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Objectives: The primary objective of this study was to determine whether
a combination of automatically administered pure-tone audiometry and
a tone-in-noise detection task, both delivered via an air conduction (AC)
pathway, could reliably and validly predict the presence of a conductive
component to the hearing loss. The authors hypothesized that perfor-
mance on the battery of tests would vary according to hearing loss type.
A secondary objective was to evaluate the reliability and validity of a
novel automatic audiometry algorithm to assess its suitability for inclu-
sion in the test battery.

Design: Participants underwent a series of hearing assessments that
were conducted in a randomized order: manual pure-tone air conduc-
tion audiometry and bone conduction audiometry; automatic pure-tone
air conduction audiometry; and an automatic tone-in-noise detection
task. The automatic tests were each administered twice. The ability of
the automatic test battery to: (a) predict the presence of an air-bone gap
(ABG); and (b) accurately measure AC hearing thresholds was assessed
against the results of manual audiometry. Test-retest conditions were
compared to determine the reliability of each component of the auto-
matic test battery. Data were collected on 120 ears from normal-hearing
and conductive, sensorineural, and mixed hearing-loss subgroups.

Results: Performance differences between different types of hearing loss
were observed. Ears with a conductive component (conductive and mixed
ears) tended to have normal signal to noise ratios (SNR) despite impaired
thresholds in quiet, while ears without a conductive component (normal
and sensorineural ears) demonstrated, on average, an increasing relation-
ship between their thresholds in quiet and their achieved SNR. Using the
relationship between these two measures among ears with no conductive
component as a benchmark, the likelihood that an ear has a conductive
component can be estimated based on the deviation from this benchmark.
The sensitivity and specificity of the test battery vary depending on the size
of this deviation, but increase with increasing ABG size, with decreasing test
frequency, and when results from multiple test frequencies are taken into
account. The individual automatic tests comprising the battery were found
to be reliable and valid, with strong, significant correlations between the
test and retest results (r=0.81t0 0.99; p < 0.0001) and between automatic
and manual audiometry procedures (r=0.98 to 0.99; p < 0.0001).

Conclusions: The presence of an ABG can be predicted with a reason-
ably high degree of accuracy using AC tests alone. Applications of such
a test battery include any clinical context in which bone conduction audi-
ometry or specialized diagnostic equipment is unavailable or impracti-
cal. Examples of these include self-fitting hearing aids, whose efficacy
relies on the ability of the device to automatically administer an in situ
hearing test; self-administered adult hearing screenings in both clini-
cal and home environments; large-scale industrial hearing conservation
programs; and test environments in which ambient noise levels exceed
the maximum permissible levels for unoccluded ears.
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INTRODUCTION

Automatic audiometry refers to a method of measuring
hearing thresholds that is driven by a predetermined algorithm,
rather than by a clinician. The validity of this technique has
been well-established, from early implementations in which a
nonclinician is directed by a series of computer commands to
select the appropriate presentation level and frequency (Sparks
1972) to modern devices that are capable of obtaining masked
air conduction (AC) and bone conduction (BC) thresholds (Ho
et al. 2009; Swanepoel et al. 2010) and assessing the validity of
the test results (Margolis et al. 2007), including implementa-
tions in smartphones and tablet computers (Kam et al. 2012;
Van Tasell & Folkeard 2013). Although it has not yet made sig-
nificant inroads into everyday clinical practice, automatic audi-
ometry is useful for efficiently testing large numbers of people,
as in adult hearing screening (Sakabe et al. 1975) and indus-
trial noise conservation programs (Sparks 1972; Picard et al.
1993). It also allows specialist personnel to focus their available
clinical time on counseling (Sparks 1972), aural rehabilitation
(Wood et al. 1973), and pediatric work (Margolis & Morgan
2008; Ho et al. 2009), all of which are better delivered in a face-
to-face client—audiologist interaction. Automatic audiometry
has particular application in self-fitting hearing aids (HAs),
which are intended to be assembled, programmed, fine-tuned,
and managed entirely by the user (Convery et al. 2011). As the
programming step necessitates the administration of a hearing
test conducted through the HA itself, self-fitting devices require
the capability to accurately and automatically perform these
measurements (Keidser et al. 2011).

