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ABSTRACT

Background: Hearing thresholds ac 3000 Hz are generally not measured in routine clinical audiometry. However, for
purposes other than clinical diagnosis, the threshold at 3 kHz has many applications, in epidemiological studies in the field
of occupational health and medicine, as well as in (medicolegal) quantification of physical impairment due to hearing loss,
particularly noise-induced hearing loss (NIHL). The present study addressed the validity of estimating, in the case of NIHL,
the 3 kHz-audiometric thresholds by averaging the thresholds at 2 and 4 kHz. Methods: All 200 investigated subjects (400
ears) had a well-documented noise exposure, moderate to severe NIHL, and underwent, as they were claiming for
compensation, a detailed medicolegal audiological investigation, including beside pure tone audiometry, electrophysiological
objective frequency-specific threshold definition using cortical evoked response audiometry (CERA) and auditory steady-
state response (ASSR). Results: The study results showed a good correlation between the 2-4 kHz interpolation and the
actual 3 kHz threshold; the error may be around 2 dB on average. However, in individual cases, the results demonstrated
that the error due to interpolation exceeds 5 dB HL in about one-quarter of the cases. This error is predictable; the larger the
2- 4 KHz difference (which reflects the steepness of the left slope of the audiometric notch), the larger the error (on either
side) made by interpolating. Conclusion: For epidemiological studies with large amounts of data, the interpolated threshold
(average of 2 and 4 KHz) may be considered as a valid estimate of the true value of the 3 KHz threshold. More caution is
required in individual cases: the error due to interpolation exceeds 5 dB HL in about one-quarter of the cases, but this error
is predictable.
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Introduction

istorically, audiometric testing has been
carried out at octave intervals based on
powers of two: 250, 500, 1000, 2000,
4000, and 8000 Hz. It could be due to the fact that
from the 19th century onwards, tuning forks with
these frequencies were used. Thresholds at 3000 Hz

are generally not measured in routine clinical

audiometry. However, for purposes other than
clinical diagnosis, the hearing threshold at 3 kHz has
many applications, particularly in the field of
(medicolegal) quantification of physical impairment
due to hearing loss. For example, the Guides to the
Evaluation of Permanent Impairment, now in its

sixth  edition  (2021), presents the most
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comprehensive system of assessing impairment,
utilizing many of the application designs established
by the World Health Organization (WHO). ' To
calculate the hearing impairment, and subsequently
the whole person's impairment, the algorithm
requires the frequencies 0.5 kHz, 1 kHz, 2 kHz, and
3 kHz. * The American Academy of Otolaryngology-
Head and Neck Surgery (AAO-HNS) standards for
reporting hearing loss include pure tone audiometry
(PTA) at 0.5, 1, 2, and 3 kHz. ?

More specifically, in the field of occupational
medicine and noise-induced hearing loss (NIHL),
hearing loss at 3 kHz also intervenes in defining
(OSHA:  US
Occupational Safety and Health Administration,
Neitzel & Fligor, 2017). * In this scope, the
American Conference of Governmental Industrial
Hygienists (ACGIH) has set its Threshold Limit
Value (TLV) for noise as an 85 A-weighted decibel
(dBA) 8 h-time-weighted average (ACGIH, 2018b).
5 The TLV was established to “protect the median of
the population against an NIHL exceeding 2 dB

permissible  exposure  limits

after 40 years of occupational exposure for the
average of 0.5, 1, 2, and 3 kHz".

Fowler (1928) was probably the first to report
about the audiometric 4 kHz-dip (or ‘notch’) caused
by noise exposure. ¢ Since then, the 4 kHz frequency
has been of particular significance in occupational
audiology and NIHL. However, a dip (or downward
bulge) configuration of the audiogram can also occur
after exposure to an explosion and in the case of a
blast. 7® According to the OSHA, a Standard
Threshold Shift (STS) is defined as a change in
hearing threshold, relative to the baseline audiogram
for a given employee, of an average of 10 dB or more
at 2000, 3000, and 4000 Hz in one or both ears
(https://www.osha.gov/laws-
regs/regulations/standardnumber/1904/1904.10). °
Dobie and Rabinowitz (2002) defined a Notch
Index (NI) calculated by deducting the mean of the
thresholds of 2, 3, and 4 kHz from the mean of the
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thresholds of 1 and 8 kHz. '

