left

Normal (25 dB) 91.4 88.4 92.3 91.5 96.9 96.4 80.6 75.4
Mild (40 dB) 55.1 51.7 91.8 90.2 49.6 45.8 93.3 92.1
Moderate (50 dB) 33.3 33.3 96.3 95.7 23.1 18.6 97.8 98
Severe (70 dB) 31.7 45.9 97.9 97.0 43.3 41.5 96.5 97.5
PPV: Positive predictive value, NPV: Negative predictive value

Table 3: The sensitivity, specificity, PPV, and the NPV of Wulira app at detecting the hearing threshold of all patients at different frequencies 
compared to the pure tone audiometry.

Frequency (Hz) Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Right Left Right Left Right Left Right Left

500 81.3 76.7 85.2 75.6 66.7 51.1 92.6 90.7
1000 87.0 90.5 95.9 96.0 83.3 82.6 96.9 97.9
2000 95.2 95.0 98.0 98.0 90.9 90.5 99.0 99.0
4000 100 88.1 91.7 91.0 83.7 84.1 100.0 93.4
PPV: Positive predictive value, NPV: Negative predictive value

Figure 2: The receiver operating curves comparing hearing threshold detection by Wulira app to the pure tone audiometry at different WHO 
recommended frequencies 500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz.
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PTA. These data demonstrate that the Wulira app could 
potentially be deployed as a hearing screening tool in low-
income settings where access to PTA is limited. Further 
work is required to confirm Wulira app sensitivity to detect 
hearing loss in a longitudinal study and determine the most 
context appropriate headsets for use.

Hearing loss is a major sequela of aminoglycoside-containing 
regimen in MDR-TB patients.[14,15] Several studies have 
reported varying prevalence rates.[16,17] Our study showed 
a prevalence, measured by PTA ranging between 16.0% 
and 35.0% in the right and left ears across frequencies 500, 
1000, 2000, and 4000 HZ and involved mainly the higher 
frequency (4000 Hz). This is similar to the findings of Duggal 
and Sarkar who reported 18.75% sensorineural hearing loss 
involving mainly the higher frequencies.[18] The rationale 
being that sounds of high frequencies localize near the base 
of the cochlea which is more susceptible to injury than the 
apical region.[19] This “cochleotopic” gradient of susceptibility 
is expressed as high-frequency hearing loss, which extends to 
include progressively lower frequencies with more extensive 
cochlear damage.[20] HIV coinfection usually contributes to 
higher prevalence of hearing loss in affected patients.[17,21]

Calibration of audiometric devices is a key consideration 
to ensure test accuracy, however, no standardized 
calibration procedure currently exists for performing tests 
on smartphone devices coupled with non-audiometric 
headphones.[22] Several recent studies have investigated 
calibration methods, but further research evidence is 
necessary to establish their applications.[23,24] The Wulira app, 
tested alongside the PTA, demonstrated strong sensitivity in 
detecting hearing threshold and identification of hearing loss 
in MDR-TB patients on aminoglycoside-based regimen. This 
finding is similar to results from other available mobile apps 
included in a review article.[9] Wulira app has the advantage 
over those reported tools, of being tested simultaneously with 
the gold standard PTA in a controlled environment, under 
the watch of trained audiologist, and these could attest for its 
favorable applicability for patients’ use.

The major strength of this study was that the hearing 
assessment was done using the app and the PTA at the 
same time on every patient to minimize the effect of 
potential biases. There are, however, some limitations. Poor 
sound attenuation provided by commercially available 
ear buds might constitute a challenge for home use where 
soundproof environment is not guaranteed, this may be 
minimized by making headphones with greater attenuation 
of ambient noise available at subsidized rate for the patients. 
Furthermore, this was a cross-sectional study where only 
a single reading was done in comparison with the gold 
standard, essentially to take a snapshot of the accuracy of the 
mobile app, a longitudinal study with follow-up comparison 
would provide valuable information on the performance of 

the app. Our study participants may have other underlying 
causes of hearing loss such as diuretics, quinine, cytotoxic 
agents, and chronic environmental noise exposure which 
negatively influence hearing assessments.

CONCLUSION

The Wulira app may be a useful alternative home-based tool 
for hearing assessment in MDR-TB patients, essentially for 
early screening of hearing loss following commencement 
of second-line injectable drugs. Although the sensitivity 
reduces when applied out of the normal hearing range, 
its applicability at 25 decibels is sufficient for objective 
assessment. When monitoring for ototoxicity, the aim is 
to detect hearing loss before it affects patients’ capacity 
for effective communication. Wulira app has potential for 
clinical settings, especially in resource scarce settings, where 
the use of PTA is not feasible. This research supports further 
exploration and validation of the Wulira app as a potential 
solution for accessible hearing assessment in resource-
constrained settings.
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