Several studies have compared the test—retest reliability
of automatic audiometry with that of manual audiometry and
concluded that the automatic procedure has superior repeatabil-
ity (Jerlvall et al. 1983; Ho et al. 2009; Margolis et al. 2010;
Swanepoel et al. 2010; Van Tasell & Folkeard 2013). This is
primarily thought to be due to the transfer of responsibility for
complex calculations and judgments from the clinician to the
computer, thus eliminating the effects of human error or bias
(Campbell 1974; Swanepoel et al. 2010). Developers of early
automatic audiometers chose to implement computerized ver-
sions of existing manual procedures for sensible reasons, not
the least of which was the basic level of computer technology
available at the time (Sakabe et al. 1975, 1978). Modern com-
puting power, however, allows the implementation of highly
sophisticated threshold-seeking paradigms with more precise
control and faster decision-making procedures than those used
by human clinicians. There are many factors not specified by the
standards for manual audiometry that are more easily controlled
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by a computer than by a human being, all of which have the
potential to affect the reliability or validity of the test results.
These include stimulus duration, interstimulus interval, step
size, the time window in which a response is accepted, the num-
ber of reversals that constitute a threshold, and whether these
characteristics should be varied or held constant within a single
test (Harris 1979; Jerlvall et al. 1983).

Many of the investigations into the validity and reliability of
automatic audiometry, particularly the early studies, examined
AC thresholds only. However, of those studies that also obtained
BC data, all found that both its validity (Wood et al. 1973; Ho
et al. 2009; Margolis et al. 2010) and reliability (Ho et al. 2009;
Swanepoel & Biagio 2011) were lower than that of AC, particu-
larly for low frequencies. Reported reasons for these findings
include the effect of forehead versus mastoid location of the
bone vibrator, variability in the amount of static force applied
by the bone vibrator, the relative admittance and impedance of
the middle ear system, and the distortion by the bone vibrator
of low-frequency stimuli (Margolis et al. 2010; Swanepoel &
Biagio 2011). In these studies, a clinician or trained layperson,
not the research participant, was responsible for placing the
bone vibrator. While this likely played a role in reducing test—
retest variability, it could also be argued that the involvement
of a professional rendered the procedure nonautomatic. That is,
to be considered #ruly automatic, the entire procedure, includ-
ing placement of the transducer, would have to be completed
by the test participant alone. Given the variability inherent in
BC measurement even with the involvement of a skilled pro-
fessional, requiring the test participant to self-place the bone
vibrator would likely serve to decrease the reliability of the test
results. Further, in the context of automatic in situ audiometry,
in which the test stimuli are generated and delivered to the ear
by an HA, the idea of BC testing with a bone vibrator is imprac-
tical, if not impossible.

Measurement and comparison of AC and BC thresholds are
performed to distinguish between conductive and sensorineural
sites of lesion (Silman & Silverman 1997, p. 48). Identification
and quantification of the air—bone gap (ABG), an indicator of the
presence and extent of conductive pathology, is a critical com-
ponent of audiological assessment. The presence of a conductive
component to the hearing loss, depending on etiology, may con-
traindicate amplification or at least dictate medical or surgical
intervention instead of, or before, amplification. In the presence
of situational constraints that prevent the measurement of BC
thresholds, such as those described earlier, the importance of
detecting a conductive component is such that alternative meth-
ods for measuring the ABG need to be explored. Existing meth-
ods for identifying the presence of a conductive component that
do not rely on BC thresholds include tympanometry and such
tuning fork tests as the Weber, Rinne, and Bing tests (Silman &
Silverman 1997, pp. 26-27). Although valid and reliable, tym-
panometry and the tuning fork tests require additional test equip-
ment. The validity of tympanometry further relies on the ability
to seal the probe in the ear canal, a skill that a layperson could
not reasonably be expected to possess. An ideal alternative mea-
sure of the ABG would therefore ensure that specialized equip-
ment beyond that used for AC audiometry is not required, deliver
stimuli via an AC pathway, make use of nonspeech stimuli, and
have clinically acceptable sensitivity and specificity values.