Furthermore, compensation is a major issue in
insurance medicine and needs to rely upon a valid
quantification of social handicap or working
incapacity. Lutman et al. (2016) proposed
frequencies 1, 2, and 3 kHz to quantify NIHL based
on average hearing threshold levels, 11 3 kHz being
preferred to 4 kHz since it contains more speech
information than 4 kHz. '* Most insurance systems
use the 3 kHz frequency for calculation worldwide.
13 The Belgian guideline uses algorithms, including
the threshold at 3 kHz. ' The German guideline
(DGUYV, 2020) considers the 4 kHz threshold if it is
higher (more loss) than the 3 kHz, otherwise, it takes
the 3 kHz threshold. "

In addition to compensation issues, the 3 kHz-
frequency has been used in research e.g., for
investigating the correlation of subjective and
objective thresholds (auditory brainstem responses,
or the correspondence between Speech Reception
Threshold (SRT) and PTA, or for quantifying
Temporary Threshold Shift (TTS) in iron and steel
factory workers. '¢!718

All of this raises a relevant issue: how must
audiograms - and particularly NIHL-audiograms -
missing the 3 kHz threshold be analyzed? Two
situations are common, including (1) retrospective
research e.g., about exposure to noise and hearing
loss, time progress of noise effect, comparisons about
compensation systems, prevention programs, etc. (2)
a need for a medicolegal decision in a socially insured
person who provides a traditional (0,5-1-2-4-8 kHz)
audiogram, but cannot undergo an expert
examination (illness, moving abroad). The key
question addressed in this study is “T'o what extent,
or under which conditions can an average of the 2
and 4 kHz thresholds be considered as an acceptable
substitute for the true 3 kHz threshold?”

In 1995, the Committee on Hearing and
Equilibrium of the AAO-HNS considered - but

without experimental data - that when thresholds at
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3 kHz are not available, for example in retrospective
studies, it may be acceptable to estimate the
threshold at 3 kHz as the average thresholds at 2 and
4 kHz. " Gurgel et al. (2012) compared the averaged
measured thresholds at 2 and 4 kHz with the
measured threshold at 3 kHz in all-round patients
(without specification) of an ENT clinic. They
found a mean difference of 2 dB (SD: 6,50) between
the measured and the interpolated 3 kHz thresholds,
but the mean values were not mentioned. *

More recently, Kim et al. (2018) addressed this
issue by using a data collection originating from the
Korea National Health and Nutrition Examination
Survey, i.e., PTA from a representative sample of the
normal South Korean population. Only subjects
with normal tympanic membrane and no history of
regular or occupational noise exposure were
included. *' Only air conduction thresholds were
measured, using an automated testing procedure in a
sound-treated booth. The authors found a strong
correlation between the 3 kHz-thresholds and the 2-
4 kHz averages, but with large (15 dB) upper and
lower limits of agreement. In this study, the means of
3 kHz and 2-4 kHz thresholds were 16,2 dBHL and
16,6 dBHL, confirming normal/subnormal hearing
levels.

Actually, the main practical need for the 3 kHz
threshold is the medicolegal evaluation for
compensation of NIHL. Therefore, in order to check
the validity of the interpolation, certainly in that
scope, the comparison between the measured and the
calculated 3 kHz thresholds needs to be made on
subjects with proven and well documented NIHL,
and with a wide scale of degrees of severity. The
‘notched’ specificity of NIHL makes its audiological
profile clearly different from the other two main
causes of hearing loss, including conductive
pathology and presbycusis.

However, when one deals with financial
compensation, suspicious audiometric ﬁndings are

22

not uncommon. The prospect of financial

advantages may cause either deliberately exaggerate
hearing impairment or possibly unconsciously raise
response criteria. *~* In this context, the validity of
behavioral thresholds needs to be supported by
frequency-specific objective techniques.

Hence, and contrary to the studies by Gurgel et al.
(2012) and Kim et al. (2018). >*' The present study
was conducted on the subjects with documented
noise exposure, moderate to severe NIHL, and those
who, because of their compensation claim,
underwent a detailed medicolegal audiological
investigation, including electrophysiological objective
threshold definition.

