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CLINICAL VALIDATION:
TONAL AUDIOMETRY
Introduction

Audiqueen has a feature that allows to perform tonal audiometry, loudness scaling and

phoneme discrimination tests (Govaerts PJ 2006) in Self-test mode. In this mode, the patient can
perform psychoacoustic tests without any help nor instruction of an audiologist. The patient records
his or her responses through a touch screen. In figure 1, some typical screen shots are depicted during
Self-test mode. The goal of this study is to validate the clinical efficacy of the tonal audiometry Self-
test compared with the normal test procedure where an audiologists delivers instructions and
performs the testing.

Press SOUND when you heard a sound or SILENCE when you heard nothing.

Press the GREEN buton every time you hear the “odd” sound, which s different from the sound thatis repeated all the time.

Figure 1: Screenshots of the Self-test mode of Audiqueen. Upper left panel: Tonal audiometry, Upper right panel: Loudness
scaling, lower panel: Phoneme discrimination. The test subject receives detailed instructions before and during a test and
can record their responses by clicking on the buttons through a touch screen.

Self-test procedure

Subjects are placed in front of a touch screen to perform the test, while wearing the appropriate
transducer, for example headphones inside a soundproof test booth. Before running the test, the
audiologist must select the stimulus to be used and the appropriate frequencies to be tested. After a
short introduction to get acquainted with the task, stimulus sound and touch screen buttons, the actual
test can start. Each time a stimulus is played, the subject can choose between two buttons: sound and
silence. The specific sequence of provided intensities for the test stimuli is determined by the TEMA
algorithm (Vaerenberg B 2013). This algorithm also contains internal controls to check if the listener is
not misunderstanding the task, e.g. using one response option only, and whether he or she is
answering consistently, without guessing. The controls consist of presentations at zero stimulus level.
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When too many false positive responses are given, the test will end prematurely with the notice that
the patient’s responses are not reliable.

Materials and Methods

Subjects entry criteria

The validation was performed on three groups of people: normal hearing persons, persons with
hearing loss and Cl recipients. The inclusion criterium for normal hearing persons was based on the
ISO norm 7029 (1984) that describes the normal threshold hearing zone as a function of age and
gender. Furthermore, all subjects were at least 16 years of age and willing and able to:

e Perform a psychoacoustic test twice.
e Able to read and interpret detailed instructions and work with a touch screen.

Test procedure

Psychoacoustic testing is first performed in Self-test mode or through manual testing in a random
sequence. The same test was then performed again by the subject but with the other test condition
and with the same transducer. For normal hearing subjects and hearing loss subjects, the transducer
used was headphones in a sound proof test booth. For Cl recipients the transducer used was either
Otocube! or Coala®. Testing was done in the Audiqueen psychoacoustic test suite (Otoconsult NV,
Antwerp, Belgium).

Manual audiometry testing was done through the standard Hughson-Westlake method with 5 dB
resolution. The Audiqueen tonal audiometry Self-test is performed with the TEMA algorithm with
internal control for false positives (Vaerenberg B 2013). Test stimuli are presented with a 5 dB
resolution, but thresholds can be stored with a higher resolution (in between to stimuli intensities) to
estimate thresholds that lies closer to the real 50% response level of a patient’s psychometric curve.

Statistics

Nonparametric statistics were used for the analysis of data, with Tukey’s five parameters (median,
lower and upper quartiles and extremes) and box and whisker plots for descriptive statistics (Tukey JW
1977, Hollander M 1999).

To investigate clinical equivalence between manual testing and Self-test mode, the TOST? procedure
was used. With this test, equivalence is established at the a significance level if a (1-2a) x 100%
confidence interval for the within-subject difference distribution is contained within an interval (-6, 6)
(Walker E 2011). The value 6 is defined as the clinical equivalency margin. This is the difference in
measurement that would not be considered as clinically significant (Whitton JP 2016). The equivalency
margin for clinic-based pure tone audiometry can be considered + 10 dB, based on American National
Standards Institute specifications for equipment variation (Whitton JP 1999, Lemkens N 2002, ANSI
$3.6-2010). As a stricter equivalency margin, the resolution of standard manual tonal audiometry can
be taken: 6 =5 dB.

