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Abstract 

There is a global shortage of audiological services. In developed 

economies such as Australia, one in six people will have a hearing 

loss. A disabling hearing loss can have significant, negative 

consequences for interpersonal communication, psychosocial well-

being, quality of life and economic independence irrespective of the 

age at which it develops.  

 

Telehealth models of care utilising automated audiometers are a 

potential means to increase access to hearing services in both urban 

and rural regions but the evidence for this approach has been limited. 

The aim of this thesis was to examine the need, accuracy and 

application of automated audiometry for use in tele-audiology service 

models through a series of related experiments.  

 

A range of methodological approaches were used to examine these 

questions utilising data from a mobile hearing screening service, a 

tertiary otolaryngology department, a meta-analysis of international 

research studies in the field, and a cohort of audiologists. These 

studies i) identified a lower rate of hearing aid uptake in rural 

compared to urban populations; ii) validated the use of automated 

audiometry in tertiary care; iii) showed that automated audiometry is 

highly sensitive for detecting hearing loss and identified some 
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limitations in its use for complex hearing pathologies; and iv) 

demonstrated the feasibility of incorporating automated audiometry 

into an asynchronous telehealth service.  

 

This series of studies has significantly progressed the evidence-base 

and supports the use of automated audiometry in clinical practice 

and within asynchronous telehealth applications models. This 

approach has the potential to considerably increase efficiency and 

access to diagnostic audiology in underserved areas in Australia and 

globally. 
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1.1 Preamble  

The aim of the thesis is to present the findings of a series of 

experiments designed to examine the accuracy and potential 

applications of automated audiometry as a means to increase the 

efficiency and access to audiological services. Over 1.2 billion people 

worldwide suffer from some form of hearing loss and over 360 million 

people are estimated to have a disabling hearing loss (WHO, 2013). 

The demand for audiological services is high in both developing and 

developed countries and there is not sufficient capacity in audiology 

educational programs to meet this service need (Goulios & Patuzzi, 

2008). Pure-tone audiometry, the primary method used to test 

hearing in humans, provides the key information on which diagnostic 

and treatment decisions are made. Audiometry is an essential first 

step along the pathway from identification to treatment for hearing 

loss. Automated audiometry may have the potential to facilitate 

improved identification of hearing loss and access to further 

treatment.  
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1.2 Research Aims  

The first aim of this research was to establish the accuracy of 

automated audiometry and investigate the potential applications of 

this technology to telehealth models of care. Secondary objectives 

were to examine potential alternatives such as self-report measures 

for identifying hearing loss and to examine the specific need to 

improve access to audiological services in Australia. This work 

therefore sits in a multidisciplinary area between audiology and 

telehealth and aims to combine the various clinical and technological 

aspects of these disciplines to contribute new knowledge on methods 

for improving access to audiological services.  

 

 

1.3 Organisation of this Thesis 

This thesis is organised as a series of publications and every attempt 

to minimise repetition has been made. Chapter Two provides a 

literature review that introduces the reader to the topics of audiology, 

telehealth and automated audiometry and has not been submitted for 

publication. Chapter Three has been published and examines the 

accuracy of possible alternatives to audiometry and reports the 

discrepancies in the prevalence of hearing loss and intervention rates 

between rural and urban areas of Western Australia. Chapter Four is 

published and provides the main findings from an investigation of 
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automated audiometry accuracy in a clinically heterogeneous 

population. Chapter Five has been published and provides a pilot 

examination of the diagnostic accuracy of automated audiometry 

using clinical protocols in an asynchronous telehealth model. Chapter 

Six has been submitted for publication and provides an individual 

patient data meta-analysis of automated audiometry accuracy which 

builds on the work reported in Chapters Four and Five. Chapter 

Seven has been submitted for publication and provides the first 

report of agreement and reliability for remote interpretations of 

audiometry in an asynchronous telehealth context. 

Chapter Eight provides a discussion of the findings from the research 

conducted as part of this project. The publications that have arisen 

from this thesis are included as appendices at the end of this thesis.  
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hearing loss and manual audiometry: a rural versus urban 
comparison. Australian Journal of Rural Health, 24(2); 130-5. 
 
Brennan-Jones, C.G., Eikelboom, R.H., Swanepoel, D., Friedland, 
P.F., Atlas, M.D. Clinical validation of automated audiometry using 
continuous noise monitoring in a heterogeneous clinical population. 
International Journal of Audiology. Accepted 25 Feb, 2016.  
 
Brennan-Jones, C.G., Eikelboom, R.H., Swanepoel, D. Diagnosis of 
hearing loss using automated audiometry in an asynchronous 
telehealth model: a pilot accuracy study. Journal of Telemedicine and 
Telecare. Accepted 11 Feb, 2016.  
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1.6 Known media coverage of this thesis 

A number of the studies contained within this thesis have generated 
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media coverage specific to the research contained in this thesis.  
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applications in Western Australia, 2nd April 2015.  

 

- ABC local radio “Mid West Mornings” 23rd November 2015. Expert 

interview about hearing loss in rural areas based on the findings from 

Chapter Three of this thesis. 

 

- ABC local radio (Great Southern), 26th November 2015. Expert 

interview about hearing loss in rural areas based on my recent 

publication of rates of hearing loss in rural Western Australia. 
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CHAPTER TWO 
Background & Rationale 
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2.1    Hearing and hearing loss 

The human body has five senses "which serve as receivers of 

stimulation from outside the body...the ear is the end-organ for 

hearing" (Myklebust, 1971) p.11. Sound waves travelling through the 

air are gathered in the pinna, the outer part of the ear, and travel 

through the auditory canal and pass through the tympanic membrane 

to what is commonly known as the middle ear. Sound waves set up 

vibrations of the tympanic membrane which separates the outer and 

middle ear (see Figure 2.1). These vibrations are transformed via 

three small bones that make up the ossicular chain, the malleus, 

incus and stapes, so as to permit vibration of the fluid which fills the 

inner ear (the cochlea). Inside the cochlea are thousands of cilia, 

also known as cochlear hair cells. The cilia move to and fro in 

response to movements in the inner ear fluid which has been 

vibrated by incoming sound. Movement of the cilia discharges an 

electrical activity in the neurons that form the eighth cranial nerve, 

which connects the receptor surface of the cochlea with the central 

nervous system. Through developmental learning processes, 

differing forms and sequences of sound ultimately become 

associated with different events, objects and meanings. A person's 

ability to understand this variety of events, objects and meanings 

produced by sound is usually called hearing (Schubert, 1980, p. 48). 

If any part of this auditory pathway is compromised then a person’s 
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hearing sensitivity can be reduced. This reduced hearing sensitivity is 

often termed hearing loss or hearing impairment; the potential 

causes are numerous, the onset can be sudden or gradual and the 

reduction in sensitivity can be mild to profound.   

 

A disabling hearing loss can have devastating consequences for 

interpersonal communication, psychosocial well-being, quality of life 

and economic independence irrespective of the age at which it 

develops (Kotby et al., 2008; Mason & Mason, 2007). Disabling 

hearing impairment can lead to embarrassment, loneliness, social 

isolation and stigmatization, prejudice, abuse, psychiatric 

disturbance, depression, difficulties in relationships with partners and 

children, restricted career choices, occupational stress and relatively 

low earnings (Mohr et al., 2000; Ruben, 2000).  

 

Hearing loss is an important public and global health concern (Davis 

et al., 2016). It is projected to be within the top 15 leading causes of 

burden of disease by 2030 (Mathers & Loncar, 2006; Davis et al., 

2016). As well as hearing loss directly affecting communication and 

quality-of-life, a number of population-based studies suggest that 

hearing loss is associated with more rapid cognitive and physical 

aging (Lin & Ferrucci, 2012; Lin et al., 2013). The majority of people 

suffering hearing loss live in low-income countries where access to 
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audiological testing and hearing aids are severely limited (Olusanya, 

2007).  

 

Figure 2.1: Cross-sectional illustration of the auditory system 

(reproduced from Grey, 1911).  

 

 

2.1.1. Definition  

Hearing is normally assessed by audiometry whereby the sensitivity 

to sound is measured at selected frequencies. Hearing has 

traditionally been considered normal if the hearing sensitivity of one 

or more frequencies tested is below 20dB. Various classification 

systems for hearing loss have been proposed. The World Health 

Organisation considers a person to have a hearing loss if the 

average of their hearing thresholds is ≥26 dB (see Table 2.1.1). 
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Persons are considered to have a disabling hearing loss if the 

average of their hearing thresholds are ≥41 dB. This definition, whilst 

practical in terms of epidemiological research, is often viewed to be 

overly prescriptive. In 2001, the WHO published the International 

classification of functioning, disability and health, in which all 

impairments were assessed in relation to activity limitations and 

participation restrictions (WHO, 2001).This Classification has since 

provided a uniform framework for evaluating and comparing diverse 

body dysfunctions. It recognizes the role of contextual factors – such 

as environmental noise – in exacerbating functional deficits in people 

with “mild” or “slight” hearing impairments. It also treats “disabling 

hearing impairment” – or hearing disability – as a complex 

phenomenon that embraces bodily functions and structures as well 

as factors related to activity, participation and context. However, in 

experimental hearing research studies the use of WHO categories of 

hearing loss to quantify hearing loss is still widespread. Although a 

number of new methods of identifying hearing impairment have been 

proposed there is a lack of general agreement regarding the best 

way to quantify hearing loss (Clark, 1981; Margolis & Saly, 2007; 

Bucks et al., 2016).  
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Table 2.1.1: WHO classifications of hearing impairment (WHO, 2008) 

Grade of hearing 
impairment  

Audiometric 
thresholds 
(average of 0.5, 1, 2 & 
4 kHz in the better ear) 

Description of 
impairment 

0 (no impairment) 25 dBHL or less None or very slight hearing 
problems. Able to hear 
whispers 

1 (mild/slight 
impairment) 

26-40 dBHL Able to hear and repeat 
words spoken in normal 
voice at 1 metre 

2 (moderate/disabling 
impairment) 

41-60 dBHL Able to hear and repeat 
words using raised voice at 
1 metre 

3 (severe impairment) 61-80 dBHL Able to hear some words 
when shouted into better 
ear 

4 (profound 
impairment) 

81 dBHL or greater Unable to hear and 
understand even a shouted 
voice 

 

 

2.1.2. Global prevalence of hearing loss 

There is an upward trend in the global prevalence of hearing loss 

(Olusanya et al., 2014). In 1985, 42 million people, less than 1% of 

the global population, were thought to have a disabling hearing loss 

(Smith, 2003). By 1995, this had doubled to 120 million, 2.1% of the 

world’s population, and by 2015, 1.2 billion people were estimated to 

have a disabling hearing loss (Salmon et al., 2015).  

 

Several factors have contributed to the upward trend seen in 

estimates of the global prevalence of disabling hearing impairment. 

One is the increasing prevalence of presbyacusis as mean life 

expectancy increases in many countries; another is improvement in 

and access to technology for the early detection and diagnosis of 
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hearing impairment (WHO, 2013). A third reason is the widespread 

use of ototoxic medications for treating neonatal infections, ear 

infections, malaria, cancer, human immunodeficiency virus (HIV) 

infection and drug resistant tuberculosis (Arslan et al., 1999). 

Rubella, mumps and measles remain significant causes of hearing 

impairment in regions with inadequate vaccine coverage (WHO, 

2013). Furthermore, rapid and uncontrolled urbanization in many 

emerging economies – coupled with a common lack of enforceable 

regulations on environmental and occupational noise – constitutes a 

growing source of noise-induced hearing impairment (Basner et al., 

2014). It should be noted that the estimates of the prevalence of 

hearing loss remain crude because many countries are unable to 

conduct relevant population-based surveys using standardised 

protocols and classification methods (Smith, 2003). 

 

2.1.3. Australian prevalence and burden 

In 2006 a commissioned report was published by Access Economics 

which examined the economic impact and cost of hearing loss in 

Australia (Access Economics, 2006). The report used prevalence-

based costing to estimate the financial costs and impact on well-

being caused by hearing loss. The report estimated that one in six 

Australians are affected by hearing loss and that prevalence rates for 

hearing loss are associated with increasing age, rising from less than 
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1% for people aged younger than 15 years to three in every four 

people aged over 70 years. With an ageing population, hearing loss 

was projected to increase to 1 in every 4 Australians by 2050. 

 

In 2005, the real financial cost of hearing loss was $11.75 billion or 

1.4% of GDP. This figure represents an average cost of $3,314 per 

person per annum for each of the 3.55 million Australians who have 

hearing loss or $578 for every Australian (Access Economics, 2006). 

These costs however, do not include the financial and well-being 

implications associated with recurrent otitis media, which affects 

approximately one in four Australian children and can have lasting 

effects on language development, behaviour, educational 

achievement and employment prospects (Access Economics, 2006; 

Brennan-Jones et al., 2014).  

 

The figure of $11.75 billion also does not take into account the net 

cost of the loss of wellbeing, or disease burden, associated with 

hearing loss. Accounting for the disease burden of hearing loss adds 

a further $11.3 billion to the financial burden of hearing loss in 

Australia, with the largest financial cost component being productivity 

loss, which accounts for well over half (57%) of all financial costs 

($6.7 billion). 
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Nearly half the people with hearing loss were of working age (15-64 

years), and there are an estimated 158,876 people who were not 

employed in 2005 due to hearing loss. Other hidden costs associated 

with hearing loss are the cost of informal carers, which was 

estimated to cost $3.2 billion. 

 

2.1.4.  Common causes of hearing loss 

Hearing loss in adults is commonly caused by the ageing process 

and excessive noise exposures resulting from occupational or 

recreational noise (Cruickshanks et al., 1998). Thus, as the 

population ages, there will be increasing numbers of people with 

hearing loss. Some of the causal factors associated with hearing 

loss, such as ototoxic substances (i.e. chemicals that damage or 

destroy the cochlear hair cells), are not as yet well understood, 

limiting prevention efforts in this area. However, some conditions, 

such as noise occupational or recreational noise induced hearing 

loss, are preventable.  

 

2.1.5. Types of hearing loss 

There are two main types of hearing loss, sensorineural and 

conductive hearing loss. A combination of sensorineural and 

conductive hearing loss is generally referred to as mixed hearing loss 

(Harrell, 2002). The first and primary impact of hearing loss is on the 
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perception of usable information by the individual. Any disruption to 

this cascade of sounds, as they move from the environment through 

the various parts of the ear to the auditory nerve and on to the brain, 

poses a threat to the individual being able to hear these sounds and 

recognise them as speech (Rappaport & Provencal, 2002). 

 

i) Sensorineural hearing loss (SNHL) results from damage within or 

malformation of the cochlea itself, where the cochlear hair cells are 

either damaged or destroyed. Injury to the hair cells can result from 

excessive noise exposures, chemical damage such as smoking or 

ototoxic drugs (Nomura et al, 2004), environmental agents (Rybak, 

1992) or medications (Buszman, 2003), and long term wear and tear 

from the ageing process, which is referred to as presbyacusis. 

Hearing loss can also result from damage to the auditory or eighth 

nerve that runs from the cochlea to the brain. Sensorineural hearing 

loss is permanent by nature, as human cochlear hair cells do not 

regenerate. 

 

ii) Conductive hearing loss occurs when problems in the middle ear 

prevent sound from being conducted effectively to the inner ear. A 

conductive loss can be transient or permanent. Common causes are 

middle ear infections, wax impaction, or an ossicular chain disruption 

such as otosclerosis. Another common cause of mild conductive 
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hearing loss is Eustachian tube dysfunction (Rappaport & Provencal, 

2002). Otitis media is common in children and chronic otitis media 

can result in temporary or permanent hearing losses and scarring of 

the tympanic membrane which reduces its ability to conduct sound 

through the ossicular chain to the inner ear (Gunasekera et al. 2009).  

 

2.1.6.  Treatment and intervention for hearing loss 

Aural rehabilitation is the term generally used to describe the 

treatment of hearing loss. Devices such as hearing aids and cochlear 

implants generally form part of the broader aural rehabilitation 

strategy which can also include communication training, informational 

counselling and other techniques (Davis et al. 2016).  Whilst 

interventions such as hearing aids and cochlear implants enhance a 

person’s ability to communicate, the majority of people with hearing 

loss (85%) do not have such devices (Access Economics, 2006). In 

children, it has been well established that early treatment intervention 

has a significant, positive impact on a child’s future well-being in 

terms of language development, psychosocial well-being, 

educational achievement and employment prospects (Yoshinaga-

Itano, et al., 1998). In adults, the benefits of early intervention are 

less studied. However, intervention during the pre-retirement period 

for persons has been associated with better uptake of interventions 
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such as hearing aids, and better outcomes from the use of these 

devices (Stephens et al. 1990).  

 

2.2   Access to audiological services 

Over the past three decades there has been a marked drop in 

mortality rates and a corresponding rise in life expectancy that has 

increased attention on reducing disability and handicap caused by 

conditions such as hearing loss (AIHW, 2014). Audiologists are 

generally recognised as the primary contact for the non-medical 

management of patients with hearing disorders (ISA, 2004). Studies 

evaluating the number of audiologists per capita in developing 

countries have indicated between one audiologist per 0.5 million 

people to one per 6.25 million (WHO, 1998). In contrast, the WHO 

reported the number of audiologists in developed countries as being 

closer to one per 20,000 people (indicating a ratio density of 

audiologists in developing to developed countries as 300 to 1). 

In Australia, one of the primary barriers to the provision of hearing 

services is access to qualified audiologists (AIHW, 2011). Table 2.2 

summarises the distribution of audiologists in Australia, showing 

people living in regional and remote areas have significantly poorer 

access to ear health services than those living in major cities. This is 

largely attributable to the vast land areas to be serviced in regional 

and remote areas.  
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Table 2.2: Distribution of audiologists in Australia by capita and area 

(adapted from the Australian Institute of Health and Welfare Medical Labour 

Workforce census (AIHW, 2011).  

 
Audiologists Major 

Cities 
Inner 
Regional 

Outer 
Regional 

Remote Very 
Remote 

Total 

Per 100,000 people 57.37 33.62 15.34 30.61 0.00 48.05 

Per 1000 sq kms 60.33 0.67 0.04 0.01 0.00 0.14 

 

 

As highlighted by Goulios & Patuzzi (2008), currently there are not 

enough ear and hearing healthcare professionals to meet the 

demand for audiological services and workforce shortages are a 

major barrier to accessing ear and hearing healthcare. Over 86% of 

countries stated they did not have the required audiological 

workforce to meet service demand. Many low and middle-income 

countries have limited or no provision of otolaryngological and 

audiological services (Fagan & Jacobs, 2009). In sub-Saharan Africa 

there are approximately 0.101 audiologists per 100,000 people 

compared to 4.1 audiologists per 100,000 in the United Kingdom, the 

lowest ratio in Europe (Fagan & Jacobs, 2009).  

 

2.2.1 Population growth and increasing need for audiology services 

The provision of hearing services in developed countries is facing the 

challenge of increased population growth. Windmill & Freeman 

(2013), analysing Unites States demand, assert that the significant 

population increase forecast over the next 30 years will result in 
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increases in demand for audiological services that cannot be met by 

current service provision levels. They highlight a 50% increase in the 

number of audiologists graduating from professional programs and 

1% annual compound efficiency savings in audiologist productivity 

over the next 30 years as key strategies to meet demand for 

services. They suggest the utilisation of improved technological test 

systems and utilisation of assistants as possible methods for 

achieving these efficiency savings.  

 

Similarly, Margolis & Morgan (2008) have estimated that 

approximately 17.6 million people required audiometric testing in the 

United States in the year 2000 and 31.4 million people will require 

audiometric testing in 2050. They predict, assuming a 1% annual 

increase in audiological service provision that by 2050 there will be 

approximately a 50% shortfall between the number of audiograms 

required and the capacity for audiometry testing. 

 

Swanepoel et al. (2010) have highlighted the potential for tele-

audiology to supply the unmet global need for hearing services in 

developing countries. The application of automated audiometry to 

telehealth models of care has potential to offer significant efficiency 

savings to meet future demand and increase access to hearing 
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services by reducing the amount of time an audiologist spends 

performing routine diagnostic audiometry assessments. 

 

If automated audiometry can provide accurate and reliable 

determination of hearing thresholds and be applied to telehealth 

models of care, this has the potential to achieve these efficiency 

savings and greatly improve the provision of ear and hearing 

healthcare services in these under-resourced regions. 

 

2.3 Tele-audiology 

2.3.1 What is Telehealth? 

Telehealth offers unique opportunities for providing access to hearing 

health care services to underserved populations worldwide. The term 

telehealth refers to the utilization of information and communication 

technology in health care. Alternate terminology that has been used 

to describe the field includes telemedicine, online health, m-health 

and e-health. Telehealth literally means “health care at a distance” 

(Wootton, 2009). The World Medical Association (WMA) defines 

telehealth as “…the use of information and communications 

technology to deliver health and healthcare services and information 

over large and small distances” (WMA, 2016) and the World Health 

Organisation (WHO) defines telehealth as “…the delivery of health 
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care services, where distance is a critical factor, by all health care 

professionals using information and communication technologies for 

the exchange of valid information for diagnosis, treatment and 

prevention of disease and injuries, research and evaluation, and for 

the continuing education of health care providers, all in the interests 

of advancing the health of individuals and their communities.” (WHO, 

2010).  

 

More recently the specific field or specialty to which telehealth is 

applied has been preceded by the prefix ‘tele’, e.g. tele-audiology, 

which refers to the application of telehealth to the practice of 

audiology. Telehealth can be employed in a synchronous, real-time 

manner (e.g. an assessment via interactive videoconferencing) or in 

an asynchronous, store-and-forward manner (e.g. digital picture 

emailed to health care provider), or a hybrid model encompassing 

synchronous and asynchronous aspects can be used (Krumm, 2007; 

Eikelboom & Swanepoel, 2016). 

 

The aim of telehealth is to improve health care access, quality of 

service delivery, effectiveness and efficiency of health care, and 

ameliorate the inequitable distribution of health professionals globally 

(Wootton, 2009). Internet connectivity and technology provides a 

bridge between patients and health care providers who may 
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otherwise be separated by distance, location, geographical and 

weather barriers as well as economic barriers. 

 

2.3.2 What is Tele-audiology? 

The first reports of telehealth applications applied to audiology 

appeared in the 1990s (Cherry & Rubinstein, 1995; Schmiedge, 

1997; Birkmire-Peters et al., 1999). However, it was Swanepoel et al. 

(2010) who together with collaborators from Africa, Europe, North 

and South America and Asia provided the catalyst for increased 

efforts to implement, standardise and evaluate telehealth applications 

in audiology on a global scale. The scope of tele-audiology is broad, 

facilitating specialist audiological services for neonates through to the 

geriatric population and covers simple procedures such as otoscopy, 

objective tests such as tympanometry, and otoacoustic emissions, 

through to advanced electrophysiological testing and remote fitting of 

hearing aids and cochlear implants (Swanepoel & Hall, 2010). Tele-

audiology services can be used to provide access to a range of 

screening measures, diagnostic tests and interventions, as well as 

education and training (Swanepoel et al., 2010). This series of 

studies will focus on the identification of patients with a hearing loss 

using automated audiometry and how this technology can improve 

tele-audiology services.  
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2.3.4  Limitations of telehealth and tele-audiology 

Tele-audiology has the potential to deliver huge benefits, but it is not 

without its challenges and disadvantages either. There should be a 

genuine need for a tele-audiology within the target population. There 

are a broad range of audiology services that can be provided via 

telehealth to wide-ranging population groups, but the service must 

match the needs of the target population to be effective. In some 

cases, the capacity to perform the required testing cannot yet be 

reliably performed via telehealth and to attempt to do so or to limit the 

clinical options available to the patient without offering a face-to-face 

appointment may disadvantage the patient. Whilst the general 

attitudes towards telehealth are positive (Eikelboom & Swanepoel, 

2016), not all patients may wish for or benefit from this approach. 

Other disadvantages may include difficulty building rapport between 

patients and clinicians, concerns about confidentiality, the potential 

for telehealth equipment to fail or malfunction and poorly established 

remuneration pathways for clinicians that may disincentive them from 

expanding their telehealth services (Kaplan & Litewka, 2008; Utidjian 

& Abramson, 2016). 

 

The full process from identification, counselling, assessment for 

candidacy for intervention such as hearing aids and cochlear 
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implants, the fitting of these devices and the ongoing management 

and rehabilitation for people using these devices needs to be 

improved. In this thesis on of the first steps, identification or 

diagnosis of hearing loss, has been specifically targeted but this is 

just one step towards improving the quality of life for people with 

hearing loss.  

 

2.4 Early history of audiometry and the development of 

automated audiometry 

2.4.1 Early beginnings: the “Buzzer Audiometer” 

The devices and the methods used for assessing hearing thresholds 

in the early 20th century were rudimentary and inconsistent. 

Macfarlan (1928) provides one of the first reports of attempts to 

standardise the use of audiometry in his paper “Circuit plans for 

audiometry” in which he describes the use of a “Buzzer Audiometer”. 

Macfarlan (1939) describes that the first types of audiometers were 

clock-like, giving off air-borne sound to the tubes of a stethoscope. 

Another model used a tripped hammer to strike a metal rod and 

produce the testing sound. Later, with the advent of simple electric 

circuits, came the use of his Buzzer Audiometer, in which the bell 

announcer circuit with electromagnet and interrupting armature was 

used and the electric interruptions were sent out to a telephone 

receiver, and the attenuation (reduction in sound) was produced 
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either by a resistance in the telephone line or by simply cutting down 

the battery power. 

 

2.4.2 Hughson & Westlake Method  

The Hughson & Westlake method is the most common method of 

performing manual audiometry. It was first described by Hughson & 

Westlake (1944) and is still the fundamental audiometry protocol 

used in modern audiology practice. The protocol involves the tester 

presenting frequency-specific sound stimuli and adjusting the 

intensity of the stimuli, either decreasing or increasing (the minimum 

increment is typically 5 dB),  according to the patient’s response or 

lack or response, respectively (Hughson & Westlake, 1944). This 

method is also referred to as a “method of limits” approach and is 

performed in modern day audiology to determine hearing thresholds 

to the ISO 8253-1:2010 standards (or ISO 8253-1:1989 if conducted 

prior to the 2010 revision of standards). These standard procedures 

are adaptations of the original Hughson & Westlake method and are 

considered the gold standard test for diagnosing hearing impairment 

in adults and typically developing children over five years of age 

(ASHA, 2004).  
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2.4.3 Bekesy method – the first automated audiometer 

In 1947 Georg von Békésy reported on a self-recording threshold 

audiometer which automatically increased and decreased the sound 

intensity while sweeping through a test-frequency range (von 

Bekesy, 1947). The patient was required to press a response button 

when a test signal was heard and release it when they lost 

perception of the signal. This method of determining the hearing 

threshold was termed “Békésy audiometry” and is also referred to as 

a “method of adjustment” audiometry. 

 

Subsequent systems used derivations of this technique with fixed-

frequency threshold-seeking algorithms, referred to as fixed or 

discreet frequency Békésy audiometry, where a sweep in intensity 

occurs within a fixed frequency based on the patient’s behavioural 

response relayed through a response switch (Meyer-Bisch, 1996). 

Békésy audiometry is rarely used clinically and only occasionally 

reported in research studies (Mahomed et al., 2013), although it has 

the potential to be more precise than the “method of limits” and 

requires less testing time. 

 

2.4.4 Automated Hughson & Westlake audiometry 

Rather than Bekesy audiometry, most of the work on automated 

audiometry has focused on automating the Hughson & Westlake 
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procedures or variations of it, first reported by Sparks (1972). Here 

the automated audiometry systems were programmed according to 

conventional manual audiometry procedural steps (Sparks, 1972), 

typically using versions of the Hughson and Westlake threshold-

seeking method (Hughson & Westlake, 1944). The audiometer 

automatically makes adjustments to the intensity of the presented 

signal, up or downward depending on the response or lack of 

response. This method has also been modified in some cases to 

include forced-choice responses from the patient (Margolis et al., 

2010). Here the listener is required to listen and make a response 

that either indicates that a sound was heard or not. This can be done, 

for example, by pressing the appropriate “Yes-button” or “No-button” 

on a touch-screen monitor after a signal is presented. 

 

2.4.5 Current trends in automated audiometry  

Pure-tone threshold audiometry measures are especially suited to 

automation because they are based on predetermined sequenced 

steps (Margolis & Morgan, 2008). Automated Hughson & Westlake or 

“method of limits” audiometry has practical benefits compared to 

Békésy as the results and test procedure are familiar to clinicians 

and non-audiological health and medical specialties. In addition, 

when using a computer, results can be recorded automatically 

enabling all the advantages of electronic record keeping, such as 
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reduced paperwork, transfer to other clinicians, and tracking change 

over time. Automated testing can incorporate quality monitoring 

mechanisms to ensure consistent and reliable results as has recently 

been demonstrated (Margolis et al., 2010), and decreases the risk of 

bias (Margolis et al. 2016). There is also potential to improve 

standardisation of test protocols and procedures across clinics and 

within clinics. 

 

2.5.6 A note on accuracy studies of audiometry 

Typically, accuracy refers to sensitivity and specificity; that is the 

ability of a diagnostic test to correctly identify those with a condition 

(sensitivity) and those without it (specificity) (Bossuyt et al. 2003). 

However, definitive diagnostic criteria are not typically applied to 

audiometric thresholds. In this thesis, a number of diagnostic criteria 

have been devised and applied and accuracy is referred to in the 

traditional sense in terms of sensitivity and specificity (Chapters 

Three, Five, Six and Seven). However, the term accuracy is also 

used to refer to the variance in mean hearing thresholds, with an 

accurate hearing threshold considered to be those which fall within 

the current recognised ISO standards (e.g. ISO8253-1:2010). This 

application is descriptive, but is useful when considering hearing loss 

where diagnostic criteria cannot be routinely applied but “accuracy” is 

still important. 
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Agreement or concordance is also another outcome that is measured 

in Chapters Five, Six and Seven. This is not accuracy per se, rather it 

is a measure of reliability (Kraemer et al., 2002). 

 

2.5 The need for further research 

Automated audiometry has made a rapid progression scientifically, 

technically and clinically over the past decade, however there are a 

number of areas requiring further examination, or yet to be 

examined. Presented in this thesis are a series of studies that 

address a number of evidence gaps in the need, validity and 

application of automated audiometry. The background rationale and 

aim of each study is presented below.  

 

2.5.1 Self-reported hearing loss in rural and urban areas 

(Chapter Three) 

The use of self-report measures has increased in both 

epidemiological research and public health programmes and is a 

potentially useful tool to assess hearing in areas where audiometry is 

not available (Sindhusake et al., 2001; Swanepoel et al., 2013). The 

impact of poor audiological service provision in Australia has not 

been quantified with empirical research. Whilst we know that there 

are fewer audiologists in rural areas it is not clear how this translates 

to specific health outcomes (AIHW, 2011). Intervention (e.g. hearing 



– 35 – 

aids) for hearing loss in the pre-retirement period is associated with 

better patient outcomes (Stephens et al., 1990).  

 

The aim of this study was therefore to examine whether self-reported 

hearing difficulty is an accurate measure of hearing loss compared to 

standard hearing screening with pure tone audiometry in rural and 

urban communities. A secondary aim was to quantify if there was any 

difference in the uptake of hearing intervention for participants living 

in rural compared to urban areas.  

 

2.5.2 Clinical validation of automated audiometry (Chapter Four) 

The device used in this study (KUDUwave 5000) has previously been 

validated in an environment that is not sound-treated using its 

manual-mode (Maclennan-Smith, Swanepoel & Hall, 2013), and in a 

controlled noise environment in automated-mode (Storey et al., 

2014). However, these studies have typically used a pre-selected 

population with known hearing levels (either normal hearing or a 

known hearing loss).  

 

The pre-selection of participants without a hearing loss introduces 

significant bias into accuracy studies (Rutjes et al., 2006). The 

potential for bias is clear; normal hearing patients are known to have 

hearing within a certain range, thereby limiting the potential range of 
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variation between two methods of assessment. To limit bias it is 

therefore essential that the accuracy of automated audiometry be 

examined in a population that is likely to include participants with a 

range of hearing threshold levels, but who are not pre-selected 

according to hearing status or level of impairment.  

 

Previous research has not examined automated audiometry in an 

unselected, clinically heterogeneous population. Indeed, some 

previous studies have excluded participants with conductive hearing 

losses (Storey et al., 2014). 

 

The aim of the present study was to address a gap in the evidence-

base by combining automated testing in an uncontrolled environment 

that is not sound-treated, using an unselected clinical population of 

patients attending otolaryngology and audiology appointments at a 

tertiary public hospital. The potential influence of age and presence 

of hearing loss was also examined to investigate the influence of 

patient-related variables on accuracy of automated audiometry. 

 

2.5.3 Diagnostic accuracy of automated audiometry and 

asynchronous telehealth (Chapter Five) 

Asynchronous telehealth models have been under-examined in 

audiology and offer a potential means to increase service provision. 
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Disabling hearing loss, conductive hearing loss and unilateral or 

asymmetrical hearing loss are common reasons for referral to 

specialist medical and audiological professionals. If these diagnoses 

can be correctly identified through automated audiometry and 

automated diagnosis this could facilitate better triaging of patients in 

areas without appropriate audiological or otolaryngological staff. 

Whilst standard criteria exist for diagnosing different types of hearing 

loss there have been no previous reports of a diagnostic accuracy 

analysis of automated audiometry. There are a number of 

classification systems for audiogram interpretation, including 

automated classification systems such as the AMCLASS® (Margolis 

& Saly, 2007). However, there have been no identified reports of the 

application of automated diagnosis applied to automated (or manual) 

audiometry in the scientific literature. Despite the lack of scientific 

reports, a number of patents have been filed for automated diagnosis 

of hearing loss (e.g. Cromwell, 2007), indicating a clear need for 

evidence regarding diagnostic accuracy and of automated 

audiometry and automated diagnosis of hearing loss.  

 

This pilot study therefore examined the feasibility of using 

standardised diagnostic criteria of automated audiometry. The aim of 

this study was to examine the diagnostic accuracy of automated 
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audiometry in adults with hearing loss and the accuracy of using pre-

defined diagnostic protocols asynchronous telehealth model. 

 

 

2.5.4 Individual participant data meta-analysis of automated 

audiometry accuracy (Chapter Six) 

In the meta-analysis conducted by Mahomed et al. (2013), 

automated audiometry showed comparable accuracy to manual 

audiometry. However, Mahomed et al. (2013) did not identify enough 

studies examining automated bone-conduction audiometry to draw 

any meaningful conclusions regarding its accuracy, highlighting the 

need for further studies and meta-analyses to examine the accuracy 

of this method. There were also limited reports examining 

participants with hearing loss.  

 

Their analysis also identified a lack of studies examining the 

accuracy bone-conduction audiometry was limited to, combining 

summary statistics of mean differences for hearing thresholds. Since 

the publication of their review, a number of reports of automated 

audiometry (including automated bone-conduction audiometry) have 

been published, thereby warranting a re-examination of the accuracy 

of automated audiometry.  
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An individual participant data (IPD) meta-analysis is considered the 

gold-standard of meta-analyses and has a number of advantages 

over a conventional meta-analysis of summary statistics. An IPD 

meta-analysis has the ability to examine the data in detail, produce 

consistent analyses across studies and avoid biases associated with 

the use of aggregate data in meta-regression (Simmonds et al., 

2005; Riley et al., 2010). 

 

The aim of this IPD meta-analysis was to provide the most precise 

estimates of accuracy for automated audiometry to date and to allow 

the diagnostic accuracy of automated audiometry to be examined, a 

statistical approach that cannot be conducted using only summary 

statistics. 

 

2.5.5 Asynchronous interpretation of audiometry (Chapter 

Seven) 

Remote interpretation of automated audiometry offers the potential to 

enable asynchronous tele-audiology assessment and diagnosis in 

areas where synchronous tele-audiometry may not be possible or 

practical. The aim of this study was to compare remote interpretation 

of manual and automated audiometry. 

 



– 40 – 

The remote interpretation of test results is common and has been 

validated in a number of areas of medicine to facilitate telehealth 

services; including interpretations of retinal images (Chiang et al., 

2006), radiography (Rosen et al., 1999), echocardiograms (Choi et 

al., 2011) and otoscopy (Eikelboom et al., 2002; Biagio et al., 2014). 

However, comparisons between remote interpretations of manual 

and automated audiometry have not been examined.  

The aim of the present study was to examine the agreement and 

reliability of remote audiogram interpretation by audiologists and 

whether the potential variation in hearing thresholds introduced by 

automated audiometry would affect the clinical decisions made by 

audiologists.  
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Foreword to Chapter Three:  

This first experimental chapter examines two screening methods that 

are currently used to identify hearing loss. This chapter also 

compares the characteristics of the rural and urban populations 

undergoing hearing screening in a mobile unit that could potentially 

provide automated audiometry instead of, or in addition to, the 

hearing questionnaires and screening audiometry currently provided.  

 

This chapter serves as a summary of some of the common hearing 

screening practices and characterises some of the differences 

between rural and urban areas of Australia in relation to the uptake of 

hearing intervention. This chapter supports the rationale for 

improving access to diagnostic audiometry in rural areas and also 

highlights the potential benefit of incorporating automated audiometry 

into similar community screening programs to enable quicker access 

to full diagnostic hearing assessments that can better characterise 

the need for further audiological or medical intervention.  

 

. 
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ABSTRACT: 

Objective: To examine whether self-reported hearing difficulty is an 

accurate measure of hearing loss compared to standard hearing 

screening with pure tone audiometry in rural and urban communities. 

Design: Convenience sampling.  

Setting: Urban and rural areas of Western Australia. 

Participants: 2090 participants (923 male; 1165 female; 2 unknown) 

aged 20 to 100 years presenting for community-based hearing 

screening in urban (982) and rural (1090) areas.  

Main outcome measures: Self-reported hearing difficulty assessed 

with the Hearing Handicap in the Elderly-Screening (HHIE-S) 

questionnaire. Hearing loss defined as average hearing thresholds 

>25 dB in the better ear using screening audiometry conducted at 

500, 1000, 2000 and 4000 Hz. 

Results: The HHIE-S was sensitive (≥60yrs = 76.69%; <60yrs = 

71.67%) but not specific (≥60yrs = 45.15%; <60yrs = 49.63%) for 

identifying hearing loss. The <60 age group had a hearing loss 

prevalence of 25.6%, and a false-positive rate of 67.12% compared 

to a prevalence of 69.12% and false-positive rate of 29.77% for the 

≥60 age group. For all ages, rural participants were more likely to 

have a disabling hearing loss (OR 2.04 [95%CI 1.55, 2.67]; 
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X2(1)=27.28; p<0.001) but there were no significant differences in 

hearing aid uptake. 

Conclusions: Patients in rural areas presenting for hearing 

screenings are more likely to suffer a hearing loss than adults in 

urban areas. We suggest rural health practitioners incorporate a self-

reported hearing loss questionnaire into health check-ups for adults, 

particularly patients aged ≥60 years due to the high prevalence of 

hearing loss in this group.  
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INTRODUCTION 

Approximately 15% of the world's adult population have some degree 

of hearing loss, half of which is considered to be disabling (WHO, 

2013). This makes hearing loss one of the few low mortality 

conditions listed by the World Health Organisation (WHO) in its top 

twenty causes of disease burden globally. Hearing loss affects many 

aspects of a person’s life, including social participation, emotional 

and behavioural well-being and employment status, which can lead 

to social isolation, feelings of uncertainty, anger and anxiety 

(Olusanya et al., 2006). However, the lack of access and availability 

of appropriate interventions for patients, particularly those in remote 

and rural areas, is of significant concern (Dalton et al., 2003). Many 

patients may also feel that there is a social stigma associated with 

hearing loss and as a result are reluctant to raise their concerns with 

a health practitioner (Brooks & Hallam, 1998; Wallhagen, 2010).   

 

Screening for hearing loss often involves audiological measures such 

as screening pure-tone audiometry or otoacoustic emissions testing. 

However, these measures are costly to implement and are often not 

available in primary or rural healthcare settings (Lower et al., 2010). 

Other screening methods, such as telephone-based hearing 

screening (Smits et al., 2004) and the whispered voice test 
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(McShefferty et al., 2013), have been shown to be a valid method of 

screening for hearing loss. However, telephone-based screening 

requires initiation from the patient and the whispered voice test is 

often dependent on clinician experience (McShefferty et al., 2013). 

Self-report questionnaires for identifying hearing loss have therefore 

been proposed as a cost-effective and time-efficient alternative to 

audiological screening that can be initiated and utilised by any health 

professional group (Torre et al., 2006; Ramkissoon & Cole, 2011; 

Swanepoel et al., 2013). 

 

Currently, the uptake of hearing aids by patients with hearing loss is 

low (Laplante-Lévesque et al., 2010). Identification and intervention 

for hearing loss in the pre-retirement period (approximately 50 to 65 

years of age) is associated with a greater uptake of hearing aids and 

improved rehabilitation outcomes (Stephens et al., 1990; Dalton et 

al., 2003). Self-report questionnaires may therefore be useful in early 

identification of hearing-impairment, prompting early intervention and 

improved outcomes in those who are motivated to receive treatment 

and rehabilitation for their hearing loss. 

 

The self-assessment of hearing difficulty is designed to quantify the 

social and emotional aspects of hearing loss (Weinstein & Ventry, 
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1983). This is an important aspect in hearing loss as the personal 

variability in the perception of hearing loss is wide, and levels of 

audiometric hearing loss are reported to account for only 50% of the 

variation in hearing handicap status. A number of self-report 

measures were therefore developed and tested against pure-tone 

audiometry, the standard method of diagnosing hearing loss. The 

HHIE-S has become one of the most popular self-report measures of 

hearing difficulty, is widely used and has been adapted for different 

age and cultural groups (Newman et al., 1990; Lichtenstein & 

Hazuda, 1998) The HHIE-S has been extensively psychometrically 

validated, and compared against similar validated questionnaires and 

the use of a single question for diagnosing hearing impairment 

(Weinstein & Ventry, 1983; Oberg et al., 2007; Tomioka et al., 2013). 

The HHIE-S was comparable in accuracy to similar questionnaires 

(Oberg et al., 2007) and had higher levels of reliability than a single 

question, although lower sensitivity for identifying hearing losses of 

25-40 dB than a single question (Tomika et al., 2013). 

 

This study was designed to evaluate the accuracy of self-report 

measures for determining hearing loss amongst self-referring 

patients compared to standard, manual audiometric screening and to 

examine the association between the uptake of hearing aids and 

location (rural or urban). 
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METHODS 

Study Cohort 

Data from all hearing screenings conducted on self-referred 

volunteers performed by the Lions Hearing Foundation in Western 

Australia between March 2010 and July 2013 were collated in this 

study. Excluded were 182 participants who declined permission for 

their data to be used for research purposes, 5 participants who failed 

to commence or complete the hearing screening, 11 people who 

failed to provide a date of birth, and 49 people under 20 years of age; 

leaving a cohort of 2090 people. For the purposes of this study, 

participants were divided into two groups, broadly representing a pre-

retirement group. All participants were asked for their consent for 

their data to be used for research purposes. Only those participants 

who consented are presented in this study, participants received a 

hearing screening free of charge and no financial incentives were 

offered. 

 

Materials and procedures 

All participants completed the Hearing Handicap Inventory for the 

Elderly–Screening (HHIE-S) (Weinstein & Ventry, 1983) and a 

conventional audiometric hearing screening. HHIE-S scores of >8 

indicated a hearing impairment in this study (Ventry & Weinstein, 



– 55 – 

1983). An additional questionnaire covering hearing aid use and 

other ear and hearing related outcomes was designed by the 

investigators and also included in the data collection. 

 

Ears were examined by otoscopy to ensure there was no obstruction 

of the ear canal prior to screening audiometry, which was conducted 

with a GSI 17 audiometer (Grasson Stadler, Eden Prairie, MN, USA) 

and Peltor 211 headphones (3M, St. Paul, MN, USA), calibrated 

annually. Screening was conducted by trained, non-specialist 

volunteers in a sound-treated booth on a bus modified for mobile 

hearing screenings. The Lions Hearing Bus was acoustically treated 

to conform to WorkSafe test standards in Australia (WorkSafe, 2002).  

 

Hearing screening commenced at low intensity (25 dBHL). 

Participants “passed” if they responded to low intensity sounds at 

500, 1000, 2000 and 4000 Hz in both ears. This modification in the 

protocol was used to make the process simpler for the screeners. If 

they did not respond, intensity was increased in 5 dBHL steps until 

the participant responded. Order of testing left or right ears first was 

not prescribed, and the order of testing frequencies was 500, 1000, 

2000 and 4000 Hz. 
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Data analysis 

Hearing screening thresholds and HHIE-S data, together with date of 

birth, gender and location and whether they used HAs or not were 

collated using Microsoft® Excel 2010 (Seattle, Washington) and 

analysed in SPSS v21 (New York: IBM Corp).  A hearing loss was 

defined as mild (best ear four-frequency average >25dB) or disabling 

(best ear four-frequency average >40dB) across the frequencies of 

0.5, 1, 2 and 4 kHz, according to the WHO criteria. An urban or rural 

address was determined by the postcode of the participant’s 

residential address. Accessibility/Remoteness Index of Australia 

(ARIA) classification codes were used to identify an urban (ARIA 

code: 0) or rural/regional address (ARIA codes: 1, 2, 3, 4) (AIHW, 

2004). A number of participants had missing data for one of the four 

variables of hearing loss, HHIE-S score, age and postcode for rurality 

and this resulted in slight variations in the participant numbers across 

analyses. 

 

RESULTS 

Participant profile 

Of the 2090 participants in the study, 982 (46.99%) resided in the 

metropolitan area of Perth and 1090 (52.15%) in the regional, rural or 

remote areas of Western Australia according to ARIA classifications; 



– 57 – 

18 (0.86%) people did not provide a valid postcode for ARIA 

classification. More females (n=1165) than males (n=923) were 

included; the sex of two people was not reported. The mean age of 

participants was 60.0 years (SD 13.9, range 20.3 to 100.3 years), 

with no statistically significant difference between the gender 

balances or age (independent sample t-tests; p>0.05) of urban 

versus rural participants. Figure 3.1 shows the distribution of 

participants according to age, gender and hearing loss.  

 

Figure 3.1: Prevalence of hearing loss (>25dBHL) according to age and 

sex in participants attending the bus. 
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Accuracy of HHIE-S self-report questionnaire 

The sensitivity of the HHIE-S questionnaire was 76.69% (95%CI 

73.33, 79.75), with specificity of 45.15% (95%CI 40.29, 50.01) for 

identifying mild hearing loss in adults aged ≥60 years. 

 

For adults aged <60 years, the sensitivity of the HHIE-S was 71.67% 

(95%CI 65.35, 77.27) and specificity was 49.63% (95%CI 45.80, 

53.46). The <60 group had a false-positive rate of 67.12% [95%CI 

62.82, 71.16] compared to 29.77% [95%CI % 26.57, 33.19] for the 

≥60 group; the false-negative rate for the <60 year old group was 

16.42% [95%CI 13.01, 20.48] and for the ≥60 years group was 

54.85% [95%CI 49.91, 59.71], (see Table 3.1 for frequency 

distributions).  

 

Table 3.1: Two-by-two tables showing accuracy of the HHIE-S for 

identifying hearing loss in adults. 

 

 <60 years of age ≥60 years of age 

Hearing loss 
criteria 

HHIE <8 (%) HHIE-S ≥8 (%) HHIE <8 (%) HHIE-S ≥8 (%) 

Normal hearing 336 (36.9) 341 (37.5) 186 (16.8) 162 (14.6) 

Hearing loss 
(>25 dB) 

66 (7.2) 167 (18.3) 226 (20.4) 533 (48.1) 

Totals 402 (44.2) 508 (55.8) 412 (37.2) 695 (62.8) 
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The prevalence of hearing loss confirmed by audiometry for adults in 

the participant group aged ≥60 years was 69.12% (95%CI 66.32, 

71.79). Adults aged <60 years had a lower prevalence (25.60% 

[95%CI 22.82, 28.59]) (Figure 3.1). There was an increased risk of 

having a HHIE-S score >8 associated with participants from rural 

areas compared to urban areas (OR 1.32 [95%CI 1.11, 1.59]; 

X2(1)=9.51; p=0.002). Participants in rural populations also had an 

increased risk of mild hearing loss (OR 1.73 [95%CI 1.45, 2.06]; 

X2(1)=38.13; p<0.001) and disabling hearing loss (OR 2.04 [95%CI 

1.55, 2.67]; X2(1)=27.28; p<0.001). There were no differences in 

hearing aid uptake (mild hearing loss: OR 0.93 [95%CI 0.66, 1.46]; 

X2(1)=0.008; p=0.927) (disabling hearing loss: OR 0.54 [95%CI 0.84, 

2.20]; X2(1)=1.614; p=0.204) (Tables 3.2 & 3.3). 

 

Table 3.2: A comparison of prevalence and degree of hearing loss (HL) 

and use of hearing aid(s) (HA) in urban and rural areas (all ages).  

 

 

 Urban (n = 982) Rural (n = 1090) 

Hearing loss 
criteria 

HL (%) HL+HA (%) HL (%) HL+HA (%) 

Mild HL  409 (41.6) 49 (5.0) 602 (55.2) 53 (4.9) 

Disabling HL 88 (9.0) 29 (2.9) 182 (16.7) 43 (3.9) 

Totals 675 (50.6) 105 (15.6) 788 (83.3) 72 (9.1) 



– 60 – 

Table 3.3: Analysis of participants with hearing loss (HL) and participants 

with hearing loss using hearing aids (HL + HA) in urban and rural areas (all 

ages).  

 

 

 

DISCUSSION 

This study has examined the prevalence of hearing loss in a cohort 

of self-referring adults from rural and urban areas of Western 

Australia. Participants in rural areas showed a significantly higher 

prevalence of hearing loss but their rates of hearing aid uptake were 

not significantly different compared to the urban participants. There 

was a high prevalence of hearing loss in those attending community-

based hearing screenings and the HHIE-S questionnaire was a 

sensitive, but not specific, measure for detecting a hearing loss of 

>25dB for adults aged ≥60 years in this study. Approximately 70% of 

participants aged over 60 years of age had a hearing loss confirmed 

through audiometry. However, whilst this would appear to support 

calls for standard hearing screening assessments in this age group, 

 Rural compared to urban locality 

Hearing loss 
criteria 

X2(1) p OR 95%CI 

Mild HL 38.13 <0.001 1.73 1.45, 2.06 

Disabling HL  27.28 <0.001 2.04 1.55, 2.67 

Mild HL + HA  0.008 0.927 0.93 0.66, 1.46 

Disabling HL + HA 1.614 0.204 0.54 0.84, 2.20 
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these prevalence figures cannot be generalised to the wider 

population due to the sampling method. 

 

The findings from this study highlight the specific issue of increased 

prevalence of hearing loss in regional and rural areas, and support 

previous calls (Swanepoel et al., 2013) for the better identification of 

hearing loss in primary care. Identifying and treating hearing loss in 

the pre-retirement period is associated with an increased uptake of 

hearing aids and improved rehabilitation outcomes which can 

positively affect quality of life (Stephens et al., 1990; Dalton et al. 

2003). Considering the accuracy of self-report measures in the 

present study, the routine use of such measures for adults aged ≥60 

years in a community or primary healthcare setting may be beneficial 

for the early identification of hearing loss, due to the high prevalence 

of the condition in this age group, and the quantification of the social 

impact of a patients hearing loss. However, self-report hearing 

measures do not have comparable accuracy to audiometry, and 

better access to these services in rural and remote areas is therefore 

still needed. 

 

For both age groups the self-report questionnaires were sensitive 

(≥60yrs = 76.69%; <60yrs = 71.67%), but not specific (≥60yrs = 
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45.15%; <60yrs = 49.63%). Therefore, for both age groups the HHIE-

S could correctly identify those with the hearing loss approximately 

70% of the time. However, the questionnaire could not correctly 

exclude participants without a hearing loss at a rate better than 50%, 

potentially resulting in excessive referrals for patients self-reporting a 

hearing difficulty in the absence of an audiometric hearing loss. This 

study produced similar sensitivity estimates to previous studies of the 

HHIE-S (Sindhusake et al. 2001; 80%), but lower specificity 

(Sindhusake et al. 2001; 76%).  

 

The false-positive rate for patients aged <60 years was substantially 

higher (67.12%) on self-reported hearing questionnaires compared to 

those aged ≥60 years (29.77%). False positives refer to when a test 

(in this case, self-report questionnaires) incorrectly diagnose a 

patient as having a condition (i.e. hearing loss), in the absence of the 

condition according to the gold standard (in this case, a hearing loss 

confirmed by audiometry). The <60 year-old group had a lower false-

negative rate than the ≥60 year old group, at 16.42% and 54.85%, 

respectively. This is expected, considering the high prevalence of 

hearing loss in the ≥60 years age group. False negatives, in this 

case, refer to patients with a hearing loss according to audiometric 

testing, but who do not self-report significant hearing impairment on 

the HHIE-S questionnaire. The majority of these false-negatives may 
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represent patients who do not feel they are experiencing sufficient 

limitations on their quality of life to warrant intervention. Counselling 

on the impact of hearing loss and the benefits of early intervention 

may be beneficial to this population (Salonen et al., 2011). The 

impact of false-positives in the <60 years group is likely to put greater 

strain on specialist services – resulting in an increase in referrals for 

hearing assessment in the absence of a hearing loss. Therefore, if 

routine hearing screening were to be used in a primary care setting, 

the impact of false-negatives and false-positives in relation to patient 

age should be considered by the referring clinician. 

 

A recent population-based study found that 46.2% of a regional 

sample population presented with a self-reported hearing loss at 60-

65 years of age (Swanepoel et al., 2013). This is lower than the 

prevalence of self-reported hearing loss in our sample which was 

57.6% for the age range 60-69 years (Figure 3.1). This was 

expected, considering our sample were self-referred for hearing 

screening, however it illustrates the high prevalence of self-reported 

hearing loss in the general population, with almost one-in-two people 

self-reporting at 60-65 years of age, and presents a significant 

primary health concern.   
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The increased risk of mild and disabling hearing losses for rural 

compared to urban participants was significant. Whilst this study did 

not examine the causes of hearing loss, previous research had 

indicated that both workers and families living in rural areas are at a 

higher risk of occupational noise exposure through agricultural and 

production industries (Lower et al., 2010).  

 

The cost-effectiveness of audiometric screening in community 

settings and the effectiveness of community screenings for adults as 

a whole has been debated (Chou et al., 2011). There is some 

evidence (Yueh et al., 2010) to suggest that hearing screening 

increases the uptake of treatment (i.e. hearing aids). However, both 

screened and not-screened groups in the Yueh et al. (2010) study 

showed a low-uptake of hearing aids when followed-up one year 

after screening. This may suggest it is patient perceptions towards 

treatment-seeking for hearing loss that needs to be changed. A 

potential way to achieve this is the inclusion of a screening 

questionnaire as part of regular health checks for patients aged over 

60 years old, thereby increasing exposure to hearing intervention 

options and decreasing social stigma. 
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Pronk et al. (2011) have argued for better methods of hearing 

screening in adults and a wider range of alternative rehabilitative 

options, in addition to hearing aids, such as informational 

counselling, communication strategies and engagement of 

communication partners. In our study the HHIE-S self-report 

questionnaire showed poor specificity for identifying a clinically 

significant, audiometric hearing loss. This suggests that self-report 

measures may be a useful tool for identifying patients with listening 

difficulties, in the absence of audiometric hearing loss, who could 

benefit from these alternative rehabilitation options. This finding also 

highlights the need for better access to specialist hearing services in 

rural areas to distinguish between patients who would benefit from 

amplification though hearing aids, those who have a treatable 

condition that could benefit from medical or surgical intervention and 

those who require alternative interventions for improving 

communication tactics.  

 

Beyond identification of hearing loss, access to intervention for 

hearing loss can be an even greater challenge. Remote fitting of 

hearing aids and cochlear implants is a relatively new concept, but is 

now the subject of significant clinical and research interest (Ferrari & 

Bernardez-Braga, 2009; Eikelboom et al., 2014). Aside from 

increased coverage and service provision, remote fittings offer 
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significant time and monetary savings over outreach clinics 

(Swanepoel et al. 2010).  

 

Whilst screening questionnaires can be effective in detecting hearing 

loss early, these methods are not sufficient for a definitive diagnosis 

and exclusion of underlying pathology, which requires  someone 

specifically trained to provide a diagnostic audiometry assessment. 

These services are rarely available in rural and remote areas (AIHW, 

2011) and result in increased time and cost to travel to the nearest 

specialist, or have a specialist visit the region. The advent of 

automated audiometers (Swanepoel, Mngemane et al., 2010; 

Eikelboom et al., 2013) that can be operated either via telehealth or 

by local primary care staff and interpreted remotely by audiologists 

may serve as a means of improving access to specialist, diagnostic 

audiometry services for patients in rural areas. This may enable 

patients with a self-reported hearing loss identified in primary care to 

have the type and severity of their hearing loss established locally, 

identifying patients suitable for hearing aids, and those who require 

medical or surgical intervention. This technology, in conjunction with 

self-report measures, has the potential to streamline the clinical 

pathway of patients from identification to appropriate diagnosis and 

intervention. 
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LIMITATIONS 

As participants voluntarily presented for hearing screening it can be 

assumed that many already had concerns about their hearing and 

were therefore not representative of the general population.  Poor 

specificity of the HHIE-S in this study is in contrast to other studies 

where specificity has ranged from 70-95% (Nondahl et al., 1998; 

Sindhusake et al., 2001). However, numerous population-based 

studies support the recommendation of regular, primary-care 

assessments for self-reported hearing loss, whether via a single-

question or validated questionnaire (e.g. Ramkissoon et al., 2011; 

Swanepoel et al., 2013). 

 

CONCLUSION  

The results highlight the increased risk of hearing loss in rural areas 

compared to urban areas. This study demonstrates the potential 

value of self-report measures for detecting hearing impairment for 

adults, particularly those aged ≥60 years in setting where audiometric 

screening equipment is not available. However, provision of 

audiometry services would allow more accurate identification of 

hearing loss. We suggest that primary healthcare practitioners, 

particularly those in rural and remote areas, include a standardised 

assessment of hearing difficulty (e.g. the HHIE-S) in routine check-
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ups to screen for hearing loss in patients aged ≥60 years. This 

suggestion would go some way in addressing the challenges faced 

from a lack of specialist staff and equipment suitable for a detailed 

assessment of hearing loss.  
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Foreword to Chapter Four 

Chapter Four describes the validation of automated audiometry in a 

clinical setting with a highly heterogeneous patient group in terms of 

type and level of hearing loss, building on the current evidence base 

in this area. In addition, this study also introduced the calculation of a 

participant-level mean differences score (described as an “individual 

absolute mean difference” in the Chapter) which allowed the effect of 

the potentially confounding variables of age and presence of hearing 

loss on automated audiometry accuracy to be examined.  

 

The data collected from participants in this Chapter is also used in 

Chapter Five for compared diagnostic accuracy of automated 

audiometry and in Chapter Seven where the automated and manual 

audiograms obtained in Chapter Four are interpreted remotely. In this 

sense, Chapter Four provides some background methodology for the 

further work carried out in Chapters Five and Seven.   
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ABSTRACT 

Objective: Examine the accuracy of automated audiometry in a 

clinically heterogeneous population of adults. 

Design: Prospective accuracy study. Manual audiometry was 

performed in a sound-treated room and automated audiometry was 

not conducted in a sound-treated environment. 

Study Sample: 42 consecutively recruited participants from a tertiary 

otolaryngology department in Western Australia.  

Results: Absolute mean differences ranged between 4.76–9.17 dB 

(air-conduction) and 8.21–14.40 dB (bone-conduction). 86.5% of 

manual and automated 4FAs were within 10 dB (i.e. ±5 dB); 94.8% 

were within 15 dB. However, there were significant (p<0.05) 

differences between automated and manual audiometry at 0.25, 0.5, 

1 and 2 kHz (air-conduction) and 0.5 and 1 kHz (bone-conduction). 

The effect of age (≥55 years) on accuracy (p = 0.014) was not 

significant on linear regression (p>0.05; R2 = 0.11). The presence of 

a hearing loss (better ear ≥26 dB) did not significantly affect accuracy 

(p = 0.604; air-conduction), (p = 0.218; bone-conduction). 

Conclusions: This study provides clinical validation of automated 

audiometry using the KUDUwave in a clinically heterogeneous 

population, without the use of a sound-treated environment. Whilst 

threshold variations were statistically significant, future research is 

needed to ascertain the clinical significance of such variation.  
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INTRODUCTION 

Assessment of hearing sensitivity thresholds is one of the key tests 

conducted by audiologists. The methods of assessment are well 

defined by the modified Hughson & Westlake protocols ISO 8253-

1:2010 (ISO, 2010). In a standard manual audiometry procedure, 

frequency-specific sound stimuli are presented to a patient and the 

hearing level of the stimuli is adjusted, either decreasing or 

increasing, according to the patient’s response or lack of response, 

respectively. This method is also termed a ‘method of limits’ 

approach and is performed according to ISO 8253-1:2010 standards 

on equipment calibrated to ISO389-1:1998 (ISO, 1998) standards. In 

the past decade there has been an increasing interest in systems 

that automate these procedures (Eikelboom et al., 2013; Ho et al., 

2009; Margolis et al., 2010; Swanepoel et al., 2010).  

 

Automated audiometers are not new. Georg von Bekesy (von 

Bekesy, 1947) was the first to describe a self-recording threshold 

audiometer which automatically increased or decreased sound level 

whilst sweeping a specified frequency test range. Whilst this 

technique is still in use by some, the Hughson & Westlake method is 

now the most common technique for performing audiometry. A 

number of automated audiometry systems have implemented 

computerised versions of the Hughson & Westlake procedure, with 
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the first reports of this method of automation appearing more than 

four decades ago (Sparks, 1972).  

 

Following the successful clinical validation of a number of automated 

audiometers (Eikelboom et al., 2013; Margolis, Frisina, & Walton, 

2011; Swanepoel et al., 2010), and a systematic review of their 

accuracy (Mahomed et al., 2013), the potential scope of these 

devices has expanded to include full diagnostic hearing assessments 

for adults, encompassing masked and not-masked air and bone-

conduction thresholds. 

 

In the meta-analysis conducted by Mahomed et al. (2013), 

automated audiometry showed comparable accuracy to manual 

audiometry, with overall average differences of 0.4 dB (6.1 SD). 

However, the authors noted that there was limited data on automated 

bone conduction audiometry and patients with different types and 

degrees of hearing loss. A number of studies included in the 

systematic review reported the accuracy of automated audiometry on 

participants with normal hearing only.  

 

The inclusion of participants without hearing loss introduces 

significant bias into accuracy studies (Rutjes et al., 2006). The 

potential for bias is clear; normal hearing patients are known to have 
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hearing within a certain range, thereby limiting the potential range of 

variation between two methods of assessment. To limit bias it is 

therefore essential that the accuracy of automated audiometry be 

examined in a population that is likely to include participants with a 

range of hearing threshold levels, but who are not pre-selected 

according to hearing status or level of impairment. The exclusion of 

patients with known conductive hearing impairments (e.g. Storey, et 

al., 2014) is also a source of potential bias. These patients represent 

a significant part of the clinical population and it is just as important to 

have accuracy estimates in such cases as for patients with 

sensorineural hearing losses.  

 

The inclusion of participants with normal hearing threshold levels has 

been a necessary and valuable step in establishing the accuracy of 

automated audiometry. However, the development of studies that 

reduce bias by examining participants from a true clinical population 

will provide the most valid estimates of the accuracy of automated 

audiometry in practice. 

 

One of the appeals of automated audiometry over conventional 

manual audiometry is its potential application in teleaudiology and its 

use in situations where sound treated rooms are unavailable or 

inaccessible. Recent reports have emphasized the global shortage of 
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audiological services, and highlighted that these shortages are not 

exclusive to low and middle-income countries (Windmill & Freeman, 

2013). It has also been reported that patients living in rural and 

remote areas of developed countries are more likely to present to 

primary care with a self-reported hearing loss (Brennan-Jones et al., 

2015). The ability to provide automated audiometric testing in the 

absence of a sound-treated environment has a great potential to 

increase service provision to low and middle-income countries, and 

rural and remote areas of high-income countries that do not have 

these facilities. At least two of the contemporary clinically available 

automation-capable audiometers (Swanepoel & Biagio, 2011; 

Swanepoel et al., 2010; Margolis et al., 2010) use audiocups to 

provide attenuation from environmental sounds, and studies have 

demonstrated their potential feasibility in environments that are not 

sound-treated (Eikelboom et al., 2013; Maclennan-Smith et al., 

2013). 

 

The device used in this study (KUDUwave 5000) has previously been 

validated in an environment that is not sound-treated using its 

manual-mode (Maclennan-Smith et al., 2013), and in a controlled 

noise environment in automated-mode (Storey et al., 2014). The 

present study therefore aims to address a gap in the evidence-base 

by combining automated testing in an uncontrolled environment that 
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is not sound-treated, using an unselected clinical population of 

patients attending otolaryngology and audiology appointments at a 

tertiary public hospital. The potential influence of age and presence 

of hearing loss will also be examined to investigate the influence of 

patient-related variables on accuracy of automated audiometry.  

 

METHODS 

Participants 

42 participants (20 male, 22 female) were recruited from a publicly 

funded combined otolaryngology and audiology clinic at Sir Charles 

Gairdner Hospital, Perth, Western Australia. Attendance at the clinic 

was free at the point of service for patients. Inclusion criteria were: 18 

years or over, no known cognitive disorder, English spoken as a first 

language, both ears suitable for hearing assessment. Ethics approval 

was granted by the University of Western Australia Human Research 

Ethics Committee (Reference: RA/4/1/4877).  

 

Participant sampling and recruitment 

Patient recruitment was by consecutive series, with all patients 

attending the clinic offered enrolment in the study, subject to 

inclusion criteria. Recruitment was not based on presenting 

symptoms (except where they contra-indicated audiological 
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assessment) or results from previous audiometry. No incentives were 

given to participants involved in the study. 

 

Data collection 

Data collection was prospectively designed. The order of test 

administration was not randomised. Five patients had the index test 

administered prior to the reference test, and all other participants 

(n=37) received the reference test first.  

 

Test methods 

Reference test: Manual audiometry 

Manual audiometry is considered the gold standard assessment of 

hearing thresholds in adults and children over five years of age 

(ASHA, 2004) and therefore served as the reference test for this 

study. The Hughson & Westlake method (i.e. ascending method 

according to ISO8253-1:2010), or adaptations of this method 

according to local protocols, is typically used when determining 

hearing thresholds with manual audiometry. Manual audiometry was 

conducted within a sound-treated room (mean ambient noise level 37 

dBA) using Acoustic Analyser AA30 audiometer (Starkey Hearing 

Technologies; Minnesota), calibrated to ISO389-1:1998 and TDH-

39P (Telephonics; North Carolina) supra-aural headphones and 

Radioear B-71 bone-conductor (Radioear Corp.; Pennsylvania), 
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calibrated to ISO389-3:1994. The bone-conductor was placed on the 

patient’s mastoid for manual testing. Patient history, otoscopy and 

tympanometry using a GSI 38 Auto Tymp (Grason-Stradler; 

Minnesota) preceded audiometry testing.  

 

Index test: Automated audiometry 

Automated audiometry was conducted using the KUDUwave 

(eMoyoDotNet; Pretoria, South Africa) a mobile Type 2B screening, 

diagnostic and clinical audiometer (IEC 60645-1/2) using the 

ascending method according to ISO8253-1:2010. A key advantage of 

the KUDUwave audiometer is its double attenuation via use of insert 

earphones and circumaural earcups and its use of continual noise 

monitoring, which pauses audiometric testing if ambient noise levels 

exceed prescribed limits, enabling accurate testing down to 0 dB with 

an ambient noise level of up to 59 dB SPL. The mean ambient noise 

level when there was no outpatient clinic in progress was measured 

at 46 dBA. Placing insert earphones down to the bony part of the ear 

canal also reduces the occlusion effect allowing for bone-conduction 

evaluation with occluded ears using insert earphones (Slevin et al., 

2000; Swanepoel & Biagio, 2011). However, not removing the insert 

earphone is a limitation to the technique as insertion down to the 

bony portion of the ear canal cannot be confirmed or guaranteed. If 

the contralateral insert earphone is removed, this can adjust for the 
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occlusion effect, however it also means losing some attenuation that 

is added by the insert. The insert earphone frequency response 

approximated that of the ER3A within 1 dB across test frequencies. 

This allowed for the use of the international insert earphone standard 

(ISO 389-2: 1994) for calibration. These features make the 

KUDUwave especially suited for use without a sound-treated 

environment, making it appropriate for use in rural, remote or 

community settings, where the availability of a sound-treated 

environment for testing is unlikely. The audiometry procedures were 

automated and recorded on a laptop using the eMOYO (v3.6.7) 

interface developed by eMoyoDotNet. Whenever the difference 

between the air conduction thresholds in the test and non-test ear 

was 75 dB or more at frequencies ≤1000Hz and 50 dB or more at 

frequencies >1000 Hz, air conduction thresholds were masked 

according to current guidance (Edwards, 2010; Munro & Agnew, 

1999). A masking level of 30 dB above the air conduction threshold 

of the non-test ear was used. Bone conduction thresholds (using a B-

71 bone oscillator (Kimmetrics, Smithsburg, USA)) were determined 

with continuous masking in the contralateral ear. A continuous 

masking level of 20 dB above the air conduction threshold of the non-

test ear was used. Testing took place in a quiet room that was not 

sound treated (mean ambient noise level when there was no 

outpatient clinic in progress was 46 dBA). The researcher gave 
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standard instructions, placed the insert earphones, bone-conductor 

and headset on the participant and monitored the progress of the test 

in case of malfunction or patient discomfort.  

 

Definitions 

Hearing thresholds were presented in dB hearing level (dBHL). 

Participants were tested at air conduction frequencies of 250, 500, 

1000, 2000, 4000 and 8000 Hz and bone-conduction frequencies of 

500, 1000, 2000, 4000 Hz for both the reference test and index test. 

The audiologists administering the reference test obtained hearing 

thresholds at additional frequencies for participants as clinically 

indicated; however, these additional thresholds were not examined in 

this analysis as in most cases no corresponding threshold from the 

index test was available.  

 

The index test had lower maximum sound level limits compared to 

the reference test (KUDUwave limits for air conduction were 95 dB 

for 0.25 kHz, 100 dB for 0.5, 1, 2 and 4 kHz and 90 dB at 8 kHz; for 

bone-conduction 55 dB at 0.5 kHz and 70 dB at 1-4 kHz). In cases 

where no response was recorded because the index test reached its 

maximum testable limits at a lower level than the reference test, the 

hearing threshold level of the reference test was corrected to the 

maximum output level of the index test.    
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Test procedure 

The reference test (manual audiometry) was administered by tertiary-

qualified clinical audiologists (five clinical audiologists were involved 

in administering the reference test throughout the study). The 

audiologists were all registered with the Audiological Society of 

Australia. Interpretation of the reference test was conducted by the 

clinical audiologist responsible for the patient’s care. Automated 

audiometry was administered by researchers involved in the project. 

The time interval between the reference test and the index test being 

conducted was less than 60 minutes for all participants, as patients 

proceeded directly to the next test, or after a short break if requested 

or required.  

 

Blinding 

The audiologist administering the reference test was blinded to the 

results of the index test. The researcher administering the index test 

was not blinded to the results of the reference test as the index test 

was automated and therefore could not influence the results. Other 

information available to the audiologist and researcher was a clinical 

history, and a combination of tympanometry, acoustic reflexes and 

speech recognition threshold testing scores, as conducted by the 

clinical audiologist.  
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Statistical methods 

The validation analysis used air-conduction thresholds for 250, 500, 

1000, 2000, 4000 and 8000 Hz and bone-conduction thresholds of 

500, 1000, 2000 and 4000 Hz for both manual and automated 

audiometry. Mean and standard deviations were calculated for each 

frequency as well as real and absolute mean differences between the 

reference and index test hearing thresholds. Absolute mean 

differences are a preferable measure compared to real mean 

differences as absolute differences can account for positive and 

negative variation, whereas positive and negative variance can 

cancel each other out when using real mean differences (Eikelboom 

et al., 2013). Reference test (manual audiometry) thresholds were 

subtracted from index test (automated audiometry) thresholds to 

calculate the difference, in keeping with methodologies from similar 

studies (Eikelboom et al., 2013; Swanepoel et al., 2010). A paired-

samples t-test and ANOVA with Bonferroni’s correction applied were 

used to calculate significant differences in hearing thresholds, an 

independent samples t-test was used for age (using 55 years of age 

as an arbitrary cut-point) and presence of hearing loss analysis 

(using better ear hearing of 4FA ≥26 dB as a cut-point).  Simple 

linear regression was also used for the analysis of age on accuracy 

of automated audiometry. Excel 2010 (Microsoft®, Washington) and 
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SPSS v21 (New York: IBM Corp) was used for the analysis. 

 

RESULTS 

Participants  

The mean age of participants was 49.9 years (SD = 17.3, range of 

19.3 to 92.5 years). Patients presented with a diverse range of 

clinical conditions, symptoms and co-morbidities, including but not 

limited to: sensorineural hearing loss, tinnitus, conductive hearing 

loss, otosclerosis, otitis media, acoustic neuroma, Meniere’s disease, 

benign paroxysmal positional vertigo, perforated tympanic 

membrane, Eustachian tube dysfunction, ototoxic hearing loss, skull 

base fracture and unilateral hearing loss, as well as pre-surgical 

assessment and post-surgical assessments. Hearing loss was not 

always the primary complaint for participants and many had more 

than one ear or hearing related symptom at the time of testing. The 

patients had a wide range of hearing losses (Table 4.1). Patients who 

had incomplete assessment data on either manual or automated 

audiometry (n = 8) or had reliability questioned by the clinical 

audiologist (n = 4) were not included in the analysis (Figure 4.1).  
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Figure 4.1: Flow diagram of patient recruitment and drop-outs 

 

 

 

 

Table 4.1: Ear specific level of hearing and cumulative percentage 

differences. 

Hearing 

level (dB) Total % c.% 

0 to 10 8 9.5 9.5 
10-20 22 26.2 35.7 
20-30 17 20.2 55.9 
30-40 15 17.9 73.8 
40-50 7 8.3 82.1 
50-60 4 4.8 86.9 
60-70 8 9.5 96.4 
70-80 1 1.2 97.6 
>80 2 2.4 100.0 
Totals 84   

 

 

 

 

54 patients recruited

Exclusion based on poor reliability on manual test 
judged by clinical audiologist 

(4 patients)

42 patients with includable data who 
completed all assesments

Patients excluded due to: 
Incomplete test = 1
Device failure = 5

English as second language = 2 
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Accuracy of KUDUwave automated audiometry 

Summary tables of mean absolute and real differences are presented 

in Tables 4.2 and 4.3 respectively. The range of absolute mean 

differences for all air-conduction thresholds was 4.76 to 9.17 dB (SDs 

5.17 to 9.84 dB) (Table 4.2). The range of absolute mean differences 

for 4FA (500, 1000, 2000 and 4000 Hz) air-conduction thresholds 

was 4.76 to 7.02 dB (SDs 5.17 to 6.54 dB) and for all bone-

conduction frequencies was 8.21 to 13.45 dB (SDs 7.42 to 10.20) 

(Table 4.2). The percentage of 4FA automated air-conduction 

thresholds falling within an absolute mean difference of 5dB of the 

reference test was 67.8%, within 10 dB was 86.5% and within 15 dB 

were 94.8% of hearing thresholds (Table 4.4).  

 

 

Table 4.2: Absolute mean differences, standard deviation for 42 

participants for automated audiometry compared to manual audiometry. 

Hearing 
Thresholds 

  Frequency (HZ)

  250 500 1000 2000 4000 8000 

Air  Right AMD  7.86 6.43 6.19 6.19 4.76 8.41 
    SD  6.26 5.98 5.93 5.39 5.17 9.84 
  Left  AMD  9.17 7.02* 6.79* 6.67* 7.02* 6.79* 
    SD  8.69 6.54 5.50 6.31 6.54 7.23 
Bone  Right AMD  ‐  10.83* 13.45* 9.76* 8.93* ‐ 
    SD  ‐  9.23 8.59 7.65 8.94 ‐ 
  Left  AMD  ‐  10.60* 14.40* 10.36* 8.21* ‐ 
    SD  ‐  7.42 9.77 10.20 9.36 ‐ 

AMD: Absolute mean difference (in dB); SD: Standard deviation; - not measured 

*indicates a significant (p<0.05) difference in threshold accuracy according to a 

one-way ANOVA with Bonferroni’s correction applied.  
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Analysis of variance (ANOVA) with Bonferroni’s correction applied 

was used to compare the mean difference between manual and 

automated audiometry and these results are provided in Table 4.2. 

For air-conduction audiometry, the mean differences in hearing 

thresholds determined by manual and automated audiometry were 

not significantly different (p>0.05) in the right ear, but were 

significantly different across all frequencies in the left ear. For bone-

conduction audiometry, the mean differences in hearing thresholds 

determined by manual and automated audiometry were significantly 

different at all frequencies. 

 

 

 

Table 4.3: Real mean differences and standard deviation and p value for 

pair-wise t-test for 42 participants for index test (automated audiometry) 

compared to reference test (manual audiometry). 

Hearing 
Thresholds 

  Frequency (Hz)

  250 500 1000 2000 4000 8000 

Air  Right RMD  3.33 4.76 5.00* 4.29* ‐1.90 ‐2.74 
    SD  9.54 7.40 6.98 7.03 6.80 12.55 
  Left  RMD  5.60 6.07 5.36* 3.57* ‐1.31 ‐1.55 
    SD  11.3 7.45 6.93 8.50 9.57 9.85 
Bone  Right RMD  ‐  6.79 12.74 3.33 2.02 ‐ 
    SD  ‐  12.5 9.64 12.03 12.55 ‐ 
  Left  RMD  ‐  8.93 13.69 3.21 2.26 ‐ 
    SD  ‐  9.41 10.77 14.26 12.31 ‐ 

RMD: Real mean difference (in dB); SD: Standard deviation; - not measured. 

*indicates a significant (p<0.05) difference according to pair-wise t-test. 
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Pair-wise comparisons for the real mean difference between manual 

and automated audiometry are provided in Table 4.3. For air-

conduction audiometry, the mean differences in hearing thresholds 

determined by manual and automated audiometry for the frequencies 

4000 and 8000 Hz were not significantly different (p>0.05). For bone-

conduction audiometry, the mean differences in hearing thresholds 

determined by manual and automated audiometry for the frequencies 

2000 and 4000 Hz were also significantly associated bilaterally 

(p>0.05). All other pair-wise comparisons in Table 4.3 were 

significantly different (p<0.05).  

 

 

 

Table 4.4: Difference distribution of air-conduction hearing thresholds for 

mid-frequencies (500, 1000, 2000 and 4000 Hz). 

dB Diff  500 Hz  1000 Hz  2000 Hz  4000 Hz 

  right  left right left right left right left 
0  11  11 10 7 11 14 16  11 
5  18  13 21 21 18 10 16  20 
10  6  13 6 10 6 11 7  5 
15  5  3 3 1 6 5 1  3 
20  1  0 0 2 1 1 2  2 
25  1  1 2 1 0 1 0  0 
30  0  1 0 0 0 0 0  1 
35  0  0 0 0 0 0 0  0 

Totals  42  42  42  42  42  42  42  42 

%within 5 dB 69.0  57.1 73.8 66.7 69.0 57.1 76.2  73.8 
Total % ≤5 dB  67.8               

%within 10 dB  83.3  88.1  88.1  87.5  83.3  83.3  92.9  85.7 

Total % ≤10 dB  86.5               

%within 15 dB  98.4  95.2  95.2  89.5  97.6  95.2  94.9  92.8 

Total % ≤15 dB  94.8               
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Age differences and presence of hearing loss 

To calculate the effect of age differences and the presence of a 

hearing loss on the accuracy of automated audiometry, each 

participant had an individual average absolute mean difference 

(individual AMD) calculated using frequencies tested for air-

conduction (250–8000 Hz) and bone-conduction (500–4000 Hz) on 

both manual and automated audiometry. This created a summary 

score of audiometric variance between manual and automated 

audiometry for each participant to enable analysis. 16 participants 

had a hearing loss of ≥26 dB in both ears. Bilateral hearing loss was 

not significantly associated with increased variation in individual 

AMDs in thresholds between automated and manual audiometry for 

air-conduction t(40) = -0.523; p = 0.604 or bone-conduction t(40) = 

1.251; p = 0.218. The mean age of participants with a bilateral 

hearing loss was 56.1 (SD 18.9) compared to 46.1 (SD 14.4) for 

those without a hearing loss, this difference was marginally not 

significant (β = 10.10 [95%CI -0.706, 20.913]; p = 0.066).  

 

A statistically significant difference was found between age (≥55 

years, n = 14) and hearing threshold accuracy for air-conduction 

t(40) = 1.599; p = 0.014, but not for bone-conduction t(40) = 1.334; p 

= 0.190. However, whilst linear regression showed a slight upward 

trend of increased individual AMDs (i.e. decreased accuracy) with 
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age (R2 = 0.11), the relationship was not statistically significant when 

analysed independently (β = 0.019 [95%CI -0.037, 0.074]; p = 0.504) 

(See Figure 4.2) or once adjusted for presence of hearing loss (β = 

0.025 [95%CI -0.034, 0.083]; p = 0.398). 

 

 

Figure 4.2: Scatterplot showing individual absolute mean differences 

(AMD) for air-conduction between automated and manual audiometry 

against participant age at testing (R2 = 0.11).  
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Excluded participants  

Details of excluded participants are provided in Table 4.5. The mean 

age is lower than included population and there were equal number 

of normal hearing and hearing impaired participants excluded.  

 

 

Table 4.5: Data from excluded participants (XP)  

Participant Gender 
Age 
(yrs) 4FA (dB) Reason for exclusion 

XP1 M 73.6 70.00 Spoke English as second language 

XP2 F 49.6 13.75 Spoke English as second language 

XP3 F 25.4 7.50 Audiologist reported poor reliability 

XP4 F 69.8 41.25 Audiologist reported poor reliability 

XP5 F 37.9 18.75 Audiologist reported poor reliability 

XP6 F n/a n/a Device failure  

XP7 F 61.2 50.00 Audiologist reported poor reliability 

XP8 M 61.8 n/a Incomplete test 

XP9 F 50.8 n/a Device failure  

XP10 F 21.1 n/a Device failure  

XP11 F 56.4 n/a Device failure  

XP12 M 75.7 n/a Device failure  

Mean age  53.0   

SD age  18.5   
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DISCUSSION 

This study presents data relating to the accuracy of automated 

audiometry in a clinical population, using consecutive series 

recruitment. The present study also examined a range of patient-

related factors that may affect accuracy between manual and 

automated audiometry. The study cohort represents a wide range of 

type and severity of hearing losses, which has been highlighted as a 

key limitation of previous studies (Mahomed et al., 2013).  

 

According to the current ISO standard 8253-1:2010, the standard 

variability for determining a hearing threshold level at frequencies 

below 4 kHz is 4.9 dB, in a sound-treated environment, without 

masking and assuming no other uncertainties. To account for 

uncertainties, the standard acceptable variability in audiometry is an 

absolute difference of 10 dB, representing the typical ±5 dB test-

retest criteria that is practiced widely by audiologists and present in 

most audiological standards (ASHA, 2004).  

 

Participants in this study had their automated audiometry thresholds 

tested in a room that was not sound-treated, whilst the manual 

audiometry testing was performed in a sound-treated environment, 

potentially introducing further accuracy variation from previous 
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studies (Maclennan-Smith et al., 2013; Storey et al., 2014). The 

placement of the bone-conductor also differed, with mastoid 

placement used for the reference test and forehead placement used 

for the index test and ambient noise levels for the reference test also 

exceeded the recommended ISO 8253-1:2010 standard. These 

factors may therefore have contributed additional variation between 

the reference and index tests.  

 

Therefore, a number of potential influences may have affected 

variability for this study, with standard test variability, inter-tester 

differences for manual audiometry, calibration differences and the 

test environment all likely to influence variation in addition to that 

caused by automation. Considering the compounded variation of 

these variables, the variability due to automation appears acceptable, 

with 86.5% of four-frequency thresholds (500, 1000, 2000 and 4000 

Hz) within the accepted ISO absolute variation of 10 dB and 94.8% of 

participant’s thresholds within a further 5 dB of this (i.e. absolute 

mean threshold difference within 15 dB, real mean difference of ±7.5 

dB). This shows that for approximately 95% of participants in this 

study the additional variation introduced was within an additional 5 

dB absolute difference (±2.5 dB relative difference) of ISO standards. 

It is also comparable to previous clinical validation studies of the 

KUDUwave which showed 91% accuracy  (Swanepoel et al., 2010) 
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and 92% accuracy (Storey et al., 2014) of obtaining hearing 

thresholds within a 10 dB absolute difference in sound-treated and 

40 dBA multi-talker background noise environments.  

 

Whilst the additional 5 dB variation above the ISO standard may be 

considered low once the confounding factors are accounted for, the 

accuracy of automated audiometry in this study is lower than 

previous studies which have fallen within the ISO standard threshold 

variation limits (Eikelboom et al., 2013; Margolis et al., 2011; Storey 

et al., 2014; Swanepoel et al., 2010). Use of the same KUDUwave 

audiometer in manual and automated mode, as in Swanepoel et al. 

(2010), eliminates the calibration differences that were introduced in 

the present study, and could easily account for some of the 

increased differences in hearing thresholds. The use of sound-

treated environments in previous studies (Eikelboom et al., 2013; 

Margolis et al., 2011; Swanepoel et al., 2010), or artificial background 

noise environments (Storey et al. 2010) can also help account for the 

slightly better accuracy estimates in these studies. This study 

therefore provides clinical validation and accuracy levels for 

automated audiometry in environments with variable noise levels, 

typical of an outpatient clinic or health professional’s office. 
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There were a number of outlying hearing thresholds in the study 

cohort, with six individual threshold differences of 30-35 dB occurring 

across five different participants, which may have skewed mean 

differences given the size of our study sample. We have found no 

clear reason for these outliers but future studies with increased 

sample sizes may be able to better account for such variation. Whilst 

previous studies have excluded participants as outliers (Storey et al., 

2014), the outliers in the present study were specific to thresholds, 

not individuals themselves. Inter and intra-tester variability scores 

were not possible to assess in this study, but previous studies have 

indicated that the average level of inter-tester variation can be 

between 2.3–6.0 dB for air-conduction thresholds and 2.9–7.9 dB for 

bone-conduction thresholds (Margolis et al., 2010). This does not 

include clinician-specific variation around certain frequencies such as 

4000 Hz (Margolis et al., 2013), which may also have increased 

variation in the results. Data from participants with an outlying 

threshold have not been removed as it could be argued that their 

results give a clearer picture of the potential issues facing automated 

audiometry, namely identifying participants who would benefit from 

manual audiometry due to patient-related factors that may potentially 

affect reliability, such as memory, attention, reaction times and 

physiological aspects of ageing (e.g. ear canal structure) (Landry, 

1999).  
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To date, the analysis of results comparing automated and manual 

devices has been predominately descriptive; here we have included 

analysis of the pair-wise relationship between automated and manual 

audiometry results in conjunction with an analysis of variance 

approach. We have also included independent tests of the effect of 

age, presence of hearing loss on accuracy using a multivariate 

regression model and used simple linear regression to examine the 

influence of age on accuracy (Figure 2). The results from these 

statistical tests are mixed. For the pair-wise tests of automated 

versus manual audiometry accuracy, the low and mid frequencies for 

both air and bone conduction showed statistically significant 

differences with one another. However, at high frequencies for air 

conduction (4000 and 8000 Hz) and bone conduction (2000 and 

4000 Hz) there were no significant statistical differences between the 

two testing methods. These results from pair-wise tests at high-

frequencies were unanticipated. There is a recognized positive skew 

in manual thresholds referred to by (Margolis et al., 2015) as the 

“Good enough” bias which is believed to be the result of manual 

testers not acquiring accurate thresholds below 0 dB because this is 

deemed to be a sufficient level of hearing. Automated audiometry 

does not have this basis and may therefore introduce variation. 

There are also recognised calibration discrepancies at 4000 Hz for 
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bone conduction that may account for additional variation, but in this 

case, the influence of these differences were not significant on pair-

wise analysis (Margolis et al., 2013). For the ANOVA analysis, a 

significant difference was seen for left ear air conduction thresholds 

but not right ear air conduction thresholds. These results highlight the 

random error (as opposed to systematic error) associated with 

behavioural testing and order effects. We therefore suggest that 

automated audiometry include a number of pre-assessment trials to 

familiarise the patient with the automated procedure before the 

hearing threshold assessment begins.  

 

For air-conduction, 8000 Hz thresholds presented the most variability 

according to absolute mean difference, although these differences 

were not statistically significant according to pair-wise tests. It has 

been established that high-frequency audiometric testing at or above 

8000 Hz is more susceptible to variation from differences in the 

coupling of headphones or earphones and individual physiological 

differences, with additional variation differences of up to 10 dB 

(Gössing, 2003). It is therefore possible that the use of insert 

earphones (KUDUwave) compared to manual audiometry (supra-

aural headphones) may have introduced additional variation at higher 

frequencies.  
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Age was examined as a potential source of variability in this study. 

We found statistically significant differences in threshold accuracy 

between manual and automated audiometry for participants aged 

≥55 years using air-conduction audiometry when using a t-test 

approach. However, this effect was not significant using linear 

regression or once adjusted for the presence of hearing loss. 

Therefore, any effect of age on threshold accuracy using automated 

audiometers (see Figure 4.2) was either very weak or non-existent 

(i.e. a Type I error or “false-positive”). However, future studies 

examining this variable would be beneficial. Despite the variation that 

may have been introduced by a heterogeneous clinical population, 

we detected no significant association between the presence of 

hearing loss and accuracy of automated audiometry.  

 

It could be argued that whilst statistically significant differences have 

been identified at certain frequencies, the variation in hearing 

thresholds may be of minimal clinical significance. Whilst the 

absolute mean variation in thresholds exceeded the ISO standard by 

5 dB in this study, this is still the minimal measurable difference in 

most conventional audiometers and the clinical implications of the 

difference may be similar to equivalent inter-tester, environmental or 
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calibration differences.  Future research should focus on isolating key 

variables that increase threshold variation as optimal test conditions 

and patient factors deteriorate and investigate the clinical, rather than 

statistical, significance of audiometric variation and the effect on 

audiometry interpretation due to automation. 

 

CONCLUSION 

This study has described the clinical validation of automated 

audiometry in an unselected, clinically heterogeneous population, 

without the use of a sound-treated environment and with numerous 

manual audiometry testers, potentially introducing a high degree of 

inter- and intra-tester variability. Considering this, the difference in 

hearing thresholds is low, with 86.5% of 4FAs within 10 dB and 

94.8% within 15 dB. This study did however reveal that in these least 

optimal conditions for automated audiometry, the majority of 

automated hearing thresholds were statistically different to manual 

thresholds, with the exception of high frequency air-conduction (4000 

and 8000 Hz) and bone-conduction (2000 and 4000 Hz) frequencies, 

and this should be considered when interpreting audiograms 

produced via this method. However, whilst this variation was 

statistically significant, future research is needed to ascertain the 

clinical significance of such variation. 
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Foreword to Chapter Five 

Chapter Five provides the rationale, pilot data and a potential service 

model for an asynchronous tele-audiology program incorporating 

automated audiometry. The original rationale for examining the 

potential benefit of an asynchronous tele-audiometry model came 

from observations on remote clinical visits that many remote Western 

Australian communities often did not have a reliable internet 

connection that could sustain synchronous remote tele-audiometry 

assessments.  

This Chapter used diagnostic accuracy methods to ascertain 

sensitivity and specificity levels for determining various types and 

levels of hearing loss. To do this required the application of pre-

defined diagnostic protocols to hearing threshold data (obtained in 

Chapter Four) to create a series of dichotomous outcomes for 

various classifications of hearing impairment.  
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ABSTRACT: 

Introduction: Standard criteria exist for diagnosing different types of 

hearing loss, yet audiologists interpret audiograms manually. This 

pilot study examined the feasibility of standardised interpretations of 

audiometry in a telehealth model of care. The aim of this study was 

to examine diagnostic accuracy of automated audiometry in adults 

with hearing loss in an asynchronous telehealth model using pre-

defined diagnostic protocols. 

Materials and Methods:  We recruited 42 study participants from a 

public audiology and otolaryngology clinic in Perth, Western 

Australia. Manual audiometry was performed by an audiologist either 

before or after automated audiometry. Diagnostic protocols were 

applied asynchronously for normal hearing, disabling hearing loss, 

conductive hearing loss and unilateral hearing loss. Sensitivity and 

specificity analyses were conducted using a two-by-two matrix and 

Cohen’s kappa was used to measure agreement. 

Results: The overall sensitivity for the diagnostic criteria was 0.88 

(range: 0.86 – 1) and overall specificity was 0.93 (range: 0.86 – 

0.97). Overall Kappa (k) agreement was “substantial” k = 0.80 

[95%CI 0.70, 0.89] and significant at p<0.001. 
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Discussion: Pre-defined diagnostic protocols applied 

asynchronously to automated audiometry provide accurate 

identification of disabling, conductive and unilateral hearing loss. This 

method has the potential to improve synchronous and asynchronous 

tele-audiology service delivery.  
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INTRODUCTION 

There is a global shortage of audiological services that is not 

exclusive to low and middle-income countries (Olusanya et al., 

2014). In developed economies, people living in rural areas have 

been shown to have higher rates of hearing loss with lower uptake of 

interventions (Lower et al., 2010; Brennan-Jones, Taljaard et al., 

2016), and as many as 25% of children may require diagnostic 

audiometric testing to identify hearing loss associated with recurrent 

ear disease (Brennan-Jones et al., 2015). Telehealth models of care 

utilising automated audiometers have therefore been proposed as a 

potential means to increase access to hearing services in 

underserved regions (Margolis & Morgan, 2008; Swanepoel, Clark et 

al., 2010; Windmill & Freeman, 2013). 

 

A number of automated audiometers have recently been clinically 

validated, including the AMTAS (Margolis et al., 2010; Eikelboom et 

al., 2013) and KUDUwave (Swanepoel, Mngemane et al., 2010). The 

studies examining clinical validation typically utilise a comparative or 

test-retest design, aimed at comparing the accuracy of individual 

hearing thresholds. These studies have helped determine the 

strengths and weaknesses of automated audiometry. The effects of 

introducing background noise, along with other variables, have been 
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examined and the consensus across studies is that automated 

audiometry is a suitable alternative to manual audiometry (Storey et 

al., 2014). However, these approaches all rely on the availability of 

an audiologist to interpret the audiometry results. Pre-defined 

diagnostic protocols that can correctly identify patients with a hearing 

diagnosis that requires further examination using automated 

audiometry may have the potential to increase the efficiency of 

audiological services. In synchronous models of tele-audiology, pre-

assessment using diagnostic protocols applied to automated 

audiometry could reduce the number of audiologist-administered 

audiograms required per session and decrease the time to diagnosis 

and referral in asynchronous models of care. 

 

Classification systems applied to audiometry have been the subject 

of previous efforts to standardise the interpretation and reporting of 

audiometric results (Guild, 1932; Carhart, 1945). More recently, the 

World Health Organisation has issued guidance on the level of 

severity for hearing loss (WHO, 2013). Margolis & Saly (2007) have 

developed a comprehensive automated system for audiogram 

classification (AMCLASS). However, the severity of hearing loss is a 

general descriptor, and not specific to a diagnosis (Clark, 1981). As 

such, previous studies have expressed the need for a consensus on 

diagnosing the site of lesion for a given hearing loss (i.e. is the 
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hearing loss conductive or sensorineural?) (Margolis & Saly, 2007). 

There has been a lack of formal guidance on this issue, but 

subsequently a number of professional bodies have now issued 

relevant diagnostic classification criteria that will be applied in this 

study (e.g. BAA, 2009).  

 

Margolis & Saly (2007) have previously focused on improving 

agreement between clinical audiologists by standardising the 

classification and configuration of audiograms by creating the 

AMCLASS software which incorporates 161 audiogram 

classifications. However, the AMCLASS is currently only available for 

use with the AMTAS automated audiometry software. This study will 

therefore utilise simple, freely available, diagnostic guidelines issued 

by professional bodies that can be applied to any type of manual or 

automated audiometer and interpreted by telehealth facilitators with 

minimal training. The primary focus of the diagnostic criteria used in 

this study was to identify patients for suitable for interventions, either 

medical or audiological. Disabling hearing loss, conductive hearing 

loss and unilateral or asymmetrical hearing loss are common 

reasons for referral to specialist medical and audiological 

professionals. However, using diagnostic criteria can streamline the 

referral process and limit unnecessary medical and audiological 

referrals. Patients with a bilateral sensorineural hearing loss will, 
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generally, be considered initially for audiological intervention (e.g. 

hearing aids) without the need for a medical referral. For patients 

with a significant conductive hearing loss, both medical intervention 

(to assess whether any hearing can be restored through surgical or 

non-surgical intervention) and audiological intervention will typically 

be required. Patients with a significant unilateral or asymmetrical 

hearing loss will require a medical and often a radiological referral to 

exclude acoustic neuroma in additional to an audiological referral 

(BAA, 2009). The aim of the study was to examine the accuracy of 

standard diagnostic criteria applied to automated audiometry to 

identifying a number of key audiometric characteristics which can 

guide further referral to specialist services. 

 

 

METHODS 

Participants 

Study population 

We recruited 42 study participants (20 male, 22 female) from a 

publicly-funded combined audiology and otolaryngology clinic at Sir 

Charles Gairdner Hospital, Perth, Western Australia. Attendance at 

the clinic was free at the point of service for patients. Inclusion 

criteria were: 18 years or over, no known cognitive disorder, spoke 
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English as a first language, both ears suitable for hearing 

assessment. Ethics approval was granted by The University of 

Western Australia Human Research Ethics Committee.  

 

Participant recruitment and sampling 

Patient recruitment was by consecutive series, with all patients 

attending the clinic offered enrolment in the study, subject to 

exclusion and inclusion criteria. Recruitment was not based on 

presenting symptoms (except where they contra-indicated 

audiological assessment) or results from previous audiometry. No 

incentives were offered to participants involved in the study.  

 

Test methods 

Reference test: Manual audiometry 

Manual audiometry is considered the gold standard assessment of 

hearing thresholds in adults and children over five years of age 

(ASHA, 2004) and therefore served as the reference test for this 

study. The Hughson & Westlake method, or adaptations of this 

method according to local protocols, is typically used when 

determining hearing thresholds with manual audiometry. Manual 

audiometry was conducted within a sound-treated room (mean 

ambient noise level 37 dBA) using Acoustic Analyser AA30 

audiometer (Starkey Hearing Technologies; Minnesota), calibrated to 
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ISO389-1:1998 and TDH-39P (Telephonics; North Carolina) supra-

aural headphones and Radioear B-71 bone-conductor (Radioear 

Corp.; Pennsylvania), calibrated to ISO389-3:1994. Recording the 

patient’s relevant clinical history, otoscopy and tympanometry using a 

GSI 38 Auto Tymp (Grason-Stradler; Minnesota) preceded 

audiometry testing.  

 

Index test: Automated audiometry 

Automated audiometry was conducted using the KUDUwave 

(eMoyoDotNet; Pretoria, South Africa) a mobile Type 2B screening, 

diagnostic and clinical audiometer (IEC 60645-1/2) using the 

ascending method according to ISO8253-1:2010. A key advantage of 

the KUDUwave audiometer is its double attenuation via use of insert 

earphones and circumaural earcups and its use of continual noise 

monitoring, which pauses audiometric testing if ambient noise levels 

exceed prescribed limits, enabling accurate testing down to 0 dB with 

an ambient noise level of up to 59 dB SPL. Ambient noise levels are 

monitored in octave bands through an external microphone on each 

circumaural earcup. The noise monitoring function of the KUDUwave 

uses low-pass (<125 Hz), even single octave band- pass (125, 250, 

500, 1000, 2000, 4000, and 8000 Hz) and high-pass (>8000 Hz) 

filters to separate the incoming sound. The filters have a stop-band 

attenuation of 90 dB and pass-band ripple of 0.003 dB. The outputs 
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of these filters are monitored in real-time and the peak value passes 

to the user interface software (eMOYO) every 100-ms, which is 

visually represented within the software (Figure 5.1). By representing 

the peak and not the average ambient noise values averaged over 

each 100-millisecond period, the device provides an aggressive 

monitoring function. The noise level indicated represents the peak 

value for the microphone at the ear undergoing testing. Placing insert 

earphones down to the bony part of the ear canal also reduces the 

occlusion effect allowing for bone-conduction evaluation with 

occluded ears using insert earphones (Dean & Martin, 2000; 

Swanepoel & Biagio, 2011). The insert earphone frequency response 

approximated that of the ER3A within 1 dB across test frequencies. 

This allowed for the use of the international insert earphone standard 

(ISO 389-2, 1994) for calibration. These features make the 

KUDUwave especially suited for use without a sound-treated 

environment, making it appropriate for use in rural, remote or 

community settings, where the availability of a sound-treated 

environment for testing is unlikely.  

 

The audiometry procedures were automated and recorded on a 

laptop using the eMOYO (v3.6.7) interface developed by 

eMoyoDotNet. The diagnostic criteria were calculated post-testing 

and were not programmed into the eMOYO software. Whenever the 
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difference between the air conduction thresholds in the test and non-

test ear was 75 dB or more at frequencies ≤1000Hz and 50 dB or 

more at frequencies >1000 Hz, air conduction thresholds were 

masked. A masking level of 30 dB above the air conduction threshold 

of the non-test ear was used. Bone conduction thresholds (using a 

centrally placed B-71 bone oscillator, Radioear B-71 (Radioear 

Corp.; Pennsylvania)) were determined with continuous masking in 

the contralateral ear. A continuous masking level of 20 dB above the 

air conduction threshold of the non-test ear was used. Testing took 

place in a quiet room that was not sound treated (mean ambient 

noise level when there was no outpatient clinic in progress was 46 

dBA). The researcher gave standard instructions, placed the insert 

earphones, bone-conductor and headset on the participant and 

monitored the progress of the test in case of malfunction or patient 

discomfort. 

 

Figure 5.1: KUDUwave automated audiometry screen display during 

testing.  
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Hearing thresholds were presented in dB hearing level (dB HL). 

Participants were tested at air conduction frequencies of 250, 500, 

1000, 2000, 4000 and 8000 Hz and bone conduction frequencies of 

500, 1000, 2000, 4000 Hz for both the reference standard and index 

test. The audiologists administering the reference standard obtained 

hearing thresholds at additional frequencies for participants as 

clinically indicated; however, these additional thresholds were not 

examined in this analysis as no corresponding threshold from the 

index test was available. The index test had lower maximum testable 

sound level limits compared to the reference standard (KUDUwave 

limits for air conduction were 95 dB for 250 Hz, 100 dB for 500, 1000, 

2000 and 4000 Hz, and 90 dB at 8000 Hz; sound level limits for bone 

conduction were 55 dB at 500 Hz and 70 dB at 1000, 2000 and 4000 

Hz). In cases where both the index test and the reference standard 

reach maximum testable limits before a participant’s hearing 

threshold was established, a predicted threshold at the index tests 

maximum level was imputed.    

 

Diagnostic criteria 

All participants were examined to identify whether they had normal 

hearing, a disabling hearing loss, a conductive or sensorineural 

hearing loss and whether their hearing thresholds were bilateral, 

unilateral or asymmetrical except where individuals had missing data 
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that prevented the diagnostic criteria being calculated (n = 3). Normal 

hearing in this study was defined according the World Health 

Organisation (2013) criteria of ≥26dB for hearing loss (i.e. normal 

hearing is <26 dB) in the better ear, with hearing thresholds 

averaged across 500, 1000, 2000 and 4000 Hz. Disabling hearing 

loss in this study was defined according the World Health 

Organisation (2013) criteria of ≥41dB hearing loss in the better ear, 

with hearing thresholds averaged across 500, 1000, 2000 and 4000 

Hz 

 

Conductive hearing loss was defined in this study as an air-bone gap 

of ≥20 dB at two or more adjacent frequencies out of 500, 1000, 

2000 and 4000 Hz (BAA, 2009). The individual frequency bone-

conduction thresholds were subtracted from the individual frequency 

air-conduction thresholds for both the index and reference test to 

obtain the air-bone gap. 

 

Unilateral or asymmetrical hearing loss was defined in this study as a 

≥20 dB difference between the left and right bone-conduction 

thresholds at two or more adjacent frequencies out of 500, 1000, 

2000 or 4000 Hz (BAA, 2009).  
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Test procedure 

The reference standard (manual audiometry) was administered by 

one of five clinical audiologists. The audiologists were all full 

members of Audiology Australia. Automated audiometry was 

facilitated by researchers involved in the project. The time interval 

between reference test and the index test being conducted was less 

than 60 minutes for all participants, as patients proceeded directly to 

the next test, or after a short break if requested.  

 

Blinding 

The audiologist administering the reference standard (manual 

audiometry) was blinded to the results of the index test (automated 

audiometry). The researcher administering the index test was not 

blinded to the results of the reference test as the index test was 

automated and therefore could not influence the results.  

 

Statistical methods 

The diagnostic accuracy analysis used air-conduction thresholds for 

500, 1000, 2000, 4000 Hz and bone-conduction thresholds of 500, 

1000, 2000 and 4000 Hz for both manual and automated audiometry. 

Sensitivity and specificity along with positive and negative predictive 

value were calculated for each category of hearing loss.   
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Agreement between automated and manual audiometry across the 

diagnostic categories was assessed using Cohen’s Kappa statistic. 

The Landis & Koch (1977) recommendations of agreement 

classification were applied, with k<0 indicating no agreement, k = 0–

0.20 indicating “Slight” agreement, k = 0.21–0.40 indicating “Fair” 

agreement, k = 0.41–0.60 indicating “Moderate” agreement, k = 

0.61–0.80 indicating “Substantial” agreement and k = 0.81–1.00 

indicating “Almost perfect” agreement.  

 

 

RESULTS 

Participants  

The mean age of participants was 49.9 years (SD = 17.3, range of 

19.3 to 92.5 years). Patients presented with a diverse range of 

symptoms and comorbidities, including but not limited to: 

sensorineural hearing loss, tinnitus, conductive hearing loss, 

otosclerosis, otitis media, acoustic neuroma, Meniere’s disease, 

benign paroxysmal positional vertigo, perforated tympanic 

membrane, Eustachian tube dysfunction, ototoxic hearing loss, skull 

base fracture, unilateral hearing loss, pre-surgical and post-surgical 

assessment. Hearing loss was not the primary complaint of all 

participants and many had more than one ear or hearing related 

disorder at the time of testing. An additional eleven patients who did 
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not complete both hearing assessments (n = 7) or had reliability 

questioned (i.e. suspected attention or cognitive ability issues) by the 

clinical audiologist (n = 4) were not included in the analysis.  

 

Diagnostic accuracy of clinical protocols for automated audiometry 

Table 5.1 presents 2x2 tables of the diagnostic data for detecting 

disabling, conductive and unilateral hearing loss using pre-defined 

clinical protocols applied to automated audiometry. Three 

participants had incomplete data that prevented the calculation of 

diagnostic criteria (one patient for disabling hearing loss, two for 

unilateral hearing loss). Table 5.2 presents sensitivity and specificity 

results; overall sensitivity was 0.88 [95%CI 0.75, 0.95] and overall 

specificity was 0.93 [95%CI 0.88, 0.97]. The highest sensitivity and 

specificity was for identifying disabling hearing loss (1.00 and 0.97 

respectively), and the lowest was for identifying a normal ear (0.86 

and 0.86 respectively). There were generally greater 95% confidence 

intervals for sensitivity than for specificity. The positive predictive 

values (PPV) ranged between 75% and 86% across the diagnostic 

criteria and negative predictive values (NPV) ranged from 92% and 

100% (Table 5.2). 
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Table 5.1: Participant classification according to diagnostic criteria 

presented in 2x2 format. 

Diagnostic criteria  HL Absent HL Present Totals

Normal     

Test Positive  4 12 16 

Test Negative  24 2 26 

Totals  28 14 42 

Disabling HL    

Test Positive  1 4 5 

Test Negative  36 0 36 

Totals  37 4 41 

Conductive HL    

Test Positive  3 18 21 

Test Negative  60 3 63 

Totals  63 21 84 

Unilateral HL    

Test Positive  2 11 13 

Test Negative  26 1 27 

Totals  28 12 40 

HL – Hearing loss 

 

 

Agreement 

Cohen’s Kappa agreement ranged from “substantial” to “almost 

perfect” across the diagnostic criteria, k = 0.80 [95%CI 0.70, 0.89]; 

p<0.001.  
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Table 5.2: Diagnostic accuracy of clinical protocols applied to automated 

audiometry. 

 
Diagnostic criteria  L95%CI U95%CI 

Normal     

Sensitivity 0.86 0.56 0.98 

Specificity 0.86 0.66 0.95 

PPV 0.75 0.47 0.92 

NPV 0.92 0.73 0.99 

Disabling HL    

Sensitivity 1.00 0.40 1.00 

Specificity 0.97 0.84 0.99 

PPV 0.80 0.30 0.99 

NPV 1.00 0.88 1.00 

Conductive HL    

Sensitivity 0.86 0.63 0.96 

Specificity 0.95 0.86 0.99 

PPV  0.86 0.63 0.96 

NPV 0.95 0.86 0.99 

Unilateral HL    

Sensitivity 0.92 0.60 0.99 

Specificity 0.93 0.75 0.99 

PPV 0.85 0.54 0.97 

NPV 0.96 0.79 0.99 

Overall    

Sensitivity 0.88 0.75 0.95 

Specificity 0.93 0.88 0.97 

PPV 0.82 0.69 0.90 

NPV 0.96 0.91 0.98 

HL – hearing loss 

PPV – positive predictive value 

NPV – negative predictive value 

L95%CI – lower 95% confidence interval 

U95%CI – upper 95% confidence interval 
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DISCUSSION 

This is the first study to examine the accuracy of pre-defined 

diagnostic criteria applied to automated audiometry in a telehealth 

context. The aim of the study was to examine whether applying 

standard diagnostic criteria applied to automated audiometry is an 

accurate method of identifying a number of key audiometric 

characteristics which can guide further referral to specialist services. 

The primary use of this method would be to increase access to 

audiology services for patients in remote areas as part of a tele-

audiology program or increase efficiency of audiology practices in 

urban areas by facilitating patient triaging. The overall agreement 

ranged from substantial to almost perfect and was highly significant 

(p<0.001), indicating that pre-defined diagnostic criteria may be an 

accurate and effective method of identifying hearing disorders using 

automated audiometry. However, there was a wide range of variance 

in agreement (0.70 - 0.89) and further research beyond a pilot study 

with additional participants will enable a more precise range of 

variance to be calculated. Sensitivity, specificity, positive and 

negative predictive values appeared to be high across conditions, 

indicating that automated audiometry may be an accurate diagnostic 

measure when using pre-defined diagnostic protocols. However, 

there is no direct comparison available for the sensitivity and 

specificity values obtained in this study so we are unable to ascertain 



– 125 – 

whether the values obtained truly represent high sensitivity and 

specificity. Screening audiometry in unselected populations perhaps 

offers the closest comparison and typically has sensitivity values 

between 50% to 75%, specificity of 78% to 98.5%, PPV values 

ranging from 7.6% to 52.9% and NPV values of approximately 89-

99% (Halloran et al., 2009; Botasso et al., 2015; Mahomed-Asmail et 

al., 2016). Whilst the results from the present study compare 

favourably with screening audiometry in terms of accuracy, it should 

be noted that the objectives, target population and disease 

prevalence in screening audiometry are not directly comparable to 

diagnostic audiometry in this study.  

 

Limitations of this study include the low number of participants with 

the target hearing conditions, particularly for disabling hearing loss, 

which contributed to the wide confidence intervals. As a pilot study, 

the current results lack the statistical power to provide conclusive 

evidence to support adopting pre-defined diagnostic protocols. 

However, it demonstrates proof of concept and shows that this 

method warrants further investigation as it has significant potential for 

improving audiology service delivery. Sensitivity and specificity for 

identifying normal hearing (the largest clinical group) was 86%. We 

would therefore expect future studies to have a similar level of 

accuracy, albeit with more precise confidence intervals.  
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Role of diagnostic protocols in a telehealth framework 

With over 360 million people around the world with disabling hearing 

loss (WHO, 2013), and a shortage of hearing health specialists 

(Goulios & Patuzzi, 2008), new models of diagnosis and care are 

required to provide equity of access to health care and to reduce the 

burden of disease, particularly in countries such as Australia, where 

the availability of specialist healthcare services is limited outside of 

urban centres. Automated audiometry is becoming increasingly 

sophisticated and has recently been validated for use without a 

sound treated environment (Swanepoel et al., 2015), and in a 

clinically heterogeneous population (Brennan-Jones, Eikelboom et 

al., 2016), meaning it has the potential to overcome some of the 

obstacles in access to hearing services. However, the results of a 

hearing test still need to be interpreted to determine the next step in 

the clinical pathway. Diagnostic protocols such as those applied in 

this pilot study have the potential to address this, for synchronous, 

asynchronous and hybrid tele-audiology services (Swanepoel & Hall, 

2010). An example of a possible clinical pathway using diagnostic 

protocols for automated audiometry is shown in Figure 5.2. Applying 

these protocols to automated audiometry could enable local health 

workers to triage patients with ear and hearing disorders according to 

their type and level of hearing loss. In particular, the identification of 

participants with normal hearing levels will directly reduce the 
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workload of audiologists and enable more patients to be seen or 

allow more time spent on complex cases, whether synchronous or 

asynchronous methods are used.  

 

Figure 5.2: Flowchart of the potential patient journey through a service 

incorporating pre-defined diagnostic criteria applied to automated 

audiometry.   

 

 

Clinical relevance & further research 

This study presents a method of identifying patients with hearing 

disorders that can be applied to automated audiometry within 

telehealth practices. Assistants currently working to facilitate both 

synchronous and asynchronous tele-audiology services would be 

able to apply, conduct and interpret these results from pre-defined 

diagnostic protocols using automated audiometry, reducing the time 

and administrative burden placed on clinical audiologists. 
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Classification systems do have their limitations (Clark, 1981). 

Classifying hearing loss by severity does not provide any medical 

information (conductive or sensorineural hearing loss) or an 

understanding of the patient’s perceived experience of their hearing 

loss (i.e. low-frequency versus high-frequency hearing loss) or quality 

of life.  

 

The diagnostic accuracy of audiometry will often be strengthened by 

interpretation by an experienced audiologist. However, standard 

diagnostic criteria are available for identifying disabling hearing 

losses, conductive (versus sensorineural hearing losses) and 

unilateral versus bilateral losses (BAA, 2009). Disabling, conductive 

and unilateral hearing losses all require further investigation and 

management, usually from a team comprised of otolaryngologists 

and audiologists. Clinical protocols that adhere to these diagnostic 

criteria could allow basic treatment and referral decisions to be made 

based on results of automated audiometry conducted in a primary 

care or tele-audiology setting where experienced audiologists may 

not be available. In addition to complementing tele-audiology models 

of care, the diagnosis of these conditions could be an effective 

method of triaging appropriate referral to audiologists and 

otolaryngologists in secondary and tertiary care. 
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It is expected that there will be disparities in clinical guidelines locally, 

nationally and internationally which would affect the definitions used 

for the diagnostic protocols. Indeed, this study has incorporated 

guidance from a number of sources to derive the diagnostic 

definitions included in this study as no single audiological 

professional body lists universally agreed upon definitions for 

diagnosis of hearing loss. The selection of clinical guidelines for this 

study was therefore limited to those that are known to the authors 

and publicly available; all diagnostic criteria represented national or 

international guidelines. However, this study serves to provide a 

proof of concept and numerous iterations of pre-defined diagnostic 

protocols are possible for identifying target conditions (e.g. BAA, 

2009; WHO, 2013). Current automated audiometers can easily 

accommodate different diagnostic criteria into their programming, but 

the use of alternative guidelines will vary the sensitivity and 

specificity of the diagnostic test as a result. It is therefore suggested 

that a formal analysis of alternative diagnostic definitions should be 

conducted before implementation.  

 

Further research should also consider patient perceptions of 

automated audiometry testing as part of a telehealth service. Patient 

non-acceptance of telehealth applications in audiology is decreasing, 

but has ranged from 9-30% in previous studies (Swanepoel & Hall, 
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2010; Eikelboom et al., 2014). Quality assessment of automated 

audiograms is an area for future research, as the development of a 

validated tool for use with the KUDUwave, similar to those used for 

the AMTAS automated audiometer would help to identify patients for 

whom automated testing may not be suitable (Margolis et al., 2007). 

 

 

CONCLUSION 

The current study demonstrates significant potential for the use of 

diagnostic protocols applied to automated audiometry to complement 

current telehealth models of care in audiology. Pilot data 

demonstrates that pre-defined diagnostic protocols applied to 

automated audiometry asynchronously are sensitive, specific and 

have substantial to almost perfect agreement for identifying disabling, 

conductive and unilateral hearing. We have demonstrated proof of 

concept for this method to be used in a telehealth model of care to 

improve synchronous and asynchronous tele-audiology service 

delivery. However, further studies utilising a greater number of 

participants with the target conditions are now required. 
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Foreword to Chapter Six 

Whilst the number of validation studies of automated audiometry has 

considerably increased in the past decade, many have been based 

on small participant samples. Consequently, there has been variation 

in the range of absolute mean differences between studies and 

therefore it has been difficult to get a clear indication of the expected 

variance when using automated audiometry.  

The use of diagnostic accuracy techniques, such as those described 

in Chapter Five, is a recent addition to the methodology used to 

quantify the comparability of automated and manual audiometry. This 

approach can be applied to previous reports through meta-analysis, 

however, as individual-level data is required to calculate diagnostic 

accuracy, only an individual participant data meta-analysis will 

enable the calculation of diagnostic accuracy using sensitivity and 

specificity scores.  

Through replicating the general approaches used to describe the 

validation in Chapter Five and diagnostic accuracy in Chapter Five to 

a meta-analysis of over 300 participants, this chapter provides the 

most precise estimates of automated audiometry accuracy to date.   
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ABSTRACT: 

Objectives: To conduct an individual participant data meta-analysis 

to provide precise accuracy estimates for automated audiometry. 

Study sample: 329 participants from six included studies. 

Design: Prospective accuracy study using an individual participant 

data meta-analysis. 

Results: Absolute mean differences between automated and manual 

audiometry ranged from 4.07 dB to 5.19 dB (SD 4.79-6.53) for air-

conduction and 8.47 dB to 13.99 dB (SD 10.16-16.05) for bone-

conduction. The sensitivity of automated audiometry for identifying 

participants with a bilateral hearing loss was 99.07 [95%CI 94.15, 

99.95] and specificity was 92.39 [95%CI 87.52, 95.53]. 

Conclusions: Automated air-conduction audiometry is a valid 

method of obtaining hearing thresholds. However, the validity of 

automated bone-conduction audiometry requires further examination 

as the variance is currently beyond typically expected variability.  
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INTRODUCTION 

A number of automated audiometers have recently been clinically 

validated, including the AMTAS (Margolis, Glasberg et al. 2010, 

Eikelboom, Swanepoel et al., 2013) and KUDUwave (Swanepoel, 

Mngemane et al. 2010; Brennan-Jones et al. 2016a). The methods 

used for clinical validation typically utilise a comparative or test-retest 

design, aimed at comparing the variation of individual hearing 

threshold data between manual and automated audiometers. These 

studies have helped determine the effects of introducing background 

noise, along with other variables on automated audiometry (Storey et 

al., 2014). However, many of these studies are limited to small 

sample sizes and there is limited research into clinical validity of 

automated bone-conduction audiometry. Only one study to date has 

adopted a diagnostic test accuracy approach to examine the 

sensitivity and specificity of automated audiometry for identifying 

hearing loss (Brennan-Jones et al. 2016b). 

 

A meta-analysis of automated audiometry has previously been 

conducted by Mohamed et al. (2013). Their analysis identified a lack 

of studies examining the accuracy of bone-conduction audiometry 

and was limited to combining summary statistics of mean differences 

for hearing thresholds. Since the publication of their review, a 
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number of reports of automated audiometry (including automated 

bone-conduction audiometry) have been published thereby 

warranting a re-examination of the accuracy of automated 

audiometry (e.g. Eikelboom et al., 2013; Storey et al., 2014; 

Brennan-Jones et al., 2016a).  

 

An individual participant data (IPD) meta-analysis is considered the 

gold-standard of meta-analyses and have a number of advantages 

over a conventional meta-analysis of summary statistics. An IPD 

meta-analysis has the ability to examine the data in detail, produce 

consistent analyses across studies and avoid biases associated with 

the use of aggregate data in meta-regression (Simmonds et al. 2005, 

Riley et al. 2010). 

 

The objectives of this IPD meta-analysis are to provide the most 

precise estimates of accuracy for automated audiometry to date. 

Examination of individual participant data also allows the diagnostic 

accuracy of automated audiometry to be examined. A meta-analysis 

of diagnostic accuracy aims to investigate whether a test is 

sufficiently specific or sensitive to fit its role in practice, to compare 

the accuracy of two or more diagnostic tests, or to investigate where 

existing variation in results comes from. In addition to the comparison 
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of thresholds for clinical validation, the utilisation of a diagnostic test 

accuracy approach, where defined diagnostic criteria are used to 

identify different types of hearing loss (i.e. sensorineural or 

conductive; mild or severe) is a method that has shown potential for 

improving asynchronous tele-audiology service delivery (Brennan-

Jones et al. 2016b). Therefore, a diagnostic test accuracy meta-

analysis will help inform the validity of this approach.  

 

This meta-analysis will examine the automated Hughson and 

Westlake method (method of limits approach) compared with the 

current gold standard assessment for determining hearing 

thresholds, manual audiometry (ISO 8253-1:2010).  

 

METHODS 

Reference test (manual audiometry) 

Manual audiometry is considered the gold standard assessment of 

hearing thresholds in adults and children over five years of age 

(ASHA, 2004) This meta-analysis examined studies using manual 

audiometry performed according to ISO 8253-1:2010 standards (or 

ISO 8253-1:1989 if conducted prior to the 2010 revision of standards) 

on equipment calibrated to the same standards. No restriction was 

placed on the manufacturer of audiometers, headphones, bone 
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conductors and environmental sound proofing used (provided they 

adhered to ISO 8253-1:2010 or ISO 8253-1:1989 standards).  

 

Index test (automated audiometry) 

No restriction was placed on the manufacturer of automated 

audiometers, headphones, bone conductors and environmental 

sound proofing used. Only index tests that adhered to an automated 

method of limits approach, comparable to ISO 8253-1:2010 or ISO 

8253-1:1989 standards, were considered for evaluation (i.e. not 

screening audiometry). 

Identification of study samples: search strategy  

Firstly, we reviewed the search results of Mohamed et al. (2013) to 

identify studies that met the inclusion criteria for the present study. 

Secondly, we performed an updated systematic search using the 

strategy employed by Mohamed et al. (2013) (Table 6.1).  

 

Table 6.1: Search Strategy, conducted in July, 2015. 

Database Search strategy Identifiers Results Limiters 
Pubmed/ 
Medline  

Reports indicating 
findings of 
automated 
audiological testing.  
Terms occurring in 
the title, abstract, or 
keywords of articles. 

“Automatic” OR 
“computerized” OR 
“computer-based” OR "pc-
based" OR "automation" 
OR "automated" OR 
“audioscan” AND 
"audiometry" OR "hearing 
measurement" OR "hearing 
thresholds" OR "auditory 
thresholds" OR "hearing 
assessment" OR "hearing 
evaluation" 

716 Reports 
published 
prior to 
1946 not 
included 

Google 
Scholar 

As above “Automated audiometry” 155 No limits 
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Abstracts of all reports resulting from the searches were reviewed to 

determine whether the report complied with the inclusion criteria. 

Where an abstract was unavailable, the full article was reviewed. 

After all duplicates and unrelated reports had been excluded, the 

remaining reports were reviewed in full to determine whether they 

met the inclusion criteria.  

 

A secondary search was used to supplement the findings of the 

primary search. This involved reviewing the reference lists of reports 

already identified for inclusion during for additional, relevant reports. 

Prominent authors in the field were also contacted for information on 

potential further sources of published or unpublished (i.e. grey 

literature) data that could be eligible for inclusion in this study.  

The reports selected for review were scrutinized according to the 

audiological threshold-seeking method used (method of adjustment 

or method of limits), type of evaluation (diagnostic or screening), AC 

or BC thresholds, type of transducers and audiometer used, age and 

hearing status of participants and type of statistical analysis for 

accuracy and test-retest reliability. 
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Inclusion Criteria 

For inclusion, studies must have examined the accuracy of 

diagnostic automated audiometry using a method of limits approach 

(i.e. Hughson & Westlake audiometric methods), compared to 

manual method of adjustment audiometry. Studies could be 

prospective, retrospective or cross-sectional in nature and not be 

conducted on children <5 years of age, as test procedures are often 

varied for children in this age group (ASHA, 2004). 

 

Data collection 

The primary investigators of all selected studies were contacted via 

email and asked to provide the raw data for their study: air and bone 

conduction thresholds for each participant for the index and 

reference test. The obtained data were checked for consistency and 

any queries were resolved by correspondence with the responsible 

trial investigator. As is customary in IPD meta-analyses (Veroniki, 

Straus et al. 2016), authorship was offered to the primary 

investigators supplying data in accordance with the International 

Committee of Medical Journal Editors (ICMJE) criteria (ICMJE, 

2015).  
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Statistical analysis 

We estimated the accuracy of automated audiometry compared to 

manual audiometry for determining frequency-specific hearing 

thresholds using a meta-analysis of mean differences (real and 

absolute) between hearing thresholds reported in included studies, 

using individual patient data. This analysis examined the frequencies 

of 500, 1000, 2000 and 4000 Hz extracted from the included studies 

as these were the frequencies most consistently measured across 

studies. We used analysis of variance (ANOVA) with Bonferroni’s 

correction applied to examine statistical significance for absolute 

mean differences and pair-wise comparisons for the real mean 

difference, in accordance with previous studies (Eikelboom et al. 

2013, Brennan-Jones et al. 2016a). However, the relevance of such 

statistical tests has been questioned as they do not account for 

clinical significance which is typically deemed as a real difference 

between hearing thresholds of ±5 dB or absolute difference of 10 dB 

(ISO 8253-1:2010).  

A diagnostic test accuracy meta-analysis to compare the sensitivity 

and specificity of the index tests of automated audiometry compared 

to manual audiometry was also performed. To obtain a series of two-

by-two matrices for diagnostic test accuracy analysis we used 

individual hearing threshold data obtained from study authors and 

categorised hearing impairment as positive or negative in subgroups 
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for the type of hearing impairment (sensorineural or conductive) and 

level of hearing loss according to predefined criteria. We entered the 

resulting two-by-two matrices for the calculation of sensitivity and 

specificity. 

 

Diagnostic criteria for 2x2 matrices 

Normal hearing in this study was defined according the World Health 

Organisation criteria using a four-frequency average (4FA) of hearing 

thresholds (500, 1000, 2000 and 4000 Hz) with a better ear ≥26dB 

4FA defined as a hearing loss (i.e. normal hearing is <26 dB 4FA) 

(WHO, 2013). Disabling hearing loss in this study was defined 

according the World Health Organisation criteria of ≥41dB 4FA in the 

better ear (WHO, 2013).  

 

Conductive hearing loss was defined in this study as an air-bone gap 

of ≥20 dB at two or more adjacent frequencies of 500, 1000, 2000 

and 4000 Hz (BAA, 2009). The individual frequency bone-conduction 

thresholds were subtracted from the individual frequency air-

conduction thresholds for both the index and reference test to obtain 

the air-bone gap. 

Unilateral or asymmetrical hearing loss was defined in this study as a 

≥20 dB difference between the left and right bone-conduction 
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thresholds at two or more adjacent frequencies of 500, 1000, 2000 or 

4000 Hz (BAA, 2009). 

 

Assessment of heterogeneity 

An adapted QUADAS-2 (Quality Assessment of Diagnostic Accuracy 

Studies) checklist was developed to capture specific study design 

characteristics and patient characteristics that may account for 

heterogeneity in this study (Whiting et al. 2011).   

 

Protocol and ethics  

A prospective protocol for this study was registered with PROSPERO 

(CRD42015013880). All included studies were granted ethical 

approval from their relevant authority and all raw data obtained from 

study investigators was de-identified and presented with their unique 

ID number from the original study. 

 

RESULTS 

Study Identification 

Ten of the reports identified in Mahomed et al. (2013) were eligible 

for inclusion in this study. We contacted the authors of seven of 

these studies and were unable to obtain contact details for the 

remaining three studies. (Sparks, 1972; Wood et al. 1973; Picard et 
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al. 1993). The updated search identified a further 16 reports that 

appeared relevant to the research question based on study title (see 

Figure 6.1, PRISMA flowchart (Moher, et al. 2009)). On abstract 

examination, 7 studies were excluded (as they did not examine 

diagnostic audiometry) and the authors of the remaining 9 studies 

were contacted (comprising 5 research groups). In total, authors for 

six published studies (comprising four research groups) responded 

and three of the research groups (comprising data from six separate 

studies (Mahomed et al. 2016; Brennan-Jones et al. 2016a; 

Swanepoel et al. 2010; Eikelboom et al. 2013; Margolis et al. 2007; 

Margolis et al. 2010) were willing and able to provide individual 

participant data.   

 

Participants 

A total of 329 participants were included. Only three included studies 

provided individual participant data for age (Swanepoel et al. 2010; 

Mahomed et al. 2015; Brennan-Jones et al. 2016a), representing 

less than half of the total cohort (43.5%). A separate meta-analysis 

for mean age was therefore not conducted. However, it is noted that 

at least 64 children aged between six and ten years of age reported 

in Mahomed et al. (2015) were included in the analysis. The 

prevalence of hearing loss (better ear 4FA ≥26 dB) in the study 

cohort was 35.2%.  
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FIGURE 6.1: PRISMA Flow Diagram of Study Selection  

 

 

Validity: Mean differences  

Absolute mean differences between automated and manual 

audiometry thresholds ranged from 4.07 dB to 5.19 dB (SD 4.79-

6.53) for air-conduction and 8.47 dB to 13.99 dB (SD 10.16-16.05) 

for bone-conduction. Analysis of variance (ANOVA) with Bonferroni’s 

correction applied was used to compare the mean difference 

between manual and automated audiometry (Table 6.2). For air-

conduction audiometry, the mean differences in hearing thresholds 

determined by manual and automated audiometry were significantly 

different at all air and bone-conduction thresholds (p<0.05).  

Table 6.2: Absolute mean differences (pooled analysis) 
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Hearing 
Thresholds 

 Frequency (Hz) 

 500 1000 2000 4000 

Air Right AMD 4.07* 5.09* 5.06* 4.84*
  SD 4.79 6.24 6.31 6.00
 Left AMD 4.27* 5.03* 4.52* 5.19*
  SD 5.62 6.04 6.53 6.37
Bone Right AMD 8.47* 10.09* 13.27* 13.99*
  SD 10.16 13.07 13.05 13.71
 Left AMD 10.64* 10.09* 13.25* 13.99*
  SD 10.17 12.89 15.69 16.05

AMD: Absolute mean difference (in dB); SD: Standard deviation; - not measured 

*indicates a significant (p<0.05) difference in threshold accuracy according to a 

one-way ANOVA with Bonferroni’s correction applied.  

 

Real mean differences between automated and manual audiometry 

thresholds ranged from -2.48 dB to -0.88 dB (SD 6.16-8.21) for air-

conduction and -1.80 dB to 2.32 dB (SD 13.20-19.29) for bone-

conduction. Pair-wise comparisons for the real mean difference 

between manual and automated audiometry are provided in Table 

6.3. For air-conduction audiometry, the mean differences in hearing 

thresholds determined by manual and automated audiometry were 

significantly different for all frequencies (p<0.05). For bone-

conduction audiometry, the mean differences in hearing thresholds 

determined by manual and automated audiometry were not 

significantly different (p>0.05), except for 4000 Hz right ear bone-

conduction thresholds (p<0.05). 
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Table 6.3: Real mean differences (pooled analysis) 

Hearing 
Thresholds 

 Frequency (Hz) 

 500 1000 2000 4000 

Air Right RMD -1.27* -1.50* -2.48* -1.15*
  SD 6.16 7.92 7.70 7.63
 Left RMD -1.77* -2.27* -1.34* -0.88*
  SD 6.84 7.53 7.84 8.21
Bone Right RMD -0.92 -1.80 2.32 1.99*
  SD 13.20 16.25 15.50 16.58
 Left RMD -0.47 -1.80 2.32 1.99
  SD 13.59 15.03 18.69 19.29

RMD: Absolute mean difference (in dB); SD: Standard deviation; - not measured 

*indicates a significant (p<0.05) difference in threshold accuracy according to pair-

wise t-test. 

 

Diagnostic accuracy – sensitivity and specificity 

Table 6.4 presents diagnostic accuracy data in a 2x2 contingency 

table. Not all participants had complete data to enable classification 

into each diagnostic criteria (i.e. missing AC thresholds for 

calculation of better ear 4FA or missing BC thresholds for calculation 

of conductive hearing loss). The sensitivity of automated audiometry 

varied from 99.07 [95%CI 94.15, 99.95] for identifying normal hearing 

to 54.05 [95%CI 44.36, 65.46] for detecting a conductive hearing loss 

(Table 6.5). Specificity ranged from 95.16 [95%CI 91.49, 97.36] for 

disabling hearing loss to 91.73 [95%CI 87.58, 94.63] for unilateral 

hearing loss (Table 6.5).   
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Table 6.4: 2x2 contingency tables of diagnostic test accuracy criteria 

Type of HL  HL Absent HL Present Totals 

Normal     

Test Positive  15 106 121 

Test Negative  182 1 183 

Totals  197 107 304 

Disabling HL    

Test Positive  12 51 63 

Test Negative  236 5 241 

Totals  248 56 304 

Conductive HL    

Test Positive  27 60 87 

Test Negative  375 51 426 

Totals  402 111 513 

Unilateral HL    

Test Positive  21 46 67 

Test Negative  243 20 263 

Totals  264 66 329 

 

 

 

Table 6.5: Sensitivity and specificity of diagnostic test accuracy criteria. 

Type of HL   L95%CI U95%CI 

Normal     

Sensitivity 99.07 94.15 99.95 

Specificity 92.39 87.52 95.53 

PPV 87.60 80.01 92.66 

NPV 99.45 96.53 99.97 

Disabling HL    

Sensitivity 91.07 79.63 96.67 

Specificity 95.16 91.49 97.36 
PPV 80.95 68.71 89.36 
NPV 97.92 94.95 99.23 
Conductive HL    

Sensitivity 54.05 44.36 63.46 

Specificity 93.28 90.26 95.45 

PPV  68.97 58.02 78.21 

NPV 88.03 84.47 90.88 

Unilateral HL    

Sensitivity 70.00 56.99 80.01 

Specificity 91.73 87.58 94.63 

PPV 67.65 55.09 78.20 

NPV 92.42 88.37 95.19 
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Assessment of heterogeneity & risk of bias 

There was high homogeneity in the presentation of data obtained 

from each study as the hearing thresholds were measured and 

reported in accordance with relevant ISO and professional standards. 

The potential sources and risk of bias for studies identified using the 

adapted QUADAS-2 checklist are presented in Table 6.6. The main 

potential risk of bias were from patient selection, the inherent bias in 

the reference standard (manual audiometry) and conducting the 

reference standard with knowledge of the index test.  

 

Table 6.6: QUADAS-2 Assessment of risk of bias  

Risk of 
bias? 

Brennan-
Jones 

Eikelboom Mohamed Margolis 
(2011) 

Margolis 
(2010) 

Swanepoel

Patient 
selection 

No Yes Yes Unclear Unclear Unclear 

Index test 
procedure 

No No No No No No 

Reference 
test 
procedure 

Yes Yes Yes Yes Yes Yes 

Study 
flow and 
timing 

No No No No No No 

 

DISCUSSION 

This study provides the first estimates of validity and accuracy for 

automated audiometry using a gold-standard individual participant 

data (IPD) meta-analysis approach (Simmonds et al. 2005, Riley et 

al. 2010). This work builds on a previous systematic review and 

meta-analysis of automated audiometry (Mahomed et al., 2013). 
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Although unable to include a number of historical reports due to 

difficulties in contacting authors, the present analysis benefits from 

the inclusion of a number of recent reports that have examined some 

key limitations in the evidence base according to a previous review 

by Mahomed et al. (2013), namely inclusion of both adult and child 

participants (Mahomed-Asmail et al., 2016), bone-conduction 

audiometry (Eikelboom et al., 2013) and unselected participants with 

hearing loss (Brennan-Jones et al., 2016a). Whilst participant 

selection methods differed across studies, the reported prevalence 

rate of hearing loss in the study cohort was 35.2%, similar to the 

38.1% prevalence rate reported by Brennan-Jones et al. (2016a) in 

an unselected population recruited from a tertiary otolaryngology and 

audiology department. Sensitivity and specificity values are 

influenced by prevalence, particularly when the diagnostic test being 

examined is not inherently dichotomous, as is the case with hearing 

loss (Brenner & Gefeller, 1997). Therefore, considering the 

prevalence of hearing loss in the cohort, the results presented in this 

are more generalizable to a specialist audiological or 

otolaryngological setting and may differ when compared to 

prevalence rates in primary care or community care screening 

programs.  
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Validity 

Validity, in the context of audiometry, refers to the ability of a new 

method to measure what it is supposed to, which means the method 

must be compared with a well-established one in terms of accuracy 

and test-retest reliability, in this case, manual audiometry. Dobie 

(1983) and Bland & Altman (1986) recommend the use of absolute 

mean differences and standard deviation as a more appropriate 

measure of correspondence because it provides an indicator of the 

expected spread in variability. Therefore, whilst we have conducted 

both real and absolute differences for completeness, absolute mean 

differences and standard deviations should be the primary outcome 

measure from which conclusions can be drawn regarding the validity 

of automated audiometry compared to manual audiometry. However, 

the real differences are also to be assessed as these measure the 

extent of a threshold offset between the two methods, and can 

indicate an instrument variability. If calibration procedures are carried 

out correctly and consistently, this difference should be low, as is this 

case in this study. 

 

The findings from this IPD meta-analysis of mean differences 

showed that automated air-conduction audiometry is a valid method 

for determining hearing thresholds as the variation observed was 

within international guidelines and previous reports of test-retest 
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reliability of manual audiometry (ISO 8253-1:2010; Swnaepoel et al. 

2010; Eikelboom et al., 2013). The measurement of bone-conduction 

thresholds requires further examination as absolute mean differences 

ranged from 8.47 to 13.99 dB (i.e. ±4.2 to 7.0 dB); whilst many of 

these differences were not statistically significant, they exceed the 

recommended variation according to ISO standards of 10 dB 

absolute difference (i.e. ±5 dB). These results were higher than some 

previous studies (Eikelboom et al., 2013) and lower than others 

(Brennan-Jones et al., 2016a). It is unclear whether the compounded 

variability associated with known effects related to tester bias, 

calibration differences, masking technique and bone-conductor 

placement (cf. Margolis, 2008; Margolis et al., 2013, 2016), or 

whether automation is also a contributor. However, the increased 

variation is less than one test increment outside the ISO standards 

(assuming test increments of 5 dB) and therefore is likely to be of 

limited clinical significance but further examination is needed to 

determine the extent of these effects. Statistically significant 

differences were almost universal between manual and automated 

air-conduction audiometry, despite the mean differences being within 

the clinically recommended ±5 dB ISO test-retest variation. This is 

likely due to comparatively larger sample size of the present study 

which makes it more likely to detect significant differences at smaller 

effect sizes compared to previous reports with smaller samples. The 
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presence of numerous statistically significant differences also 

highlights the difference between statistical and clinical significance 

when considering threshold differences as has previously been noted 

(Brennan-Jones, et al. 2016a, 2016b).  

 

Accuracy 

Diagnostic accuracy methods were utilised in this study to examine 

the sensitivity and specificity of automated audiometry compared to 

manual audiometry. The sensitivity and specificity of automated 

audiometry for categorising participants into normal hearing and 

disabling hearing loss was high, indicating this is a useful utility in 

triaging patients. The sensitivity for identifying conductive and 

unilateral sensorineural hearing losses was below expected based 

on pilot data (Brennan-Jones et al., 2016b), although specificity was 

high for both criteria. The false-negative rates were high for both 

conditions and the variation in bone-conduction thresholds may 

explain this poor sensitivity. However, these findings were in contrast 

to a recent pilot study, which gave higher accuracy estimates for 

conductive and unilateral hearing loss in a population with a 

comparable prevalence of hearing loss, examining the use of pre-

defined similar diagnostic criteria applied to audiometry to facilitate 

automated diagnosis of hearing impairment in an asynchronous 

telehealth model (Brennan-Jones et al. 2016b). The current findings 
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suggest such pre-defined classification criteria may be best utilised 

as a “red-flag” mechanism in asynchronous tele-audiology programs 

to prompt a detailed review of a patients audiogram and should not 

be used to provide a definitive diagnosis remotely without 

interpretation by a suitably qualified healthcare professional.  

 

When used in a diagnostic accuracy capacity, the primary aim of 

automated audiometry is to determine whether a) a patient has a 

hearing loss and b) what type of hearing loss it is so that a patient 

can be appropriately referred for treatment. Due to the nature of 

hearing loss as a spectrum of impairment the primary impact of false-

positives and false-negatives will be the mis-categorisation (mild or 

moderate; conductive or sensorineural), rather than the misdiagnosis 

of a hearing loss itself. The impact of false-negatives and false-

positives is of particular importance when determining the type of 

hearing loss (conductive or SNHL). For this analysis, a low false-

negative rate is of importance, as patients may have a conductive 

hearing loss with middle-ear pathology that goes undetected. A low 

false-negative rate was not achieved with the current criteria. Whilst 

a low false-positive rate is also clearly beneficial, these patients are 

less likely to undergo inappropriate treatment due to the nature of 

audiological practice which requires confirmation of pathology by an 

objective test, known as the cross-check principle (Jerger and Hayes 
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1976). Therefore, adherence to the cross-check principle by including 

additional tests such as tympanometry alongside automated 

audiometry, will be important to reduce the influence of false-

positives and false-negatives on patients. 

 

Limitations 

Whilst this study does present a comparatively large sample, the 

estimates of automated audiometry accuracy are based on only a 

subset of suitable, identified studies from which individual participant 

data could be obtained. Data from additional studies would add 

further power to this analysis.  

 

CONCLUSION 

Automated air-conduction audiometry is a valid method of obtaining 

air-conduction hearing thresholds with mean threshold variation 

comparable to manual audiometry. The use of automated bone-

conduction audiometry requires caution and some further 

examination as the threshold variation exceeds ISO 

recommendations by ±2 dB in the present study. Automated 

audiometry can accurately be used to determine the severity of 

hearing loss to guide treatment and management decisions in 

asynchronous tele-audiology programs. For the diagnosis of more 

complex pathology, such as conductive hearing loss or significant 
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hearing asymmetries, pre-defined criteria can be utilised to provide a 

“red-flag” for further review but should not be used for a definitive 

diagnosis without interpretation by a healthcare professional. Future 

research should examine the potential sources of variance in 

automated bone-conduction audiometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



– 158 – 

REFERENCES 

ASHA. (2004). Guidelines for the Audiologic Assessment of Children From 
Birth to 5 Years of Age. Rockville, American Speech-Language-
Hearing Association. 

BAA. (2009). Guidelines for Referral to Audiology of Adults with Hearing 
Difficulty. West Lothian, British Academy of Audiology. 

Bland, J.M. Altman, D.G. (1986). Statistical methods for assessing 
agreement between two methods of clinical measurement. Lancet, 
8476, 307-310. 

Brennan-Jones, C.G., Eikelboom, R.H., Swanepoel, D., Friedland P.L., 
Atlas, M.D. (2016a). Clinical validation of automated audiometry with 
continuous noise-monitoring in a clinically heterogeneous population 
outside a sound-treated environment. International Journal of 
Audiology, 55(9), 507-513 

Brennan-Jones, C.G., Eikelboom, R.H., Swanepoel, D. (2016b). Diagnosis 
of hearing loss using automated audiometry in an asynchronous 
telehealth model: A pilot accuracy study. Journal of Telemedicine 
and Telecare, 11 Feb. 

Brenner, H., Gefeller, O. (1997). Variation of sensitivity, specificity, 
likelihood ratios and predictive values with disease prevalence. 
Statistics in Medicine, 16(9), 981-991. 

Dobie, R.A. (1983). Reliability and validity of industrial audiometry: 
implications for hearing conservation program design. Laryngoscope, 
93(7), 906-927. 

Eikelboom, R.H., Swanepoel, D., Motakef, S., Upson, G.S. (2013). Clinical 
validation of the AMTAS automated audiometer. International Journal 
of Audiology, 52(5), 342-349. 

ICMJE. (2015). Defining the Role of Authors and Contributers. Retrieved 25 
February, 2015. 

Jerger, J.F., Hayes, D. (1976). The cross-check principle in pediatric 
audiometry. Archives of Otolaryngology, 102(10), 614-620. 

Mahomed-Asmail, F., Swanepoel, D., Eikelboom, R.H. (2016). Diagnostic 
Hearing Assessment in Schools: Validity and Time Efficiency of 
Automated Audiometry. Journal of the American Academy of 
Audiology, 27(1), 42-48. 

Mahomed, F., Swanepoel, D., Eikelboom, R.H., Soer, M. (2013). Validity of 
automated threshold audiometry: a systematic review and meta-
analysis. Ear and Hearing, 34(6), 745-752. 

Margolis, R.H., Saly, G.L., Le, C., Laurence, J. (2007). Qualind: A method 
for assessing the accuracy of automated tests. Journal of the 
American Academy of Audiology, 18(1), 78-89. 

Margolis, R.H. (2008). The vanishing air-bone gap: Audiology’s dirty little 
secret. Audiology Online. Oct 20. 



– 159 – 

Margolis, R. H., Glasberg, B.R., Creeke, S., Moore, B.C. (2010). AMTAS: 
automated method for testing auditory sensitivity: validation studies. 
International Journal of Audiology, 49(3), 185-194. 

Margolis, R.H., Eikelboom, R.H., Johnson, C., Ginter, S.M., Swanepoel, D., 
Moore, B.C. (2013). False air-bone gaps at 4 kHz in listeners with 
normal hearing and sensorineural hearing loss. International Journal 
of Audiology, 52(8), 526-532. 

Margolis, R.H., Wilson, R.H., Popelka, G.R., Eikelboom, R.H., Swanepoel, 
D., Saly, G.L. (2016). Distribution characteristics of air-bone gaps: 
evidence of bias in manual audiometry. Ear and Hearing, 37(2), 177-
188. 

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G. (2009). Preferred reporting 
items for systematic reviews and meta-analyses: the PRISMA 
statement. Annals of Intern Medicine, 151(4), 264-269. 

Picard, M., Ilecki, H.J., Baxter, J.D. (1993). Clinical use of BOBCAT: testing 
reliability and validity of computerized pure-tone audiometry with 
noise-exposed workers, children and the aged. Audiology, 32(1), 55-
67. 

Riley, R.D., Lambert, P.C., Abo-Zaid, G. (2010). Meta-analysis of individual 
participant data: rationale, conduct, and reporting. BMJ, 340, c221. 

Simmonds, M.C., Higgins, J.P., Stewart, L.A., Tierney, J.F., Clarke, M.J., 
Thompson, S.G. (2005). Meta-analysis of individual patient data from 
randomized trials: a review of methods used in practice. Clinical 
Trials, 2(3), 209-217. 

Sparks, D.W. (1972). The feasibility of computerized audiometry. Journal of 
Auditory Research, 12, 62-66. 

Storey, K.K., Munoz, K., Nelson, L., Larsen, J., White, K. (2014). Ambient 
noise impact on accuracy of automated hearing assessment. 
International Journal of Audiology, 53(10), 730-736. 

Swanepoel, D., Mngemane, S., Molemong, S., Mkwanazi, H., Tutshini, S. 
(2010). Hearing assessment-reliability, accuracy, and efficiency of 
automated audiometry. Journal of Telemedicine and e-Health, 16(5), 
557-563. 

Veroniki, A.A., Straus, S.E., Ashoor, H., Stewart, L.A., Clarke, M., Tricco, 
A.C. (2016). Contacting authors to retrieve individual patient data: 
study protocol for a randomized controlled trial. Trials, 17, 138. 

Whiting, P.F., Rutjes, A.W., Westwood, M.E., Mallett, S., Deeks, J.J., 
Reitsma, J.B., Leeflang, M.M., Sterne, J.A., Bossuyt, P.M. (2011). 
QUADAS-2: a revised tool for the quality assessment of diagnostic 
accuracy studies. Annals of Internal Medicine, 155(8), 529-536. 

WHO. (2013). Millions Living with Hearing Loss. Geneva. World Health 
Organisation. 

Wood, T.J., Wittich, W.W., Mahaffey, R.G. (1973). Computerized pure-tone 
audiometric procedures. Journal of Speech, Language, and Hearing 
Research, 16(4), 676-684.



– 160 – 

 

 

 

CHAPTER SEVEN 
Asynchronous interpretation of 

manual and automated 
audiometry: Agreement and 

reliability 
(Journal of Telemedicine and Telecare, 2016; Sept 20) 

 

 

 

 

 

 

 

 

 

 

 



– 161 – 

Foreword to Chapter Seven 

Chapter Seven moves from statistical significance to clinical 

significance and examines more practical aspects regarding the use 

of automated audiometry in an asynchronous tele-audiology model. 

Chapter Seven expands from the validation and accuracy studies 

carried out in Chapters Four, Five and Six, which all identified 

differing levels of variation between manual and automated 

audiometry, some within accepted ISO standards, and some outside 

these standards. This Chapter examines whether this variation is of 

clinical significance in the form of an audiologist’s interpretation of the 

audiogram and subsequent recommendations for treatment or 

referral.  
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ABSTRACT: 

Introduction: Remote interpretation of automated audiometry offers 

the potential to enable asynchronous tele-audiology assessment and 

diagnosis in areas where synchronous tele-audiometry may not be 

possible or practical. The aim of this study was to compare remote 

interpretation of manual and automated audiometry. 

Materials and methods: Five audiologists each interpreted manual 

and automated audiograms obtained from 42 patients. The main 

outcome variable was the audiologist’s recommendation for patient 

management (which included treatment recommendations, referral or 

discharge) between the manual and automated audiometry test. 

Cohen’s Kappa and Krippendorff’s Alpha were used to calculate and 

quantify the intra and inter-observer agreement, respectively and 

McNemar’s test to assess the reliability. Audiograms were 

randomised and audiologists were blinded as to whether they were 

interpreting a manual or automated audiogram.   

Results: Intra-observer agreement was substantial for management 

outcomes when comparing interpretations for manual and automated 

audiograms. Inter-observer agreement was moderate between 

clinicians for determining management decisions when interpreting 

both manual and automated audiograms. Audiologists were 2.8 times 
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more likely to question the reliability of an automated audiogram 

compared to a manual audiogram.  

Discussion: There is a lack of agreement between audiologists 

when interpreting audiograms, whether recorded with automated or 

manual audiometry. The main variability in remote audiogram 

interpretation is likely to be individual clinician variation, rather than 

automation.    
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INTRODUCTION 

The current, conventional method for assessing hearing in adults 

involves a clinician manually performing pure-tone audiometry in a 

suitably sound-treated environment and interpreting the results on-

site (Dobie, 1983). However, higher rates of hearing loss and lower 

rates of intervention uptake in rural and remote populations, coupled 

with the shortage of audiological services in these areas has been of 

significant concern in both developed and developing countries 

(Swanepoel, Clark et al. 2010; Brennan-Jones et al. 2016a). 

Telehealth solutions and the automation of audiometry have been 

proposed as a potential means to increase access to hearing 

services in underserved populations (Margolis & Morgan, 2008; 

Swanepoel, Clark et al. 2010; Windmill & Freeman, 2013). 

A number of automated audiometers have recently been clinically 

validated, including the AMTAS (Margolis et al., 2010; Eikelboom et 

al., 2013) and KUDUwave (Swanepoel, Mngemane et al., 2010). The 

consensus across studies is that automated audiometry is a suitable 

alternative to manual audiometry (Mahomed et al. 2013), although 

some studies have identified an absolute mean difference of up to 

10dB in air conduction thresholds compared to manual hearing 

thresholds, with further increased variance of approximately 15 dB 

for bone-conduction thresholds (Brennan-Jones 2016b). Automated 

audiometry has been validated for use without a sound treated 
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environment, and in a clinically heterogeneous population, meaning it 

has the potential to overcome some of the obstacles associated with 

testing in rural and remote areas (Storey et al. 2014, Brennan-Jones 

et al. 2016b). 

 

Synchronous or “live” tele-audiology assessment, where the clinician 

administers and interprets the hearing assessment simultaneously, 

may not be possible due to connectivity issues in many rural and 

remote areas or due to limited clinician time (NACCHO, 2012). An 

alternative may be assessment with automated audiometry and 

remote interpretation of the results in an asynchronous telehealth 

model. This offers benefits such as greater coverage for difficult to 

access and transient populations, such as some Indigenous 

Australian communities, and allows for opportunistic assessments 

performed by local health workers which may be more efficient than 

scheduled appointments in some populations (Brennan-Jones et al., 

2016c; Eikelboom & Swanepoel, 2016).  It may also offer benefits to 

clinicians, reducing travel and enabling flexible working environments 

(e.g. working from home). The remote interpretation of test results is 

common and has been validated in a number of areas of medicine to 

facilitate telehealth services, including interpretations of retinal 

images (Chiang et al. 2006), radiography (Rosen et al. 1999), 

echocardiograms (Choi et al. 2011) and otoscopy (Eikelboom et al. 
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2002; Biagio et al. 2014). However, comparisons between remote 

interpretations of manual and automated audiometry have not been 

reported previously.  

 

The aims of the present study were to examine the agreement and 

reliability of remote audiogram interpretation by audiologists and 

whether the potential variation in hearing thresholds introduced by 

automated audiometry would affect the clinical decisions made by 

audiologists.  

 

METHODS 

This study compares the intra and inter-observer agreement between 

remote interpretations of manual and automated audiometry. Results 

of agreement studies are intended to provide information about the 

amount of error inherent in any diagnosis, score, or measurement 

(Kottner et al., 2011).  

 

Participants for this study were five audiologists recruited from the 

Ear Science Institute Australia. Audiologists who were more than 

three years post-qualification and maintained more than one day per 

week of clinical audiology practice were invited to take part in the 
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study. The audiologists analysed existing data collected from patients 

in a validation study of automated audiometry which recruited 42 

adults (>18 years) presenting with suspected hearing loss at public 

audiology and otolaryngology clinics at Sir Charles Gairdner Hospital, 

Perth, Western Australia; see Brennan-Jones et al. (2016b) for 

further details of the study population and test procedures. 

 

Procedure: Manual audiometry, automated audiometry, 

tympanometry and participant demographic (age and gender) were 

extracted and standardised using an audiogram generator so that the 

manual and automated audiograms could not be distinguished 

(manual audiometry results were originally recorded by hand, 

whereas automated results are recorded electronically). The 

audiograms (and accompanying clinical information) were 

anonymised, randomised by allocation to a unique, randomly 

generated 4-digit number and then sorted in ascending order for 

interpretation.  

 

The five audiologists participating in this experiment, blinded to 

whether manual or automated audiometry was used, independently 

interpreted the audiograms, together with the other available 

information (age, gender and tympanometry; a full patient history was 
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not available to participating audiologists). Audiologists were aware 

that some of the audiograms for interpretation were obtained by 

automated testing and that these would be compared to manual 

audiograms. However, they were not aware that they would be 

interpreting matched pairs of manual and automated audiograms. 

They were asked to provide a determination of: 1) the level and type 

of hearing loss; 2) a management plan for the patient given their 

audiometric results; and 3) their judgement of the reliability of the 

audiogram.  There are no global standards for determining the type 

and level of hearing loss, management plan or reliability of the 

audiogram; these are normally the result of professional training and 

local clinic protocols.  

 

For the purposes of this study, 1) the options for level of hearing loss 

were normal hearing, slight hearing loss or significant hearing loss 

requiring intervention and the options for type of hearing loss were 

normal hearing, sensorineural, conductive or mixed hearing loss; 2) 

the management options were no intervention, referral for hearing 

aids, referral for medical treatment and other, and 3) audiologists 

were given the option to comment on the reliability of the audiogram 

(see Figure 7.1 for an example of the audiometric interpretation 

criteria).  
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Figure 7.1: Example audiometric interpretation criteria used in this study 

 

 

Data analysis: Firstly, Cohen’s Kappa was used to calculate the intra-

observer agreement of the audiologist’s asynchronous interpretations 

for determining the type and severity of hearing loss, each ear 

separately, and the recommendation for patient management. This 

was to examine whether clinicians agreed with themselves for 

manual versus automated interpretations. Cohen’s kappa (Cohen, 

1960) provides a chance-corrected index of agreement in studies 

employing the same two observers to score subjects on a nominal 

scale (Gisev et al., 2013). In this case, we have one observer scoring 

a subject that has been assessed using two different methods. Thus 

we used Cohen’s kappa to evaluate agreement between an 

individuals’ score between the two methods of scoring. In this way 
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Cohen’s kappa was used to evaluate intra-observer agreement, as 

used in previous studies of similar subjects by Scheltens et al. 

(1997); McCluggage et al. (1998).  

 

Secondly, Krippendorff’s Alpha and q-statistic was used to calculate 

the inter-observer agreement of remote interpretations for 

determining the type and severity of hearing loss, each ear 

separately, and the recommendation for patient management (Hayes 

& Krippendorff, 2007). Krippendorff’s Alpha allows comparison of 

agreement between multiple coders, in this case audiologists, and 

was therefore used to compare whether clinicians agreed with each 

other when interpreting both manual and automated audiograms. 

The q statistic represents the probability of reaching α >0.6 

(substantial agreement). 

 

Thirdly, the main outcome variable, agreement between audiologist’s 

recommendation for patient management between the manual and 

automated audiometry test, was examined using Cohen’s Kappa and 

p-value for intra-observer agreement and Kripendorff’s Alpha and q-

statistic for inter-observer agreement, Finally, the audiologist-related 

reliability of audiograms was examined using McNemar’s test; that is, 
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odds ratios for paired nominal data, in this case, dichotomous 

audiogram reliability scores.  

 

The Landis & Koch (1977) recommendations of agreement 

classification were applied to Cohen’s Kappa and Krippendorff’s 

Alpha analyses, with a<0 indicating no agreement, a = 0–0.20 

indicating “Slight” agreement, a = 0.21–0.40 indicating “Fair” 

agreement, a = 0.41–0.60 indicating “Moderate” agreement, a = 

0.61–0.80 indicating “Substantial” agreement and a = 0.81–1.00 

indicating “Almost perfect” agreement.  

 

 

RESULTS 

Intra-observer pooled agreement for clinician’s interpretations for: (i) 

the level of hearing loss for manual versus automated audiograms 

ranged from moderate to almost perfect agreement (a = 0.637 

[95%CI 0.452 to 0.822]; p<0.001); (ii) the type of hearing loss ranged 

from fair to moderate agreement (a = 0.407 [95%CI 0.207, 0.613)]; p 

<0.001; (iii) management outcomes ranged from moderate to almost 

perfect (a = 0.693 [95%CI 0.521 to 0.865]; p <0.001), see Tables 7.1 

and 7.2.  
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Table 7.1: Individual clinician (intra-observer) reliability for manual versus 

automated audiogram interpretations measured with Kappa agreement. 

 Level of hearing loss Type of hearing loss 
 

 α [95%CI]  p α [95%CI]          p 

Clinician 1 0.756 0.577, 0.935 <.001 0.433 0.244, 0.622 <.001 

Clinician 2 0.628 0.4395, 0.816 <.001 0.343 0.127, 0.560 <.001 

Clinician 3 0.629 0.434, 0.824 <.001 0.449 0.226, 0.672 <.001 

Clinician 4 0.543 0.341, 0.745 <.001 0.429 0.251, 0.607 <.001 

Clinician 5 0.631 0.440, 0.821 <.001 0.379 0.185, 0.578 <.001 

Clinician 
agreement 
(pooled) 

0.637 0.452, 0.822 <.001 0.407 0.201, 0.613 <.001 

 

 

 

Table 7.2: Individual clinician (intra-observer) reliability for manual versus 

automated audiogram interpretations management measured with Kappa 

agreement. 

 Management outcomes 

 α [95%CI] p 

Clinician 1 0.810 0.638, 0.982 <.001 

Clinician 2 0.771 0.618, 0.924 <.001 

Clinician 3 0.659 0.481, 0.837 <.001 

Clinician 4 0.574 0.386, 0.762 <.001 

Clinician 5 0.651 0.472, 0.829 <.001 

Clinician agreement 
(pooled) 

0.693 0.521, 0.865 <.001 

 

 

Inter-observer agreement varied from moderate to substantial in 

regards to the level of hearing loss, type of hearing loss and 

management for both automated and manual audiometry (Table 7.3). 

Inter-observer agreement was not significant for right or left type of 

hearing loss for either manual or automated audiometry. Inter-

observer agreement was significant for both right and left ear 

interpretations of level of hearing loss using manual audiometry. For 
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automated audiometry however, only the right ear level of hearing 

loss interpretations showed significant inter-observer agreement (α = 

0,68 [95%CI 0.60, 0.76]; q = 0.01) (Table 7.3, Figures 7.2 and 7.3). 

There was no significant inter-observer agreement for management 

outcomes for either manual or automated audiometry (Table 7.3 and 

7.4, Figure 7.2 and 7.3).  

 

Table 7.3: Overall clinician (inter-observer) reliability across the five remote 

interpretation outcomes using Kirpendorff’s alpha and probability (q) of 

reaching α >0.6. 

Interpretation 
Outcomes 

Manual audiometry Automated audiometry 
 

 α [95%CI] q α      [95%CI]           q 

Right Type HL 0.582 0.519, 0.642 0.715 0.550 0.490, 0.610 0.950 

Left Type HL 0.551 0.490, 0.615 0.940 0.553 0.494, 0.616 0.936 

Right Level HL 0.692  0.593, 0.778 0.029 0.680 0.604, 0.755 0.019 

Left Level HL 0.696 0.569, 0.790 0.028 0.615 0.520, 0.704 0.394 

Management 0.569 0.505, 0.630 0.833 0.536 0.469, 0.600 0.968 
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Figure 7.2: Inter-observer reliability for automated audiometry with 95%CI. 

 

 

 

Figure 7.3: Inter-observer reliability for manual audiometry with 95%CI. 

 

 

 

The paired samples t-test was also used to determine the correlation 

coefficient between manual and automated audiometry for 

management decisions between audiologists. Correlation was high 

and significant (0.823, p <0.001). Concurrence for discharge/no 

treatment was highest (93.8%), followed by audiological referral and 
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medical referral (respectively 81.8% and 81.4%), whereas combined 

medical referral was lower at 56.8% (Table 7.4).  

Audiologists were more likely to question the reliability of automated 

audiograms than manual audiograms (OR = 2.848; p<0.001) (Table 

7.5).  

 

 

Table 7.4: Distribution of management decisions for remote interpretations 

of manual and automated audiometry (paired sample t-test corr. coeff. = 

0.823, p<0.001). 

 Automated 
audiometry 
management 

Manual audiometry management, n(%) 

Discharge Aud ref Med ref Aud + Med  Other 

Discharge 45 (93.8) 2 (4.2) 1 (2.1) 0 (0) 0 (0) 

Aud ref 2 (9.1)  18 (81.8) 0 (0) 2 (9.1) 0 (0) 

Med ref 6 (16.2) 3 (8.1) 21 (56.8) 7 (18.8) 0 (0) 

Aud+Med 2 (2.0) 7 (6.9) 10 (9.8) 83 (81.4) 0 (0) 

Other 1 (100.0) 0 (0) 0 (0) 0 (0) 0 (0) 

(Aud = audiology; Med = medical; ref = referral) 

 

 

Table 7.5: Subjective clinician rated reliability of automated versus manual 

audiograms using McNemar’s test. 

  Audiometry reliability 

 OR [95%CI] X2 p 

Clinician 1 2.091 0.439, 9.961 0.898 .118 

Clinician 2 3.222 0.395, 26.255 1.296 .064 

Clinician 3 1.111 0.260, 4.754 0.020 .238 

Clinician 4 7.364 0.689, 78.714 3.454 .006 

Clinician 5 0.951 0.888, 1.019 0.051 .999 

Pooled reliability 2.848 1.246, 6.508 6.532 <.001 
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DISCUSSION 

The present study shows that agreement for management decisions 

for participants remains relatively high when automated audiograms 

are interpreted remotely, with intra-observer agreement ranging from 

moderate to almost perfect. There was no significant inter-observer 

agreement for patient management decisions for manual or 

automated audiometry, indicating that management decisions 

differed between clinicians regardless of whether manual or 

automated audiometry was used.  

 

There was significant, moderate to substantial intra-observer 

agreement for audiologists when determining the level and type of 

hearing loss using automated compared to manual audiometry. 

However, for inter-observer agreement, only decisions relating to the 

level of hearing loss were significant, but this was true for both 

manual and automated audiometry. This shows a lack of agreement 

between audiologists when determining the type of hearing loss and 

management decisions when interpreting manual audiometry and 

highlights that the main source variable in the agreement between 

decisions made based on remote audiogram interpretation is likely to 

be individual clinician variation, rather than automation. 
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Determination of the type and level of hearing loss was deliberately 

subjective in this experiment with no set quantitative criteria given to 

the audiologists. Whilst standard criteria exist for classifying the level 

of hearing loss (WHO, 2013), clinical recommendations vary and the 

applicability of these arbitrary cut-offs to clinical practice has been 

questioned (WHO, 2001; Loy & Irwig, 2004; Bucks et al., 2016). 

Therefore, the audiologists were presented with options of clinical 

significance (i.e. whether referral for intervention was necessary, and 

if so, what type). With a lack of definition between sensorineural, 

conductive and mixed hearing loss the classification of patients into 

these groups was diverse and agreement was poor between test 

method and clinicians. 

 

Despite good intra-observer agreement and being blinded as to 

which audiograms were automated and which were manual, 

audiologists were 2.8 times more likely to question the reliability of an 

automated audiogram (Table 7.5).  However, it has been argued that 

the use of automated audiometry may actually limit bias; that is, 

increase reliability in audiometric assessment (Margolis et al. 2013, 

2015) The tester bias associated with audiometry is well-documented 

and many audiologists may consciously or sub-consciously alter 

hearing thresholds to adhere to certain rules or an expected pattern 

(Margolis, 2008). This perception of poor reliability may be in part 
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influenced by the fact that automated audiometry does not perform 

these adjustments. When audiometric results are shown that do not 

fit the expected pattern or conventions, such as where bone 

conduction threshold appear worse than air conduction thresholds, 

this may be interpreted as an unreliable assessment. However, it is 

also recognised that for some patients, audiometry can be a difficult 

task to perform and the reliability or accuracy of the audiogram can 

be compromised with automation (Margolis et al. 2007). Therefore, 

the capacity to provide synchronous tele-audiometry assessment for 

patient’s suspected to have poor reliability would be beneficial to 

complement a predominately asynchronous model (Swanepoel, 

Mngemane et al. 2010). 

 

Audiometry is a key part of any test battery for the assessment of 

hearing and its impact on daily function and quality of life for patients. 

The remote interpretation of audiometry potentially offers significant 

efficiency and financial savings for telehealth programs and potential 

to improve access to services using automated technology, without 

the need for a clinician to travel to remote areas. However, the 

diverse presentation of patients with hearing loss means that 

audiometric assessment alone is often not sufficient and that the 

effect of hearing loss on daily function and quality of life should be 
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ascertained before clinical decisions on patient treatment and 

management are made based on remote audiogram interpretation.  

 

The findings from this study suggest that an asynchronous tele-

audiology model, where automated audiometry is performed 

remotely with results forwarded for interpretation by audiologists or 

medical personnel is practicable. This could facilitate much wider 

coverage of ear and hearing services, streamlining metropolitan 

specialist services and reducing the need for specialists to travel to 

rural and remote regions to administer services. The addition of 

further clinical, contextual and quality of life information may improve 

both the inter- and intra-observer reliability for remote interpretations.  

 

CONCLUSION 

Remote interpretation of automated audiometry appears to be a 

reliable approach for diagnosing hearing loss and identifying 

appropriate interventions. Clinician interpretations vary significantly, 

both for manual and automated audiograms. It is thought that this 

variation is not exclusive to remote interpretation of audiometry in a 

telehealth context, rather it is reflective of the diverse needs of 

patients with hearing loss and a clinician’s personal experience.  
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The findings from this study highlight that the use of remote 

interpretations of automated audiometry as a method for assessing 

hearing ability has equivalent agreement to audiologists interpreting 

manual audiometry and is therefore feasible in the context of a 

comprehensive tele-audiological program. 
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Preamble 

In this concluding chapter, the main findings from each study will be 

reviewed and critiqued. The translational impact of the research 

conducted in this thesis will be discussed along with future research 

directions.  

 

A review and critique of the main aims and findings of this thesis 

The aim of this series of experiments was to examine the potential 

need, accuracy and application of automated audiometry for use in 

tele-audiology service models through a series of distinct but closely 

related studies. A range of methodological approaches were 

employed to address these questions including epidemiology, 

validation and diagnostic test accuracy analyses, meta-analyses and 

inter and intra-observer agreement analyses. The studies that were 

conducted to examine these aims are summarised, discussed and 

critiqued below. 
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8.1 The detection of hearing loss with self-report and screening 

audiometry, and characterising the need for hearing services in 

rural Australia (Brennan-Jones et al. 2016a, Chapter 3). 

 

This study examined the role of self-report questionnaire and 

screening audiometry in the identification of hearing loss and 

provided a rationale for improving access to diagnostic audiometry in 

rural areas. The study built on the existing evidence base examining 

the accuracy of self-report measures of hearing loss.  

 

Determining the accuracy of self-perceived hearing disability (as 

measured by self-report) versus hearing impairment as measured by 

audiometry is a nuanced task. The challenge is to weigh the 

importance of being able to identify a hearing impairment significant 

enough to be suitable for standardised interventions (audiometric 

hearing loss) versus identifying potential quality of life issues related 

to hearing that may not meet the minimum requirements for typical 

interventions (e.g. self-reported hearing difficulty in the absence of an 

audiometric hearing loss). Hearing difficulty is also not extrinsically 

severity of audiometric hearing loss, as outlined in the WHO ICF, 

hearing difficulties may be limited to certain environments and 

contexts, slight hearing loss may have severe impacts for some and 



– 187 – 

severe hearing losses may only have slight impacts for others (WHO, 

2001). Whilst this study (and thesis) has focused on maximising the 

efficiency of identification of hearing loss due to the extreme demand 

for services globally it should be noted that where possible, hearing 

assessment and referral processes lend themselves to an 

individualistic approach. 

 

 As this study examined data collected from people who volunteered 

to attend a hearing screening, the results could not be used to reflect 

on the prevalence of hearing loss. However, the nature of the cohort 

allowed comparisons between rural and urban participants to be 

made. Data on use of hearing aids were available. The limited 

access to hearing services in rural and remote areas is a concern 

that has been raised previously (Swanepoel, Clark et al. 2010), and 

the risk of hearing loss associated with occupations likely to occur in 

rural rather than urban areas had also been established (Lower, 

Fragar et al. 2010). However, the present study highlighted the 

significant difference in the presence of hearing loss in rural 

populations compared to urban populations in a cohort self-referring 

participants, rather than targeting specific occupational groups. This 

study also showed that whilst self-reported hearing loss could be a 

useful tool in primary care, the false-positive rate was high, 

particularly in adults aged under 60 years of age, meaning it could 
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not be effectively used as a general screening tool in this population. 

This was in contrast to a number of studies using population-samples 

which had shown higher specificity scores and lower sensitivity 

scores (Nondahl, Cruickshanks et al. 1998, Sindhusake, Mitchell et 

al. 2001, Swanepoel 2013). This study contributed to a more 

complete understanding of the benefits that automated audiometry 

and tele-audiology services could provide in rural areas in Australia 

and beyond.  

 

The strengths of this study were its population sample which was 

fairly equally balanced between urban and rural participants and the 

use of the Accessibility/Remoteness Index of Australia (ARIA) 

classification codes to define rurality of participants (AIHW 2004). 

The availability of additional data relating to hearing aid use also 

added strength to the study and enabled some novel comparisons to 

be made. Limitations of the study are, ironically, also the population 

sample, which was not a consecutive or random sample but rather a 

convenience sample from participants presenting for hearing 

screenings. This does of course limit some of the interpretations from 

an epidemiological perspective, particularly specificity and it can be 

assumed that many participants presented for hearing screening 

because of concerns they already had, thereby skewing their 

response to the self-report questionnaire. However, from a clinical or 
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service-based audiology perspective, this sample is reflective of a 

population seeking hearing services for diagnosis and treatment 

where appropriate. From this perspective, the study highlights the 

value of and the need for better provision of diagnostic audiometry 

services in rural areas of Australia.  
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8.2 Validation of automated audiometry in a clinical population 

and assessment of hearing loss and age as potential 

confounders (Brennan-Jones et al. 2016b, Chapter 4). 

 

This study provided the primary data collection, technical and 

methodological foundation for the thesis. Previous validation 

research for automated audiometry had been subject to problems 

with selection bias (Swanepoel, Mngemane et al. 2010, Eikelboom et 

al. 2013) and the exclusion of participants with conductive hearing 

losses (Storey et al. 2014). The use of a consecutively recruited, 

heterogeneous clinical population helped address these previous 

methodological issues. The use of multiple manual audiometry 

testers and the lack of a sound-proof environment for automated 

testing provided the most challenging validation environment for this 

device (the KUDUwave) to date. The result was increased variation 

beyond the ISO standard which was in contrast to previous studies. 

However, the variation (for air-conduction thresholds) was of limited 

clinical significance, being only ±2.5 dB beyond the standard ±5 dB 

variation. At this point, potential concerns over the accuracy of the 

bone-conduction thresholds were raised. However, it was unclear 

whether automation or other confounding variables (e.g. calibration, 

complex masking, ambient noise levels or transducer placement, 

multiple audiologists undertaking the gold standard audiometry) were 
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responsible for this difference; this was one of the limitations of 

introducing so many variables into one validation study.  

 

The influence of order effects was also a limitation of this study, as 

alluded to by statistically significant hearing threshold differences 

between manual and automated audiometry in the left ear. The 

KUDUwave was programmed to test the left ear first and this was not 

altered throughout data collection. Counter-balancing the order of 

presentation would likely have removed this limitation (McCall, 1973). 

However, this finding did highlight the potential benefit of pre-testing 

or control trials before formal testing commences. This is now 

incorporated into recent versions of the software. 

 

Aside from these limitations, the statistical approach taken was novel 

and a strength of this study. The calculation of participant-level 

averaged absolute mean differences (called an “individual absolute 

mean difference” in the study) enabled the quantification of potential 

confounders for automated threshold accuracy such as the presence 

of hearing loss and age at testing. Whilst a weak linear relationship 

was demonstrated with age, neither age nor presence of hearing loss 

were statistically significant predictors of accuracy. This study added 

significantly to the evidence base supporting the validation of 

automated audiometry by expanding validation of air-conduction 
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testing to a clinical population with reduced selection bias, 

highlighting potential variation in bone-conduction thresholds and 

applying a new statistical approach to quantify potential confounders.  
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8.3 Diagnostic accuracy of automated audiometry using an 

asynchronous telehealth model (Brennan-Jones et al. 2016c, 

Chapter 5). 

 

The aim of this study was to examine the potential utility of using pre-

defined diagnostic protocols to identify the type (or site of lesion) of 

hearing loss, severity of hearing loss and whether the hearing loss 

was asymmetrical, as these three features are commonly used to 

determine onward referral to an ear or other medical specialist and/or 

intervention by an audiologist. Considering the slightly increased 

variation in hearing thresholds found in Chapter 4 (Brennan-Jones et 

al. 2016b), we were also interested to see if this altered the 

classification of participants into standard criteria for hearing loss.  

 

Classification systems applied to audiometry have been the subject 

of previous efforts to standardise the interpretation and reporting of 

audiometric results (Margolis & Saly 2007, WHO, 2013). However, 

whilst Margolis & Saly (2007) have developed an automated system 

for audiogram classification (AMCLASS), this system is only 

available for AMTAS-enabled audiometers, narrowing its utility for 

global tele-audiology programs (Margolis and Saly 2008). 

Furthermore, the simpler classification systems address only severity 

of hearing loss of an ear, at times with no regard to the individual, 
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which do not assist the practitioner in reaching a diagnosis or 

deciding the next step on the referral pathway. 

 

The results from this study showed that the use of pre-defined 

diagnostic protocols applied asynchronously to automated 

audiometry could provide identification of disabling, conductive and 

unilateral hearing loss, with a high overall sensitivity and specificity 

compared to screening audiometry and significant (“good” to “almost 

perfect”) Kappa agreement (Landis & Koch, 1977).  

 

This was the first study to examine the accuracy of these diagnostic 

criteria for automated threshold audiometry. Whilst the results 

appeared promising, the interpretation and impact of the results was 

hampered by the small sample size and a lack of comparable studies 

of sensitivity and specificity for diagnostic audiometry. However, this 

study provided a novel contribution by describing the potential 

application of automated audiometry for asynchronous telehealth 

using diagnostic criteria that had potential to triage patients and 

increase efficiency in tele-audiology programs.  
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8.4 Validation and accuracy of automated audiometry and 

establishing a global individual participant database for meta-

analysis (Chapter 6). 

 

The aims of this chapter was to provide the most precise estimates of 

accuracy for automated audiometry in the world to date. Following 

the results from Chapter 4 (Brennan-Jones et al. 2016b) that showed 

increased variation of automated audiometry and Chapter 5 

(Brennan-Jones et al. 2016c) that provided an encouraging yet 

underpowered diagnostic accuracy analysis of automated audiometry 

it became clear that the most efficient way to answer the questions of 

validity and in particular diagnostic accuracy would be through a 

meta-analysis of individual participant data from previously 

completed validity and accuracy studies. Mahomed et al. (2013) had 

provided a previous meta-analysis of automated audiometry, 

however their analysis was limited to combining summary statistics of 

mean differences from previous studies and they identified a lack of 

studies examining the accuracy of bone-conduction audiometry. In 

addition, a diagnostic accuracy meta-analysis cannot be conducted 

with summary statistics alone unless sensitivity and specificity are 

reported and to date only Chapter 5 of this thesis had provided a 

report of sensitivity and specificity for automated audiometry. With 

the addition of a number of validation reports of automated 
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audiometry that included bone-conduction results becoming available 

in the time since the Mahomed et al. (2013) meta-analysis, it became 

clear that a primary study or an individual participant data meta-

analysis that could examine air and bone-conduction validity and 

diagnostic accuracy would be of significant benefit to the field. 

 

The main findings from this study examining the validation of 

automated audiometry were mixed. This study confirmed that 

automated air-conduction audiometry is a valid method for 

determining hearing thresholds, with pooled absolute mean 

differences within the recommended ISO 8253-1:2010 limits. 

However, for bone-conduction audiometry, pooled absolute mean 

differences for hearing thresholds obtained through automate 

audiometry were outside the recommended ISO limits. Similarly, for 

diagnostic accuracy, this study showed that automated audiometry 

was highly accurate for identifying normal hearing or diagnosing 

disabling hearing loss. However, this high level of accuracy was not 

maintained for diagnosing unilateral or conductive hearing losses.  

 

The finding that automated bone-conduction audiometry variation 

exceeds ISO standards was not wholly unforeseen. It was originally 

hypothesised that the individual participant data meta-analysis would 

show less variation in automated bone-conduction thresholds than 
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was found in Chapter 4, but the analysis showed this not to be the 

case. This study has clearly identified a need for further research to 

refine automated bone-conduction testing and identify what 

confounding variables are contributing to this increased variation and 

what portion of the variability can be independently attributed to 

automation. There are a number of well-reported or potential 

confounding variables, including tester bias, calibration differences, 

ambient noise levels, masking technique and bone-conductor 

placement. As the automated threshold seeking procedure for air and 

bone-conduction testing is identical, the finding that automated air-

conduction audiometry can achieve acceptable levels of variation 

supports the argument that the increased influence of confounding 

variables associated with bone-conduction testing, rather than 

automation itself, is the source of this observed increase in absolute 

mean differences. It is up to future investigators to assess whether 

this matter warrants further examination; this present study has been 

crucial in providing current estimated of threshold accuracy and 

identifying the need for this further research.  

 

The examination of the sensitivity and specificity of automated 

audiometry using diagnostic criteria for hearing loss is a unique 

addition to the literature. These findings allow the quantification of the 

accuracy of audiometry using an alternative method to threshold 



– 198 – 

mean differences and build on the concept reported in Chapter 5 of 

using pre-defined diagnostic criteria applied to the results of 

automated audiometry to diagnose or triage patient care in an 

asynchronous tele-audiology model. However, this study benefits 

from having a sufficient sample size to allow a more meaningful 

interpretation of the results than was possible in Chapter 5. The 

results showed that identifying normal hearing loss and diagnosing 

disabling hearing loss could be achieved with high sensitivity and 

specificity using automated audiometry. For more complex diagnoses 

such as conductive, unilateral or asymmetrical hearing losses the 

accuracy of pre-defined diagnostic criteria decreased. This could be 

due in part to variability in automated testing or patient variability.  

 

The inclusion of diagnostic criteria in addition to analysis of mean 

differences of individual hearing thresholds is useful as it provides a 

more clinically applicable interpretation of a participant results for 

manual and automated audiometry testing. For instance, a number of 

government and health authorities will base the eligibility of a patient 

for services based on their 4FA (e.g. Better Start, 2012). However, 

whilst pre-defined diagnostic criteria are also useful in comparing 

accuracy for specific types and severities of hearing loss, one of the 

limitations of this method is that small differences between tests can 

result in the misclassification of participants. For instance, if a 



– 199 – 

participant has a manual audiometry 4FA of 25 dB that will be 

classed as “normal hearing” and if on automated audiometry testing 

that same participant has a near identical 4FA of 26 dB they will 

instead be considered to have a hearing loss and be listed as a false-

positive even though the functional difference between the two 

averages is negligible. The use of mean differences for individual 

thresholds for quantifying accuracy is the most common method and 

has obvious appeal as this is the basic unit of an audiogram. 

However, threshold accuracy can vary across frequencies and does 

not give an indication of the overall characteristics of a patients 

hearing loss. Therefore, examination of both mean differences for 

individual hearing thresholds and using diagnostic accuracy 

measures to examine broader aspects such as hearing loss severity 

criteria can be useful when quantifying the accuracy between manual 

and automated audiometry.  

 

One of the most challenging aspects of this study was to obtain and 

standardise the individual participant data from numerous sources 

around the world. Whilst individual participant data meta-analyses 

are considered the gold standard of systematic reviews and 

evidence-based healthcare, they are still subject to the potential 

biases of the original studies. However, the findings from this study 

offer the most comprehensive assessment of automated audiometry 
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accuracy to date and has provided the platform for an ongoing 

international database of accuracy studies of automated audiometry. 

This will be of significant benefit now and into the future. The findings 

from this study confirmed that automated air-conduction audiometry, 

whether used for the identification of hearing thresholds or the 

diagnosis of varying degrees of hearing loss using 4FA, was valid 

and accurate and highlighted the need for a further examination of 

automated bone-conduction audiometry accuracy.  
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8.5 Agreement and reliability of asynchronous audiogram 

interpretations: examining the effect of automation (Chapter 7). 

 

The aim of this chapter was to examine the agreement and reliability 

of remote audiogram interpretation by audiologists and whether the 

potential variation in hearing thresholds introduced by automated 

audiometry would affect the clinical decisions made by audiologists, 

particularly when applied in an asynchronous telehealth context. This 

research question arose as a result of the findings from Chapters 4, 5 

and 6, particularly the variation in air and bone-conduction thresholds 

above ISO standards observed in Chapter 4. In Chapter 4, air-

conduction thresholds showed an approximate 15 dB (or ±7.5 dB) 

absolute difference compared to manual audiometry, outside the 10 

dB (or ±5 dB) absolute difference recommended by ISO standards. It 

was argued that as this value was smaller than the minimum testable 

difference (i.e. 5 dB) allowable under the ISO standards that the 

clinical significance would be minimal. Another motivation for this 

study was that in both the studies reported in Chapter 4 and Chapter 

6 a number of comparisons of hearing thresholds obtained by 

automated audiometry were statistically significantly different to 

manual audiometry, despite the absolute thresholds differences 

being below the ISO standard clinical variation (i.e. absolute 

difference). This study, therefore, aimed to examine if this statistical 
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significance translated to clinical significance in audiogram 

interpretations between automated and manual audiometry. Finally, 

the findings from Chapters 5 and 6 highlighted that whilst pre-defined 

diagnostic criteria applied to automated audiometry was an accurate 

method for automatically determining the level of hearing loss, this 

method was not consistently accurate for identifying the type of 

hearing loss (i.e. site of lesion) or significant asymmetries. Remote 

interpretation of the automated audiograms would be required to 

identify these more complex presentations and this study therefore 

sought to examine whether this would be a feasible approach.  

 

The main findings from this study were that the method of audiometry 

did not significantly affect the management decisions of individual 

audiologists (intra-observer agreement) for remotely interpreting 

audiograms. On the other hand, there was no significant agreement 

between audiologists (inter-observer agreement) for patient 

management decisions for either manual or automated audiometry, 

indicating that management decisions differed significantly between 

clinicians regardless of the method of audiometry.  

 

It is acknowledged that the management decisions made by 

audiologists were based solely on the clinical information provided 
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and there was a lack of contextual and personal information about 

the patient that is often elicited in a clinical history and can be hugely 

important in determining what the most appropriate treatment or 

management for a patient may be. Considered in the context of the 

WHO (ICF) introduced in Chapter 2, the relevance of severity of 

hearing loss in lessened, as it is the degree that their hearing loss 

affects their activities of daily life that will be the most important factor 

in guiding treatment and this will vary across individuals (WHO, 

2001). 

 

The intra-observer findings highlighted that the use of remote 

interpretations of automated audiometry would be a valid method for 

assessing and managing treatment referrals in the context of an 

asynchronous tele-audiology program. The inter-observer findings 

also implied that clinician variation amongst audiologists is more 

likely to account for differences in remote audiogram interpretation 

than automation. This was a novel and useful finding that goes some 

way to showing that the statistical differences between hearing 

thresholds observed in Chapters 4 and 6 is of limited clinical 

significance in this context.  
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The limitations of this study were the absence of a comparator for 

intra-observer reliability. That is, for intra-observer agreement an 

individual audiologist’s diagnosis and management decisions were 

compared for manual and automated audiometry. If an individual 

audiologist’s diagnosis and management decisions were obtained 

twice for manual audiometry (using a randomised, anonymised 

method such that the audiologist was not aware that they were 

interpreting the same audiogram twice) then a baseline measure of 

intra-observer agreement would have been obtained and this could 

inform the comparability of intra-observer agreement between 

manual and automated audiometry. However, as we found 

substantial and significant intra-observer agreement between 

interpretations of manual and automated audiometry, the lack of an 

intra-observer baseline agreement level for manual audiometry had 

little impact on our interpretation of the results, but it would have 

been beneficial nonetheless.  

 

Additionally, it is recognised that even small amounts of increased 

variation in hearing thresholds may have some clinical impact (e.g. 

resulting in changes to prescription settings for hearing aid 

amplification). However, the impact of such variation in determining 

the onward referral to further audiological or medical services in the 
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context of the present study appears negligible compared to standard 

clinician variation.   

 

One result of interest was the clinician-rated reliability of audiograms 

and our finding that audiologists were 2.8 times more likely to 

question the reliability of an automated audiogram compared to a 

manual audiogram. The reasons for this were not determined. 

However, the tester bias associated with audiometry is well-

documented and many audiologists may consciously or sub-

consciously alter hearing thresholds to adhere to certain rules or an 

expected pattern (Margolis 2008). As automated audiometry does 

not perform these adjustments it is possible that there may be a 

perception of poor reliability may if audiometric results do not fit the 

expected pattern or conventions, even if they are genuine thresholds. 

It is also recognised that for some patients, audiometry can be a 

difficult task to perform and the reliability or accuracy of the 

audiogram can be compromised, with automated testing being less 

accommodating for patients with slower reaction times (Margolis, 

Saly et al. 2007). This, coupled with the increased querying of 

automated audiometry in the present study, highlights the benefit of 

the availability of face-to-face or synchronous tele-audiometry 

services to complement asynchronous tele-audiology assessment 

models for patients suspected to have poor reliability. The findings 
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also highlighted the need for the development of standardised 

methods to quantify the reliability of an audiogram, whether based on 

reaction times, prevalence of false-positives or the use of a forced 

choice method (Margolis, Glasberg et al. 2010).  

 

This was the first study to examine and report the agreement and 

reliability of audiogram interpretation in a hypothetical asynchronous 

telehealth model using automated audiometry. This study built on the 

research in Chapters 4, 5 and 6 by showing that statistical 

differences in threshold accuracy between manual and automated 

audiometry did not translate to clinically significant differences in 

diagnosis and management decisions and that the remote 

interpretation of automated audiograms in an asynchronous 

telehealth model was effective.  

 

8.6 Translational implications 

The research conducted as part of this thesis has already began to 

have a translational impact on clinical practice and health policy. 

Automated audiometry is now used routinely in metropolitan Lions 

Hearing Clinics (audiology clinics allied to the candidate’s host 

institution) in Western Australia. The use of the KUDUwave is also 

being trailed for diagnostic audiometry assessments in remote 
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Aboriginal communities in Western Australia where hearing services 

are extremely limited. The candidate has also been approached by 

the Director of the Office of Hearing Services, Commonwealth 

Department of Health to contribute to the development of a position 

paper on government policy to expand and improve the uptake and 

utilisation of telehealth applications in audiology.  

 

Whilst the research contained in this thesis alone is not the sole 

reason for these developments, it has been a significant contributing 

factor. Given the specific context of this research being undertaken in 

Australia, where there is a large rural and remote population for 

whom the uptake of telehealth services offers significant health 

benefits and potential savings for public and private health care 

providers this has lead to a drive to rapidly implement research 

findings into clinical practice.   

 

8.7 Future directions  

This thesis has provided a firm evidence base for the need, accuracy 

and application of automated audiometry into asynchronous 

telehealth service delivery. Whilst the validation studies in this thesis 

contributed to an already increasing evidence base, the main 

advance in the field from this work has been demonstrating the 

feasibility of incorporating automated audiometry into asynchronous 
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telehealth and further work will continue to develop this approach 

further. However, there are numerous avenues for further research. 

Importantly, there needs to be more studies that provide accuracy 

estimates for automated bone-conduction audiometry as well as 

detailed studies that can better characterise the potential sources of 

variability in automated bone-conduction testing. There is a need for 

a standardised measure to quantify the accuracy of automated 

audiometry. There is also a new for further research in a paediatric 

and Indigenous Australian population (where conductive hearing 

losses requiring bone-conduction assessment will be more common), 

and an analysis of the time efficiencies and health economic benefits 

of automated audiometry once implemented into clinical service 

delivery. The continued growth and development of the international 

database for automated audiometry accuracy established in this 

thesis (Chapter 6) is a resource for further research to examine 

accuracy, potential sources of variability and further applications of 

automated audiometry and will continue to be refined and expanded. 

Finally, complementary applications to diagnostic tele-audiology 

services such as tele-fitting of hearing aids and cochlear implants 

have been the subject of previous research endeavours but require 

more refinement to enable the widespread implementation of 

comprehensive tele-audiology programs that can enable remote 

diagnosis, intervention and rehabilitation. 
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8.8 Conclusions and final comments 

This thesis has demonstrated the need for better provision of hearing 

services in rural areas of Australia and how automated audiometry 

can be utilised in an asynchronous telehealth model to improve 

access to hearing services within Australia and globally. The use of 

automated air-conduction audiometry has been shown to be 

consistently accurate using a gold-standard individual participant 

data meta-analysis, pre-defined criteria for identifying hearing loss 

has been shown to be accurate and the remote interpretation of 

automated audiometry have been shown to be subject to the same 

clinician-related variables as interpretations of manual audiometry. 

Overall, this series of studies has significantly progressed the 

evidence-base to support the use of asynchronous telehealth 

applications applied to audiology. This approach, in conjunction with 

synchronous methods, offers a means of considerably improving 

access to diagnostic audiological services. 
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Abstract
Objective: To examine whether self-reported hearing
difficulty is an accurate measure of hearing loss com-
pared with standard hearing screening with pure tone
audiometry in rural and urban communities.
Design: Convenience sampling.
Setting: Urban and rural areas of Western Australia.
Participants: A total of 2090 participants (923 men;
1165 women; 2 unknown) aged 20–100 years present-
ing for community-based hearing screening in urban
(982) and rural (1090) areas.
Interventions: Self-reported hearing difficulty assessed
with the Hearing Handicap Inventory for the Elderly –
Screening questionnaire. Hearing loss defined as average
hearing thresholds >25 dB in the better ear using screen-
ing audiometry conducted at 500, 1000, 2000 and
4000 Hz.
Main outcome measures: Nil.
Results: The Hearing Handicap Inventory for the
Elderly – Screening was sensitive (≥60 years = 76.69%;
<60 years = 71.67%) but not specific (≥60
years = 45.15%; <60 years = 49.63%) for identifying

hearing loss. The <60 age group had a hearing loss
prevalence of 25.6%, and a false-positive rate of
67.12% compared with a prevalence of 69.12% and
false-positive rate of 29.77% for the ≥60 age group.
For all ages, rural participants were more likely
to have a disabling hearing loss (odds ratio 2.04
(95% confidence interval, 1.55–2.67); χ2(1) = 27.28;
P < 0.001), but there were no significant differences in
hearing aid uptake.
Conclusions: Patients in rural areas presenting for
hearing screenings are more likely to suffer hearing loss
than adults in urban areas. We suggest rural health
practitioners incorporate a self-reported hearing loss
questionnaire into health check-ups for adults, particu-
larly patients aged ≥60 years due to the high prevalence
of hearing loss in this group.

KEY WORDS: hearing loss, hearing screening,
primary health, rural health, self-report.

Introduction
Approximately 15% of the world’s adult population has
some degree of hearing loss, half of which is considered
to be disabling.1 This makes hearing loss one of the top
20 causes of disease burden globally.1 Hearing loss
affects interpersonal communication, psychosocial well-
being, quality of life and economic independence.2 The
lack of access and availability of appropriate interven-
tions for patients, particularly those in remote and rural
areas, is of significant concern.3

Screening for hearing loss involves audiological tests
that are costly and are often not available in rural
healthcare settings.4 Other screening methods, such as
telephone-based hearing screening and the whispered
voice test, have been shown to be valid methods of
screening for hearing loss. However, telephone-based
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screening requires initiation from the patient, and the
whispered voice test is often dependent on clinician
experience.5,6 Self-report questionnaires for identifying
hearing loss have therefore been proposed as a cost-
effective and time-efficient method of audiological
screening that can be used by any health professional
group.7–9

The uptake of hearing aids by patients with hearing
loss is low.10 Identification and intervention for hearing
loss in the pre-retirement period (approximately 50–65
years of age) is associated with a greater uptake of
hearing aids11 and improved rehabilitation outcomes.2–5

Self-report questionnaires can therefore be useful in
early identification of hearing loss, prompting early
intervention and improved outcomes in those who are
motivated to receive treatment and rehabilitation for
their hearing loss.

The Hearing Handicap Inventory for the Elderly –
Screening (HHIE-S)12 is a widely used measure of self-
reported hearing difficulty and has been adapted for
different age and cultural groups.13 It has been exten-
sively psychometrically validated,12 has comparable
accuracy to similar validated questionnaires14 and higher
accuracy than a single question for diagnosing hearing
impairment.15

This study was designed to evaluate the accuracy
of this self-report measure for determining hearing
loss among self-referring patients compared with
audiometric screening, and to examine the association
between the uptake of hearing aids and location (rural or
urban).

Methods

Study cohort

Data from hearing screenings conducted on self-
referred volunteers performed by the Lions Hearing
Foundation in Western Australia between March 2010
and July 2013 were collated in this study. Excluded

were 182 potential participants who declined permis-
sion for their data to be used, 5 who did not complete
the audiometric screening, 11 who did not provide a
date of birth and 49 who were under the age 20 years;
leaving a cohort of 2090 participants. For the purposes
of this study, participants were divided into two
groups at 60 years of age, broadly representing a pre-
retirement group.

Materials and procedures

All participants completed the HHIE-S, a conventional
audiometric hearing screening and an additional ques-
tionnaire including items on hearing aid use and out-
comes designed by the investigators. HHIE-S scores of
>8 indicated a hearing impairment. Ears were examined
by otoscopy to ensure there was no obstruction of the
ear canal prior to screening audiometry, which was con-
ducted with a GSI 17 audiometer (GrassonStadler, Eden
Prairie, MN, USA) and Peltor 211 headphones (3M, St
Paul, MN, USA), calibrated annually. Screening was
conducted by trained, non-specialist volunteers in a
sound-treated booth on a bus modified for mobile
hearing screenings. Hearing screening commenced at
25 dBHL. Participants ‘passed’ if they responded to low
intensity sounds at 500, 1000, 2000 and 4000 Hz in
both ears. If they did not respond, intensity was
increased in 5 dBHL steps until the participant
responded. Order of testing left or right ears first was
not prescribed, and the order of testing frequencies was
500, 1000, 2000 and 4000 Hz.

Data analysis

Hearing screening and HHIE-S data, together with age,
gender, location and hearing aid use, were analysed in
SPSS v21 (IBM Corp, New York, NY, USA). Hearing

What is already known on this subject?
• Access to treatment for hearing loss might be

limited in rural and remote areas.
• Intervention for hearing loss in the pre-

retirement period is associated with better
patient outcomes.

• Early identification of hearing loss in primary
care using the standard audiometric screen-
ing can be costly, requiring specialised equip-
ment and training.

What this study adds:
• There is a significant difference in the pres-

ence of hearing loss in rural populations
compared with urban populations in self-
referring participants.

• The prevalence of self-reported hearing loss
in adults aged over 60 years is extremely high
in a self-referring population.

• Self-report measures are cost-effective
methods of screening for hearing loss in
primary care and of identifying patients, but
they lack accuracy compared with
audiometric screening.

© 2015 National Rural Health Alliance Inc.
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loss was defined as mild (best ear four-frequency average
>25 dB) or disabling (best ear four-frequency average
>40 dB) across the frequencies of 500, 1000, 2000 and
4000 Hz, according to the World Health Organization
criteria.1 Accessibility/Remoteness Index of Australia
(ARIA) classification codes16 were used to identify an
urban (ARIA code: 0) or rural/regional address (ARIA
codes: 1, 2, 3, 4) according to postcode.

Results

Participant profile

Of the 2090 participants in the study, 982 (46.99%)
resided in the metropolitan area of Perth and 1090
(52.15%) in the regional, rural or remote areas of
Western Australia according to ARIA classifications; 18
(0.86%) people did not provide a valid postcode for
ARIA classification. More women (n = 1165) than men
(n = 923) were included; the gender of two people was
not reported. The mean age of participants was 60.0
years (standard deviation 13.93, range 20.3–100.32
years), with no statistically significant difference
between the gender balances or age of urban versus
rural participants (independent sample t-tests;

P > 0.05). Figure 1 shows the distribution of partici-
pants according to age, gender and hearing loss.

Accuracy of HHIE-S self-report
questionnaire

The sensitivity of the HHIE-S questionnaire was
76.69% (95% confidence interval (CI), 73.33–79.75),
with specificity of 45.15% (95% CI, 40.29–50.01) for
identifying mild hearing loss in adults aged ≥60 years.
For adults aged <60 years, the sensitivity of the HHIE-S
was 71.67% (95% CI, 65.35–77.27) and specificity was
49.63% (95% CI, 45.80–53.46). The <60 group had a
false-positive rate of 67.12% (95% CI, 62.82–71.16)
compared with 29.77% (95% CI, 26.57–33.19) for the
≥60 group; the false-negative rate for the <60-year-old
group was 16.42% (95% CI, 13.01–20.48) and for the
≥60 years group was 54.85% (95% CI, 49.91–59.71)
(Table 1).

The prevalence of audiometric hearing loss in partici-
pants aged ≥60 years was 69.12% (95% CI, 66.32–
71.79). Participants aged <60 years had a lower
prevalence (25.60% (95% CI, 22.82–28.59)) (Figure 1).
There was an increased risk of having an HHIE-S score
>8 associated with participants from rural areas com-
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FIGURE 1: Prevalence of hearing loss
(>25 dBHL) according to age and
gender in participants attending the
Lions Hearing Bus. ( ) Men, ( )
women, ( ) all.

TABLE 1: Two-by-two tables showing accuracy of the HHIE-S for identifying hearing loss in adults

<60 Years of age ≥60 Years of age

Hearing loss criteria HHIE <8 (%) HHIE-S ≥ 8 (%) HHIE <8 (%) HHIE-S ≥ 8 (%)

Normal hearing 336 (36.9) 341 (37.5) 186 (16.8) 162 (14.6)
Hearing loss (>25 dB) 66 (7.2) 167 (18.3) 226 (20.4) 533 (48.1)
Totals 402 (44.2) 508 (55.8) 412 (37.2) 695 (62.8)

HHIE-S, Hearing Handicap Inventory for the Elderly – Screening.

© 2015 National Rural Health Alliance Inc.
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pared with urban areas (odds ratio (OR) 1.32 (95% CI,
1.11–1.59); χ2(1) = 9.51; P = 0.002). Participants in
rural populations also had an increased risk of mild
hearing loss (OR 1.73 (95% CI, 1.45–2.06);
χ2(1) = 38.13; P < 0.001) and disabling hearing loss
(OR 2.04 (95% CI, 1.55–2.67); χ2(1) = 27.28;
P < 0.001). There were no differences in hearing aid
uptake (mild hearing loss: OR 0.93 (95% CI, 0.66–
1.46); χ2(1) = 0.008; P = 0.927) (disabling hearing loss:
OR 0.54 (95% CI, 0.84–2.20); χ2(1) = 1.614;
P = 0.204) (Tables 2,3).

Discussion
This study examined the prevalence of hearing loss in a
cohort of self-referring adults from rural and urban
areas of Western Australia. Participants in rural areas
showed a significantly higher prevalence of hearing loss,
but their rates of hearing aid uptake were not signifi-
cantly different. There was a high prevalence of hearing
loss in those attending community-based hearing screen-
ings, and the HHIE-S questionnaire was a sensitive, but
not specific, measure for detecting hearing loss for
adults aged ≥60 years in this study. Approximately 70%
of participants aged ≥60 years had an audiometric
hearing loss. However, these prevalence figures cannot
be generalised to the wider population because of the
sampling method. Population-based estimates of self-
reported hearing loss are 46.2% for a regional popula-

tion at 60–65 years of age.9 Although lower than our
sample, this illustrates the high prevalence of self-
reported hearing loss in the general population.
Although this study did not examine the causes of
hearing loss, both workers and families living in rural
areas are at a higher risk of occupational noise exposure
through agricultural and production industries.4

Our findings show an increased prevalence of hearing
loss in regional and rural areas, and support previous
calls9 for the better identification of hearing loss in
primary care. Identifying and treating hearing loss in the
pre-retirement period is associated with an increased
uptake of hearing aids and improved rehabilitation out-
comes.3,11 Considering the results of this study, the
routine use of questionnaires for adults aged ≥60 years
in a primary care can enable the early identification of
hearing loss because of the high prevalence of the con-
dition in this age group. However, self-report hearing
measures do not have comparable accuracy with
audiometry, and better access to these services in rural
and remote areas is therefore still needed.

For both age groups, the HHIE-S was sensitive (≥60
years = 76.69%; <60 years = 71.67%), but not specific
(≥60 years = 45.15%; <60 years = 49.63%). Low speci-
ficity could result in excessive referrals for patients who
self-report a hearing difficulty in the absence of an
audiometric hearing loss. This study produced similar
sensitivity estimates to previous studies of the HHIE-S
(Sindhusake et al. 2001; 80%),17 but with lower speci-
ficity (Sindhusake et al. 2001; 76%).

The HHIE-S false-positive rate for patients aged <60
years was substantially higher (67.12%) compared with
those aged ≥60 years (29.77%). False positives incor-
rectly diagnose a patient as having a condition (i.e.
self-reported hearing loss), in the absence of the condi-
tion according to the gold standard (i.e. hearing loss
confirmed by audiometry). The impact of false positives
in the <60 years group is likely to put greater strain on
specialist services – resulting in an increase in referrals
for hearing assessment in the absence of a hearing loss.
However, it can be argued that a client who self-reports
difficulty can still benefit from consultation.

The <60-year-old group had a lower false-negative
rate than the ≥60-year-old group, at 16.42% and

TABLE 2: A comparison of prevalence and degree of hearing loss (HL) and use of hearing aid(s) (HA) in urban and rural
areas (all ages)

Urban (n = 982) Rural (n = 1090)

Hearing loss criteria HL (%) HL + HA (%) HL (%) HL + HA (%)

Mild HL 409 (41.6) 49 (5.0) 602 (55.2) 53 (4.9)
Disabling HL 88 (9.0) 29 (2.9) 182 (16.7) 43 (3.9)
Totals 675 (50.6) 105 (15.6) 788 (83.3) 72 (9.1)

TABLE 3: Analysis of participants with hearing loss (HL)
and participants with hearing loss using hearing aids
(HL + HA) in urban and rural areas (all ages)

Rural compared with urban locality

Hearing loss criteria χ2(1) P OR 95% CI

Mild HL 38.13 <0.001 1.73 1.45–2.06
Disabling HL 27.28 <0.001 2.04 1.55–2.67
Mild HL + HA 0.008 0.927 0.93 0.66–1.46
Disabling HL + HA 1.614 0.204 0.54 0.84–2.20

CI, confidence interval; OR, odds ratio.
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54.85%, respectively. This is expected considering the
high prevalence of hearing loss in the ≥60 years age
group. These false negatives represent patients with
hearing loss according to audiometric testing, who did
not self-report a hearing loss using the HHIE-S.
Although these patients might not feel they are experi-
encing sufficient limitations on their quality of life to
warrant intervention, counselling on the impact of
hearing loss and the benefits of early intervention can be
beneficial.18

The cost-effectiveness of audiometric screening in
community settings has been debated, and there is some
evidence that hearing screening increases the uptake of
hearing aids.19 However, both screened and not-
screened groups in the Yueh et al. (2010)19 study
showed a low-uptake of hearing aids when followed-up
1 year after screening.

Pronk et al.20 have argued for better methods of
hearing screening in adults and a wider range of alter-
native rehabilitative options in addition to hearing aids,
such as informational counselling and communication
strategies. In our study, the HHIE-S showed poor speci-
ficity for identifying a clinically significant, audiometric
hearing loss. This suggests that self-report measures can
identify patients with listening difficulties, in the absence
of audiometric hearing loss, who could benefit from
these alternative rehabilitation options. This finding also
highlights the need for better access to specialist hearing
services in rural areas to distinguish between patients
who would benefit from hearing aids, medical or surgi-
cal intervention, or communication tactics.

Although screening questionnaires can be effective in
detecting hearing loss early, these methods are not suf-
ficient for a definitive diagnosis, which requires a diag-
nostic audiometry assessment. These services are rarely
available in rural and remote areas21 and result in
increased time and cost to travel to the nearest specialist,
or require a specialist visit the region. The advent of
automated audiometers22,23 that can be operated via
telehealth or local primary care staff and interpreted
remotely by audiologists can serve as a means of
improving access to these specialist services. This tech-
nology, in conjunction with self-report measures, has
the potential to streamline the clinical pathway of
patients from identification to appropriate diagnosis
and intervention.

Limitations

As participants voluntarily presented for hearing screen-
ing, it can be assumed that many already had concerns
about their hearing and were therefore not representa-
tive of the general population. Poor specificity of the
HHIE-S in this study is in contrast to other studies
where specificity has ranged from 70% to 95%.17,24

However, numerous population-based studies support
the recommendation of regular, primary care assess-
ments for self-reported hearing loss, whether via a
single-question or validated questionnaire.7–9

Conclusion
The results highlight the increased risk of hearing loss in
rural areas. This study demonstrates the potential value
of self-report measures for detecting hearing impairment
for adults, particularly those aged ≥60 years in settings
where audiometric screening equipment is not available.
However, greater provision of audiometry services
would allow more accurate identification of hearing
loss.
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Clinical validation of automated audiometry with continuous
noise-monitoring in a clinically heterogeneous population
outside a sound-treated environment
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Abstract
Objective: Examine the accuracy of automated audiometry in a clinically heterogeneous population of adults using the KUDUwave

automated audiometer. Design: Prospective accuracy study. Manual audiometry was performed in a sound-treated room and automated

audiometry was not conducted in a sound-treated environment. Study sample: 42 consecutively recruited participants from a tertiary

otolaryngology department in Western Australia. Results: Absolute mean differences ranged between 5.12–9.68 dB (air-conduction) and

8.26–15 dB (bone-conduction). A total of 86.5% of manual and automated 4FAs were within 10 dB (i.e. ±5 dB); 94.8% were within 15 dB.

However, there were significant (p50.05) differences between automated and manual audiometry at 250, 500, 1000, and 2000 Hz (air-

conduction) and 500 and 1000 Hz (bone-conduction). The effect of age (�55 years) on accuracy (p¼ 0.014) was not significant on linear

regression (p40.05; R2¼ 0.11). The presence of a hearing loss (better ear�26 dB) did not significantly affect accuracy (p¼ 0.604; air-

conduction), (p¼ 0.218; bone-conduction). Conclusions: This study provides clinical validation of automated audiometry using the

KUDUwave in a clinically heterogeneous population, without the use of a sound-treated environment. Whilst threshold variations were

statistically significant, future research is needed to ascertain the clinical significance of such variation.

Key Words: Automated audiometry; audiometry; hearing loss; teleaudiology; KUDUwave

Assessment of hearing sensitivity thresholds is one of the key tests

conducted by audiologists. The methods of assessment are well

defined by the modified Hughson-Westlake protocols ISO 8253-

1:2010 (ISO, 2010). In a standard manual audiometry procedure,

frequency-specific sound stimuli are presented to a patient and the

hearing level of the stimuli is adjusted, either decreasing or

increasing, according to the patient’s response or lack of response,

respectively. This method is also termed a ‘method of limits’

approach and is performed according to ISO 8253-1:2010 standards

on equipment calibrated to ISO 389-1:1998 (ISO, 1998) standards.

In the past decade there has been an increasing interest in systems

that automate these procedures (Eikelboom et al, 2013; Ho et al,

2009; Margolis et al, 2010; Swanepoel et al, 2010).

Automated audiometers are not new. Georg von Bekesy (von

Bekesy, 1947) was the first to describe a self-recording threshold

audiometer which automatically increased or decreased sound level

whilst sweeping a specified frequency test range. Whilst this

technique is still in use by some, the Hughson-Westlake method is

now the most common technique for performing audiometry. A

number of automated audiometry systems have implemented

computerized versions of the Hughson-Westlake procedure, with

the first reports of this method of automation appearing more than

four decades ago (Sparks, 1972).

Following the successful clinical validation of a number of

automated audiometers (Eikelboom et al, 2013; Margolis et al,

2011; Swanepoel et al, 2010), and a systematic review of their

accuracy (Mahomed et al, 2013), the potential scope of these

devices has expanded to include full diagnostic hearing assessments

for adults, encompassing masked and not-masked air and bone

conduction thresholds.
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In the meta-analysis conducted by Mahomed et al (2013),

automated audiometry showed comparable accuracy to manual

audiometry, with overall average differences of 0.4 dB (6.1 SD).

However, the authors noted that there was limited data on

automated bone conduction audiometry and patients with different

types and degrees of hearing loss. A number of studies included in

the systematic review reported the accuracy of automated audiom-

etry on participants with normal hearing only.

The inclusion of participants without hearing loss introduces

significant bias into accuracy studies (Rutjes et al, 2006). The

potential for bias is clear; normal-hearing patients are known to

have hearing within a certain range, thereby limiting the potential

range of variation between two methods of assessment. To limit

bias it is therefore essential that the accuracy of automated

audiometry be examined in a population that is likely to include

participants with a range of hearing threshold levels, but who are

not pre-selected according to hearing status or level of impairment.

The exclusion of patients with known conductive hearing impair-

ments (e.g. Storey et al, 2014) is also a source of potential bias.

These patients represent a significant part of the clinical population

and it is just as important to have accuracy estimates in such cases

as for patients with sensorineural hearing losses.

The inclusion of participants with normal hearing threshold

levels has been a necessary and valuable step in establishing the

accuracy of automated audiometry. However, the development of

studies that reduce bias by examining participants from a true

clinical population will provide the most valid estimates of the

accuracy of automated audiometry in practice.

One of the appeals of automated audiometry over conventional

manual audiometry is its potential application in teleaudiology and

its use in situations where sound treated rooms are unavailable or

inaccessible. Recent reports have emphasized the global shortage of

audiological services, and highlighted that these shortages are not

exclusive to low and middle-income countries (Windmill &

Freeman, 2013). It has also been reported that patients living in

rural and remote areas of developed countries are more likely to

present to primary care with a self-reported hearing loss (Brennan-

Jones et al, 2016). The ability to provide automated audiometric

testing in the absence of a sound-treated environment has a great

potential to increase service provision to low and middle-income

countries, and rural and remote areas of high-income countries that

do not have these facilities. At least two of the contemporary

clinically available automation-capable audiometers use audiocups

to provide attenuation from environmental sounds (Margolis et al,

2010; Swanepoel & Biagio, 2011), and studies have demonstrated

their potential feasibility in environments that are not sound-treated

(Eikelboom et al, 2013; Maclennan-Smith et al, 2013).

The device used in this study (KUDUwave 5000) has previously

been validated in an environment that is not sound-treated, using its

manual-mode (Maclennan-Smith et al, 2013), and in a controlled

noise environment in automated-mode (Storey et al, 2014). The

present study therefore aims to address a gap in the evidence-base

by combining automated testing in an uncontrolled environment

that is not sound-treated, using an unselected clinical population of

patients attending otolaryngology and audiology appointments at a

tertiary public hospital. The potential influence of age and presence

of hearing loss will also be examined to investigate the influence of

patient-related variables on accuracy of automated audiometry.

Methods

Participants

Forty-two participants (20 male, 22 female) were recruited from a

publicly funded combined otolaryngology and audiology clinic at Sir

Charles Gairdner Hospital, Perth, Western Australia. Attendance at

the clinic was free at the point of service for patients. Inclusion

criteria were: 18 years or over, no known cognitive disorder, English

spoken as a first language, both ears suitable for hearing assessment.

Ethics approval was granted by the University of Western Australia

Human Research Ethics Committee (Reference: RA/4/1/4877).

PARTICIPANT SAMPLING AND RECRUITMENT

Patient recruitment was by consecutive series, with all patients

attending the clinic offered enrolment in the study, subject to

inclusion criteria. Recruitment was not based on presenting

symptoms (except where they contra-indicated audiological assess-

ment) or results from previous audiometry. No incentives were

given to participants involved in the study.

DATA COLLECTION

Data collection was prospectively designed. The order of test

administration was not randomized. Five patients had the index test

administered prior to the reference test, and all other participants

(n¼ 37) received the reference test first.

Test methods

REFERENCE TEST: MANUAL AUDIOMETRY

Manual audiometry is considered the gold standard assessment of

hearing thresholds in adults and children over five years of age and

therefore served as the reference test for this study (ASHA, 2004).

The Hughson-Westlake method (i.e. ascending method according to

ISO 8253-1:2010), or adaptations of this method according to local

protocols, is typically used when determining hearing thresholds

with manual audiometry. Manual audiometry was conducted within

a sound-treated room (mean ambient noise level 37 dBA) using an

Acoustic Analyser AA30 audiometer (Starkey Hearing Technologies;

Minnesota, USA), calibrated to ISO 389-1:1998; and TDH-39P

(Telephonics; North Carolina, USA) supra-aural headphones and

Radioear B-71 bone-conductor (Radioear Corp.; Pennsylvania, USA),

calibrated to ISO389-3:1994. The bone-conductor was placed on

the patient’s mastoid for manual testing. Patient history, otoscopy,

and tympanometry using a GSI 38 Auto Tymp (Grason-Stradler;

Minnesota) preceded audiometry testing.

INDEX TEST: AUTOMATED AUDIOMETRY

Automated audiometry was conducted using the KUDUwave

(eMoyoDotNet; Pretoria, South Africa) a mobile Type 2B screening,

diagnostic, and clinical audiometer (IEC 60645-1/2) using the

ascending method according to ISO 8253-1:2010. A key advantage

of the KUDUwave audiometer is its double attenuation via use of

insert earphones and circumaural earcups and its use of continual

noise monitoring, which pauses audiometric testing if ambient noise

Abbreviations

4FA Four-frequency average (500, 1000, 2000, and 4000 Hz)

ISO International Standards Organization

SD Standard deviation
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levels exceed prescribed limits, enabling accurate testing down to

0 dB with an ambient noise level of up to 59 dB SPL. The mean

ambient noise level when there was no outpatient clinic in progress

was measured at 46 dBA. Placing insert earphones down to the bony

part of the ear canal also reduces the occlusion effect allowing for

bone-conduction evaluation with occluded ears using insert ear-

phones (Slevin et al, 2000; Swanepoel & Biagio, 2011). However,

not removing the insert earphone is a limitation to the technique as

insertion down to the bony portion of the ear canal cannot be

confirmed or guaranteed. If the contralateral insert earphone is

removed, this can adjust for the occlusion effect, however it also

means losing some attenuation that is added by the insert. The insert

earphone frequency response approximated that of the ER3A within

1 dB across test frequencies. This allowed for the use of the

international insert earphone standard (ISO 389-2:1994) for calibra-

tion. These features make the KUDUwave especially suited for use

without a sound-treated environment, making it appropriate for use in

rural, remote, or community settings, where the availability of a

sound-treated environment for testing is unlikely. The audiometry

procedures were automated and recorded on a laptop using the

eMOYO (v3.6.7) interface developed by eMoyoDotNet. Whenever

the difference between the air conduction thresholds in the test and

non-test ear was 75 dB or more at frequencies�1000 Hz and 50 dB or

more at frequencies41000 Hz, air conduction thresholds were

masked according to current guidance (Munro & Agnew, 1999;

Edwards, 2010). A masking level of 30 dB above the air conduction

threshold of the non-test ear was used. Bone conduction thresholds

(using a B-71 bone oscillator; Kimmetrics, Smithsburg, USA) were

determined with continuous masking in the contralateral ear. A

continuous masking level of 20 dB above the air conduction threshold

of the non-test ear was used. Testing took place in a quiet room that

was not sound treated (mean ambient noise level when there was no

outpatient clinic in progress was 46 dBA). The researcher gave

standard instructions, placed the insert earphones, bone-conductor,

and headset on the participant and monitored the progress of the test

in case of malfunction or patient discomfort.

DEFINITIONS

Hearing thresholds were presented in dB hearing level (dBHL).

Participants were tested at air conduction frequencies of 250, 500,

1000, 2000, 4000, and 8000 Hz, and bone-conduction frequencies of

500, 1000, 2000, 4000 Hz for both the reference test and index test.

The audiologists administering the reference test obtained hearing

thresholds at additional frequencies for participants as clinically

indicated; however, these additional thresholds were not examined

in this analysis as in most cases no corresponding threshold from the

index test was available.

The index test had lower maximum sound level limits compared

to the reference test (KUDUwave limits for (1) air conduction were

95 dB for 250 Hz, 100 dB for 500, 1000, 2000, and 4000 Hz, and

90 dB at 8000 Hz; for (2) bone-conduction: 55 dB at 500 Hz and

70 dB at 1000–4000 Hz). In cases where no response was recorded

because the index test reached its maximum testable limits at a lower

level than the reference test, the hearing threshold level of

the reference test was corrected to the maximum output level of

the index test.

TEST PROCEDURE

The reference test (manual audiometry) was administered by

tertiary-qualified clinical audiologists (five clinical audiologists

were involved in administering the reference test throughout the

study). The audiologists were all registered with the Audiological

Society of Australia. Interpretation of the reference test was

conducted by the clinical audiologist responsible for the patient’s

care. Automated audiometry was administered by researchers

involved in the project. The time interval between the reference

test and the index test being conducted was less than 60 minutes for

all participants, as patients proceeded directly to the next test, or

after a short break if requested.

BLINDING

The audiologist administering the reference test was blinded to the

results of the index test. The researcher administering the index test

was not blinded to the results of the reference test as the index test

was automated and therefore could not influence the results. Other

information available to the audiologist and researcher were a

clinical history, and a combination of tympanometry, acoustic

reflexes, and speech recognition threshold testing scores, as

conducted by the clinical audiologist.

Statistical methods

The validation analysis used air-conduction thresholds for 250, 500,

1000, 2000, 4000, and 8000 Hz and bone-conduction thresholds of

500, 1000, 2000, and 4000 Hz for both manual and automated

audiometry. Mean and standard deviations were calculated for each

frequency as well as real and absolute mean differences between

the reference and index test hearing thresholds. Absolute mean

differences are a preferable measure compared to real mean

differences as absolute differences can account for positive and

negative variation, whereas positive and negative variance can

cancel each other out when using real mean differences (Eikelboom

et al, 2013). Reference test (manual audiometry) thresholds were

subtracted from index test (automated audiometry) thresholds to

calculate the difference, in keeping with methodologies from

similar studies (Eikelboom et al, 2013; Swanepoel et al, 2010). A

paired-samples t-test and ANOVA with Bonferroni’s correction

applied were used to calculate significant differences in hearing

thresholds; an independent samples t-test was used for age (using 55

years of age as an arbitrary cut-point) and presence of hearing loss

analysis (using better ear hearing of 4FA�26 dB as a cut-point).

Simple linear regression was also used for the analysis of age on

accuracy of automated audiometry. Excel 2010 (Microsoft�,

Washington, USA) and SPSS v21 (IBM Corp, New York, USA)

were used for the analysis.

Results

Participants

The mean age of participants was 49.93 years (SD ¼17.35, range of

19.33 to 92.55 years). Patients presented with a diverse range of

clinical conditions, symptoms, and co-morbidities, including but

not limited to: sensorineural hearing loss, tinnitus, conductive

hearing loss, otosclerosis, otitis media, acoustic neuroma, Ménière’s

disease, benign paroxysmal positional vertigo, perforated tympanic

membrane, Eustachian tube dysfunction, ototoxic hearing loss, skull

base fracture, and unilateral hearing loss, as well as pre-surgical and

post-surgical assessments. Hearing loss was not always the primary

complaint for participants and many had more than one ear or

hearing-related symptom at the time of testing. The patients had a

Automated audiometry in a clinical population 509
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wide range of hearing losses (Table 1). Patients who had incomplete

assessment data on either manual or automated audiometry (n¼ 8),

or had reliability questioned by the clinical audiologist (n¼ 4), were

not included in the analysis (Figure 1).

Accuracy of KUDUwave automated audiometry

Summary tables of mean absolute and real differences are presented

in Tables 2 and 3 respectively. The range of absolute mean

differences for all air-conduction thresholds was 5.12 to 9.68 dB

(SDs 5.17 to 9.59 dB), and for bone-conduction was 8.26 to

15.00 dB (SDs 7.44 to 10.58) (Table 2). The range of absolute mean

differences for 4FA (500, 1000, 2000, and 4000 Hz) air-conduction

thresholds was 5.12 to 6.98 dB (SDs 5.17 to 6.46 dB), and for all

bone-conduction frequencies was 8.26 to 15.00 dB (SDs 7.44 to

10.58) (Table 2). The percentage of 4FA automated air-conduction

thresholds falling within an absolute mean difference of 5 dB of the

reference test was 67.8%, within 10 dB was 86.5%, and within

15 dB were 94.8% of hearing thresholds (Table 4).

Analysis of variance (ANOVA) with Bonferroni’s correction

applied was used to compare the mean difference between manual

and automated audiometry and these results are provided in Table 2.

For air-conduction audiometry, the mean differences in hearing

thresholds determined by manual and automated audiometry were

not significantly different (p40.05) in the right ear, but were

significantly different across all frequencies in the left ear. For

bone-conduction audiometry, the mean differences in hearing

thresholds determined by manual and automated audiometry were

significantly different at all frequencies.

Pair-wise comparisons for the real mean difference between

manual and automated audiometry are provided in Table 3. For air-

conduction audiometry, the mean differences in hearing thresholds

determined by manual and automated audiometry for the frequen-

cies 4000 and 8000 Hz were not significantly different (p40.05).

For bone-conduction audiometry, the mean differences in hearing

thresholds determined by manual and automated audiometry for the

frequencies 2000 and 4000 Hz were also significantly associated

bilaterally (p40.05). All other pair-wise comparisons in Table 3

were significantly different (p50.05).

Table 2. Absolute mean differences, standard deviation for 42
participants for automated compared to manual audiometry.

Frequency (Hz)

Hearing thresholds 250 500 1000 2000 4000 8000

Air

Right

AMD 7.86 6.43 6.19 6.19 4.76 8.41

SD 6.26 5.98 5.93 5.39 5.17 9.84

Left

AMD 9.17* 7.02* 6.79* 6.67* 7.02* 6.79*

SD 8.69 6.54 5.50 6.31 6.54 7.23

Bone

Right

AMD – 10.83* 13.45* 9.76* 8.93* –

SD – 9.23 8.59 7.65 8.94 –

Left

AMD – 10.60* 14.40* 10.36* 8.21* –

SD – 7.42 9.77 10.20 9.36 –

AMD: Absolute mean difference (in dB); SD: Standard deviation;

– : not measured.

*Indicates a significant (p50.05) difference in threshold accuracy

according to a one-way ANOVA with Bonferroni’s correction applied.

Table 3. Real mean differences and standard deviation for
automated audiometry compared to manual audiometry.

Frequency (Hz)

Hearing thresholds 250 500 1000 2000 4000 8000

Air

Right

RMD 3.33* 4.76* 5.00* 4.29* �1.90 �2.74

SD 9.54 7.40 6.98 7.03 6.80 12.55

Left

RMD 5.60* 6.07* 5.36* 3.57* �1.31 �1.55

SD 11.38 7.45 6.93 8.50 9.57 9.85

Bone

Right

RMD – 6.79* 12.74* 3.33 2.02 –

SD – 12.58 9.64 12.03 12.55 –

Left

RMD – 8.93* 13.69* 3.21 2.26 –

SD – 9.41 10.77 14.26 12.31 –

RM: Real mean difference (in dB); SD: Standard deviation; – : not

measured.

*indicates a significant (p50.05) difference in threshold accuracy

according to pair-wise t-test.

Exclusion based on poor reliability on manual test 
judged by clinical audiologist 

completed all assesments

Incomplete test = 1
Device failure = 5

English as second language = 2 

Figure 1. Flow diagram of patient recruitment and drop-outs.

Table 1. Ear specific 4FA level of hearing loss and cumulative
percentage differences.

Hearing level (dB) Total % c.%#

0–10 8 9.5 9.5

10–20 22 26.2 35.7

20–30 17 20.2 55.9

30–40 15 17.9 73.8

40–50 7 8.3 82.1

50–60 4 4.8 86.9

60–70 8 9.5 96.4

70–80 1 1.2 97.6

480 2 2.4 100.0

Totals 84

# Cumulative percentage
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Age differences and presence of hearing loss

To calculate the effect of age differences and the presence of a

hearing loss on the accuracy of automated audiometry each

participant had an individual average absolute mean difference

(individual AMD) calculated using frequencies tested for air-

conduction (250–8000 Hz) and bone-conduction (500–4000 Hz) on

both manual and automated audiometry. This created a summary

score of audiometric variance between manual and automated

audiometry for each participant to enable analysis. Sixteen partici-

pants had a hearing loss of�26 dB in both ears. Bilateral hearing

loss was not significantly associated with increased variation in

individual AMDs in thresholds between automated and manual

audiometry for air-conduction t(40)¼�0.523; p¼ 0.604, or bone-

conduction t(40)¼ 1.251; p¼ 0.218. The mean age of participants

with a bilateral hearing loss was 56.18 (SD 18.93) compared to

46.08 (SD 14.43) for those without a hearing loss, this difference

was marginally not significant (b¼ 10.10 [95%CI �0.706, 20.913];

p¼ 0.066).

A statistically significant difference was found between age

(�55 years, n¼ 14) and hearing threshold accuracy for air-

conduction t(40)¼ 1.599; p¼ 0.014, but not for bone-conduction

t(40)¼ 1.334; p¼ 0.190. However, whilst linear regression showed

a slight upward trend of increased individual AMDs (i.e. decreased

accuracy) with age (R2¼0.11), the relationship was not statistically

significant when analysed independently (b¼ 0.019 [95%CI

�0.037, 0.074]; p¼ 0.504) (See Figure 2) or once adjusted for

presence of hearing loss (b¼ 0.025 [95%CI �0.034, 0.083];

p¼ 0.398).

Excluded participants

Details of excluded participants are provided in Table 5. The mean

age is slightly higher than the included population and there were

equal numbers of normal hearing and hearing-impaired participants

excluded.

Discussion

This study presents data relating to the accuracy of automated

audiometry in a clinical population, using consecutive series

recruitment. The present study also examined a range of patient-

related factors that may affect accuracy between manual and

automated audiometry. The study cohort represents a wide range of

type and severity of hearing losses, which has been highlighted as a

key limitation of previous studies (Mahomed et al, 2013).

Accuracy

According to the current ISO standard 8253-1:2010, the standard

variability for determining a hearing threshold level at frequencies

below 4000 Hz is 4.9 dB, in a sound-treated environment, without

masking and assuming no other uncertainties. To account for

uncertainties, the standard acceptable variability in audiometry is an

absolute difference of 10 dB, representing the typical ±5 dB test-

retest criteria that is practised widely by audiologists and present in

most audiological standards (ASHA, 2004).

Participants in this study had their automated audiometry

thresholds tested in a room that was not sound-treated, whilst the

manual audiometry testing was performed in a sound-treated

environment, potentially introducing further accuracy variation

from previous studies (Maclennan-Smith et al, 2013; Storey et al,

2014). The placement of the bone-conductor also differed, with

mastoid placement used for the reference test and forehead

placement used for the index test; and ambient noise levels for

the reference test also exceeded the recommended ISO 8253-1:2010

standard. These factors may therefore have contributed additional

variation between the reference and index tests.

Therefore, a number of potential influences may have affected

variability for this study, with standard test variability, inter-tester

differences for manual audiometry, calibration differences, and the

test environment all likely to influence variation in addition to that

caused by automation. Considering the compounded variation of

these variables, the variability due to automation appears accept-

able, with 86.5% of four-frequency thresholds (500, 1000, 2000,

and 4000 Hz) within the accepted ISO absolute variation of 10 dB

and 94.8% of participant’s thresholds within a further 5 dB of this

(i.e. absolute mean threshold difference within 15 dB, real mean

difference of ±7.5 dB). This shows that for approximately 95% of

participants in this study the additional variation introduced was

within an additional 5 dB absolute difference (±2.5 dB relative

difference) of ISO standards. It is also comparable to previous

Table 4. Difference distribution of air-conduction hearing thresh-
olds for mid-frequencies (500, 1000, 2000, and 4000 Hz).

dB Diff 500 Hz 1000 Hz 2000 Hz 4000 Hz

right left right left right left right left

0 11 11 10 7 11 14 16 11

5 18 13 21 21 18 10 16 20

10 6 13 6 10 6 11 7 5

15 5 3 3 1 6 5 1 3

20 1 0 0 2 1 1 2 2

25 1 1 2 1 0 1 0 0

30 0 1 0 0 0 0 0 1

35 0 0 0 0 0 0 0 0

Totals 42 42 42 42 42 42 42 42

%within 5 dB 69.0 57.1 73.8 66.7 69.0 57.1 76.2 73.8

Total % �5 dB 67.8

% within 10 dB 83.3 88.1 88.1 87.5 83.3 83.3 92.9 85.7

Total % �10 dB 86.5

% within 15 dB 98.4 95.2 95.2 89.5 97.6 95.2 94.9 92.8

Total % �15 dB 94.8

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60 70 80 90 100
Age at test (years)

Figure 2. Scatterplot showing individual absolute mean differ-

ences (AMD) for air-conduction between automated and manual

audiometry against participant age at testing (R2¼0.11).
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clinical validation studies of the KUDUwave which showed 91%

accuracy (Swanepoel et al, 2010) and 92% accuracy (Storey et al,

2014) of obtaining hearing thresholds within a 10 dB absolute

difference in sound-treated and 40 dBA multi-talker background

noise environments.

Whilst the additional 5 dB variation above the ISO standard

may be considered low once the confounding factors are

accounted for, the accuracy of automated audiometry in this study

is lower than previous studies which have fallen within the

ISO standard threshold variation limits (Eikelboom et al, 2013;

Margolis et al, 2011; Storey et al, 2014; Swanepoel et al, 2010). Use

of the same KUDUwave audiometer in manual-and automated

mode, as in Swanepoel et al, 2010, eliminates the calibration

differences that were introduced in the present study, and could

easily account for some of the increased differences in hearing

thresholds. The use of sound-treated environments in previous

studies (Eikelboom et al, 2013; Margolis et al, 2011; Swanepoel et

al, 2010), or artificial background noise environments (Storey et al,

2014) can also help account for the slightly better accuracy

estimates in these studies. This study therefore provides clinical

validation and accuracy levels for automated audiometry in

environments with variable noise levels, typical of an outpatient

clinic or health professional’s office.

There were a number of outlying hearing thresholds in the study

cohort, with six individual threshold differences of 30–35 dB

occurring across five different participants, which may have

skewed mean differences given the size of our study sample. We

have found no clear reason for these outliers but future studies with

increased sample sizes may be able to better account for such

variation. Whilst previous studies have excluded participants as

outliers (Storey et al, 2014), the outliers in the present study were

specific to thresholds, not individuals themselves. Inter and intra-

tester variability scores were not possible to assess in this study,

but previous studies have indicated that the average level of

inter-tester variation can be between 2.3–6.0 dB for air-conduction

thresholds and 2.9–7.9 dB for bone-conduction thresholds

(Margolis et al, 2010). This does not include clinician-specific

variation around certain frequencies such as 4000 Hz (Margolis et

al, 2013), which may also have increased variation in the results.

Data from participants with an outlying threshold have not

been removed as it could be argued that their results give a

clearer picture of the potential issues facing automated audiometry,

namely identifying participants who would benefit from manual

audiometry due to patient-related factors that may potentially affect

reliability, such as memory, attention, reaction times, and physio-

logical aspects of ageing (e.g. ear canal structure) (Landry & Green,

1999).

To date, the analysis of results comparing automated and manual

devices has been predominately descriptive; here we have included

analysis of the pair-wise relationship between automated and

manual audiometry results in conjunction with an analysis of

variance approach. We have also included independent tests of the

effect of age, presence of hearing loss on accuracy using a

multivariate regression model and used simple linear regression to

examine the influence of age on accuracy (Figure 2). The results

from these statistical tests are mixed. For the pair-wise tests of

automated versus manual audiometry accuracy, the low and mid

frequencies for both air and bone conduction showed statistically

significant differences with one another. However, at high

frequencies for air conduction (4000 and 8000 Hz) and bone

conduction (2000 and 4000 Hz) there was no significant statistical

differences between the two testing methods. These results from

pair-wise tests at high-frequencies were unanticipated. There is a

recognized positive skew in manual thresholds referred to by

Margolis et al (2015) as the ‘Good enough’ bias which is believed

to be the result of manual testers not acquiring accurate thresholds

below 0 dB because this is deemed to be a sufficient level of

hearing. Automated audiometry does not have this basis and may

therefore introduce variation. There are also recognized calibration

discrepancies at 4000 Hz for bone conduction that may account for

additional variation, but in this case, the influence of these

differences were not significant on pair-wise analysis (Margolis et

al, 2013). For the ANOVA analysis, a significant difference was

seen for left ear air-conduction thresholds but not right ear air-

conduction thresholds. These results highlight the random error (as

opposed to systematic error) associated with behavioural testing and

order effects. We therefore suggest that automated audiometry

include a number of pre-assessment trials to familiarize the patient

with the automated procedure before the hearing threshold assess-

ment begins.

For air-conduction, 8000-Hz thresholds presented the most

variability according to absolute mean difference, although these

differences were not statistically significant according to pair-wise

tests. It has been established that high-frequency audiometric testing

at or above 8000 Hz is more susceptible to variation from

differences in the coupling of headphones or earphones and

individual physiological differences, with additional variation

differences of up to 10 dB (Gössing & Richter, 2003). It is therefore

possible that the use of insert earphones (KUDUwave) compared to

manual audiometry (supra-aural headphones) may have introduced

additional variation at higher frequencies.

Age was examined as a potential source of variability in this

study. We found statistically significant differences in threshold

accuracy between manual and automated audiometry for partici-

pants aged�55 years using air-conduction audiometry when using a

t-test approach. However, this effect was not significant using linear

regression or once adjusted for the presence of hearing loss.

Therefore, any effect of age on threshold accuracy using automated

audiometers (see Figure 2) was either very weak or non-existent

(i.e. a Type I error or ‘false-positive’). However, future studies

examining this variable would be beneficial. Despite the variation

that may have been introduced by a heterogeneous clinical

population, we detected no significant association between the

presence of hearing loss and accuracy of automated audiometry.

Table 5. Data from excluded participants (XP).

Participant Gender

Age

(years)

4FA

(dB) Reason for exclusion

XP1 M 73.59 70.00 Spoke English as second language

XP2 F 49.62 13.75 Spoke English as second language

XP3 F 25.37 7.50 Audiologist reported poor reliability

XP4 F 69.80 41.25 Audiologist reported poor reliability

XP5 F 37.86 18.75 Audiologist reported poor reliability

XP6 F n/a n/a Device failure

XP7 F 61.23 50.00 Audiologist reported poor reliability

XP8 M 61.83 n/a Incomplete test

XP9 F 50.85 n/a Device failure

XP10 F 21.05 n/a Device failure

XP11 F 56.38 n/a Device failure

XP12 M 75.72 n/a Device failure

Mean age 53.03

SD age 18.46
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It could be argued that whilst statistically significant differences

have been identified at certain frequencies, the variation in hearing

thresholds may be of minimal clinical significance. Whilst the

absolute mean variation in thresholds exceeded the ISO standard by

5 dB in this study, this is still the minimal measurable difference in

most conventional audiometers and the clinical implications of the

difference may be similar to equivalent inter-tester, environmental

or calibration differences. Future research should focus on isolating

key variables that increase threshold variation as optimal test

conditions and patient factors deteriorate and investigate the

clinical, rather than statistical, significance of audiometric variation

and the effect on audiometry interpretation due to automation.

Conclusion

This study has described the clinical validation of automated

audiometry in an unselected, clinically heterogeneous population,

without the use of a sound-treated environment and with numerous

manual audiometry testers, potentially introducing a high degree of

inter- and intra-tester variability. Considering this, the difference in

hearing thresholds is low, with 86.5% of 4FAs within 10 dB and

94.8% within 15 dB. This study did however reveal that in these

least optimal conditions for automated audiometry, the majority of

automated hearing thresholds were statistically different to manual

thresholds, with the exception of high frequency air-conduction

(4000 and 8000 Hz) and bone-conduction (2000 and 4000 Hz)

frequencies, and this should be considered when interpreting

audiograms produced via this method. However, whilst this

variation was statistically significant, future research is needed to

ascertain the clinical significance of such variation.
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Diagnosis of hearing loss using automated
audiometry in an asynchronous telehealth
model: A pilot accuracy study
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Abstract

Introduction: Standard criteria exist for diagnosing different types of hearing loss, yet audiologists interpret audiograms

manually. This pilot study examined the feasibility of standardised interpretations of audiometry in a telehealth model of

care. The aim of this study was to examine diagnostic accuracy of automated audiometry in adults with hearing loss in an

asynchronous telehealth model using pre-defined diagnostic protocols.

Materials and methods: We recruited 42 study participants from a public audiology and otolaryngology clinic in Perth,

Western Australia. Manual audiometry was performed by an audiologist either before or after automated audiometry.

Diagnostic protocols were applied asynchronously for normal hearing, disabling hearing loss, conductive hearing loss and

unilateral hearing loss. Sensitivity and specificity analyses were conducted using a two-by-two matrix and Cohen’s kappa was

used to measure agreement.

Results: The overall sensitivity for the diagnostic criteria was 0.88 (range: 0.86–1) and overall specificity was 0.93 (range:

0.86–0.97). Overall kappa (k) agreement was ‘substantial’ k¼ 0.80 (95% confidence interval (CI) 0.70–0.89) and significant at

p< 0.001.

Discussion: Pre-defined diagnostic protocols applied asynchronously to automated audiometry provide accurate identification

of disabling, conductive and unilateral hearing loss. This method has the potential to improve synchronous and asynchronous

tele-audiology service delivery.

Keywords

Automated audiometry, audiometry, hearing loss, tele-audiology, accuracy
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Introduction

There is a global shortage of audiological services that is
not exclusive to low and middle-income countries.1 In
developed economies, people living in rural areas have
been shown to have higher rates of hearing loss with
lower uptake of interventions2,3 and as many as 25% of
children may require diagnostic audiometric testing to
identify hearing loss associated with recurrent ear disease.4

Telehealth models of care utilising automated audiometers
have therefore been proposed as a potential means to
increase access to hearing services in underserved
regions.5–7

A number of automated audiometers have recently
been clinically validated, including the AMTAS8,9 and
KUDUwave10 and the consensus across studies is that
automated audiometry is a suitable alternative to
manual audiometry.11 However, these approaches rely
on the availability of an audiologist to interpret the auto-
mated audiometry results. Pre-defined diagnostic proto-
cols that can correctly identify patients with a hearing

diagnosis that requires further examination may have
the potential to increase the efficiency of audiological ser-
vices. In synchronous models of tele-audiology,
pre-assessment using diagnostic protocols applied to auto-
mated audiometry could reduce the number of audiolo-
gist-administered audiograms required per session and
decrease the time to diagnosis and referral in asynchron-
ous models of care.

Classification systems for audiometry results have been
developed in an effort to standardise the reporting of
severity, type and configuration of hearing loss.12–15
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However, these are general descriptors and not specific to
a diagnosis.16 As such, previous studies have expressed the
need for a consensus on diagnosing the site of lesion for a
given hearing loss (i.e. is the hearing loss conductive or
sensorineural?).15 There has been a lack of formal guid-
ance on this issue. However, a number of professional
bodies have issued relevant diagnostic classification cri-
teria that will be applied in this study.14,17

Margolis and Saly15 have previously focused on
improving agreement between audiologists by standardis-
ing the classification and configuration of audiograms by
creating the AMCLASS software which incorporates 161
audiogram classifications. However, the AMCLASS is
currently only available for use with the AMTAS auto-
mated audiometry software. This study will therefore util-
ise simple, freely available, diagnostic guidelines issued by
professional bodies that can be applied to any type of
manual or automated audiometer and interpreted by tele-
health facilitators with minimal training. The primary
focus of the diagnostic criteria used in this study was to
identify patients suitable for interventions, either medical
or audiological. Disabling hearing loss, conductive hear-
ing loss and unilateral or asymmetrical hearing loss are
common reasons for referral to specialist medical and
audiological professionals. However, use of diagnostic cri-
teria can streamline the referral process and limit unneces-
sary medical and audiological referrals. Patients with a
bilateral sensorineural hearing loss will, generally, be con-
sidered initially for audiological intervention (e.g. hearing
aids) without the need for a medical referral. For patients
with a significant conductive hearing loss, both medical
intervention (to assess whether any hearing can be
restored through surgical or non-surgical intervention)
and audiological intervention will typically be required.
Patients with a significant unilateral or asymmetrical hear-
ing loss will require a medical and often a radiological
referral to exclude acoustic neuroma in additional to an
audiological referral.17 The aim of the study was to exam-
ine the accuracy of standard diagnostic criteria applied to
automated audiometry to identify a number of key audio-
metric characteristics which can guide further referral to
specialist services.

Methods

Participants

Study population. We recruited 42 study participants (20
male, 22 female) from a publicly-funded combined audi-
ology and otolaryngology clinic at Sir Charles Gairdner
Hospital, Perth, Western Australia. Inclusion criteria
were: 18 years or over, no known cognitive disorder,
spoke English as a first language, both ears suitable for
hearing assessment. Ethics approval was granted by The
University of Western Australia.

Participant recruitment and sampling. Patient recruitment was
by consecutive series, with all patients attending the clinic

offered enrolment in the study, subject to exclusion and
inclusion criteria. Recruitment was not based on present-
ing symptoms (except where they contra-indicated audio-
logical assessment) or results from previous audiometry.
No incentives were offered to participants involved in the
study.

Test methods

Reference test: Manual audiometry. Manual audiometry is the
gold standard assessment of hearing thresholds in adults
and children over five years of age18 and served as the
reference test for this study. Manual audiometry was con-
ducted by a audiologist within a sound-treated room
(mean ambient noise level 37 dBA) according to
ISO8253-1:2010 using Acoustic Analyser AA30 audiom-
eter (Starkey Hearing Technologies, Minnesota, USA),
calibrated to ISO389-1:1998 and TDH-39P (Telephonics,
North Carolina, USA) supra-aural headphones and
Radioear B-71 bone-conductor (Radioear Corp.,
Pennsylvania, USA), calibrated to ISO389-3:1994.
Recording the patient’s relevant clinical history, otoscopy
and tympanometry using a GSI 38 Auto Tymp (Grason-
Stradler, Minnesota, USA) preceded audiometry testing.
The reference test was administered by one of five clinical
audiologists who were all full members of Audiology
Australia.

Index test: Automated audiometry. Automated audiometry
was conducted using the KUDUwave (eMoyoDotNet,
Pretoria, South Africa) a mobile Type 2B screening, diag-
nostic and clinical audiometer (IEC 60645-1/2) using the
ascending method according to ISO8253-1:2010. The
KUDUwave audiometer utilises double attenuation with
insert earphones and circumaural earcups, continual noise
monitoring, enabling accurate testing down to 0 dB with
an ambient noise level of up to 59 dB sound pressure level
(SPL). Ambient noise levels are monitored in octave
bands through an external microphone on each circu-
maural earcup. The noise monitoring function of the
KUDUwave uses low-pass (<125Hz), even single octave
band-pass (125, 250, 500, 1000, 2000, 4000, and 8000Hz)
and high-pass (>8000Hz) filters to separate the incoming
sound. The filters have a stop-band attenuation of 90 dB
and pass-band ripple of 0.003 dB. The outputs of these
filters are monitored in real-time and the peak value
passes to the user interface software (eMOYO) every
100ms, which is visually represented within the software
(Figure 1). Placing insert earphones down to the bony part
of the ear canal also reduces the occlusion effect allowing
for bone-conduction evaluation with occluded ears using
insert earphones.19–21 Air-conduction and bone-conduc-
tion thresholds were masked where applicable. See
Brennan-Jones et al. for a detailed description of the
audiological test parameters.22 The audiometry proced-
ures were automated and recorded on a laptop using the
eMOYO (v3.6.7) interface developed by eMoyoDotNet.
The diagnostic criteria were calculated post-testing and
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were not programmed into the eMOYO software. Testing
took place in a quiet room that was not sound treated
(mean ambient noise level when there was no outpatient
clinic in progress was 46 dBA). The researcher gave stand-
ard instructions, placed the insert earphones, bone-
conductor and headset on the participant and monitored
the progress of the test in case of malfunction or patient
discomfort.

Hearing thresholds were presented in dB hearing level
(dB HL). Participants were tested at air conduction fre-
quencies of 250, 500, 1000, 2000, 4000 and 8000Hz and
bone conduction frequencies of 500, 1000, 2000, 4000Hz
for both the reference standard and index test. The index
test had lower maximum testable sound level limits com-
pared to the reference standard (KUDUwave limits for air
conduction were 95 dB for 250Hz, 100 dB for 500, 1000,
2000 and 4000Hz, and 90 dB at 8000Hz; sound level
limits for bone conduction were 55 dB at 500Hz and
70 dB at 1000, 2000 and 4000Hz). In cases where both
the index test and the reference standard reached max-
imum testable limits before a participants hearing thresh-
old was established, a predicted threshold at the index
tests maximum level was imputed. The time interval
between reference test and the index test being conducted
was less than 60min for all participants, as patients pro-
ceeded directly to the next test, or after a short break if
requested.

Diagnostic criteria

All participants were examined to identify whether they
had normal hearing, a disabling hearing loss, a conductive

or sensorineural hearing loss and whether their hearing
loss was bilateral, unilateral or asymmetrical, except
where individuals had missing data that prevented the
diagnostic criteria being calculated (n¼ 3). Normal hear-
ing in this study was defined according the World Health
Organisation (WHO) criteria of 526 dB for hearing loss
(i.e. normal hearing is <26 dB) in the better ear, with
hearing thresholds averaged across 500, 1000, 2000 and
4000Hz.14 Disabling hearing loss in this study was defined
according the WHO criteria of 541 dB hearing loss in the
better ear, with hearing thresholds averaged across 500,
1000, 2000 and 4000Hz.14

Conductive hearing loss was defined in this study as an
air-bone gap of 520 dB at two or more adjacent frequen-
cies out of 500, 1000, 2000 and 4000Hz.17 The individual
frequency bone-conduction thresholds were subtracted
from the individual frequency air-conduction thresholds
for both the index and reference test to obtain the air-
bone gap.

Unilateral or asymmetrical hearing loss was defined in
this study as a 520 dB difference between the left and
right bone-conduction thresholds at two or more adjacent
frequencies out of 500, 1000, 2000 or 4000Hz.17

Blinding

The audiologist administering the reference standard
(manual audiometry) was blinded to the results of the
index test (automated audiometry). The researcher admin-
istering the index test was not blinded to the results of the
reference test as the index test was automated and there-
fore could not influence the results.

Figure 1. KUDUwave automated audiometry screen display during testing.
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Statistical methods

The diagnostic accuracy analysis used air-conduction
thresholds for 500, 1000, 2000, 4000Hz and bone-conduc-
tion thresholds of 500, 1000, 2000 and 4000Hz for both
manual and automated audiometry. Sensitivity and speci-
ficity along with positive and negative predictive value
were calculated for each diagnostic category.

Agreement between automated and manual audiom-
etry across the diagnostic categories was assessed using
Cohen’s kappa statistic. The Landis and Koch23 recom-
mendations for agreement classification were applied, with
k< 0 indicating no agreement, k¼ 0–0.20 indicating
‘slight’ agreement, k¼ 0.21–0.40 indicating ‘fair’ agree-
ment, k¼ 0.41–0.60 indicating ‘moderate’ agreement,
k¼ 0.61–0.80 indicating ‘substantial’ agreement and
k¼ 0.81–1.00 indicating ‘almost perfect’ agreement.

Results

Participants

The mean age of participants was 49.93 years (standard
deviation (SD)¼ 17.35, range 19.33–92.55 years). Hearing
loss was not the primary complaint of all participants and
many had more than one ear or hearing-related disorder
at the time of testing. An additional 11 patients who did
not complete both hearing assessments (n¼ 7) or had reli-
ability questioned (i.e. suspected attention or cognitive
ability issues) by the clinical audiologist (n¼ 4) were not
included in the analysis.

Diagnostic accuracy of clinical protocols for
automated audiometry

Table 1 presents 2� 2 tables of the diagnostic data for
detecting disabling, conductive and unilateral hearing
loss using pre-defined clinical protocols applied to auto-
mated audiometry. Three participants had incomplete
data that prevented the calculation of diagnostic criteria
(one patient for disabling hearing loss, two for unilateral
hearing loss). Table 2 presents sensitivity and specificity
results; overall sensitivity was 0.88 (95% confidence
interval (CI) 0.75–0.95) and overall specificity was 0.93
(95% CI 0.88–0.97). The highest sensitivity and specificity
was for identifying disabling hearing loss (1.00 and 0.97
respectively), and the lowest was for identifying a
normal ear (0.86 and 0.86 respectively). There were
generally greater 95% CIs for sensitivity than for
specificity. The positive predictive values (PPVs) ranged
between 75–86% across the diagnostic criteria and nega-
tive predictive values (NPVs) ranged from 92–100%
(Table 2).

Agreement

Cohen’s kappa agreement ranged from ‘substantial’ to
‘almost perfect’ across the diagnostic criteria, k¼ 0.80
(95% CI 0.70–0.89); p< 0.001.

Table 1. Participant classification according to diagnostic criteria

presented in 2� 2 format.

Diagnostic criteria HL Absent HL Present Totals

Normal

Test positive 4 12 16

Test negative 24 2 26

Totals 28 14 42

Disabling HL

Test positive 1 4 5

Test negative 36 0 36

Totals 37 4 41

Conductive HL

Test positive 3 18 21

Test negative 60 3 63

Totals 63 21 84

Unilateral HL

Test positive 2 11 13

Test negative 26 1 27

Totals 28 12 40

HL: hearing loss.

Table 2. Diagnostic accuracy of clinical protocols applied to

automated audiometry.

Diagnostic criteria L95%CI U95%CI

Normal

Sensitivity 0.86 0.56 0.98

Specificity 0.86 0.66 0.95

PPV 0.75 0.47 0.92

NPV 0.92 0.73 0.99

Disabling HL

Sensitivity 1.00 0.40 1.00

Specificity 0.97 0.84 0.99

PPV 0.80 0.30 0.99

NPV 1.00 0.88 1.00

Conductive HL

Sensitivity 0.86 0.63 0.96

Specificity 0.95 0.86 0.99

PPV 0.86 0.63 0.96

NPV 0.95 0.86 0.99

Unilateral HL

Sensitivity 0.92 0.60 0.99

Specificity 0.93 0.75 0.99

PPV 0.85 0.54 0.97

NPV 0.96 0.79 0.99

Overall

Sensitivity 0.88 0.75 0.95

Specificity 0.93 0.88 0.97

PPV 0.82 0.69 0.90

NPV 0.96 0.91 0.98

HL: hearing loss; L95%CI: lower 95% confidence interval; NPV: negative

predictive value; PPV: positive predictive value; U95%CI: upper 95%

confidence interval.
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Discussion

This is the first study to examine the accuracy of pre-
defined diagnostic criteria applied to automated audiom-
etry in a telehealth context. The aim of the study was to
examine whether standard diagnostic criteria applied to
automated audiometry is an accurate method of identify-
ing a number of key audiometric characteristics which can
guide further referral to specialist services. The primary
use of this method would be to increase access to audi-
ology services in remote areas as part of a tele-audiology
programme or increase efficiency of audiology practices in
urban areas by facilitating patient triaging. The overall
agreement ranged from substantial to almost perfect22

and was highly significant (p< 0.001), indicating that
pre-defined diagnostic criteria may be an accurate and
effective method of identifying hearing disorders using
automated audiometry. However, there was a wide
range of variance in agreement (0.70–0.89) and further
research beyond a pilot study with additional participants
will enable a more precise range of variance to be calcu-
lated. Sensitivity, specificity, positive and negative predict-
ive values appeared to be high across conditions,
indicating that automated audiometry may be an accurate
diagnostic measure when using pre-defined diagnostic
protocols. However, there are no similar published studies
that allow us to ascertain whether the values obtained
truly represent high sensitivity and specificity. Screening
audiometry in unselected populations perhaps offers the
closest comparison and typically has sensitivity values
between 50%24 to 75%,25 specificity of 78%,24 to
98.5%,25 PPVs ranging from 7.6%24 to 52.9%25 and
NPVs of approximately 89–99%.24–26 Whilst the results
from the present study compare favourably with screening
audiometry in terms of accuracy it should be noted that
the objectives, target population and disease prevalence in
screening audiometry are not directly comparable to diag-
nostic audiometry in this study.

Limitations of this study include the low number of
participants with the target hearing conditions, particu-
larly for disabling hearing loss, which contributed to the
wide confidence intervals. The current results lack the stat-
istical power to provide conclusive evidence to support
adopting pre-defined diagnostic protocols. However, it
demonstrates proof of concept and shows that this
method warrants further investigation as it has significant
potential for improving audiology service delivery.
Sensitivity and specificity for identifying normal hearing
(the largest clinical group) was 86%. We would therefore
expect future studies to have a similar level of accuracy,
albeit with more precise confidence intervals.

Role of diagnostic protocols in a telehealth framework

With over 360 million people around the world with dis-
abling hearing loss,14 and a shortage of hearing health
specialists,27 new models of diagnosis and care are
required to provide equitable access to healthcare.
Automated audiometry is becoming increasingly

sophisticated and has recently been validated for use with-
out a sound treated environment,28 and in a clinically het-
erogeneous population,22 meaning it has the potential to
overcome some of these obstacles. However, the results of
a hearing test still need to be interpreted to determine the
next step in the clinical pathway. Diagnostic protocols
such as those applied in this study have the potential to
address this, for synchronous, asynchronous and hybrid
tele-audiology services.29 An example of a possible clinical
pathway using diagnostic protocols for automated audi-
ometry is shown in Figure 2. Applying these protocols to
automated audiometry could enable local health workers
to triage patients with ear and hearing disorders according
to their type and level of hearing loss. In particular, the
identification of participants with normal hearing levels
will directly reduce the workload of audiologists and
enable more patients to be seen or allow more time
spent on complex cases, whether synchronous or asyn-
chronous methods are used.

Clinical relevance and further research

This study presents a method of identifying patients with
hearing disorders that can be applied to automated audi-
ometry within telehealth practices. Assistants currently
working to facilitate both synchronous and asynchronous
tele-audiology services would be able to apply, conduct
and interpret results from automated audiometry using
pre-defined diagnostic protocols using automated audi-
ometry, reducing the time and administrative burden
placed on clinical audiologists. Classification systems do
have their limitations.16 Classifying hearing loss by sever-
ity does not provide any medical information (conductive
or sensorineural hearing loss) or an understanding of the
patient’s perceived experience of their hearing loss (i.e.
low-frequency versus high-frequency hearing loss) or
quality of life.

The diagnostic accuracy of audiometry will often be
strengthened by interpretation by an experienced audiolo-
gist. However, clinical protocols that adhere to these diag-
nostic criteria could allow basic treatment and referral
decisions to be made based on the results of automated
audiometry conducted in a primary care or tele-audiology
setting where experienced audiologists may not be avail-
able. In addition to complementing tele-audiology models
of care, the diagnosis of these conditions could be an
effective method of triaging appropriate referral to audi-
ologists and otolaryngologists in secondary and tertiary
care.

It is expected that there will be disparities in clinical
guidelines locally, nationally and internationally which
would affect the definitions used for the diagnostic proto-
cols. However, this study serves to provide a proof of
concept and numerous iterations of pre-defined diagnostic
protocols are possible for identifying target conditions.
Current automated audiometers can accommodate differ-
ent diagnostic criteria, but the use of alternative guidelines
will vary the sensitivity and specificity. It is therefore
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suggested that a formal analysis of alternative diagnostic
definitions should be conducted before implementation.

Further research should also consider patient percep-
tions of automated audiometry testing as part of a tele-
health service. Patient non-acceptance of telehealth
applications in audiology is decreasing, but has ranged
from 9–30% in previous studies.29,30 Quality assessment
of automated audiograms is also an area for future
research, in order to identify patients for whom auto-
mated testing may not be suitable.

Conclusion

The current study demonstrates significant potential for
the use of diagnostic protocols applied to automated audi-
ometry to complement current telehealth models of care in
audiology. Pilot data demonstrate that pre-defined diag-
nostic protocols applied to automated audiometry asyn-
chronously are sensitive, specific and have substantial to
almost perfect agreement for identifying disabling, con-
ductive and unilateral hearing loss. We have demonstrated
proof of concept for this method to be used in a telehealth
model of care to improve synchronous and asynchronous
tele-audiology service delivery. However, further studies
utilising a greater number of participants with the target
conditions are now required.
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Asynchronous interpretation of manual
and automated audiometry:
Agreement and reliability

Christopher G Brennan-Jones1,2, Robert H Eikelboom1,2,3,
Rebecca J Bennett1,2, Karina FM Tao1,2 and De Wet Swanepoel1,2,3

Abstract

Introduction: Remote interpretation of automated audiometry offers the potential to enable asynchronous tele-audiology

assessment and diagnosis in areas where synchronous tele-audiometry may not be possible or practical. The aim of this study

was to compare remote interpretation of manual and automated audiometry.

Methods: Five audiologists each interpreted manual and automated audiograms obtained from 42 patients. The main outcome

variable was the audiologist’s recommendation for patient management (which included treatment recommendations, referral

or discharge) between the manual and automated audiometry test. Cohen’s Kappa and Krippendorff’s Alpha were used to

calculate and quantify the intra- and inter-observer agreement, respectively, and McNemar’s test was used to assess the

audiologist-rated accuracy of audiograms. Audiograms were randomised and audiologists were blinded as to whether they

were interpreting a manual or automated audiogram.

Results: Intra-observer agreement was substantial for management outcomes when comparing interpretations for manual and

automated audiograms. Inter-observer agreement was moderate between clinicians for determining management decisions

when interpreting both manual and automated audiograms. Audiologists were 2.8 times more likely to question the accuracy of

an automated audiogram compared to a manual audiogram.

Discussion: There is a lack of agreement between audiologists when interpreting audiograms, whether recorded with auto-

mated or manual audiometry. The main variability in remote audiogram interpretation is likely to be individual clinician variation,

rather than automation.
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Introduction

The current, conventional method for assessing hearing in
adults involves a clinician manually performing pure-tone
audiometry in a suitably sound-treated environment and
interpreting the results on-site.1 However, higher rates of
hearing loss and lower rates of intervention uptake in rural
and remote populations, coupled with the shortage of
audiological services in these areas, has been of significant
concern in both developed and developing countries.2,3

Telehealth solutions and the automation of audiometry
have been proposed as a potential means to increase
access to hearing services in underserved populations.3–5

A number of automated audiometers have recently
been clinically validated, including the AMTAS6,7 and
KUDUwave.8 The consensus across studies is that auto-
mated audiometry is a suitable alternative to manual audi-
ometry,9 although some studies have identified an
absolute mean difference of up to 10 dB in automated

air conduction thresholds compared to manual hearing
thresholds, with further increased variance of approximately
15dB for bone-conduction thresholds.10 Automated audi-
ometry has been validated for use without a sound-treated
environment, and in a clinically heterogeneous population,
meaning it has the potential to overcome some of the obs-
tacles associated with testing in rural and remote areas.10–12
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Synchronous or ‘‘live’’ tele-audiology assessment, where
the clinician administers and interprets the hearing assess-
ment simultaneously, may not be possible due to connect-
ivity issues in many rural and remote areas or due to
limited clinician time.13 An alternative may be assessment
with automated audiometry and remote interpretation of
the results in an asynchronous telehealth model. This offers
benefits such as greater coverage for difficult-to-access and
transient populations, such as some Indigenous Australian
communities, and allows for opportunistic assessments per-
formed by local health workers which may be more efficient
than scheduled appointments in some populations.14

It may also offer benefits to clinicians, reducing travel
and enabling flexible working environments (e.g. working
from home). The remote interpretation of test results is
common and has been validated in a number of areas
of medicine to facilitate telehealth services; including inter-
pretations of retinal images,15 radiography,16 echocardio-
grams17 and otoscopy.18,19 However, comparisons between
remote interpretations of manual and automated audiom-
etry have not been reported previously.

The aims of the present study were to examine the
agreement between remote interpretations of manual
and automated audiograms by audiologists and whether
the potential variation in hearing thresholds introduced by
automated audiometry would affect the clinical decisions
made by audiologists.

Methods

This study compared the intra- and inter-observer agree-
ment between remote interpretations of manual and auto-
mated audiometry. Results of agreement studies are
intended to provide information about the amount of
error inherent in any diagnosis, score or measurement.20

Participants for this study were five audiologists recruited
from the Ear Science Institute Australia. Audiologists who
were more than three years’ post-qualification and main-
tained more than one day per week of clinical audiology
practice were invited to take part in the study. The audiolo-
gists analysed existing data collected from patients in a valid-
ation study of automated audiometry which recruited
42 adults (>18 years) presenting with suspected hearing
loss at public audiology and otolaryngology clinics at Sir
Charles Gairdner Hospital, Perth, Western Australia; see
Brennan-Jones et al.10,21 for further details of the study
population and test procedures. This study was approved
by the University of Western Australia’s human research
ethics committee.

Equipment

Manual audiometry was conducted within a sound-
treated room (mean ambient noise level 37 dBA) using
Acoustic Analyser AA30 audiometer (Starkey Hearing
Technologies, MN, USA), calibrated to ISO389-1:1998
and TDH-39P (Telephonics, NC, USA) supra-aural
headphones and Radioear B-71 bone-conductor

(Radioear Corp., PA, USA), calibrated to ISO389-
3:1994. The bone-conductor was placed on the patient’s
mastoid for manual testing. Patient history, otoscopy and
tympanometry using a GSI 38 Auto Tymp (Grason-
Stradler, MN, USA) preceded audiometry testing. Five audi-
ologists were involved in performing the manual audiometry
assessments. Automated audiometry was conducted using
the KUDUwave (eMoyoDotNet, Pretoria, South Africa) –
a mobile Type 2B screening, diagnostic and clinical audiom-
eter (IEC 60645-1/2) using the ascending method according
to ISO8253-1:2010. The automated assessments were facili-
tated by authors CGBJ or RHE.

Procedure

Manual audiometry, automated audiometry, tympanome-
try and participant demographics (age and gender) were
extracted and standardised using an audiogram generator
so that the manual and automated audiograms could not
be distinguished (manual audiometry results were origin-
ally recorded by hand, whereas automated results are rec-
orded electronically). The audiograms (and accompanying
clinical information) were anonymised, randomised by
allocation to a unique, randomly generated a 4-digit
number and then sorted in ascending order for interpret-
ation (see Appendix 1).

The five audiologists participating in this experiment,
blinded to whether manual or automated audiometry was
used, independently interpreted the audiograms, together
with the other available information (age, gender and tym-
panometry; a full patient history was not available to par-
ticipating audiologists). Audiologists were aware that some
of the audiograms for interpretation were obtained by
automated testing and that these would be compared to
manual audiograms. However, they were not aware that
they would be interpreting matched pairs of manual and
automated audiograms. They were asked to provide a
determination of: 1) the level and type of hearing loss; 2)
a management plan for the patient given their audiometric
results; and 3) their judgement of the reliability of the
audiogram. There are no universally agreed standards for
determining the type and level of hearing loss, management
plan or reliability of the audiogram; these are normally the
result of professional training and local clinic protocols.

For the purposes of this study, 1) the options for level of
hearing loss were normal hearing, slight hearing loss or sig-
nificant hearing loss requiring intervention and the options
for type of hearing loss were normal hearing, sensorineural,
conductive or mixed hearing loss; 2) the management
options were no intervention, referral for hearing aids, refer-
ral for medical treatment or other; and 3) audiologists were
given the option to add comments on the reliability of the
audiogram. To measure this outcome a ‘‘no’’ answer was
considered to imply that an audiologist had no issues with
reliability and a ‘‘yes’’ answer combined with a comment
questioning the reliability of the audiogram was considered
to indicate that an audiologist questioned the reliability of
the audiogram (see Appendix 1).
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Data analysis

Firstly, Cohen’s Kappa was used to calculate the intra-
observer agreement of the audiologist’s asynchronous
interpretations for determining the type and severity of
hearing loss, and the recommendation for patient manage-
ment. This was to examine whether clinicians agreed with
themselves for manual versus automated interpretations.

Secondly, Krippendorff’s Alpha and Q-statistic22 was
used to calculate the inter-observer agreement of remote
interpretations for determining the type and severity of
hearing loss, each ear separately, and the recommendation
for patient management. Krippendorff’s Alpha allows
comparison of agreement between multiple coders, in
this case audiologists, and was, therefore, used to compare
whether clinicians agreed with each other when interpreting
both manual and automated audiograms. The Q-statistic
represents the probability of reaching a> 0.6 (substantial
agreement).

Thirdly, the main outcome variable, agreement
between audiologist’s recommendation for patient man-
agement between the manual and automated audiometry
test, was examined using Cohen’s Kappa and p-value for
intra-observer agreement and Kripendorff’s Alpha and
Q-statistic for inter-observer agreement. The paired-
samples t-test was also used to determine the correlation
coefficient between manual and automated audiometry for
management decisions between audiologists.

Finally, the audiologist-related accuracy of audiograms
was examined using McNemar’s test; that is, odds ratios
(ORs) for paired nominal data, in this case, dichotomous
audiogram reliability scores.

The Landis and Koch (1977)22 recommendations of
agreement classification were applied to Cohen’s Kappa
and Krippendorff’s Alpha analyses, with a< 0 indicating
no agreement, a¼ 0–0.20 indicating ‘‘Slight’’ agreement,
a¼ 0.21–0.40 indicating ‘‘Fair’’ agreement, a¼ 0.41–0.60
indicating ‘‘Moderate’’ agreement, a¼0.61–0.80 indicat-
ing ‘‘Substantial’’ agreement and a¼0.81–1.00 indicating
‘‘Almost perfect’’ agreement.

Results

Intra-observer pooled agreement for clinician’s interpret-
ations for: (i) the level of hearing loss for manual versus
automated audiograms ranged from moderate to almost
perfect agreement (a¼ 0.637 [95% confidence interval (CI)
0.452 to 0.822]; p< 0.001); (ii) the type of hearing loss
ranged from fair to substantial agreement (a¼ 0.407
[95% CI 0.207, 0.613)]; p< 0.001; and (iii) management
outcomes ranged from moderate to almost perfect
(a¼ 0.693 [95% CI 0.521 to 0.865]; p< 0.001), see
Tables 1 and 2.

Inter-observer agreement varied from moderate to sub-
stantial in regards to the level of hearing loss, type of
hearing loss and management for both automated and
manual audiometry (Table 3). However, inter-observer
agreement was not significant for interpretation of type
of hearing loss bilaterally for either manual or automated
audiometry. Inter-observer agreement was significant for
both right and left ear interpretations of level of hearing
loss using manual audiometry (�¼ 0.692 [95% CI 0.593,
0.778]; q¼ 0.029 and �¼ 0.696 [95% CI 0.569, 0.790];

Table 1. Individual clinician (intra-observer) reliability for manual versus automated audiogram interpret-

ations measured with Kappa agreement.

Level of hearing loss Type of hearing loss

� [95% CI] p � [95% CI] p

Clinician 1 0.756 0.577, 0.935 <.001 0.433 0.244, 0.622 <.001

Clinician 2 0.628 0.4395, 0.816 <.001 0.343 0.127, 0.560 <.001

Clinician 3 0.629 0.434, 0.824 <.001 0.449 0.226, 0.672 <.001

Clinician 4 0.543 0.341, 0.745 <.001 0.429 0.251, 0.607 <.001

Clinician 5 0.631 0.440, 0.821 <.001 0.379 0.185, 0.578 <.001

Clinician

agreement (pooled)

0.637 0.452, 0.822 – 0.407 0.207, 0.613 –

CI: confidence interval.

Table 2. Individual clinician (intra-observer) reliability for manual

versus automated audiogram interpretations management measured

with Kappa agreement.

Management outcomes

� [95% CI] p

Clinician 1 0.810 0.638, 0.982 <.001

Clinician 2 0.771 0.618, 0.924 <.001

Clinician 3 0.659 0.481, 0.837 <.001

Clinician 4 0.574 0.386, 0.762 <.001

Clinician 5 0.651 0.472, 0.829 <.001

Clinician

agreement (pooled)

0.693 0.521, 0.865 –

CI: confidence interval.

Brennan-Jones et al. 3

 by guest on September 20, 2016jtt.sagepub.comDownloaded from 

http://jtt.sagepub.com/


q¼ 0.028, respectively). For automated audiometry, how-
ever, only the right ear level of hearing loss interpretations
showed significant inter-observer agreement (�¼ 0.680
[95% CI 0.604, 0.755]; q¼ 0.019) (Table 3, Figures 1
and 2).

There was no significant inter-observer agreement for
management outcomes for either manual or automated
audiometry (Tables 3 and 4, Figures 1 and 2).

The correlation coefficient between manual and auto-
mated audiometry for management decisions between
audiologists was high and significant (0.823, p< 0.001)
using a paired-samples t-test. Concurrence for discharge/
no treatment was highest (93.8%), followed by audio-
logical referral and medical referral (respectively 81.8%
and 81.4%), whereas combined medical referral was
lower at 56.8% (Table 4).

Figure 2. Inter-observer reliability for manual audiometry with 95% CI.

HL: hearing loss.

Figure 1. Inter-observer reliability for automated audiometry with 95% CI.

HL: hearing loss.

Table 3. Overall clinician (inter-observer) reliability across the five remote interpretation outcomes using

Krippendorff ’s Alpha and probability (q) of reaching a> 0.6.

Interpretation

outcomes
Manual audiometry Automated audiometry

� [95% CI] q � [95% CI] q

Right-type HL 0.582 0.519, 0.642 0.715 0.550 0.490, 0.610 0.950

Left-type HL 0.551 0.490, 0.615 0.940 0.553 0.494, 0.616 0.936

Right-level HL 0.692 0.593, 0.778 0.029 0.680 0.604, 0.755 0.019

Left-level HL 0.696 0.569, 0.790 0.028 0.615 0.520, 0.704 0.394

Management 0.569 0.505, 0.630 0.833 0.536 0.469, 0.600 0.968

CI: confidence interval; HL: hearing loss

4 Journal of Telemedicine and Telecare 0(0)

 by guest on September 20, 2016jtt.sagepub.comDownloaded from 

http://jtt.sagepub.com/


Audiologists were more likely to question the reliability
of automated audiograms than manual audiograms
(OR¼ 2.848; p< 0.001) (Table 5).

Discussion

The present study shows that agreement for management
decisions for participants remains relatively high when
automated audiograms are interpreted remotely, with
intra-observer agreement ranging from moderate to
almost perfect. There was no significant inter-observer
agreement for patient management decisions for manual
or automated audiometry, indicating that management
decisions differed between clinicians regardless of whether
manual or automated audiometry was used.

There was significant, moderate to substantial intra-
observer agreement for audiologists when determining the
level and type of hearing loss using automated compared to
manual audiometry. However, for inter-observer agree-
ment, only decisions relating to the level of hearing loss
were significant, but this was true for both manual and
automated audiometry. Our results show a lack of agree-
ment between audiologists when determining the type of
hearing loss and management decisions when interpreting
manual audiometry. This highlights that the main source
variable in the agreement between decisions made based on

remote audiogram interpretation is likely to be individual
clinician variation, rather than automation.

Determination of the type and level of hearing loss was
deliberately subjective in this experiment with no set quan-
titative criteria given to the audiologists. Whilst standard
criteria exist for classifying the level of hearing loss,23 the
applicability of these arbitrary cut-offs to clinical practice
has been questioned.24–26 Therefore, the audiologists
were presented with options of clinical significance (i.e.
whether referral for intervention was necessary, and if
so, what type). With a lack of definition between sensori-
neural, conductive and mixed hearing loss, the classifica-
tion of patients into these groups was diverse and
agreement was poor between test method and clinicians.

Despite good intra-observer agreement and being
blinded as to which audiograms were automated and
which were manual, audiologists were 2.8 times more
likely to question the reliability of an automated audio-
gram (Table 5). The specific wording and scoring of
the question used in this study may have influenced the
reporting rates of reliability. Whilst the question
prompted audiologists to consider the reliability of
the audiogram (rather than a spontaneous comment) the
need for confirmation with a specific comment may have
resulted in under-reporting. However, it has also been
argued that the use of automated audiometry may actu-
ally limit bias; that is, increase reliability in audiometric
assessment.27,28 The tester bias associated with audiom-
etry is well-documented and many audiologists may con-
sciously or sub-consciously alter hearing thresholds
to adhere to certain rules or an expected pattern.29 This
perception of poor reliability may be, in part, influenced
by the fact that automated audiometry does not perform
these adjustments. When audiometric results are shown
that do not fit the expected pattern or conventions, such
as when a bone-conduction threshold appears worse than
air-conduction thresholds, this may be interpreted as an
unreliable assessment. However, it is also recognised that
for some patients, audiometry can be a difficult task to
perform and the reliability or accuracy of the audiogram
can be compromised with automation.30 Therefore, the
capacity to provide synchronous tele-audiometry assess-
ment for patients suspected to have poor reliability would
be beneficial to complement a predominately asynchron-
ous model.8

Audiometry is a key part of any test battery for the
assessment of hearing and its impact on daily function
and quality of life for patients. The remote interpretation
of audiometry potentially offers significant efficiency and
financial savings for telehealth programs and potential to
improve access to services using automated technology,
without the need for a clinician to travel to remote
areas. However, the diverse presentation of patients with
hearing loss means that audiometric assessment alone is
often not sufficient and that the effect of hearing loss on
daily function and quality of life should be ascertained
before clinical decisions on patient treatment and manage-
ment are made based on remote audiogram interpretation.

Table 5. Subjective clinician-rated reliability of automated versus

manual audiograms using McNemar’s test.

Audiometry reliability

OR [95% CI] X2 p

Clinician 1 2.091 0.439, 9.961 0.898 .118

Clinician 2 3.222 0.395, 26.255 1.296 .064

Clinician 3 1.111 0.260, 4.754 0.020 .238

Clinician 4 7.364 0.689, 78.714 3.454 .006

Clinician 5 0.951 0.888, 1.019 0.051 .999

Pooled reliability 2.848 1.246, 6.508 6.532 <.001

OR: odds ratio; CI: confidence interval.

Table 4. Distribution of management decisions for remote inter-

pretations of manual and automated audiometry.

Automated

audiometry

management

Manual audiometry management, n (%)

Discharge

Aud

ref

Med

ref

Aud

þMed Other

Discharge 45 (93.8) 2 (4.2) 1 (2.1) 0 (0) 0 (0)

Aud ref 2 (9.1) 18 (81.8) 0 (0) 2 (9.1) 0 (0)

Med ref 6 (16.2) 3 (8.1) 21 (56.8) 7 (18.8) 0 (0)

AudþMed ref 2 (2.0) 7 (6.9) 10 (9.8) 83 (81.4) 0 (0)

Other 1 (100.0) 0 (0) 0 (0) 0 (0) 0 (0)

Aud: audiology; Med: medical; ref: referral.
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The findings from this study suggest that an asynchron-
ous tele-audiology model, where automated audiometry is
performed remotely with results forwarded for management
by audiologists or medical personnel, is practicable. This
could facilitate much wider coverage of ear and hearing
services, streamlining metropolitan specialist services and
reducing the need for specialists to travel to rural and
remote regions to administer services. Future research
should investigate the addition of further clinical, contextual
and quality of life information that may improve both the
inter- and intra-observer reliability of remote interpretations.

Potential limitations of this study include the use of
subjective diagnosis criteria and the reliability index used
to measure treatment and reliability outcomes. The pre-
sent study also examines only one automated audiometry
device in an adult population. Future studies examining
different devices in different populations would be
beneficial.

Conclusion

Remote interpretation of automated audiometry appears
to be a reliable approach for diagnosing hearing loss and
identifying appropriate interventions. Clinician interpret-
ations vary significantly, both for manual and automated
audiograms. It is thought that this variation is not exclu-
sive to remote interpretation of audiometry in a telehealth
context; rather, it is reflective of the diverse needs of
patients with hearing loss and a clinician’s personal
experience. The findings from this study highlight that
the use of remote interpretations of automated audiom-
etry as a method for assessing hearing ability has equiva-
lent agreement to audiologists interpreting manual
audiometry and is, therefore, feasible in the context of a
comprehensive tele-audiological program.
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