Methods

The present study is a non-interventional,
retrospective analysis of the existing data obtained
from previous audiological investigations.

Two sets of data were used in the present study,
including a large set of 156 subjects (312 ears) and a
limited set of 44 subjects (88 ears). Both sets
originate from previous studies ' #* designed for
comparing CERA and ASSR thresholds to each

other and to behavioral thresholds.

(1) The ‘large’ data set (312 ears) ¥

In this study, 156 successive claimants for
compensation at the Federal Agency for
Occupational Diseases (Fedris, Brussels) and fitting
the inclusion criteria (as described below) were
included, running over 50 months (2016 — 2020). In
all cases, the occupational career was checked by the
Engineering Dept. of Fedris prior to medical
examination. Personal hearing protection was not
used in selecting the criteria.

As a rule, every claim for NIHL compensation at
Fedris must be supported by an (external)
audiological assessment. The claimant then receives
an appointment for a medicolegal expert
examination, including a new audiometry at Fedris.
In the case of a significant discrepancy between the

results of the two pure tone audiometries (the main
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inclusion criterion) the claimant was given a new
appointment, usually a few weeks later, for another
pure  tone audiometry, followed by an
electrophysiological assessment, consisting in both
CERA and ASSR frequency-specific definition of
hearing thresholds. The examination was completed,
both for the first and second time, by a
tympanometry, recording of acoustic stapedial
reflexes, and if possible, a Békésy audiometry and a
prosthetic audiometry.

All the subjects received adequate information
about the different examination procedures. No
subject refused the examinations. It should be noted
that they claimed for compensation, and requested a
forensic medical examination. In a medicolegal
context, any invasive procedure is clearly ruled out.
All the data were strictly anonymized, according to
the standard rules and procedures applicable for
scientific studies within Fedris. Prior to any
investigation, each subject underwent a bilateral
otoscopy to rule out the presence of ear wax or of
any foreign object. Further exclusion criteria were
middle ear pathology and conductive hearing loss
(either uni- or bilateral), poor health, cognitive
impairment  or  important  difficulties  in
communicating due to language problems. Age,
gender, and duration of exposure were systematically
recorded. In an overwhelming majority, the subjects
were males (147/156).

In the case of no measurable threshold, whichever
the method, (i.e., no response at maximal level of
stimulus), the threshold was considered to be 120
dBui. For ASSR, only octave frequencies are
available, i.e., 0.5, 1, 2, and 4 kHz (pure tone).

For CERA, a Bio-Logic Navigator PRO system
(from Bio-logic Systems Corp) was used, with
parameters, including stimulus 50 ms tone-burst,
1/s; filtering: 0,1 — 10 Hz; analysis epoch: 600 ms; #
stimuli: 50 to 250; frequencies 1, 2 and 3 KHz.
CERA responses were recorded four times at each

intensity level. Based on the authors” previous study,

174

23-26

the criterion for defining a CERA threshold was
the lowest stimulus intensity (in dB HL, steps of 5
dB), evoking an unequivocal averaged response.

Considering the effect of sedative, hypnotic or
neuroleptic drugs on CERA, cases reporting use of
such drugs were not included in the present study,
but without any possibility of controlling the
subjects’ report.

ASSRs were obtained using a Neuro-Audio.Net
system from Neurosoft Ltd. The stimuli are pure
tones (0.5, 1, 2, and 4 KHz), with a 100%
amplitude and a 10% frequency modulation, the
modulation frequency being around 46 Hz. After the
stimulation has started, the algorithm seeks for a
significant response in each of the frequency
channels. As soon as the level of significance is
reached, the algorithm stops recording in this
particular channel (e.g., 55 dB at 2 kHz left), while
recording continues in other channels. In the
channel in which significance is reached, the
stimulation automatically restarts with a 5 dB lower
intensity, and the process is repeated until no
significant response is obtained after 6 minutes. The
time progress of the eight channels is permanently
displayed, and the system also displays an
‘audiogram’. This process avoids any subjective
interpretation.

For electrophysiological testing, the subject was
lying on an examination couch, in a relaxed position,
with his head resting on a pillow, and remained
awake for the total duration of the testing.

Conventional as well as electrophysiological
audiometric procedures were carried out in a
soundproof booth (background noise measured
inside 27 dBa), also operating as a Faraday cage.
Acoustic stimuli were provided to the subject via two

TDH-39 headphones.

(2) The limited data set (88 ears)
Forty-four subjects claiming for benefit at the
Federal Agency for Occupational Diseases (Fedris,

Brussels) and acceptable for inclusion in the analysis
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were considered in the present study, conducted over
a 22-month period (2018 — 2020).

The essential criterion for inclusion in the ‘large
data set’ study * was a suspicion of excessive reported
NIHL, based on a worsening (= 5 dBu. on average at
the best ear) of the threshold values obtained in PTA
during the evaluation at Fedris, compared to those of
the audiogram supplied by the claimant in his/her
application document. The rationale of this
approach has been explained in the authors’ previous
article.  The main inclusion criterion in the ‘small
data set’ study was the opposite of that of the ‘large
data set’ study, i.e., the strict absence of any PTA
threshold measured at Fedris that is higher (worse)
than the corresponding threshold in the audiogram
of the PTA supplied by the claimant with his/her
application. When this condition was fulfilled, the
subject was proposed to undergo a more in-depth
electrophysiological investigation of his hearing
status, consisting both ASSR and CERA hearing
threshold assessments.

All further anamnestic, clinical, technical, and
ethical requirements and conditions were similar to
those of the large data set.

Arousal level was continuously monitored during
the whole procedure of the examination.

Material and procedures were identical to those of
the ‘large data set’ study.

The present study focused on statistical
comparisons between intrapolated and measured
thresholds, considering (1) the differences between
the two variables (student’s paired t-test and the
related effect size : Cohen’s d), (2) the strength of the
relation between the two variables (the standard
Pearson  correlation  coefficient r and  the
nonparametric Kendall’s coefficient of concordance
W) to which is added the frequently used
Cronbach’s Alpha, that measures the strength of
internal consistency, (3) the reliability of the
intrapolated thresholds and their agreement with the

measured ones by means of the Intraclass Correlation

Coefficient (ICC), that contains both information
on the correlation and on a possible systematic
difference between the paired values and (4) the
Bland Altman plot, which graphically shows the
mean of the differences between the two variables
(fixed bias) and detects e.g. a possible proportional
bias. The Bland-Altman plot also defines the upper
(mean + 2 SD) and lower (mean - 2 SD) limits of the
agreement interval and shows the outliers, but does
not tell whether the agreement is sufficient or
suitable to use a method or the other indifferently.

Statistical computations and graphs were made
using the Statistica software (Statsoft Inc., Tusla,
USA).

Results

Small set (88 ears)

Mean age was 64.07 (SD: 9.59) years, and mean
duration of exposure to noise was 25.79 (SD: 10.52)
years, similar to the characteristics of the ‘large set’.

In Fig. 1 the difference is shown between the
measured (3 KHz) and the calculated (mean between
2 and 4 KHz) thresholds (mean, Standard Error (SE),
Standard Deviation (SD), and outliers). The mean
value for the average 2-4 KHz was 72.67 (SD 17.08)
dBui, and the mean value for 3 KHz was 74.49 (SD
17.44) dBui. The difference (1.82 dB) was small but
significant (p = 0.018 (n = 88) at student’s paired t-
test). However, Cohen’s d, representing the difference
between the groups in terms of their common
standard deviation, is only 0.105, indicating that this
difference may be considered negligible from a
practical point of view. '

Table 1 gives, per side, the mean measured

thresholds (and SD) for 2, 3, and 4 KHz.

Table 1. Mean measured thresholds in the limited data set (n = 88)

Frequency Side Mean Threshold SD
2 KHz Right 62.84 16.61
2 KHz Left 67.04 20.21
3 KHz Right 73.52 17.51
3 KHz Left 75.45 17.51
4 KHz Right 79.77 17.62
4 KHz Left 81.02 18.79
1175
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Comparison PTA Thresholds 3 KHz and (2+4)/2 KHz (dBHL)
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Figure 1. Difference between the measured threshold (3 KHz) and the
calculated threshold (mean 2 and 4 KHz); Mean, Standard Error (SE),
Standard Deviation (SD), and outliers.