The main objective of this study was to determine whether
the presence and size of an ABG can be detected through the

administration of an automatic test battery comprising two AC
tests, one measuring pure-tone thresholds in quiet and the other
measuring the lowest signal to noise ratio (SNR) at which a pure
tone can be detected in a background of spectrally and tempo-
rally modulated narrowband noise. Our hypothesis was that par-
ticipants would perform differently on the combination of tests
depending on their hearing loss type. The primary characteristic
of hearing impairment is a loss of auditory sensitivity, a char-
acteristic shared by losses of both sensorineural and conductive
origin. On this basis, participants with sensorineural and con-
ductive hearing loss should be distinguishable from participants
with normal hearing by measuring their pure-tone thresholds
in quiet. Unlike ears with conductive loss or normal hearing,
which have normal cochlear function, the psychophysical tun-
ing curves measured on ears with hearing loss of cochlear ori-
gin are significantly broader and flatter, an indication of a loss
of frequency selectivity resulting from outer hair cell damage
(Moore 2003, p. 117). One of the perceptual consequences of
broader auditory filters and impaired frequency selectivity is a
reduction in the ability to detect a signal in a background of
noise, particularly at low levels. In contrast to ears with nor-
mal cochlear function, whose narrow auditory filters are able to
attenuate the unwanted noise outside of a narrow band around
the signal frequency, the broader filters associated with cochlear
hearing loss allow more of the noise to pass through and hence
interfere with detection of the desired signal (Van Tasell 1993;
Moore 1996). On a test of the ability to detect a pure tone in
a background of spectrally and temporally modulated narrow-
band noise, participants with normal cochlear filters should be
able to use the temporal and spectral gaps in the noise to detect
the tones at lower SNRs, which would include people with nor-
mal hearing and many people with conductive hearing loss, but
would exclude most people with sensorineural hearing loss. As
the success of the test battery hinges on the reliability and valid-
ity of its individual components, a secondary aim was to evalu-
ate the suitability of a novel automatic audiometry algorithm for
potential incorporation into the battery.

PARTICIPANTS AND METHODS

Participants

Data were collected from 120 ears of 64 participants, 31
male and 33 female. Eight participants were tested in one
ear, as their other ear was outside the dynamic range of one
or both automatic tests. Data were collected from both ears
of the remaining 56 participants. Participants ranged in age
from 18 to 81 years, with a median age of 62 years (SD = 20
years). Participants were selected for inclusion in the study if
their pure-tone AC thresholds were less than or equal to 80
dB HL (hearing level) at 500, 1000, 2000, and 4000 Hz, an
upper limit set due to the output limitations of the test equip-
ment. Ears were given a single overall classification as normal
hearing (NH), conductive component (CC), or sensorineural
hearing loss (SNHL) on the basis of manual AC and masked
BC audiometry at the four test frequencies. Forty ears met the
criteria for NH, which we defined as AC thresholds less than or
equal to 20 dB HL at all four test frequencies. Categorization
of loss type for the ears with hearing loss was based on the
ABG size at the majority of test frequencies, rather than at all
the test frequencies. Ears with AC thresholds greater than or
equal to 25 dB HL at two or more of the four test frequencies
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and an ABG of'less than 15 dB at three or more test frequencies
were categorized as SNHL, a group that included 44 ears. The
remaining 36 ears were classified as CC and included both pure
conductive losses (6 ears) and those with mixed loss (30 ears).
To be placed in the CC group, ears were required to have an
ABG greater than or equal to 15 dB at two or more of the test
frequencies and thresholds that had been stable (i.e., not fluctu-
ating or progressively deteriorating) for at least the previous 6
months according to self-report. Fifteen of the bilaterally tested
participants had different loss types in each ear.

Travel costs incurred by the participants were reimbursed on
completion of the study appointment. The treatment of partici-
pants in this study was approved by the Australian Hearing Eth-
ics Committee and conformed in all respects to the Australian
government’s National Statement on Ethical Conduct in Human
Research.

Procedure

Participants underwent a series of audiometric assessments:
(1) pure-tone AC and masked BC audiometry, administered
manually by an audiologist with 7 years of clinical experience;
(2) automatic, computerized pure-tone AC audiometry; and (3)
an automatic, computerized tone-in-noise (TIN) detection test.
The two automatic tests were each administered twice, for a
total of five hearing assessments. The order of assessment was
randomized according to a balanced Latin square. Testing was
conducted in an audiometric booth that adhered to ANSI stan-
dard S3.1-1999 (R2008).

All AC stimuli were delivered to the test ear through an
E-A-R 5A insert earphone (Aearo Technologies, a Division
of 3M, St. Paul, MN). For manual audiometry, the tones (and
masking noise, where appropriate) were generated by an Intera-
coustics AC40 clinical audiometer (Interacoustics AS, Assens,
Denmark). Manual BC stimuli were presented via a Radioear
B-71 bone conductor (Radioear, New Eagle, PA) with the ears
unoccluded. The Carhart correction factor (Dillon 2012, p. 319)
was applied to the BC thresholds of the four ears with con-
firmed otosclerosis to allow for the effect of otosclerosis-related
stapes fixation on BC thresholds (Table 1). For automatic audi-
ometry, the signals originated from .wav files stored on a lap-
top computer and were presented via an Edirol FireWire Audio
Capture FA-101 external sound card (Roland Corporation,
Shizuoka, Japan). The manual and automatic audiometers were
both calibrated according to ISO standard 389-2 (ISO 1994).
For the TIN test, the stimuli originated from individual tone and
noise .wav files stored on the laptop computer and were pre-
sented via a chain of equipment that included the external sound
card, a Technics SU-7300 stereo integrated amplifier (Pana-
sonic Corporation, Osaka, Japan), a purpose-built remotely
controlled digital attenuator, and a fader. A voltmeter was also
included in the equipment chain to monitor the output of the

TABLE 1. The correction factors that were subtracted from the
BC thresholds of the four ears with otosclerosis

Frequency (Hz) Correction Factor (dB)
500 5
1000 10
2000 13
4000 6

insert earphone. The TIN test was calibrated with an artificial
ear using white noise as the calibration stimulus. The levels of
the narrowband test stimuli were set to match the average root-
mean-square broadband level of the white noise.

The automatic audiometry implementation used a stimulus
consisting of a train of three tone bursts, each of which was
290 msec in duration with 30 msec on- and offset ramps and
separated by 140-msec gaps. The interstimulus intervals were
of random duration and ranged from 1000 to 4600 msec. Test
parameters were chosen based on existing automatic audiom-
etry implementations and subsequent informal adjustments
made during in-house experimentation. Participants were
instructed to respond to the tone bursts by pressing a button on a
numeric keypad: a response was considered valid if it occurred
within a 1.5-second time window commencing from the onset
of the stimulus. The threshold-seeking procedure included two
phases. In phase 1, a 10 dB up/down step size was used to zero
in on the likely threshold range. Phase 1 ended when the first
nonresponse to a stimulus presentation was recorded. In phase
2, the first nonresponse to a stimulus triggered a 10 dB increase
in the level of the next stimulus presentation. Subsequent non-
responses resulted in an increase in stimulus level in 5 dB incre-
ments until a positive response was recorded. Positive responses
to the stimuli always resulted in a 5 dB decrease in stimulus
level. Phase 2 ended when a standard error of < 2.5 dB was
reached, or a maximum of four reversals was recorded. If the
standard error criterion was met, the threshold was calculated
by averaging the level of each presentation for which a posi-
tive response was obtained that was immediately before a pre-
sentation for which no response was obtained. If the maximum
number of reversals criterion was met, a trimmed mean (i.e.,
removal of the highest and lowest values before averaging the
remaining values) of the positive responses was calculated to
determine the threshold. The presentation levels of the auto-
matic audiometer ranged from 0 to 80 dB HL.

The TIN test was originally developed and validated at the
National Acoustic Laboratories for use in a national telephone-
based hearing screening service. Results of the initial TIN test
validation indicated high intrasubject repeatability, and the mea-
sured SNRs were found to correlate significantly with pure-tone
thresholds (Zhou et al. 2009). The aim of the TIN test is to deter-
mine the lowest SNR at which the listener is able to detect a train
of three tone bursts in a continuous background of temporally
and spectrally modulated narrowband noise. Each tone burst was
450 msec in duration with 20-msec on- and offset ramps and
was separated from the other tone bursts by 136-msec gaps. The
interstimulus intervals were of random duration and ranged from
1000 to 5000 msec. All noises used in this test were temporally
modulated with a 20 Hz sinusoidal envelope that had a peak-to-
trough ratio of 10 dB. Single .wav files were used for all noise
presentations of the same frequency. The spectral characteristics

TABLE 2. The spectral characteristics of the NBN used in the
tone-in-noise test

Test Frequency Passband 1 Passband 2 Gap
500 200-450 550-800 100

1000 675-925 1075-1325 150

2000 1400-1800 2200-2600 400

4000 2800-3600 4400-5200 800

All values shown are in Hz.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



4 CONVERY ET AL./EAR & HEARING, VOL. XX, NO. X, XXX-XXX

varied for each test frequency and are summarized in Table 2.
For the 2000 and 4000 Hz masking noises, frequencies below
the lower cutoff frequency of passband 1 (1400 and 2800 Hz,
respectively) were attenuated by 15 dB, rather than filtered out
completely, to ensure the narrowband noise did not sound too
tonal. Responses to the stimuli were effected by pressing a key on
anumeric keypad; a response was considered valid if it occurred
within a 1.3-second time window. The test was executed in two
phases, using an SNR-seeking algorithm similar to that used by
the automatic audiometer. In phase 1, a 4 dB decrement step size
was used. Phase 1 ended when the first nonresponse to a stimu-
lus presentation was recorded. Phase 2 used a 2 dB decrement
step size. After a positive response, the first nonresponse resulted
ina 5 dB increase for the next stimulus presentation. Subsequent
nonresponses triggered 2 dB increases in stimulus level until a
positive response was registered. Phase 2 ended when a fixed
number of four reversals was reached. The SNR was calculated
by averaging the level of each presentation for which a positive
response was obtained that was immediately before a presenta-
tion for which no response was obtained. The SNR range of the
TIN test was —30 to +10 dB.

Before the participant completed the TIN test at each fre-
quency, he or she was instructed to use the remotely controlled
attenuator to select a masking noise level that corresponded
to the “loud, but ok™ category on a seven-point categorical
loudness scale. The noise was then fixed at that level for the
duration of the test, while the level of the tones changed adap-
tively according to the participant’s responses. The purpose of
instructing the participant to select a relatively high level of
noise was to ensure that the participant’s achieved SNR on the
TIN test was due to the masking effects of the noise, rather than
a lack of audibility. To confirm this, a check was performed at
the end of each TIN test run. The masking noise was turned off
and the tone was presented alone at a level approximately 5 dB
lower than the signal level of the achieved SNR. For example,
if the participant’s TIN result was —1 dB SNR, with the noise
presented at a level of 76 dB SPL (sound pressure level) and
the signal at 75 dB SPL, audibility of the tone was checked at
70 dB SPL. If the participant was able to detect the tone, the
results of the TIN test were considered valid. If the participant
was unable to detect the tone, the protocol dictated that the level
of the noise be increased and the test repeated. However, no par-
ticipant in this study required a repeat of the TIN test. The same
masking noise level was used for both test and retest.

RESULTS

Pearson’s product-moment correlation analysis was con-
ducted to determine the reliability of the automatic audiom-
etry and TIN results. Test—retest results on both measures were
found to be highly and significantly correlated at all test fre-
quencies (automatic audiometry: » = 0.97 to 0.99; p < 0.0001;
TIN: » = 0.81 to 0.94; p < 0.0001). The two test runs were
therefore averaged to produce a single audiometric threshold
(threshold in quiet) and a single TIN result (SNR) for each par-
ticipant at each test frequency. Correlation analysis of manual
and automatic audiometric thresholds, performed as a measure
of validity, revealed a strong, significant correlation at all test
frequencies (r=0.98 to 0.99; p <0.0001). All subsequent anal-
yses involving thresholds in quiet make use of the automatic,
rather than manual, AC thresholds.

A potential effect of cognitive changes as a result of aging on
TIN test performance was investigated for the participants with
sensorineural hearing loss, using multilinear regression. Age
was found to significantly affect participants’ achieved SNRs
on the TIN test at 4000 Hz (p = 0.006), but not at 500, 1000, or
2000 Hz (p = 0.14 to 0.49).

SNRs achieved on the TIN test were plotted as a func-
tion of thresholds in quiet for each frequency. As shown in
Figure 1, the SNRs achieved by the SNHL ears increase with
thresholds in quiet. In contrast, many CC ears have SNRs
that are similar to those achieved by the NH group despite
impaired thresholds in quiet. To calculate an estimate of the
expected relationship between the threshold in quiet and SNR
for ears without a conductive component, the following qua-
dratic function was fitted to the 84 data points obtained from
the non-CC (i.e., NH and SNHL) ears:

SNR = a+b(HTL+1)’

The function was constrained to be flat at a threshold in quiet
of —1 dB HL, as this was the lower limit of the automatic audi-
ometer. Values for @ and b, which varied for each test frequency,
were estimated using the least squares method of linear regres-
sion. We note that the function is affected by the nonindepen-
dence of some of the data points, as most participants provided
data for both left and right ears. The rationale for including both
NH and SNHL ears in the calculation of the function is that
hearing thresholds exist on a continuum; despite nominal cut-
offs that are used clinically to categorize audiograms by degree
of loss, there is no discrete point at which normal hearing sud-
denly becomes impaired hearing.

The measured SNR was then subtracted from the fitted SNR
to yield a difference value, which was plotted as a function
of the measured ABG at each test frequency (Fig. 2). Perfect
agreement between the estimated and observed SNR (i.e., a dif-
ference value of zero) is shown by the dotted line. As the fitted
SNRs were derived from the non-CC data, we can assume that
a difference value of zero is characteristic of the average non-
CC ear and thus hypothesize that a sufficient deviation from
zero would be characteristic of a CC ear. The graphs in Figure 2
further illustrate the fact that as the ABG grows larger, so too
does the difference between the estimated and observed SNR.

To determine what constitutes a deviation sufficient to val-
idly indicate the presence of a conductive component, sensitiv-
ity and specificity were calculated for the actual SNR difference
values at each test frequency using a range of theoretical differ-
ence or “cutoff” SNR values. Ears were classified as CC if the
actual SNR difference value was greater than or equal to the
cutoff value. On the assumption that the difference values for
each test frequency were normally distributed within each of the
CC and non-CC groups, receiver operating characteristic (ROC)
curves were fitted to the data using the following formula:

sensitivity =1— (D[[ﬂ)q)—l (1 _ x) _ (#c - U, ]]
o, o,

where @ represents the standard normal cumulative distri-
bution function, x = 1- specificity, 0, is the standard deviation
of the difference between the actual and fitted SNR values for
non-CC cases, o, is the corresponding standard deviation for
CC cases, u, is the mean of the difference between actual and
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Fig. 1. The relationship between thresholds in quiet and achieved SNRs on the TIN test for the different participant groups at (A) 500, (B) 1000, (C) 2000, and
(D) 4000 Hz. The lines indicate quadratic functions fitted to the data of the participants with normal hearing and sensorineural loss. AC indicates air conduc-
tion; CC, conductive component; HTL, hearing threshold level in quiet; NH, normal hearing; SNHL, sensorineural hearing loss; SNR, signal to noise ratio.

fitted SNR values for non-CC cases, and y_ is the corresponding
mean for CC cases. ROC curves show the proportion of cor-
rectly identified ABGs among CC ears as a function of incor-
rectly identified ABGs among non-CC ears.

Figure 3 shows the ROC curves for the difference values at
500, 1000, 2000, and 4000 Hz, as well as a condition in which
the difference value at 500 or 1000 Hz, whichever is greater,
was used in the calculation of sensitivity and specificity. Use
of the “500 or 1000 Hz” condition yields the highest sensitivity
and specificity values, with sensitivity and specificity decreas-
ing as the test frequency increases. This finding is consistent
with the fact that middle ear pathology causing a conductive
component to the hearing loss is more likely to result in impair-
ments to the low and mid, rather than high, frequencies. When
the CC group is categorized by ABG size and the same formula
applied to generate ROC curves, the prediction of the presence
of a conductive component becomes increasingly accurate as
the ABG grows larger. Figure 4 illustrates this relationship for
test results at 500 Hz.

DISCUSSION

The presence of an ABG can be predicted with a reasonably
high degree of accuracy across ears with a variety of hearing loss
types, using a combination of automatic pure-tone audiometry

and a TIN detection task. The rationale for including ears with
mixed as well as conductive loss in the study was to ensure that
the test battery could detect a conductive component even in
the presence of sensorineural hearing loss, rather than simply
distinguish between purely conductive and purely sensorineural
losses. The degree of accuracy with which this can be accom-
plished was found to vary according to both the size of the ABG
and the test frequency for which results are available. The pre-
diction becomes more accurate with increasing ABG size and
decreasing test frequency, with accuracy further improved when
multiple test frequencies are taken into account. As per the ROC
curves shown in Figure 3, the test battery can yield, for example,
a sensitivity of 80% and a specificity of 77% for any ABG size
if the threshold in quiet and SNR are known at 500 and 1000
Hz. For ABGs larger than 35 dB, sensitivity and specificity for
test results, even using the results of 500 Hz alone, can increase
to 98 and 80%, respectively (Fig. 4).

Determining a clinically acceptable combination of sensi-
tivity and specificity values is beyond the scope of this article,
but will depend to a large extent on the consequences of miss-
ing ears with true conductive components (false negatives)
and misidentifying as conductive those ears with true senso-
rineural hearing loss (false positives) for a given population. A
high false-negative rate could lead to significant morbidity or
mortality, as some middle ear pathologies that cause conductive
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1000, (C) 2000, and (D) 4000 Hz. ABG indicates air-bone gap; CC, conductive component; NH, normal hearing; SNHL, sensorineural hearing loss; SNR,

signal to noise ratio.

hearing loss, such as cholesteatoma and severe otitis media, can
have life-threatening sequelae if left undetected and untreated
(Munz et al. 1992; Spilsbury et al. 2010). However, a high false-
positive rate is likely to result in needless anxiety and an unnec-
essary, possibly expensive, visit to a health professional. As the
proportion of false negatives is reduced at the expense of false
positives and vice versa, the prevalence rate of conductive hear-
ing loss for the specific population in which the test battery will
be used should be taken into account when selecting clinically
appropriate sensitivity and specificity values (i.e., an acceptable
difference value between predicted and measured SNR).

One of the major applications of our test battery is likely to
be in a self-fitting HA, a fully self-contained personal amplifi-
cation device that is designed to be assembled, programmed,
and managed entirely by the user (Convery et al. 2011). In
the absence of clinician involvement, a viable self-fitting HA
requires, among other things, the ability to: (1) automatically
obtain hearing threshold measurements such that the device’s
settings can be prescribed and applied; and (2) predict the pres-
ence of a conductive component, a potential contraindication to
aid use. The concept of a self-fitting HA is currently being eval-
uated with clients in developing countries and geographically
remote locations in mind, populations in which the prevalence
of conductive loss is often high (e.g., Liu et al. 2001; Bowd

2005; Lasisi et al. 2007), and diagnosis and treatment are often
delayed due to extremely high client-to-audiologist ratios (e.g.,
Klein 2000). It is likely that the high prevalence of conductive
hearing loss and the potential seriousness of its attendant con-
sequences will outweigh the costs of some users of the device
being mistakenly identified as having conductive loss and thus
making a needless visit to a health care professional. Similarly,
conductive hearing loss tends to be more prevalent among
children than adults as a consequence of higher rates of otitis
media and Eustachian tube dysfunction. An implementation of
our test battery in school-based screening programs, which are
often carried out in environments in which the ambient noise
levels preclude accurate bone-conduction testing, should likely
err on the side of wrongly identifying some children in order
to capture the maximum number of children who truly do have
conductive hearing loss. In determining clinically acceptable
sensitivity and specificity values for these populations, it is
probably safer to allow for a higher false-positive rate to keep
the false-negative rate low.

Further applications of our test battery include industrial
hearing conservation programs and self-administered adult
hearing screenings in both clinical and home environments. In
these contexts, identification of conductive components would
assist in separating conductive losses from sensorineural losses
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values found when the difference between the estimated and observed SNRs
are compared with various cutoff values. Data are shown separately for dif-
ferent test frequencies. ROC indicates receiver operating characteristic;
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likely to have been incurred on the job or as a result of aging. In
contrast to the target population for a self-fitting HA, however,
the prevalence rate of conductive hearing loss among partici-
pants in hearing conservation and self-screening programs, par-
ticularly those in developed countries, is likely to be relatively
low. In these contexts, allowing for a higher false-negative rate
would keep the false-positive rate acceptably low.

In any application of our test battery, it is critical that its indi-
vidual components are reliable and valid, otherwise they risk com-
promising the reliability and validity of the battery as a whole.
The reliability of our automatic audiometry algorithm compares
well with recently published figures for other automatic imple-
mentations (Ho et al. 2009; Margolis et al. 2010; Swanepoel et al.
2010) and exceeds published figures for manual AC audiometry
(Ho et al. 2009; Swanepoel et al. 2010), highlighting the over-
all advantage of computer- versus clinician-administered testing.
One aspect of audiometric testing in which a human clinician can
outperform a computer, however, is in making judgments about
when to modify or deviate from the threshold-seeking procedure
in response to the behavior of the test participant. For example,
a clinician can extend the acceptable response window on the
fly for a participant whose response times are slow, or reinstruct
participants who appear to be guessing about the presence of
the stimulus. Individual response window alteration and rein-
struction of the test participant are features that could certainly
be incorporated into an automatic test; however, the algorithm
used in this study did not have these capabilities. Because our
test battery could not take individual behavioral variations into
account, the automatic audiometry algorithm used in this study
was designed in an attempt to offset this limitation. The stop cri-
terion used by our algorithm is the standard error of all positive
responses; when this value drops below a particular point, the
results are deemed reliable and threshold is then calculated by

1.0
0.8
06
=
=
=
w
c
h 04
0.2 !
I
q.ﬂ
4 > 15dB <ABG = 25 dB
" = 25dB <ABG=35dB
0.0} ao s+ ABG>35dB
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

Fig. 4. ROC curves showing the combinations of sensitivity and specific-
ity values found when the difference between the estimated and observed
SNRs at 500 Hz are compared to various cutoff values. Data are shown sep-
arately for different ABG sizes. ABG indicates air-bone gap; ROC, receiver
operating characteristic; SNR, signal to noise ratio.

averaging these responses across all runs. If, however, the stan-
dard error criterion is not met, testing stops after a maximum
of four reversals and threshold is calculated differently: first by
removing the highest and lowest response values, then by averag-
ing the remaining values. The purpose of excluding the highest
and lowest values is to minimize the effect of random responses
due to guessing, fatigue, or inattention. That is, if a test partici-
pant coincidentally responds to an inaudible tone (or, conversely,
responds at a suprathreshold level and then stops responding due
to inattention or fatigue), these responses will not unduly influ-
ence the final threshold determination.

Before performing the TIN test at each frequency, partici-
pants were asked to select a relatively loud level at which the
noise would be presented. The purpose of this was to ensure that
the achieved SNR was due to the masking effects of the noise,
rather than a lack of audibility. As the noise levels were not fixed
at a particular SPL or sensation level, it is possible that vari-
ability in masker level across the participant group influenced
the results. Multiple regression analyses demonstrate that when
age, threshold in quiet, overall hearing loss type, and selected
noise level are used as independent variables, threshold in quiet
is the strongest predictor of the achieved SNR for all four test
frequencies (p < 0.0001). Selected noise level contributed sig-
nificantly to the achieved SNR at 4000 Hz only. However, as
with the analyses performed on the other test frequencies, the
selected noise level parameter displayed the lowest 3 value and
the highest tolerance value, indicating that it does not add much
unique predictive power when the other parameters are taken
into consideration.

Although our findings suggest that the presence of an ABG
can be predicted using AC tests alone, our fitted regression lines
should be verified in a larger population. Ideally, the validity of
our proposed test method should also be evaluated in a different
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group of participants with pure conductive, pure sensorineural,
and mixed hearing losses.

CONCLUSION

The presence of an ABG of sufficient magnitude can be pre-
dicted with a reasonably high degree of accuracy through the
automatic administration of two AC tests: pure-tone audiometry
and a TIN detection task. This prediction becomes more accu-
rate with increasing ABG size, with decreasing test frequency,
and when the results from multiple test frequencies are taken
into account. The novel automatic audiometry algorithm used
in this study compares well with other automatic procedures
in terms of both reliability and validity. The test battery evalu-
ated in this article is therefore suitable for use in self-fitting
HAs; self-administered adult hearing screenings in the home
or in a clinic; large-scale industrial hearing conservation pro-
grams; test environments in which ambient noise levels exceed
the maximum permissible levels for unoccluded ears, such as
schools; or any other context in which the traditional suite of
audiological assessment tools is unavailable.
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