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ABSTRACT

Measuring hearing thresholds is part of virtually all hearing evaluations. The standard
clinical procedure for measuring hearing thresholds is easy to use, efficient, and its outcome is
relatively reproducible (Levitt, 1971). However, the procedure has the downside that the task
performance (proportion of ‘yes’ response, or Py.) targeted by the clinical thresholds is
unspecified. Furthermore, it remains uncertain whether the procedure extracts information about
threshold in an optimal way. The purpose of this paper is to address both issues. Clinical
thresholds (TH®") were measured at 1 and 4 kHz for 22 normal-hearing adult listeners with 10
repetitions per listener at each frequency. For determining the target Py, for TH®" or pFY,
psychometric functions, which relate Py to signal level, were also measured. From the
measured psychometric functions, both P2 and the threshold corresponding to Py.. = 0.5, or

Yoz

TH,., were derived. On average, P & 0.93 and THy: ~ TH™ — 3 dB. With minimal
modifications to the current procedure, better estimates of thresholds were obtained either by
fitting a psychometric function to the trials in the adaptive track, or by averaging the turning

points (reversals) in the adaptive track. Therefore, the above simple modifications to the current

clinical protocol could be utilized by clinicians for threshold estimation.



I. INTRODUCTION

Pure-tone audiometry for measuring hearing thresholds is an essential part of virtually all
hearing evaluations. The standard clinical procedure for measuring hearing thresholds, the
modified Hughson-Weslake (HW) protocol (Jerger and Cahart, 1959), has been adopted as an
ANSI standard (ANSI, 2004) and within clinical guidelines (ASHA, 2005). Figure 1 illustrates
how this procedure works via an example of the adaptive track obtained using the procedure. In
this procedure, the experimenter starts an adaptive track by presenting the signal at a level well
above the assumed hearing threshold of the listener (-55 dB at Trial #1). In subsequent trials, the
signal level descends by 10 dB following a ‘yes’ response (marked by small black dots) and
ascends by 5 dB if no response (marked by small red dots) is received. On an ascending run, the
lowest signal level without receiving a response is referred to as a lower reversal (marked by
triangles), and the first signal level receiving a ‘yes’ response is referred to as an upper reversal
(marked by stars). As soon as two ascending runs end at the same signal level, that signal level

is recorded as the threshold (marked by TH®™).

This standard HW procedure has several benefits in that it is easy to use, that it takes little
time—typically around 10 trials at each frequency, and that it is relatively consistent and
reproducible (Mahomed et al., 2013; Song et al., 2015; Leijon, 1992). However, several
important aspects about the HW procedure have remained uncertain. The first uncertainty is
that, for hearing thresholds (T H™*) measured using the HW procedure, the corresponding target
performance is undefined. In psychophysical research, detection thresholds are commonly
defined as the signal level corresponding to a specific value of proportion of correct or yes
response. Thus, the threshold corresponds to a particular point on the listener’s psychometric

function (PF), which describes proportion of correct or yes responses as a function of
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Figure 1. An example of an adaptive track of relative signal level (dB) over trials in
the standard Hughson-Weslake (HW) clinical procedure for estimating hearing
thresholds. Signal level is expressed relative to approximately 106-dB SPL (per spec
of the Sennheiser headphone HD265). The small black dots indicate the signal level
on trials where the listener’s response was ‘yes’; the small red dots indicate the signal
level on trials where the listener either did not respond as in the HW protocol, or
responded ‘no’ as in the experimental ‘yes-no’ procedure. Triangles indicate lower
reversals, which mark the beginning of ascending runs; stars indicate upper reversals,
which mark the end of ascending runs. The clinical threshold obtained for this
particular adaptive track is labeled as TH?Y on trial # 12; it is the sound level

(=75 dB) at which the upper reversal (stars) visited for a second time (after a visit on

signal level. In the standard HW procedure, in contrast, it is only vaguely stated that, at
threshold, the proportion of yes responses, denoted as Py.., is at least 0.5. Due to the fact that
the target performance is undefined for these thresholds, it is unknown whether or not these
thresholds actually correspond to any particular expected value of Py,.. If there is a particular
expected value of Py, to which the clinical threshold corresponds, then it needs be determined.
It is important to resolve this uncertainty, because the knowledge concerning the Py value is

necessary for determining the accuracy of the clinical threshold (TH®™).
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The second uncertainty about the standard HW procedure is if information has been
extracted from the adaptive tracks in an optimal way. One reason that this is suspected not to be
the case is that the step sizes (10 dB for descending runs and 5 dB for ascending runs) used in the
clinical protocol are relatively large and may be too coarse to produce very precise threshold
estimates. It has been reported that smaller step sizes have yielded better estimates of threshold
(Marshall et al., 1996; Jerlvall & Arlinger, 1986). In the HW protocol, compounded with the
large step sizes, deriving threshold based on only upper reversals could potentially overestimate
the threshold. For these reasons, it is conceivable that both the accuracy and the consistency of
threshold measurements can be improved. An important goal of this study was to find ways to
better extract information from the data made available either by the current protocol or by
simple modifications of the current protocol, so that a more accurate threshold measurement can

be obtained. Such simple modifications would allow for easy adoption by clinicians.

The purpose of this study was to address the uncertainties described above. For this
purpose, an accurate and reliable estimate of the psychometric function is needed for each
listener. Therefore, extensive data from additional tests was collected to increase the total
number of trials from an average of 10 in the standard clinical method to720 for obtaining each
psychometric function. A psychometric function, referred to as the grand PF, or PF973"2 \was
then fitted for each listener using these data. Using this PFé7@"4 the P, value corresponding

H"™) or PEY was determined. Furthermore, using this

Yes

to each estimated clinical threshold (T
PraTand the best estimate of a threshold defined as the signal level corresponding to Py, = 0.5,
or THyE®™® was found. For each listener, THSE®™® serves as a benchmark against which

thresholds obtained using any procedure can be compared, thus the accuracy and consistency of

these thresholds can be assessed.
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Throughout this paper, the threshold corresponding to Py.. = 0.5 will be referred to as
TH,.. Defining threshold at Py, = 0.5 is consistent with traditional psychophysics in which
thresholds are typically defined at the mid-point on the psychometric function. Furthermore,
there is an apparent advantage for defining threshold at Py... = 0.5. It has been shown that
among thresholds that are defined at different levels of target performance, the threshold defined
at Py.. = 0.5 is expected to be least variable (Green, 1993; Taylor and Creelman, 1967; Fisher,
1922). Several adaptations of the clinical protocol were explored, including a), averaging upper
and lower turning points or reversals in the adaptive track, and b), fitting psychometric functions
in several ways to the same trials as used in deriving the clinical threshold. For each adaptation,

the accuracy and consistency of the threshold estimates was assessed.

Il. METHODS

A. Listeners

Twenty one undergraduate and one graduate student at the University of Arizona
participated in the study. Twenty one listeners were female and one was male, with an age range
of 20-40 years. All of the listeners denied hearing difficulties at the time of the study and
indicated that English was their primary language. The listeners received extra course credit for
their participation. On average, listeners completed the entire task in under 2 hours, and were
allowed to take short breaks as needed. This research was reviewed and approved by the Social
and Behavioral Sciences division of the Human Subjects Protection Program at the University of

Arizona. Informed consent was obtained for all participants.

B. Stimuli
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The signals were generated digitally and played at a sampling rate of 44100 Hz with a 24-
bit resolution. They were presented to each listener’s right ear via Sennheiser (HD265) supra-
aural headphones. The signals used were 200-ms pure tones of 1000 or 4000 Hz. Their onsets
and offsets were shaped with a squared cosine and had 10-ms ramps. The signal level was
specified as relative to approximately 106-dB SPL according to the specification sheet of the
Sennheiser headphones (HD265). Signal level was calibrated before the start of each test. Given
that the main purpose of this study was to make comparisons between different measures of
thresholds, only the relative signal levels or level differences, rather than the absolute signal

levels, are essential to be specified correctly.

C. Procedure

In this study, the standard HW procedure was modified to a yes-no task (see Fig.1 for an
example). The yes-no task differs from the standard HW procedure in two aspects. First,
whereas the HW procedure does not solicit an explicit ‘no’ response when the listener does not
hear the signal, the yes-no task does. Second, whereas the HW procedure does not have clearly
marked observation intervals thus does not specify exactly when the signal should be expected,
the yes-no task does. In short, the listeners are subject to greater amount of uncertainty regarding
to the timing of the signal in the HW procedure than in the yes-no task used in this study. These
modifications were made in the current study because the goal was best served when the listeners
were performing at their best sensitivity, which required minimizing any uncertainty, including
that about signal timing. Because the HW procedure is more prone to timing uncertainty than
the yes-no task, the above modifications to the HW procedure, and use of the yes-no task, are

inevitable. Other than these modifications, the threshold-seeking procedure was kept as similar
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as possible to the HW procedure, in that the signal level decreased by 10 dB after the listener

provided a ‘yes’ response, and increased by 5 dB after a ‘no’ response was received.

The computer controlled the testing sequence of the signal presentation and listener
responses. Listeners performed the ‘yes-no’ task using a computer keyboard in response to tones
at different intensity levels. During testing, the participants were seated in a sound-treated room
at a desk with a computer monitor and keyboard while wearing supra-aural headphones
(HD265). Instructions were displayed on the monitor throughout the duration of testing. The
listener was asked to press 1 on the keyboard to indicate that they heard the sound, even if it was
very faint, and 0 to indicate that they did not hear any sound during the observation interval,
which was indicated by the presence of a flashing figure on the computer monitor. The visual
display informed the listener of the exact timing of the signal. Following each signal
presentation, the computer waited for the listener’s response, and upon receiving each response,

executed a 500-ms pause before presenting the next signal.

Each listener completed 10 repetitions of the HW protocol thus yielding 10 threshold
estimates at each frequency. To construct a psychometric function, referred to as the grand PF,
or PFe7a"¢ for the purpose of establishing a benchmark threshold against which obtained
thresholds can be compared, additional detection tests were included for each listener. These
tests used smaller step sizes (as small as 1 dB) thus yielded finer details of the psychometric
function. In particular, the first additional protocol utilized an adaptive track similar to that used
in the HW protocol, with the exception of having a starting step size of 8 dB and 4 dB that was
then decreased to 2 dB and 1 dB. The second additional protocol used the maximum likelihood
procedure to create an estimate of the listener’s psychometric function based on their responses

to tones at different signal levels. In total, the HW protocol and the two additional protocols
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with smaller observation intervals comprised of a total of 720 trials, which were then used to

obtain the PF472"< for each listener at each frequency.

D. Data analysis

Across listeners and for each signal frequency, probability distributions (Fig. 5) were
constructed based on all estimates (220 estimates total, 10 estimates per listeners) of the clinical
thresholds (TH™) relative to the benchmark threshold (THgsz®"%). The shape of the two
distributions combined across frequency reasonably resembles the shape of a normal distribution.
Henceforth, the mean and standard deviation of the threshold estimates will simply be reported

without further description of the distributions of the thresholds.

The procedure used for fitting the psychometric functions (PF) was similar to that
described in Dai and Micheyl (2011). The trials of the adaptive tracks were sorted according to
the values of signal level (dB), denoted as x, and for each value of x, Py, was computed. The
resulting Py.. values paired to the x values were fitted using a cumulative Gaussian probability

function #:

PY93=EI+(1—Q!—.;L:]¢ [:_‘J'.', L ﬂ-:]i (1)

where u is the mean and & is the standard deviation of the underlying Gaussian probability
density function (PDF); @ is the false-alarm parameter indicating the offset of the lower
asymptote of the PF from Py, = 0; 4 is the inattention parameter indicating the offset of the
upper asymptote of the PF from Py, = 1. The mean,u, is also referred to as the threshold
parameter, which corresponds to Py.. = 0.5. The standard deviation, &, describes the spread of
the PF, thus is referred to as the spread parameter; it is inversely related to the slope of the PF. If

the slope of a PF is defined as a change in z-score per dB, then o is the inverse of the slope, i.e.,
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1/a can be regarded as the slope parameter (Marshall & Jesteadt, 1986). All four parameters,u,
a, &, and 4, were estimated using the maximum-likelihood method. Note that, what is referred

to as THyz in the current paper is always estimated as the threshold parameter from a PF.

1. RESULTS AND DISCUSSION

A. Clinical thresholds measured using the standard HW procedure: THHW
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Figure 2. Thresholds of all listeners at 1 kHz (black symbols) and 4 kHz (red symbols). Each
open circle represents the mean of 10 estimates of clinical thresholds (THW) for each listener;
each error bar represents the standard deviation of these estimates. Each dot represents the
benchmark thresholdT HSE%"® which was obtained via fitting the grand psychometric function

based on 720 trials. The order of the listeners was based on the THG*™? values at 1 kHz (black
dot) plotted from low to high.

Figure 2 shows for each listener the mean of 10 estimates of clinical thresholds (TH™",
unfilled circles; the small, filled circles labeled as THgz*™* will be discussed later) at two signal
frequencies (1 kHz in black; 4 kHz in red). On average, each threshold estimate took 9.6 trials.

The reader may get a sense about the repeatability or consistency of clinical thresholds by
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looking at the size of the error bars. Each error bar represents the standard deviation of the
threshold estimates. In a dozen cases there was no variability among repetitions—the threshold
estimates were identical in all 10 repetitions. There is considerable individual variability in the
standard deviation of threshold estimates, ranging from zero (e.g., Listener #1 at both
frequencies) to about 5 dB (Listener # 18 at 4 kHz). The mean of all standard deviations across
listeners and frequency was 1.68 dB. This value appeared considerably smaller than what has
been previously reported. For example, the standard deviation was 3.9 dB according to a meta-
analysis of existing reports by Mahomed et al. (2013), and 4.1 dB (mean of 3.4 and 4.8 dB)
according to Green (1993). The standard-deviation scores in Mahomed et al. (2013) were based
on differences between a pair of threshold estimates, thus it is expected to be a factor of /2

greater than if the standard deviation is based on individual threshold estimates. Converted to a

measure similar to that of the present study, their estimate of standard deviation would be 3.9/+/2
=2.76 dB, which is still somewhat greater than the present estimate. It is possible that these
differences in threshold variability are partly due to the differences in experimental procedure
among studies. A standard deviation of 1.68 dB is relatively small, implying that clinical
threshold estimates are relatively consistent or repeatable.

While the finding of a relatively small standard deviation of 1.68 dB implies a reasonably
good consistency, this finding is not overtly meaningful without specifying the accuracy of
threshold estimates, as the target performance of threshold estimates may not converge to a
single expected value. To specify the accuracy and consistency for clinical thresholds, one needs
to know the psychometric functions of individual listeners. To obtain a reliable estimate of PFs,
data was collected over a relatively large number of trials (n=720) for each listener at each signal

frequency. Given that on average only about 10 trials were used to estimate each clinical
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threshold (TH*®™), this estimate of each PF was based on more than 70 times as many trials.
These estimates of PFs, because they are based on all trials available, will be referred to as the
grand PFs, denoted as PF972"4  |n the next section the estimates of PF#7="2 for individual

listeners are described.

A. Grand psychometric functions: PFomand

PFGIand
1kHz 4 kHz
1 - 1
@ @
st 0.5 [t;lj p.5 ®© s12
) .
1 ?' - 1 5
Je @
s2 0.5 ) D.5 w_f) s13
] ?
& &
oleol® 0 oD
1 4 1 4D-0o—0—-
@ B
v g
s3 05 & b5 & st
D '%s
L e 0 -
1 »—O—0- 1 GO
s 05 ® D5 i sts
S b
b P
0 e, 0 :
1 D 1
a4
ss 05 & D.5 st6
3)
0 i 0
1 = 1
o
"3 )
6 o 05 “5 D5 s17
b2y
)
0 o) o b=
1 —o— 1{
s7 0.5 D.5 s18
o
0 - 0
1 e 1
6% 0
s8 05 jv. D.5 s19
0 35 0
1 et
s9 05 ) D.5 s20
|
0" \’f‘ - 0
1 o 1
¥
st0 05 § . D.5 s21
-
0 cutl 0
o 2 1 = 1
T ¢ &
&; 3 sn 5 P 5 s2
P o P
A~ o P P 4
0 e 0 bt 0 O 0
-80 -60 -40 80 -60 -40 .80 -60 40

Relative Level (dB)

Relative Level (dB)

Figure 3. Raw data (blue circles) and fitted curves of the grand psychometric functions
(PFI7%"d)_proportion of yes responses Py, as a function of the relative signal level—for 22
listeners (rows) and 2 signal frequencies (columns). The size of each circle is proportional to the
number of trials used to obtain each data point. Note that the subject number on this graph does not
match the order of the listeners in Fig. 2 where the order was based on benchmark thresholds at 1
kHz.
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Establishing grand psychometric functions (PF97="2) for each listener serves two important
purposes. First, PFaman4 gllows for estimation of the expected value of P, to which the clinical
thresholds (TH*™) actually correspond, or PEY. By specifying PE, a major pitfall of the

Yes

standard HW protocol will be overcome, which is that the task performance is unspecified.

Grand

Second, PFéma"4 provides the best estimate of a benchmark threshold (THyZ%"¢) for each

listener. For each listener, THgz=" is simply the threshold parameter (x) obtained by fitting the
listener’s PF47a"¢ Knowing TH L™ is important because it allows for accuracy assessment of

threshold estimates obtained using any procedure. Next, individual PF22"¢ are described.

Figure 3 shows the grand psychometric functions (PF97"4) for individual listeners (rows)
and signal frequencies (columns). These PFs display some apparent variability both within
listeners (across frequency) and between listeners. Within listeners, aside from the apparent
variability, the PFs also appear to show some degree of similarity across frequency. To provide
a quantitative measure of this similarity, across-frequency correlation coefficients were
computed for the estimates of all four parameters. The correlation for the o parameter was
insignificant (r = 0.07,P > 0.37). However, all three other parameters show statistically
significant correlations across frequency. The correlation was strong for the false-alarm (a)
parameter (r = 0.85,P < 0.0001) and moderate for the threshold (u) parameter (r = 0.56,P <
0.003) and inattention (A) parameter (r = 0.5,P < 0.01). These significant correlations across
frequency suggest that there is some consistency in a listener’s behavior with regard to the three
parameters. This outcome may be helpful when classifying the listeners into subgroups based on
their tendencies. For example, S19, who demonstrated relatively high inattention rate at both

frequencies, may be classified as an inattentive listener. Additionally, S3 and S4, who both
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demonstrated relatively high false-alarm rate at both frequencies, may be classified as eager

responders. Such classifications are valuable for understanding individual differences.

Furthermore, within listeners, for each signal frequency, correlations among the four

parameters were examined to investigate any possible interactions. It was suspected that some of

the parameters may interact with each other. For example, inattention could impair performance

thus elevate threshold, which would yield a positive correlation between the estimates of

inattention and threshold parameters. Such suspicion can be tested by examining the within-

frequency correlation coefficients among the four parameters. The correlation coefficients

among the parameters were computed and are shown in Table I. No correlations were

statistically significant at the P=0.05 level except for the correlation between the threshold (x)

and spread (¢) parameters at 4 kHz (marked by an asterisk).

Table 1. Correlation coefficients (first row: 1 kHz; second row: 4 kHz) computed among the four

parameters of the PF97%"?_ The asterisk marks where the correlation is statistically significant at the

P=0.05 level.
Threshold (1) Spread (o) False-Alarm () Inattention (1)
Threshold (u) 1 (1kHz) 0.140 0.143 -0.019
1 (4kHz) 0.712* 0.262 -0.061
Spread (o) 1 -0.325 0.119
1 -0.118 0.033
False-Alarm (@) 1 -0.125
1 0.163
Inattention (1) 1
1

Between listeners, individual differences are apparent for estimates of threshold (i.e., the

horizontal position of the function), spread (1/slope) of the PF, false-alarm rate (offset from the
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lower asymptote, Py, = 0), and inattention (offset from the upper asymptote, Py, = 1). For
instance, some listeners demonstrated relatively high rates of inattention consistently across
frequency (e.g., S4, S8, S19, and S20), whereas many others did not show inattention at all.
Likewise, some listeners demonstrated relatively high rates of false alarm consistently across

frequency (e.g., S3, S4, and S6), whereas others showed little-to-no false alarm.

Thus, the overall pattern of results appears to be a combination of apparent between-listener
individual differences and moderate to strong within-listener consistency, as indicated by the
moderate cross-frequency correlations for the threshold and inattention parameters and the strong
cross-frequency correlation for the false-alarm parameter. This pattern of results could be useful
for classifying listeners into subgroups, as a way of describing trends in human auditory
discrimination behavior. Now that the individual functions (PF97%"4) are available as described
above, these functions can be applied to estimate P2¥, or the expected value of Py, to which
the clinical HW thresholds correspond, so that the target performance of the clinical protocol can

be defined.
B. Estimating P/ for clinical thresholds

Although the target performance, i.e., PLY, for the clinical protocol was originally
unspecified, the grand psychometric function ( PF97%"?) allowed for determining P£YY to which
the clinical thresholds (TH®") correspond using Eq. 1. For a given value of TH?W | the
corresponding value of P/ was obtained by substituting TH*" into the signal-level variable,
i.e.,, x = THHW  in the fitted form of the PF97%"4_ The distributions of the obtained P}V
values are shown in Fig. 4 for all estimates of TH*" across listeners for 1 kHz (blue bars) and 4

kHz (green bars). The mean value of P is 0.925 for 1 kHz, and 0.940 for 4 kHz, with an
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overall mean of 0.932. This overall mean value is consistent with Marshall and Jesteadt (1986)
who reported a mean value of 0.917. While it has often been stated that the target performance
of the standard clinical protocol ranges anywhere from PEY = 0.5 to 1, based on this analysis, it
is recommended that the target performance of the standard clinical procedure be characterized

as around Py,,=0.932.
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Figure 4. Distributions of P{)¥ corresponding to clinical thresholds for two frequencies

(1 kHz in blue and 4 kHz in green). Each P{L¥ value was obtained based on the grand
psychometric function ( PF979"4) Each distribution is based on a total of 220

threshold estimates. The mean of PIJ¥ was computed across listener and frequency.

C. Threshold difference: A= TH*W -TH§nd

Given that the estimated mean target performance of the clinical protocol is relatively high
(PEY = 0.932), it is of interest to determine the difference between the clinical threshold
(TH®Y) and the benchmark threshold (THS™), i.e., A= TH*W-THS™™ for each listener at both
signal frequencies. Figure 5 shows the distributions of A for all listeners at 1 kHz (blue bars) and

4 kHz (green bars). The combined distribution of 4 across frequency reasonably resembles a
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normal distribution. The average 4 was 2.9 dB, with a standard deviation of 2.2 dB. These
values are also shown in Fig. 6 (marked as TH®"). Thus, on average, TH*"W is expected to be

approximately 3 dB above TH§@™,
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Figure 5. Distributions of threshold differences (A= THHY — THEL) at two frequencies
(1 kHz in blue and 4 kHz in green). Each distribution is based on a total of 220 threshold
estimates. The mean and standard deviation of A are computed across listener and
frequency.

D. Estimating threshold based on averaging reversals: THR¢” and TH4V9

In this section, a simple strategy was explored in order to arrive at the threshold that would
correspond to Py.,=0.5. Again, the goal is to optimize the information that can be extracted from
the same data available in the adaptive tracks for estimating thresholds. In psychoacoustic
research, threshold has often been obtained by averaging reversals of adaptive tracks (see, e.g.,
Levitt, 1971). This strategy is adopted by the current approach. Briefly, in adaptive tracks, a
lower reversal (see triangles in Fig. 1) is defined as the beginning level in an ascending run, and

an upper reversal (see stars in Fig. 1) is the ending level of an ascending run. Here, the accuracy
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and consistency of thresholds obtained by averaging only the signal levels that occurred on the
reversals (that is, the stars and triangles on Fig. 1) contained in the adaptive tracks is examined.
The threshold estimates based on averaging the reversals are denoted as THR¥. The mean (open
circle) and standard deviation (error bar) of THR” — TH5™ across listener and frequency are

shown in the second column of Figure 6.

A variation of the reversal strategy for obtaining thresholds was also explored by averaging
signal levels of all trials from the first lower reversal to the last upper reversal, which is also the
end of the adaptive track. The threshold estimates obtained this way are denoted as TH4"9 . The
mean (open circle) and standard deviation (error bar) of TH4Y9 — THS @™ across listener and
frequency are shown in the third column of Figure 6. These two strategies yielded similar
outcomes: the threshold estimates are below TH{@™ by about 2 dB. Therefore, threshold
estimates obtained using either strategy do not match TH5™, nor does their target performance

match Py.s=0.5.

The suspected reason for these mismatches was the uneven step size in the ascending runs (5
dB) and descending runs (10 dB). The greater step size in the descending run may be responsible
for pushing the target performance below Py,,=0.5. To test this idea, a Monte-Carlo simulation
was completed in which the step size was set to 5 dB in both ascending and descending runs. The
results are shown as red asterisks in column 2 (THR¢") and column 3 (TH49) of Fig. 6. On
average, the simulated thresholds using both strategies but with equal step size (5 dB) were
reasonably close to TH{™™ (4 =0.4 dB). The standard deviation was 1.69 dB for THR¢? and 1.62

dB for THA9, both of which are relatively small. As part of the simulation, in a control
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condition, adaptive tracks using the unequal step sizes (-10 dB and +5 dB) identical to that in the
standard clinical procedure were also simulated, and computed thresholds using the two
strategies. The results are presented as the red triangles in columns 2 and 3 of Fig. 6. The means
of the simulated thresholds using unequal step sizes are nearly identical to those obtained from
the human listeners (though the standard deviations are somewhat smaller). Overall, the
simulation results suggest that both strategies yield accurate threshold estimates targeting

Py.s = 0.5 only when using an equal step size. This outcome is worth considering for clinical

adaptation.
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Figure 6. Measured (circles) and simulated (triangles and stars) threshold differences | E.
from the benchmark (A= TH — THSL*"?) averaged across listener and frequency for
five threshold procedures: THY represents standard clinical procedure, THR®? the
reversal-averaging procedure, TH4V9 the simple averaging procedure, THY%" the
psychometric-function (PF) fitting procedure using variable o, and THS the
psychometric-function (PF) fitting procedure using fixed o. The error bars represent
the standard deviation of A computed across listener and frequency for each
procedure.
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Estimating threshold by fitting psychometric function to the trials in the adaptive tracks:

THY% and THAZ

Thresholds obtained using the standard clinical procedure correspond to a Py, value well
above 0.5 (PHY = 0.932). Thresholds obtained by averaging reversals in the adaptive tracks
obtained using the standard clinical protocol correspond to a Py, value below 0.5. A principled
way to obtain thresholds corresponding to Py, = 0.5 is by fitting psychometric functions. An
earlier section described using PF7*"4 to derive THSL*™@, However, PFS7% s obtained with
a relatively large number of trials, which are usually unavailable, and would be too lengthy, in a
clinical setting. Therefore, fitting psychometric functions based on the relatively small number
of trials used in the current protocol for obtaining the clinical thresholds was explored. Two
fitting procedures were examined. First, the form of the psychometric function described by Eq.
1 as for PF¢Tend js ysed, in which the spread (o), and thus the slope, is allowed to vary as a free
parameter. Second, a form of psychometric function is used in which the spread (o) parameter is
fixed and is set to the mean value estimated from all listeners (o = 2.20 dB). This fixed- o
fitting approach is simpler than the variable- o fitting approach, thus is more easily adaptable in
clinical settings. The steps for fitting the psychometric functions are identical to that used in
fitting the PFE72"% thus have been described in the method section (D. Data analysis). Here, the

threshold results from both fitting approaches are discussed.

The top panel of Fig. 7 shows the distributions (1 kHz in blue and 4 kHz in green) of the
difference between the estimated threshold parameter using variable- o fit, denoted as TH%", and
the benchmark (THSL*™4) across listeners. The form of the distributions reasonably resembles a
normal distribution. The mean AV¢" across frequency is 0.25 dB; the standard deviation of A%

is 2.19 dB. These values are also shown in column 4 of Fig. 6, marked as TH¥. The
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distributions of Py, or the target performance corresponding to TH{%" using PF97%"¢ was also
examined. To determine the P, value, THy% was substituted into the signal-level variable, i.e.,
x = THYY, in Eq. 1. For THYY', the overall mean value of Py, is 0.53. The small difference
between THy ¥ and THEL*™@ (0.25 dB) indicates that thresholds estimated using variable- o

fitting approach are reasonably accurate.
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Figure 7. Distributions of threshold differences from the benchmark (THG*"4) for
fitting procedures using a variable ¢ of the psychometric function (top panel, AV4"=
THYY" — THEL%) and a fixed o (bottom panel, AF*= TH* — THSL?) at two
frequen01es (1 kHz in blue and 4 kHz in green). Each dlstrlbutlon is based on a total of
220 threshold estimates. The mean and standard deviation of A are computed across
listener and frequency.
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For fitting psychometric functions using fixed o, the o value was set to a constant of 2.20 dB,
which is the mean ¢ computed across 44 grand psychometric functions (22 listeners x 2
frequencies). This mean o is very close to the mean o of 2.15 dB, which was computed based on
the findings by Marshall & Jesteadt (1986). The bottom panel of Fig. 7 shows the distributions
(1 kHz in blue and 4 kHz in green) of the difference between the estimated threshold parameter
using fixed-o fit, denoted as THAY, and the benchmark (THSL%"4) across listeners. Similar to
that in the top panel, the form of the distributions reasonably resembles a normal distribution.
The mean AF* across frequency is 0.22 dB; the standard deviation of AF* is 1.87 dB. These
values are also shown in column 5 of Fig. 6, marked as TH5%. The distributions of Py, or the
target performance corresponding to TH§ using PF97"4 were also exmained. To determine the
Py, value, THE™ was substituted into the signal-level variable, i.e., x = TH§%, in Eq. 1. For
TH§Y, the overall mean value of Py, is 0.52. Again, The small difference between TH{% and
THSE? (0.22 dB) indicates that thresholds estimated using fixed-o fitting approach are
reasonably accurate. Given that the fixed-o approach is simpler and that its accuracy is
comparable to that of the variable-a approach, using the fixed-o approach is recommended. For
clinicians who elect to apply this fixed-o approach, the o value of 2.2 dB is recommended

because it is based on a large number of listeners from multiple studies.

IV. CLINICAL SIGNIFICANCE
Defining the target performance of an audiometric threshold seeking protocol relative to
the psychometric function, which correlates the proportion of ‘yes’ responses to various signal

levels, is necessary given that the target performance of the modified Hughson-Weslake protocol



28

is largely unknown. In general, the threshold generated from the current protocol was previously
stated to correspond to the proportion of ‘yes’ responses, or Py, between 0.5 and 1. In this
study, the target performance of the current clinical protocol, or P£Y was found to be 0.932 on
average. This PIV value is considerably higher than the classically defined threshold target
performance of Py, = 0.5 in psychoacoustics, which corresponds to the point on the
psychometric function with limited measurement variation (Green, 1993; Taylor and Creelman,
1967; Fisher, 1922). For this reason, measuring clinical thresholds at a target performance of
Py, = 0.5 has the potential to minimize the variability of threshold estimates compared to
threshold estimates at other target performance levels. As a result, extracting clinical thresholds
with a target performance of Py, = 0.5 may minimize the normal test-retest variability for
individual listeners, which has been found to be 10 dB using current the current clinical protol
(Schmuziger et al., 2004). Given that several auditory pathologies are in part identified based on
very small changes in audiometric thresholds over time (e.g., ototoxicity, noise-induced hearing
loss, tinnitus), having more reliable threshold estimates has the potential to yield more accurate
and timely diagnosis and subsequent treatment plans. Due to the importance of obtaining
accurate and reliable thresholds in dealing with these pathologies, defining thresholds at a target

performance of Py, = 0.5 could be beneficial in clinical practice.

Three new adaptations of the current protocol could produce thresholds corresponding to
a target performance of Py, = 0.5. The first adaptation is to subtract 3 dB from clinical
thresholds. This simple correction value could be easily be applied to both manual and
automated audiometric systems. In this study, clinical thresholds using the current protocol

(rH™) were approximately 3 dB above the benchmark threshold (THS"%), defined as the
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signal level corresponding to Py, = 0.5, derived from each listener’s psychometric function.
One potential limitation of this adaption is that the 3 dB correction may not be large enough for
correcting HW thresholds because, as mentioned in an earlier section, actual HW thresholds are
expected to be slightly higher than those obtained using the study protocol, which utilized a ‘yes-

no’ procedure.

The second adaption is to average the trials in the adaptive track of the HW protocol and
use an equal-step size of 5 dB for both ascending and descending trials. This adaptation differs
from the first in that it is limited by the fact can only be easily adopted in automated audiometric
systems, making it less practical for clinicians using manual audiometric systems. In this study, it
was determined that thresholds targeting Py, = 0.5 could be obtained by averaging all signal
levels at and beyond the first ‘no’ response in the clinical protocol. However, this accuracy was
only achieved when an equal step size of 5 dB was used for both descending and ascending
trials, while the current protocol utilizes an unequal step size of 10 dB for descending trials and 5

dB for ascending trials.

The third adaption is to fit a psychometric function to the few trials used in generating the
HW threshold, with a fixed spread of 2.20 dB. Threshold estimates corresponding to a target
performance of approximately Py, = 0.5 were derived by fitting a psychometric function to the
few trials (n=10 on average) used in generating the clinical threshold, or TH™™ . The results
were similar using both a spread parameter that was allowed to vary and one set to a fixed
average value of 2.20 dB, however, the fixed spread approach is advantageous over the variable

spread approach in that it is easier to implement in automated audiometric systems.
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Although the results of this study are based on normal hearing listeners, it is expected that
the results could be applied to listeners hearing impairment. One factor that may be different
between normal hearing and hearing impaired listeners is the slope of the psychometric function.
Arehart et al. (1990) reported slightly steeper psychometric function slopes for hearing impaired
listeners as compared to listeners with normal hearing, meaning that the relationship between
clinical threshold and the threshold with a target performance of P,,. = 0.5 may be different for
listeners with hearing impairment due to differences in the shape of their psychometric functions.
However, this difference in slope between hearing impaired and normal hearing listeners has not
been consistently observed across studies (Watson et al., 1972; Lecluyse & Meddis, 2009).
Furthermore, even if the difference in slope exists between normal hearing and hearing impaired
listeners, simulation results from this study demonstrated that when the assumed slope of the
fitted function and the true slope were mismatched, the threshold was still approximately correct.

This finding suggests that regardless of slope, fitting a psychometric function yields a threshold

that corresponds to a target performance of P,., = 0.5. Finally, it would be interest to extend the

current analysis to hearing impaired populations.

V. CONCLUSIONS
1. The standard clinical procedure can be characterized as that the clinical thresholds
(TH"W) correspond to an expected target performance of PE2Y = 0.932. The clinical
thresholds are about 3 dB above the benchmark threshold, THEL*™4. Given this result, a

simple correction factor of -3 dB could be applied to clinical thresholds to arrive at a

threshold that more closely corresponds to a target performance of P, = 0.5
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2. Thresholds obtained by averaging the reversals on the adaptive track used for estimating
the clinical thresholds are about 2 dB below the benchmark threshold, THSE".
However, simulation results showed that, when a single step size of 5 dB is used, the
thresholds obtained by averaging the reversals are within 0.4 dB of the benchmark
threshold, THSE™. As changing step size is a simple modification of the standard
clinical procedure, a recommendation is to use this modified procedure for obtaining
accurate estimates of clinical thresholds in the future.

3. Thresholds obtained by fitting psychometric functions to the trials on the adaptive track
used for estimating clinical thresholds are within 0.25 dB of the benchmark threshold,
THEL*, The accuracy and consistency of the estimated thresholds are largely
independent of whether the spread (o) of the fitted psychometric functions is variable
(i.e., a free parameter) or fixed at a constant of 2.20 dB. Because fitting PF with a fixed
o is simpler, an alternative recommendation is to use the fixed-o procedure for obtaining

accurate estimates of clinical thresholds using automated audiometric methods.
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