Tests for normality are performed with the Shapiro-Wilk test statistic. Since it will turn out that a lot
of data sets are not normally distributed on a 5% significance level, and thus there is no reliable
indicator that the within-subject differences of Self-test vs manual testing are normally distributed,
confidence intervals are consistently created with the empirical bootstrap method (Chernick MR
2007). The statistical significance level used is 5%.

1 Otocube™: A portable desktop box which replaces a fully equipped audiological room for Cl recipients.

2 Coala™ is a testing environment in Audiqueen for Nucleus CP910 Cl recipients through an AUX cable. This
feature is developed by Otoconsult and Cochlear.

3 TOST: Two one-sided tests
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Standard tonal audiometry in Self-test mode was validated at the frequencies 125, 250, 1000, 2000,
4000, 6000 and 8000 Hz for 30 normal hearing subjects. The tonal thresholds with the Self-test (SELF)
and with manual testing (MAN) are shown in table 1. Statistical data, among which the Tukey
parameters of the within-subject threshold differences, are shown in table 2, together with the
bootstrap 90% confidence intervals on the mean and median of each frequency group. A box and
whisker plot of this data is shown in figure 2.

Table 1: Audiometry thresholds for each normal hearing subject obtained with manual testing (MAN) and with the Self-

test (SELF) for each frequency [Hz].

Frequency | 125 250 500 1000 2000 4000 6000 8000
= SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF = MAN  SELF = MAN | SELF | MAN
So1 5 10 2 0 -2 -5 2 -5 7 5 22 | 20 12 | 15 5 0
S02 5 0 -2 0 2 0 5 5 7 5 2 0 37 | 25 2 5
S03 7 5 7 5 7 10 -5 -5 -10 | -10 | -10 -5 17 | 25 7 10
S04 0 0 2 10 2 5 2 5 -5 0 7 10 -7 -10
S05 7 10 7 5 -10 0 7 0 7 5 17 15 -2 0
S06 10 | 10 12 |5 2 0 7 10 17 | 15 32 30 37 |40 25 | 25
S07 15 | 15 12 | 10 12 |5 -2 5 -2 -5 5 5 22 | 20 12 | 20
S08 2 5 2 5 0 0 2 5 -10 | -5 10 15 17 | 10
S09 15 15 12 15 10 | 15 0 5 2 5 -7 0 10 5 7 0
S10 12 | 15 5 10 -2 0 0 0 -2 0 -2 -10 | 2 0 -10 | -5
S11 22 | 20 12 | 10 15 | 15 7 10 20 | 15 -2 0 -2 0 -5 0
S12 17 | 20 12 15 12 15 7 5 7 10 -2 0 7 5 -5 -5
S13 7 5 7 10 5 10 -2 0 -2 0 -5 -5 -2 -5 2 0
S14 5 10 |5 0 0 -5 0 7 5 -5 -5 -2 15 0
S15 10 2 0 0 0 -2 0 0 5 -7 -5 2 10 0
S16 10 |5 7 5 2 5 -2 0 0 0 -5 0 2 0 -2 -5
S17 2 5 -2 0 -5 0 -5 0 -2 -5 0 5 17 | 20 12 15
S18 5 10 5 5 2 0 -2 0 -7 -10 | 2 5 2 5 -2 0
S19 -2 5 -7 0 2 0 -2 0 -7 0 -10 | -5 -2 0 5 5
S20 5 0 -2 0 2 5 -5 0 2 0 -2 -5 10 |10 12 | 10
S21 7 10 2 5 5 5 2 0 0 5 -7 -5 -2 -5 -2 -5
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S22 7 10 |-2 |0 0 5 2 5 2 10 2 10 0 5 -2 |5
$23 12 | 15 7 10 -2 |5 2 0 0 -5 15 |10 25 | 25 5 15
S24 7 15 5 10 0 5 0 0 -7 | -5 -7 | -5 2 5 7 10
$25 10 | 10 10 |10 0 10 0 5 2 0 7 10 7 0
S26 12 | 20 12 |10 12 |10 17 10 12 |10 7 5 12 |10 17 |20
S27 15 12 | 15 15 | 20 0 5 -10 | O -2 |5 2 10 7 15
528 7 15 2 10 -2 |5 0 10 5 5 12 |15 25 |30 52 |55
$29 10 | 10 5 10 0 5 -2 0 -2 5 2 5 10 |15 -2 |0
S30 10 | 10 2 5 5 |0 -5 10 0 5 7 10 5 -7 |0

Table 2: Tukey parameters (median, first and third quartile and extremes) together with the mean and standard deviation
of the within-subject differences of the normal hearing group. The Shapiro-Wilk p value is portrayed for each frequency
group, together with the 90% bootstrap confidence intervals on the median and the mean.

Frequency [Hz] 125 250 500 1000 2000 4000 6000 8000
# cases 26 30 30 30 30 30 28 30
PO -8 -8 -10 -15 -10 -8 -17 -10
P25 5 -3 -5 -5 -4 -5 -5 -3.5
P50 -2 -2 -3 -2 0 -2 -2.5 -2
P75 0.5 2 2 0 2 2 2 2.25
P100 5 7 7 7 7 8 12 7
Shapiro Wilk

0.12 0.11 0.19 0.12 0.34 0.25 0.10 0.37
p-value
90% conf on median | [-3, 0] [-4, 1] [-6, -1] [-2,-1] [-2,2.5] [-4, -1] [-6, -2] [-5, -1]
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Audiometry threshold difference (Selftest - Manual)
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Figure 2: Box and whisker plot of the within-subject audiometry threshold differences between Self-test and manual
testing conditions (SELF- MAN) of normal hearing subjects. Differences that are positive mean that the threshold measured
through manual testing was the better threshold. Box and whiskers represent the median (square), interquartile range
(box), non-outlier range (whiskers) and outliers (dots) and extremes (asterisk) for each group. An outlier is defined as any
value that lies more than one and a half times the length of the box from either end of the box. An extreme is defined as
any value that lies more than 2 times the length of the box from either end of the box.

Cl recipients

Standard tonal audiometry in Self-test mode was validated at the frequencies 250, 1000, 2000, 4000,
6000 and 8000 Hz for 24 Cl recipients. Depending on the implant brand and patient’s outcome history,
the choice to test the 6000 and/or 8000 Hz frequency was left to the audiologist. The tonal thresholds
with the Self-test (SELF) and with manual testing (MAN) are shown in table 3. Statistical data, among
which the Tukey parameters of the within-subject threshold differences, are shown in table 4, together
with the bootstrap 90% confidence intervals on the mean and median of each data group. A box and
whisker plot of this data is shown in figure 3.

Table 3: Audiometry thresholds for each Cl recipient obtained with manual testing (MAN) and with the Self-test (SELF) for
each frequency [Hz].

250 500 1000 2000 4000 6000 8000

SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN
S01 27 |30 22 | 25 25 20 22 | 25 27 |30 |32 |30
S02 32 | 30 25 | 25 20 20 20 | 20 32 |35 30 30 12 | 15

S03 27 | 25 20 | 15 10 20 5 15 22 | 25 25 | 30 10 | 10
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S04 17 |15 15 |15 12 10 15 |10 12 |15 12 |15 7 10
S05 15 | 20 22 | 25 25 25 15 | 25 20 | 20 20 | 25
S06 15 | 20 20 | 25 25 30 37 |40 32 |35 27 | 30 40 | 45
S07 20 | 20 22 | 25 18 20 18 | 20 18 | 20 18 | 20
S08 27 |30 32 |35 27 30 22 | 25 17 | 20 27 | 25
S09 27 |30 32 |35 27 30 32 |35 37 |35 32 |35 27 | 30
S10 12 | 20 12 15 12 |15 20 | 30 20 | 20 12 | 15
S11 42 | 35 25 | 25 25 25 30 |30 30 | 35 27 | 30 22 | 15
S12 22 | 25 20 | 20 20 20 27 | 25 25 | 30 22 | 25 20 | 25
S$13 27 |30 27 | 30 20 30 17 | 25 37 | 40 27 | 30 22 | 30
S14 15 | 25 20 | 25 15 25 15 | 20 22 | 30 20 | 25
S15 15 | 20 20 | 20 17 20 17 | 20 17 | 20 17 | 20 25 | 25
S16 20 | 25 20 | 30 27 30 25 | 25 17 | 20 37 |20
$17 10 | 15 5 10 0 10 10 | 10 5 5 7 10 15 |15
$18 22 | 25 17 | 20 12 15 22 | 20 15 | 20 12 |15 5 10
$19 32 |30 22 | 25 27 30 22 | 25 32 |35 22 | 25
S20 22 |30 22 | 30 15 30 15 | 25 30 | 35 28 | 30 15 |15
S21 20 | 15 20 | 17 20 22 25 | 22 30 | 27 20 | 22 15 | 12
S22 27 | 25 25 | 30 20 25 17 | 20 42 | 40 27 | 35 17 | 20
$23 27 | 25 22 | 25 22 25 22 | 25 27 | 30 17 | 20 20 | 20
S24 12 |15 2 15 10 15 12 |15 22 | 25 17 | 20 20 | 20
$25 22 | 20 20 | 25 25 25 30 | 25 37 | 40 32 |35 45 | 45
$26 17 | 20 22 | 20 20 15 17 | 20 17 | 20 17 | 20 12 | 15
S27 32 |40 28 | 30 22 25 20 | 25 32 |40 30 |35
$28 15 | 20 17 | 20 5 10 17 |15 12 | 15 17 | 20 15 | 20
$29 27 |30 27 | 30 27 30 32 | 25 27 | 30 27 | 35
S30 15 | 25 42 | 45 27 30 27 | 35 37 | 40 25 | 30
S31 22 | 25 12 | 20 12 15 17 | 20 20 | 25 17 | 20 12 | 15
$32 18 | 25 22 | 25 18 20 18 | 20 15 | 20 22 | 25 20 | 25
$33 20 | 25 22 | 25 22 25 25 |30 27 | 30 20 | 35 17 | 20
S34 10 | 15 17 | 25 17 20 17 | 20 17 | 20 17 | 20

S35 15 |7 15 |7 10 10 20 | 17 15 | 12 15 | 20 10 | 17
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Table 4: Tukey parameters (median, first and third quartile and extremes) together with the mean and standard deviation
of the within-subject differences of the Cl group. The Shapiro-Wilk test p value is portrayed for each frequency group,
together with the 90% bootstrap confidence intervals on the median and the mean.

Frequency [Hz] 250 500 1000 2000 4000 6000 8000
# cases 34 35 35 35 35 29 28
PO -10 -13 -15 -10 -10 -15 -8
P25 -5 -5 -5 -3 -5 -3 -5
P50 -3 -3 -3 -3 -3 -3 -3
P75 2 0 0 0 -3 -2.5 0
P100 8 8 5 7 3 17 7
Shapiro Wilk

0.03 0.04 0.002 0.06 0.0004 0.0001 0.02
p-value
90% conf on median | [-3, -1] [-3,-3] [-3, -3] [-4, -3] [-3, -3] [-3,-3] [-4, -3]
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Figure 3: Box and whisker plot of the within-subject audiometry threshold differences between Self-test and manual
testing conditions (SELF- MAN) of Cl recipients. Differences that are positive mean that the threshold measured through
manual testing was the better threshold.

Hearing loss subjects

Tonal audiometry in Self-test mode was validated at the frequencies 125, 250, 1000, 2000, 4000, 6000
and 8000 Hz for 18 subjects with hearing loss. The tonal thresholds with the Self-test (SELF) and with
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manual testing (MAN) are shown in table 5. Statistical data, among which the Tukey parameters of the
within-subject threshold differences, are shown in table 6, together with the bootstrap 90% confidence
intervals on the mean and median of each frequency group. A box and whisker plot of this data is
shown in figure 4. When a threshold was not found within the limits of the audiometry software, the
threshold was allocated to 120 dB.

Table 5: Audiometry thresholds for each Hearing loss patient obtained with manual testing (MAN) and with the Self-test
(SELF) for each frequency [Hz].

125 250 500 1000 2000 4000 6000 8000

SELF MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF | MAN | SELF = MAN
So1 27 | 30 37 | 35 27 | 30 30 30 22 | 25 12 | 15 17 | 20 27 | 30
S02 20 | 25 32 | 35 32 |40 42 45 57 | 60 67 |70 62 | 65 62 | 65
S03 45 | 30 32 | 25 18 | 20 42 45 62 | 65 52 |55 57 | 60 62 | 70
S04 27 | 20 25 | 15 32 | 25 42 45 50 | 55 95 | 90 87 |85 77 | 80
S05 52 | 50 52 | 55 58 | 60 58 60 78 | 80 95 | 80 120 | 95 120 | 100
S06 27 | 25 32 | 30 32 | 30 42 40 42 | 45 52 | 50 32 | 35 52 | 55
S07 17 | 25 12 | 20 12 25 17 | 15 25 | 25 20 | 25
S08 62 | 65 32 | 45 27 | 25 12 15 27 | 35 65 |75 67 |75 82 | 80
S09 50 |55 65 | 65 62 | 60 52 55 52 | 55 42 | 45 72 |75 57 | 60
S10 25 | 30 32 | 35 27 | 30 20 25 40 |45 47 | 50 57 | 60 67 |70
S11 37 |40 37 |40 37 | 40 37 40 42 | 45 47 | 50 72 |75 62 | 65
S12 65 | 65 62 | 65 42 | 45 32 35 47 |50 60 | 65 62 | 60 57 | 60
$13 22 | 30 37 | 35 35 | 35 22 25 32 | 35 87 |90 72 | 80 77 | 80
S14 20 | 20 25 | 25 25 | 30 22 25 42 | 40 60 | 65 82 | 85 120 | 90
$15 20 | 25 17 | 25 32 | 35 52 55 47 |55 42 | 60 62 | 50 57 | 60
S16 52 | 50 52 | 50 35 |40 37 45 45 | 45 72 |55 57 |70 62 | 65
S17 2 10 2 5 0 5 5 5 47 |50 62 | 60 42 | 55 52 | 60
S$18 12 | 20 17 | 25 12 | 20 7 10 37 |40 50 |55 67 | 65 62 | 65
$19 27 | 25 17 | 20 27 | 25 32 40 42 | 45 47 | 60 57 | 60 62 | 70
S20 17 | 25 27 | 30 37 | 35 47 50 47 |50 62 | 65 72 | 70 82 | 90
S21 12 | 15 10 | 15 27 | 30 27 35 30 | 35 47 | 55 55 | 60 120 | 85
S22 22 | 20 22 | 25 32 | 35 32 35 37 |40 57 |55 87 |90 67 |70
S23 7 20 5 15 20 | 20 22 25 52 | 55 62 | 65 72 |70 8 |75
S24 17 | 20 22 | 20 22 | 25 27 30 47 | 45 47 | 50 50 | 60 47 | 50
$25 27 | 30 22 | 30 22 | 30 25 30 57 | 60 67 |70 80 |75 120 | 100
S26 22 | 30 18 | 30 15 | 20 22 30 42 | 45 58 | 50 72 | 80 82 | 85

S27 52 |60 57 | 60 48 | 50 57 60 72 |75 72 | 80 75 |75 82 | 85
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S28 57 |60 62 | 65 77 |75 87 85 77 |75 120 | 100 | 120 | 110 | 120 | 120
S29 120 | 65 77 |75 67 | 65 57 60 57 | 65 62 | 60 67 |70 57 |80
S30 27 |20 |40 |35 42 | 45 42 45 52 |55 42 |50 70 |75 82 | 85

Table 6: Tukey parameters (median, first and third quartile and extremes) together with the mean and standard deviation
of the within-subject differences of the Hearing loss group. The Shapiro-Wilk test p value is portrayed for each frequency
group, together with the 90% bootstrap confidence intervals on the median and the mean.

Frequency [Hz] 125 250 500 1000 2000 4000 6000 8000
# cases 29 30 30 30 30 30 29 29
PO 13 -13 -8 -13 -8 -18 -13 -23
P25 7 -6 -5 -4 -3 -5 -5 -3
P50 -3 -3 -3 -3 -3 -3 -3 -3
P75 2 2 2 -3 -3 2 2 -3
P100 55 10 7 2 2 20 25 30
Shapiro Wilk

10E-7 0.2 0.03 0.0001 0.0001 0.006 0.001 0.000004
p-value
90% conf on median | [-6, -1] [-4.5, -3] [-4, -3] [-3,-3] [-3, -3] [-3, -3] [-3,-3] [-3, -3]
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Figure 4: Box and whisker plot of the within-subject audiometry threshold differences between Self-test and manual

testing conditions (SELF- MAN) of the hearing loss group. Differences that are positive mean that the threshold measured
through manual testing was the better threshold.
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Discussion

The median of the within-subject differences at all frequencies and for all three subject groups range
from -2 to -3 dB. This implies that the Self-test delivers more sensitive thresholds than with manual
testing with the Hughson-Westlake method. This can be explained as follows: when the patient
responds in at least 2 out of 3 stimulus presentations at a certain intensity level a and at most in 1 out
of 3 presentation at level a- 5 dB, then the threshold is determined on level a with the Hughson-
Westlake method. The Self-test module on the other hand, can determine thresholds with a higher
resolution than 5 dB by averaging out the levels with 5 dB resolution. With the above example, the
Self-test will determine the threshold in the middle between the levels a and a — 5 dB. This approach
was chosen to estimate a threshold that lies closer to the 50% response level of a patient’s
psychometric curve (Vaerenberg B 2013).

Despite this difference, almost all interquartile ranges lie within the manual test resolution limit of [-5
dB, 5 dB], except for 125 Hz and 250 Hz for the hearing loss group. All bootstrap confidence intervals
on the median values across each frequency group of all subject groups lie within the clinical
equivalency margin of [-10 dB, 10 dB] as well. Moreover, almost all confidence intervals lie within the
test resolution limit of [-5 dB, 5 dB], except at 500 and 6000Hz for the normal hearing group and 125
Hz for the hearing loss group. Therefore, it can be safely concluded that the Self-test is clinically
equivalent compared to manual testing, even when taking account that, on average, the Self-test
delivers a threshold that is 3 dB more sensitive.

Variation

Based on literature (Landry 1999) the standard deviation* of the within-subject test-retest
examination for tonal audiometry in normal hearing persons is around 6 dB. This corresponds to an
interquartile range of (roughly) 8 dB. When looking at table 2, 4 and 6, the IQR (P75-P25) of the
within-subject difference distribution is not more than 9 dB at each frequency, indicating that the
Self-test module does not introduce significantly more variability than the ordinary test-retest
variability.

Conclusion

Tonal audiometry in Self-test mode was compared against the manual test procedure for subjects with
a Cl, normal hearing subjects and subjects with hearing loss. It can be concluded that, on average, the
Self-test delivers thresholds that are 3 dB more sensitive than with manual testing. However, all
confidence intervals on the within-subject means and medians, as well as the interquartile ranges lie
within the clinical equivalency margin of [-10 dB, 10 dB] and almost all of them lie within the test
resolution of [-5 dB, 5 dB]. It can be concluded that the tonal audiometry Self-test is clinically equivalent
to manual testing.

41n the literature, the within-subject test-retest distribution is considered normally distributed.
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