Correlation of Thresholds : 3 KHz vs. Mean 2-4 KHz
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Figure 2. Correlation plot (with regression line and Cl) between the
measured threshold (3 KHz) and the calculated threshold (mean 2 and
4 KHz). Pearson’s correlation coefficient is 0.92 (p < 0.001) (n = 88).
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Figure 3. Progressive (quasi linear) increase of hearing loss (dBHL)
(means, SD, SE and outliers) with increasing frequency. Regression
line {least squares) corresponding to the sequence 1 —2 —(2+4)/2 — 4
KHz (dBHL).
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Table 1: Mean measured thresholds (and SD) for
2, 3, and 4 KHz (all values in dB,p1) in the limited
data set (n = 88).

Fig. 2 shows the correlation plot (with regression
line and confidence interval (CI)) between the
measured (3 KHz) and the calculated (mean between
2 and 4 KHz) thresholds.
coefficient was 0.92 (p < 0.001) (n = 88).

The ICC, that assesses the reliability of

measurement tools by comparing the variability of

Pearson’s correlation

different measures on the same subject with the total
variation across all measures and all subjects ** was
0.92 (single) and 0.96 (meaned). An ICC > 0.8
indicates almost perfect agreement. *

Cronbach’s  alpha, reflecting the internal
consistency between the true and estimated threshold
was 0.96 [CI = 0.94 — 0.97] (n = 88). Values of 0.8
or higher indicate good reliability; 0.9 or higher
values are considered excellent. ** According to some
studies, very high reliability (0.95 or higher) is not
necessarily desirable, as this indicates that the items
may be redundant. ¥

Figs. 3 and 4 show the progressive (quasi linear)
increase of hearing loss (dBui) (means, SD, SE, and
outliers) by increasing frequency. No obvious
difference was observed between the regression lines
(least squares) of the curves corresponding to the
sequences 1 — 2 — (2+4)/2 — 4 KHz (dByt) and 1 -2
—3 -4 KHz.

Fig. 5 shows a Bland-Altman ‘difference - plot’ -
7 of the differences between the two techniques
(direct measure and intrapolation) vs. the averages of
the two techniques ( n = 88). vl represents the
computed average (2 and 4 KHz) and v2 the
measured 3 KHz value. Horizontal lines are drawn at
the mean difference, and at the limits of agreement.
The limits of agreement for a difference are defined
as the mean difference + 1.96 times the SD of the
differences. The 95% CI of the mean difference was
-15.83 to 12.19. This CI comprises 82 (out of 88)

ears (93.2 %). The plot shows quite good agreement,
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without either a proportional error (difference
increasing with mean value) or a variation that
strongly depends on the magnitude of the
measurements.

However, an histogram of the differences between
the true (measured) 3 KHz threshold and the
calculated one, as displayed in Fig. 6, reveals that the
error exceeds 5 dB in 20 (out of 88) ears ( 23%). The
error can be positive as well as negative.

This error (in absolute value) is proportional to
the difference (also in absolute value) between 2 and
4 KHz, ie., the two frequencies used for
intrapolation (Fig. 7). Pearson’s r was 0.54 (p <
0.001); the larger the 2 — 4 KHz difference, the
larger the error made by intrapolating. This 2 — 4
KHz difference actually reflects the steepness of the
left slope of the audiometric notch.

There is also a weak negative correlation of this
error due to intrapolation with the 2 KHz threshold
(r=-0.28 (p < 0.01)). A higher value of the 2 KHz
threshold points in a context of NIHL on a
broadening of the ‘notch’, suggests a smaller 2 — 4
KHz difference, and probably a larger 1 — 2 KHz
difference. Indeed, the 2 — 4 KHz difference was
negatively correlated with the 2 KHz threshold (r = -
0.42; p < 0.001).

Moreover, no correlation was found between the
error due to intrapolation in absolute value and age
(r = - 0.10), duration of noise exposure (r = - 0.11),
global hearing loss (1-2-3 KHz) (r = - 0.19), average
hearing loss 2 — 4 KHz (r = 0.07), threshold at 3
KHz (r = 0.11), and threshold at 4 KHz (r = 0.09).

It is a known fact that in NIHL, the dip may be
located on 3 KHz (or also 6 KHz) instead of 4 KHz.
% A broad notch may account for an equal threshold
value on 3 and 4 KHz. In the ‘small’ dataset, the
thresholds are equal in 3 and 4 KHz in 22 cases (25
%), while in 9 cases (10 %) the 3 KHz threshold was
worse than the 4 KHz threshold. The mean
difference (4 KHz — 3 KHz) was + 5.91 dBu. (SD
8.56) (min. -15 dByr, max. + 45 dBuy).

PTA Thresholds 1-2 -3 - 4 KHz
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1 KHz 2 KHz 3 KHz 4 KHz 2. Mean

Figure 4. Idem as As in Fig. 3, for the sequence 1 —2 -3 -4 KHz
(dBHL). There is no clear difference with the regression line of Fig. 3.
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Figure 5. Bland-Altman plot of the differences between the two
techniques (direct measure and intrapolation) versus the averages of
the two techniques {n = 88). v1 represents the computed average (2
and 4 KHz) and v2 the measured 3 KHz value. Horizontal lines are
drawn at the mean difference, and at the limits of agreement, which
are defined as the mean difference + 1.96 times the SD of the
differences.
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Figure 6. Histogram of the differences between the true (measured)
3 KHz threshold and the calculated value.
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Difference [3 KHz - (2+4)/2 KHz] vs. Difference (4-2) KHz)
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Figure 7. Correlation between the intrapolation ‘error’ (in absolute
value) (difference between the measured and the calculated 3 KHz
thresholds) and the difference (also in absolute value) between 2 and
4 KHz, i.e. the two frequencies used for intrapolation (n = 88).
Pearson’s ris 0.54 {p < 0.001); the larger the 2 — 4 KHz difference, the
larger the error made by intrapolating.
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Figure 8. Correlation between CERA 3 KHz thresholds and calculated
ASSR (2+4)/2 KHz thresholds. Pearson’s r = 0.631 (Cl: 0.559 — 0.694)
(p<0.001) (n=312).
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Figure 9. Bland — Altman plot of the differences between the
measured CERA threshold and the intrapolated ASSR 3 KHz value
versus the averages of the two techniques. v1 represents the
measured CERA threshold and v2 the intrapolated ASSR 3 KHz value.
Horizontal lines are drawn at the mean difference, and at the limits
of agreement, which are defined as the mean difference + 1.96 times
the SD of the differences. The plot shows a mean bias of 6.25 dB
(n=312).
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Table 2. Mean thresholds per technique in the large data set (n = 312)

I 17V
KHz
75.88 82.78
CERA (80632838) 0 oy
: 2075)  1954)
ASSR 62.47 70.88 76.53 8(23'38
(SD2438) (SD23.0) (SD2013) gy
A CERA-
ASSR 237 >0 o

Large set (312 ears)

Mean age was 63.37 (SD: 9.96) years. Mean
duration of exposure to noise was 27.05 (SD: 11.38)
years.

Table 2 gives the mean (and SD)
electrophysiological thresholds at 1,2, and 3 KHz for
CERA, and at 1, 2, and 4 KHz for ASSR. For ASSR
the 3KHz threshold was calculated by intrapolation:
(2+4)/2 KHz. All values were in DB,ui. The
frequency 1 KHz was added to show the trend of
increasing hearing loss from 1 to 3 or 4 KHz (in
CERA as well as in ASSR).

Table 2: Mean thresholds with SD per technique
and per frequency (all values in dB.u1) in the
large data set (n = 312). The difference between the
ASSR and CERA thresholds was highlighted in the
authors’ previous articles '“?. This difference
increased with frequency of 2,37 dB for 1 KHz and
5.0 dB for 2 KHz.

Between (2+4)/2 KHz (ASSR) and 3 KH:z
(CERA) the difference was 6.25 dB (student paired
t-test: p < 0.001) (¢t = 6.47). Cohen’s d became
0.315, indicating a difference that is no longer
negligible (as was the case for the small set of data),
and corresponded to an ