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Abstract

Background: Tuberculosis (TB) affects millions of people worldwide and is treated with medication including aminoglycosides
and polypeptides. Individuals respond differently to medications as a result of their genetic inheritance. These differences in
genetic inheritance can result in the underdosing or overdosing of medication, which may affect the efficacy or, in the case of
aminoglycosides and polypeptides used in the treatment of all forms of TB, result in ototoxicity. When ototoxicity is detected,
physicians should adjust dosages to minimize further ototoxicity and hearing loss; however, there are no suitable grading systems
to define significant hearing loss.

Objective: The aim of this study was to develop a standardized grading system by making use of an electronic health (eHealth)
platform to ensure that a user-friendly method was available to interpret hearing test results, calculate significant hearing loss,
and provide recommendations with regard to dosage adjustments and management. It further aimed to establish the sensitivity
of the newly developed grading scale.

Methods: This grading system was developed in South Africa based on data that were obtained from an audiology and
pharmacokinetic study on patients with drug-resistant TB (DR-TB) at two DR-TB units at state-run hospitals. This feasibility
study employed a prospective, cross-sectional, exploratory, descriptive case series research design, with a total of 22 participants.
Participants underwent audiological and pharmacological assessments at baseline and every 2 weeks for the first 3 months of
treatment. Various professionals (8 in total) were subsequently involved in the development of the eHealth system, including a
software engineer, four audiologists, a pharmacist, a medical doctor, and a nurse. The app underwent 14 modifications that
involved aspects of data storage, ease of usability, grades, and the risk factor checklist.

Results: An ototoxicity grading system within a mobile app for use by doctors, nurses, and audiologists was developed for
patients with DR-TB. The purpose of this user-friendly ototoxicity calculator, OtoCalc, is to (1) assist health professionals in
assessing patients for ototoxicity, (2) establish the clinical significance of ototoxicity by calculating the grade of hearing loss, (3)
monitor the progression of hearing loss, and (4) enable systematic referral and management of patients according to their needs.

Conclusions: This newly developed system is more sensitive than the existing grading methods for determining ototoxicity in
patients with DR-TB. This app needs to be trialed in a larger sample to establish data security, ease of use, and suitability within
this population.

(JMIR Mhealth Uhealth 2020;8(1):e14036) doi: 10.2196/14036
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Introduction

Background
Tuberculosis (TB) is a contagious, potentially lethal airborne
disease [1]. The overall burden of TB has been declining at an
annual average of 2% [2], yet the number of patients with
drug-resistant TB (DR-TB) is increasing [3]. In 2016, there
were an estimated 600,000 new multidrug-resistant and
rifampicin-resistant TB cases [2].

Aminoglycosides, such as kanamycin, and some polypeptides,
such as capreomycin, are used in the treatment of DR-TB.
Although the guidelines are being re-evaluated and many less
toxic drugs have been introduced [4], aminoglycosides are still
used in countries that do not have access to these more expensive
drugs [5]. Aminoglycosides are inhibitors of prokaryotic protein
synthesis at commonly accepted therapeutic concentrations.
However, they may also affect the protein synthesis of cells at
larger concentrations, leading to toxicity such as ototoxicity,
vestibulotoxicity, and nephrotoxicity [6]. The toxicity profile
of capreomycin is similar to that of aminoglycosides [7].

The prevalence of cochlear damage because of aminoglycosides
ranges from 7% to 90% [7]. This variability could be because
of a potential underreporting and the lack of distinct parameters
for examining ototoxicity [7,8]. Different studies also detail
different dosages and methods of monitoring hearing loss, which
could account for the different results in terms of incidence [9].

Monitoring and management of ototoxicity are concerns [10],
and currently, no comprehensive protocols for monitoring
ototoxicity in this population exist; different methods are used
worldwide. Interdisciplinary communication with monitoring
and management is rare. Monitoring allows for intervention,
which permits the patients and their families to maintain
effective communication, should the hearing loss worsen, in
cases where alternative treatment may not be a suitable or viable
option [11]. Hence, there is a need for a detailed and descriptive

monitoring tool to guide this interdisciplinary input, specifically
in the DR-TB population.

A grading system provides a systematic framework to classify
the loss of hearing from baseline. It allows a clear understanding
of the degree of this loss and assists with methodical and
uniform management. However, existing ototoxicity grading
systems, namely, the National Cancer Institute’s Common
Terminology Criteria for Adverse Events (CTCAE) ototoxicity
grades [12], the grading system by Theunissen and colleagues
(TUNE) [13], Brock Hearing Loss Grades [14], the Chang and
Chinosornvatana grading scale [15], and the International
Society of Pediatric Oncology Boston Ototoxicity Scale [16],
do not seem relevant, as they were not developed for this DR-TB
population and frequencies between 12.5 kHz and 20 kHz.
Furthermore, the interpretation of audiological results seems to
differ among individuals. This difference makes the management
of the DR-TB difficult for physicians, as there are various
opinions of a significant change in hearing to motivate a change
in the drug regimen of these patients. There are also no grading
scales that correspond to management recommendations, where
audiologists may not be present for the skilled interpretation of
the grades. There has been a need identified for ototoxicity
grading systems to allow clinicians to understand the severity
of ototoxicity and standardized treatment based on the grades
[7]. In addition, it is unclear as to which frequencies tested
actually dictate clinical hearing loss. Textboxes 1 and 2 describe
the existing grading scales in adult and pediatric populations,
respectively, but these are not specifically developed for this
DR-TB population.

It is generally the audiologists’ role to interpret audiograms;
however, audiologists are often not available at all TB
management clinics in developing countries. If a trained nurse
conducts audiological testing, a grading system will assist in
the interpretation and guide the management protocol.
Ototoxicity monitoring can only be successful when a fixed
regimen is followed and involves numerous health professionals
(oncologists, ear-nose-throat specialists, audiologists, nurses,
and clinical pharmacists) as well as the patients [17].
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Textbox 1. Existing ototoxicity grading scales according to National Cancer Institute’s Common Terminology Criteria for Adverse Events and TUNE
for adults.

National Cancer Institute’s Common Terminology Criteria for Adverse Events (grades up to 8 kHz) [11,12]

• Originally developed for children yet has adult applications

• Grade 1: Threshold shift or loss of 15-25 dB relative to baseline, averaged at two or more adjacent frequencies in at least one ear

• Grade 2: Threshold shift or loss of >25-90 dB, averaged at two adjacent test frequencies in at least one ear

• Grade 3: Hearing loss sufficient to indicate therapeutic intervention, including hearing aids. Adults: >25-90 dB, averaged at three adjacent test
frequencies in at least one ear

• Grade 4: Indication for cochlear implant and requiring additional speech–language-related services. For adults, a profound hearing loss is at >90
dB HL

TUNE by Theunissen and colleagues (grades up to 12.5 kHz) [13]

• Developed for adults

• Grade 0: No hearing loss

• Grade 1a: Threshold shift ≥10 dB at (8-10-12.5) or subjective complaints in the absence of a threshold shift

• Grade 1b: Threshold shift ≥10 dB at (1-2-4)

• Grade 2a: Threshold shift ≥20 dB at (8-10-12.5)

• Grade 2b: Threshold shift ≥20 dB at (1-2-4)

• Grade 3: Hearing level ≥35 dB HL at (1-2-4) de novo

• Grade 4: Hearing level ≥70 dB HL at (1-2-4) de novo

Textbox 2. Existing ototoxicity grading scales for children.

Brock (1991; grades up to 8 kHz) [14]

• On the basis of absolute hearing level rather than change from baseline and bilateral loss

• Grade 0: <40 dB at all frequencies

• Grade 1: ≥40 dB at 8 kHz only

• Grade 2: ≥40 dB at 4 kHz and above

• Grade 3: ≥40 dB at 2 kHz and above

• Grade 4: ≥40 dB at 1 kHz and above

Scale by Chang and Chinosornvatana (grades up to 12 kHz) [15]

• On the basis of absolute hearing levels and a modification to the Brock scale. It detects milder degrees of hearing loss rather than change from
baseline and is based on bilateral loss

• Grade 0: ≤20 dB at 1.2 and 4 kHz

• Grade 1a: ≥40 dB at any frequency 6-12 kHz

• Grade 1b: >20 dB and <40 dB at 4 kHz

• Grade 2a: ≥40 dB at 4 kHz and above

• Grade 2b: >20 dB and <40 dB at any frequency below 4 kHz

• Grade 3: ≥40 dB at 2 or 3 kHz and above

• Grade 4: ≥40 dB at 1 kHz and above

Objectives
The mobile health (mHealth) trend, which uses mobile devices
and associated technology for health interventions, provides an
unprecedented opportunity to transform health services available
to people across the globe, specifically in developing countries
where the public health system is often described as

dysfunctional [18]. mHealth care can become widely available
and assist health care at the regional, community, and individual
levels [19]. The aim of this study was to develop a standardized
grading system by using an electronic health (eHealth) system
to ensure a user-friendly method was available to interpret
hearing test results, calculate significant hearing loss, and
provide recommendations with regard to dosage adjustments
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and management. It further aimed to establish the sensitivity of
the newly developed grading scale.

Methods

App Design and Development From an Audiology and
Pharmacokinetic Study
A mobile app was developed as part of a project conducted in
2016 in South Africa. This mobile app was based on data that
were obtained from an audiology and pharmacokinetic study
on patients with DR-TB at two DR-TB units at state-run
hospitals. The study was a joint study among the Audiology
Department at the University for the Witwatersrand, Division
of Clinical Pharmacy at Sefako Makgatho Health Sciences
University, Wits Health Consortium Clinical HIV Research
Unit, and the South African Medical Research Council. The
medical ethics boards of the University of the Witwatersrand
and various hospitals approved this study.

The intention of this app was to propose a standardized grading
system; enhance the utilization of eHealth; and develop a
user-friendly mobile app to interpret hearing test results,
calculate significant hearing loss, and provide recommendations
with regard to dosage adjustments and management for adult
patients with DR-TB. The app was designed to streamline the
protocol for testing adult patients treated with aminoglycosides
for DR-TB and to assist with a uniform interpretation of a
significant hearing loss and consequently the collection of
reliable statistics based on a similar method of collection and
grading of the hearing loss. Furthermore, its aim was to assist
a variety of health care professionals who are not necessarily
trained in audiology, to guide with recommendations and
counseling, particularly when audiologists are not available in
poor-resource contexts.

Data from a feasibility study that employed a prospective,
cross-sectional, exploratory, descriptive case series research
design were used in the development of the app. A total of 22
participants participated in this multisite study at Helen Joseph
and South Rand Hospitals (two of the three main hospital-based
TB focal points that treat patients with DR-TB in the
Johannesburg area of the Gauteng province in South Africa).
This study used purposive sampling, a nonprobability sampling
strategy to select participants [20], whereby specified inclusion
and exclusion criteria were determined. Inclusion criteria
included males and females; HIV-positive and HIV-negative
patients; those who anticipated treatment with an injectable
(either kanamycin or capreomycin) for at least 3 months; those
who had proficiency in English, isiZulu, and isiSotho (to ensure
study procedures could be performed accurately); those who
were aged between 18 and 55 years to exclude presbycusis [21];
those who had normal middle ear status at baseline, as
determined by otoscopy and tympanometry; and those who had
hearing loss no greater than 70 dB at three or more frequencies
bilaterally. The study excluded patients with diabetes mellitus
[22] and a history of significant substance abuse.

The sample size was initially calculated as 60 based on a power
calculation. However, 12 months after the initiation of
recruitment, enrollment ceased as saturation (after adequate

enrollment for a feasibility study) was reached. Only 22
participants were enrolled owing to various reasons such as
refusal to participate, being transferred elsewhere, and not fitting
within the inclusion/exclusion criteria. Although this study had
a small sample size, it is essential to place the sample size in
the broader context of TB treatment adherence, where adherence
is often poor [23].

Data collection included several hospital standard-of-care
procedures such as weight, height, HIV status, creatinine level,
CD4 count, potassium level, thyroid-stimulating hormone level,
liver enzyme levels, and a full blood count. Study-related
procedures included a detailed case history as well as
audiological and pharmacological assessments at baseline and
every 2 weeks for the first 3 months of treatment. Audiological
procedures included otoscopy [24], tympanometry [25],
pure-tone air-conduction audiometry (up to 16 kHz), and
distortion product otoacoustic emissions (up to 12 kHz) [25].
Pharmacological measures included kanamycin or capreomycin
elimination rate (ke) and half-life (t1/2) from peak and trough
concentrations (Cmax and Cmin, respectively), volume of
distribution (Vd), and calculation of the creatinine clearance
(CrCl). Finally, the overall outcome of treatment was evaluated
in relation to the pharmacokinetics.

From observation and individual consultation with medical
doctors in the field, through this feasibility study, many are
unable to interpret audiograms when provided. Hearing loss
guides the motivation for changes in the treatment regimen.
These changes in the treatment regimen may involve the doctor
changing the drug and, perhaps, reducing the days of therapy.
Thus, it is essential that the doctors and nurses understand the
correct interpretation of audiograms to implement these changes
and counsel the patients.

Although audiologists generally interpret audiograms, they are
often not employed at TB management clinics. If a trained nurse,
as recommended above, conducts audiological testing, a grading
system will assist in the interpretation. This will guide the
management protocol.

In addition, many audiologists are unsure of how to classify a
significant ototoxic hearing loss and when to advise the medical
doctor to adjust the medication regimen.

Need for Mobile App Development
The intention of this app was to propose a standardized grading
system; enhance the utilization of eHealth; and develop a
user-friendly mobile app to interpret hearing test results,
calculate significant hearing loss, and provide recommendations
with regard to dosage adjustments and management for adult
patients with DR-TB. Patients in poor countries generally have
less access to health services than those in more developed
countries. Key solutions to assist these people can involve
innovations in the delivery of services and the regulation of
health services. The use of eHealth can assist the vulnerable
population in accessing the required services [26]. Thus, this
app was designed to streamline the protocol for testing adult
patients treated with aminoglycosides for DR-TB and to assist
with a uniform interpretation of a significant hearing loss, and
thereby the collection of reliable statistics based on a similar
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method of collection and grading of the hearing loss. The study
aimed to assist a variety of health care professionals who are
not necessarily trained in audiology, to guide with
recommendations and counseling, particularly when audiologists
are not available in resource-poor contexts.

Mobile App Development and Accessibility
Data from the audiology and pharmacokinetic study were
analyzed and yielded information regarding high and ultrahigh
frequency hearing loss within the first 3 months of treatment.
Hearing loss did not extend to the lower frequencies, which is
likely because of the short duration of data collection. However,
various cultural, social, and context-specific issues need to be
considered, including the acknowledgment of patients defaulting
on their treatment, the influence of African traditional healers
on many patients, the 11 official languages spoken in South
Africa that can contribute to communication difficulties, and
the limited number of audiologists available in South Africa to
implement and manage an ototoxicity monitoring protocol.

The app was primarily developed by a software engineer and
piloted by various health professionals. Data security was
specifically considered. The mobile app allows for patient data
entry directly into the app via any mobile device connected to
the Web. Despite the capability for data transmission over
wireless networks, we elected only to allow users involved in
the field of TB to participate. Collected data were stored on the
mobile devices in field and in a password-protected cloud, where
only two users (developers) had access. All users’ phones
required to be password protected, and the passwords needed
to be entered upon opening the app. Patient-specific data could
only be obtained with the patient’s identity and hospital numbers
to ensure only authorized personnel had access. Both Android
and iOS operating systems were selected to reach as many users
as possible.

The data backups comprised both active and manual backups.
Both the active backup and archives used the same encryption

as the database. To minimize the risk of data mitigation failure,
the data were stored in different geographic locations. The
infrastructure was powered by a small Google Cloud. All access
to the data can be logged and time stamped, and a log file can
be provided in unlikely cases. The raw data can be exported in
.csv, .txt, and .json formats to Microsoft Excel for data analysis
and statistical purposes.

The cost of the app was equal to the data costs involved in the
original download of the app. The developers tried to ensure
Wi-Fi availability where possible to reduce these charges.

Process Flow for the App-Based Data Collection Tool
Data collection via the app involved a user using the app as
either a one-off user (ie, as an ototoxicity calculator) or a
continued user, whereby he or she would require permission to
reaccess patient data for more than a one-off use. Once the user
had signed up as a continued user, their application was vetted
and access was either denied or granted.

Subsequently, they could begin using the app by selecting New
Patient, whereby they would enter basic identifying data, data
on more in-depth variables such as weight and medication, and
then a risk factor checklist. Baseline audiometric data could be
entered, following which the session could be saved. Upon a
subsequent patient visit, new data could be updated and new
audiometric results could be entered. Upon entering a follow-up
audiogram, the app automatically calculated the grade of hearing
loss and provided explanations and recommendations. These
explanations can be shown to the patient, with a management
plan. Figures 1-3 display a few screenshots of the various stages
of OtoCalc.

All results are stored in a central database; hence, if the patient
were to be transferred to another treatment facility, their results
and management plans could be accessed and continued. Figure
4 illustrates this process.
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Figure 1. OtoCalc home page.

Figure 2. Screenshot depicting the new consultation page.
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Figure 3. Screenshot of the page when follow-up consultation has been entered and results are calculated.

Figure 4. Process for the app-based data collection tool.
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Usability and Piloting of the App
Various professionals were involved in the piloting of the app,
namely, a software engineer, four audiologists, a pharmacist, a
medical doctor, and a nurse.

Each professional was asked to evaluate seven aspects on a
scale from 1 to 10 (10 is the highest score). When there was
one or more ratings of ≤7, the app was modified by the
developer. The aspects evaluated were (1) ease of use, (2) ability
to reaccess the data for follow-up consultations, (3) coverage
of relevant aspects of the app (ie, risk factors), (4) accessibility
in terms of usage when there is no internet connection, (5) ability
to follow through with the recommendations as detailed in the
app, (6) ease of implementing a variety of test protocols within
the app (not all frequencies are always tested at various sites),
and (7) relevance of the grading scale to the DR-TB population.

The changes required included multiple user accessibility
modifications and changes with the recommendations
framework as well as additions and deletions of aspects such
as the risk identification checklist, storage of the data on the
database, and grading descriptions. From initial development,
the app underwent 14 modifications until it was ready for upload
on the Android and iOS stores for download.

All eight professionals and data collectors were confident in
using the app and found the tool easy to use. Most of the data
collectors found the functions of the app to be well integrated
and consistent. All eight data collectors agreed that the app
could be useful in future ototoxicity management.

Validation of the App
This newly developed app needs to be trialed and further piloted
by various health care professionals, such as doctors, nurses,
pharmacists, and audiologists, within the DR-TB population.

Results

OtoCalc Description
The app allowed two-fold usage. It was predominantly used as
an ototoxicity calculator to assist the health professional in
assessing the patient for ototoxicity and establishing the clinical
significance of this ototoxicity. This can be used for a one-off
calculation, and the patient details are not stored on the system.
The user does not need to register for this option. The second
use of the app was as an ototoxicity monitoring app that would
be available to those working within the field of TB, specifically
DR-TB management. It can be used for ongoing care by the
health care professional who will update the variable component
of the app at each visit to monitor the progression of hearing
loss. This system provides a systematic basis for referral and
management of patients according to their needs.

In total, the grading system comprises eight grades, with each
grade containing specific information regarding the description
of the class (Multimedia Appendix 1). This entails the decibels,
specific frequencies, and whether it would be unilateral or

bilateral. The description of this grade is provided to the
layperson, describing the clinical difficulty that a patient would
experience. This would involve explanations of whether the
patient will likely notice a deterioration in hearing; whether the
speech sounds are affected; the clinical symptoms the patients
would experience in everyday life, for example, as a result of
the loss of specific frequencies; and whether the current drug
regimen may cause progression in speech frequencies when it
has not already. It also details when the patients may start to
experience social and emotional difficulties as a result of
deterioration in hearing.

The mobile app then correlates the grade to management
recommendations for the multidisciplinary team, including the
medical doctor, nurse, and audiologist. This would include
dosage adjustments or motivation for dosage adjustments; the
use of an alternate drug or motivation for alternate drugs;
appropriate and relevant referrals for the medical doctors, nurses,
and audiologists; and audiological recommendations including
diagnostic assessments, implementation of communication
strategies, and amplification.

Finally, for each grade, counseling recommendations are listed
for the treating team to cover. This is specifically important for
the patient and family to understand hearing loss as well as its
possible management in the future. It is important for patients
to not only understand that DR-TB treatment is imperative,
despite the hearing loss, but also to know that they are not alone
and management is possible. The aspects to cover are listed as
points, if the medical or allied professional is unskilled and not
knowledgeable in this field (Multimedia Appendix 1).

Grades 1 and 2 involve frequencies in the range of 9-20 kHz.
As ultrahigh frequencies (above 8 kHz) are often not conducted,
most individuals present with either a grade 3 and above or
hearing that is not gradable (no ototoxicity). When the hearing
presents as grade 3, the loss in hearing is likely interfering with
daily functioning, as it involves the speech frequencies
(Multimedia Appendix 1).

Sensitivity of OtoCalc
The data from the feasibility study were used to establish the
sensitivity of OtoCalc. The sensitivity of OtoCalc was compared
with the existing grading/classification systems, namely, TUNE,
CTCAE, and the American Speech-Language-Hearing
Association (ASHA) system (Table 1). When using OtoCalc,
ototoxicity was identified in all but two ears (participants 2 and
4). This is more than the number for the other scales, namely,
TUNE and CTCAE, as well as the ASHA system. Table 1
exhibits the sensitivity of the OtoCalc scale and its ability to
identify a change in hearing more often than the other scales.
The specific grades further depict changes in certain frequencies;
for example, grade 3 indicates a loss in the high frequencies
and not ultrahigh frequencies, whereas grades 1 and 2 indicate
ultrahigh frequency hearing loss. The results for patients 3, 11,
and 13 were not included, as only a baseline assessment was
conducted for them.
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Table 1. Sensitivity of OtoCalc (N=15).

Presence of ototoxicityGrade according to different scalesWeeks in the study and earPatient

ASHAcCTCAEbTUNEaOtoCalc

YesN/Ad2a2Right41

YesN/A1a2Left

NoN/A02Right22

NoN/A1a0Left

YesN/A1a3Right124

NoN/A00Left

YesN/A1a1Right125

YesN/A2a3Left

YesN/A01Right46

YesN/A02Left

YesN/A2a2Right127

YesN/A01Left

YesN/A2a2Right128

YesN/A1a1Left

YesN/A1a3Right129

YesN/A1a1Left

YesN/A2a3Right1210

YesN/A2a1Left

Yes12a3Right212

YesN/A1a1Left

YesN/A1a1Right814

YesN/A1a3Left

YesN/A1a3Right215

YesN/A1a4Left

YesN/A2a1Right816

YesN/A1a3Left

YesN/A2a5Right817

YesN/A1a3Left

YesN/A1a1Right1018

YesN/A2a2Left

aTUNE: Theunissen and colleagues.
bCTCAE: Common Terminology Criteria for Adverse Events.
cASHA: American Speech-Language-Hearing Association.
dN/A: not applicable.

Discussion

Principal Findings
This study led to the development of OtoCalc, a detailed and
sensitive ototoxicity grading system specifically to be used as
a mobile app to assist in hearing loss grading and management
resulting from the treatment for DR-TB.

Hearing loss can affect one’s quality of life by affecting the
ability to communicate. This hindered or lack of communication
can affect socialization and professional opportunities.

Hearing loss can also further result in emotional and social
difficulties, including loneliness, decreased self-esteem, and
various other difficulties [27]. This can impact an individual’s
ability to function and obtain work. Severe depression can
become a comorbid disability resulting in the need for further
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disability grants, again placing financial burden on the country.
An individual’s mental state also impacts his/her family and
their entire unit’s well-being.

A robust ototoxicity-monitoring protocol requires synergistic
relationships among all the involved health care professionals,
including positive patient-clinician relationships [17]. This
mobile app includes a team approach that can foster
patient-centered/family-centered rehabilitation. Improvement
in the understanding of the cellular and molecular underpinnings
of ototoxicity is critical to developing individualized preventive
and rehabilitation strategies, thus minimizing chronic morbidities
and optimizing health-related quality of life [17]. As this app
was developed through an in-depth pharmacokinetic study, it
attempted to develop a family-centered approach while still
understanding the intricate pharmacological aspects. However,
as this was a feasibility study, pharmacokinetic models were
not yet incorporated in detail.

Throughout the feasibility study, the need for a standardized
and user-friendly method to interpret hearing results was
identified. It was evident that doctors, audiologists, and nurses
experienced difficulty in identifying a significant hearing loss
and the need for dosage adjustments based on these audiologic
results. Therefore, an ototoxicity monitoring protocol for DR-TB
and mobile ototoxicity calculator app, OtoCalc, was developed.
OtoCalc assists health care workers with the calculation of a
significant hearing loss, its equivalent grade, and
recommendations for management. In addition, it is specifically
useful when audiologists may not be available to interpret data
and can be used as an eHealth system.

This grading system is still in the premature phase and needs
validation in an independent group of patients. This newly

developed app needs to be trialed by various health care
professionals such as doctors, nurses, pharmacists, and
audiologists within the DR-TB population. It has the potential
to standardize monitoring and dosage adjustments based on
hearing while also allowing for reliable statistics and follow-up
of the patients on a single database throughout the country.

Limitations and Recommendations
Various aspects still need to be evaluated, such as costs (free
Wi-Fi is not always available), user satisfaction, efficiency after
implementation, and data security. A multisite study is required
in at least two provinces in South Africa.

Contribution to the Field
Despite the challenges and limitations that have been noted
through this study and within the app itself, this app is the first
of its kind and has the potential to make significant contributions
to ototoxicity monitoring and management as well as the
collection of more consistent and reliable statistics from uniform
classification and measurement. The app provides a practical
solution using existing infrastructure and technology (ie,
smartphones) to assist various types of health care professionals
dealing with patients with DR-TB to understand hearing loss
and to assist with the appropriate management, specifically in
cases where an audiologist is not present.

Conclusions
OtoCalc is a potential tool to be used in monitoring ototoxicity
in both resource-limited and resource-abundant countries. It has
proven to be user friendly and time saving. OtoCalc has been
tested in various settings and will continue being used as a
vehicle to monitor ototoxicity. This technology could pave the
way for future guidance and prevention of ototoxicity.

Acknowledgments
We would like to thank the South African Medical Research Council for funding this project and Wits Health Consortium (Clinical
HIV Research Unit) for their assistance and financial support.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Mobile app grading system.
[DOCX File , 18 KB-Multimedia Appendix 1]

References

1. TB Online. 2011. Management of Drug Resistant Tuberculosis-Policy Guidelines URL: http://www.doh.gov.za/docs/policy/
2011/policy_TB.pdf [accessed 2017-04-03]

2. World Health Organisation. 2017. Global Tuberculosis Report URL: http://www.who.int/tb/publications/global_report/
MainText_13Nov2017.pdf [accessed 2018-09-07]

3. Heyckendorf J, Olaru ID, Ruhwald M, Lange C. Getting personal perspectives on individualized treatment duration in
multidrug-resistant and extensively drug-resistant tuberculosis. Am J Respir Crit Care Med 2014 Aug 15;190(4):374-383.
[doi: 10.1164/rccm.201402-0363PP] [Medline: 24941306]

4. Mukherjee A, Lodha R, Kabra SK. Current therapies for the treatment of multidrug-resistant tuberculosis in children in
India. Expert Opin Pharmacother 2017 Oct;18(15):1595-1606 [FREE Full text] [doi: 10.1080/14656566.2017.1373090]
[Medline: 28847228]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 1 | e14036 | p. 10https://mhealth.jmir.org/2020/1/e14036
(page number not for citation purposes)

Hollander et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=mhealth_v8i1e14036_app1.docx&filename=af19ed799c7ec7d82826253051da0679.docx
https://jmir.org/api/download?alt_name=mhealth_v8i1e14036_app1.docx&filename=af19ed799c7ec7d82826253051da0679.docx
http://www.doh.gov.za/docs/policy/2011/policy_TB.pdf
http://www.doh.gov.za/docs/policy/2011/policy_TB.pdf
http://www.who.int/tb/publications/global_report/MainText_13Nov2017.pdf
http://www.who.int/tb/publications/global_report/MainText_13Nov2017.pdf
http://dx.doi.org/10.1164/rccm.201402-0363PP
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24941306&dopt=Abstract
http://europepmc.org/abstract/MED/28847228
http://dx.doi.org/10.1080/14656566.2017.1373090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28847228&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


5. Hoang TT, Nguyen NV, Dinh SN, Nguyen HB, Cobelens F, Thwaites G, et al. Challenges in detection and treatment of
multidrug resistant tuberculosis patients in Vietnam. BMC Public Health 2015 Sep 29;15:980 [FREE Full text] [doi:
10.1186/s12889-015-2338-5] [Medline: 26415893]

6. Touw DJ, Westerman EM, Sprij AJ. Therapeutic drug monitoring of aminoglycosides in neonates. Clin Pharmacokinet
2009;48(2):71-88. [doi: 10.2165/0003088-200948020-00001] [Medline: 19271781]

7. Petersen L, Rogers C. Aminoglycoside-induced hearing deficits – a review of cochlear ototoxicity. S Afr Fam Pract 2015
Feb 18;57(2):77-82. [doi: 10.1080/20786190.2014.1002220]

8. Edson RS, Terrell CL. The aminoglycosides. Mayo Clin Proc 1999 May;74(5):519-528. [doi: 10.4065/74.5.519] [Medline:
10319086]

9. Arslan E, Orzan E, Santarelli R. Global problem of drug-induced hearing loss. Ann N Y Acad Sci 1999 Nov 28;884:1-14.
[doi: 10.1111/j.1749-6632.1999.tb00277.x] [Medline: 10842579]

10. Khoza-Shangase K, Stirk M. Audiological testing for ototoxicity monitoring in adults with tuberculosis in state hospitals
in Gauteng, South Africa. S Afr J Infect Dis 2016;31(2):44-49. [doi: 10.1080/23120053.2016.1128143]

11. Durrant J, Campbell K, Fausti S, Guthrie O, Jacobson G, Lonsbury-Martin B, et al. Amazon Web Services. 2009. American
Academy of Audiology Position Statement and Clinical Practice Guidelines URL: http://audiology-web.s3.amazonaws.com/
migrated/OtoMonGuidelines.pdf_539974c40999c1.58842217.pdf [accessed 2015-04-04]

12. Fisher MJ, Lange BJ, Needle MN, Janss AJ, Shu HG, Adamson PC, et al. Amifostine for children with medulloblastoma
treated with cisplatin-based chemotherapy. Pediatr Blood Cancer 2004 Dec;43(7):780-784. [doi: 10.1002/pbc.20132]
[Medline: 15390300]

13. Theunissen EA, Dreschler WA, Latenstein MN, Rasch CR, van der Baan S, de Boer JP, et al. A new grading system for
ototoxicity in adults. Ann Otol Rhinol Laryngol 2014 Oct;123(10):711-718. [doi: 10.1177/0003489414534010] [Medline:
24820112]

14. Brock PR, Bellman SC, Yeomans EC, Pinkerton CR, Pritchard J. Cisplatin ototoxicity in children: a practical grading
system. Med Pediatr Oncol 1991;19(4):295-300. [doi: 10.1002/mpo.2950190415] [Medline: 2056973]

15. Chang KW, Chinosornvatana N. Practical grading system for evaluating cisplatin ototoxicity in children. J Clin Oncol 2010
Apr 1;28(10):1788-1795. [doi: 10.1200/JCO.2009.24.4228] [Medline: 20194861]

16. Brock PR, Knight KR, Freyer DR, Campbell KC, Steyger PS, Blakley BW, et al. Platinum-induced ototoxicity in children:
a consensus review on mechanisms, predisposition, and protection, including a new International Society of Pediatric
Oncology Boston ototoxicity scale. J Clin Oncol 2012 Jul 1;30(19):2408-2417 [FREE Full text] [doi:
10.1200/JCO.2011.39.1110] [Medline: 22547603]

17. Ganesan P, Schmiedge J, Manchaiah V, Swapna S, Dhandayutham S, Kothandaraman PP. Ototoxicity: a challenge in
diagnosis and treatment. J Audiol Otol 2018 Apr;22(2):59-68 [FREE Full text] [doi: 10.7874/jao.2017.00360] [Medline:
29471610]

18. Latif S, Rana R, Qadir J, Ali A, Imran MA, Younis MS. Mobile health in the developing world: review of literature and
lessons from a case study. IEEE Access 2017;5:11540-11556. [doi: 10.1109/ACCESS.2017.2710800]

19. Kahn JG, Yang JS, Kahn JS. 'Mobile' health needs and opportunities in developing countries. Health Aff (Millwood) 2010
Feb;29(2):252-258. [doi: 10.1377/hlthaff.2009.0965] [Medline: 20348069]

20. Skowronek D, Duerr L. The convenience of nonprobability: survey strategies for small academic libraries. College Res
Librar News 2009 Jul 1;70(7):412-415 [FREE Full text] [doi: 10.5860/crln.70.7.8221]

21. Arvin B, Prepageran N, Raman R. 'High frequency presbycusis'-is there an earlier onset? Indian J Otolaryngol Head Neck
Surg 2013 Dec;65(Suppl 3):480-484 [FREE Full text] [doi: 10.1007/s12070-011-0356-x] [Medline: 24427701]

22. Kakarlapudi V, Sawyer R, Staecker H. The effect of diabetes on sensorineural hearing loss. Otol Neurotol 2003
May;24(3):382-386. [doi: 10.1097/00129492-200305000-00006] [Medline: 12806288]

23. Gajee R, Schnippel K, Mthupha N, Muzah B, Berhanu R. Missed appointments among rifampicin-resistant tuberculosis
(RR-TB) patients at a decentralised RR-TB outpatient clinic in Johannesburg, South Africa. S Afr Med J 2016 Aug
7;106(9):912-917. [doi: 10.7196/SAMJ.2016.v106i9.10570] [Medline: 27601119]

24. Konrad-Martin D, Reavis KM, McMillan G, Helt WJ, Dille M. Proposed comprehensive ototoxicity monitoring program
for VA healthcare (COMP-VA). J Rehabil Res Dev 2014;51(1):81-100 [FREE Full text] [doi: 10.1682/JRRD.2013.04.0092]
[Medline: 24805896]

25. Shanks J, Shohet J. In: Katz J, Burkhardt R, editors. Handbook of Clinical Audiology. Sixth Edition. Baltimore: Lippincott,
Williams & Wilkins; 2009:157-189.

26. Peters DH, Garg A, Bloom G, Walker DG, Brieger WR, Rahman MH. Poverty and access to health care in developing
countries. Ann N Y Acad Sci 2008;1136:161-171. [doi: 10.1196/annals.1425.011] [Medline: 17954679]

27. Wallhagen MI, Strawbridge WJ, Cohen RD, Kaplan GA. An increasing prevalence of hearing impairment and associated
risk factors over three decades of the Alameda County Study. Am J Public Health 1997 Mar;87(3):440-442. [doi:
10.2105/ajph.87.3.440] [Medline: 9096550]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 1 | e14036 | p. 11https://mhealth.jmir.org/2020/1/e14036
(page number not for citation purposes)

Hollander et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-015-2338-5
http://dx.doi.org/10.1186/s12889-015-2338-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26415893&dopt=Abstract
http://dx.doi.org/10.2165/0003088-200948020-00001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19271781&dopt=Abstract
http://dx.doi.org/10.1080/20786190.2014.1002220
http://dx.doi.org/10.4065/74.5.519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10319086&dopt=Abstract
http://dx.doi.org/10.1111/j.1749-6632.1999.tb00277.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10842579&dopt=Abstract
http://dx.doi.org/10.1080/23120053.2016.1128143
http://audiology-web.s3.amazonaws.com/migrated/OtoMonGuidelines.pdf_539974c40999c1.58842217.pdf
http://audiology-web.s3.amazonaws.com/migrated/OtoMonGuidelines.pdf_539974c40999c1.58842217.pdf
http://dx.doi.org/10.1002/pbc.20132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15390300&dopt=Abstract
http://dx.doi.org/10.1177/0003489414534010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24820112&dopt=Abstract
http://dx.doi.org/10.1002/mpo.2950190415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2056973&dopt=Abstract
http://dx.doi.org/10.1200/JCO.2009.24.4228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20194861&dopt=Abstract
http://europepmc.org/abstract/MED/22547603
http://dx.doi.org/10.1200/JCO.2011.39.1110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22547603&dopt=Abstract
http://ejao.org/journal/view.php?doi=10.7874/jao.2017.00360
http://dx.doi.org/10.7874/jao.2017.00360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29471610&dopt=Abstract
http://dx.doi.org/10.1109/ACCESS.2017.2710800
http://dx.doi.org/10.1377/hlthaff.2009.0965
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20348069&dopt=Abstract
https://doi.org/10.5860/crln.70.7.8221
http://dx.doi.org/10.5860/crln.70.7.8221
http://europepmc.org/abstract/MED/24427701
http://dx.doi.org/10.1007/s12070-011-0356-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24427701&dopt=Abstract
http://dx.doi.org/10.1097/00129492-200305000-00006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12806288&dopt=Abstract
http://dx.doi.org/10.7196/SAMJ.2016.v106i9.10570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27601119&dopt=Abstract
https://www.rehab.research.va.gov/jour/2014/511/pdf/page81.pdf
http://dx.doi.org/10.1682/JRRD.2013.04.0092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24805896&dopt=Abstract
http://dx.doi.org/10.1196/annals.1425.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17954679&dopt=Abstract
http://dx.doi.org/10.2105/ajph.87.3.440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9096550&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Abbreviations
ASHA: American Speech-Language-Hearing Association
CTCAE: Common Terminology Criteria for Adverse Events
DR-TB: drug-resistant tuberculosis
eHealth: electronic health
mHealth: mobile health
TB: tuberculosis
TUNE: Theunissen and colleagues

Edited by G Eysenbach; submitted 16.03.19; peer-reviewed by A Edwards, H Oh, I Mircheva; comments to author 17.05.19; revised
version received 09.07.19; accepted 19.08.19; published 14.01.20

Please cite as:
Hollander C, Joubert K, Schellack N
An Ototoxicity Grading System Within a Mobile App (OtoCalc) for a Resource-Limited Setting to Guide Grading and Management
of Drug-Induced Hearing Loss in Patients With Drug-Resistant Tuberculosis: Prospective, Cross-Sectional Case Series
JMIR Mhealth Uhealth 2020;8(1):e14036
URL: https://mhealth.jmir.org/2020/1/e14036
doi: 10.2196/14036
PMID: 31934875

©Cara Hollander, Karin Joubert, Natalie Schellack. Originally published in JMIR mHealth and uHealth (http://mhealth.jmir.org),
14.01.2020. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR mHealth and uHealth, is properly cited. The complete bibliographic information,
a link to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must be included.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 1 | e14036 | p. 12https://mhealth.jmir.org/2020/1/e14036
(page number not for citation purposes)

Hollander et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://mhealth.jmir.org/2020/1/e14036
http://dx.doi.org/10.2196/14036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31934875&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

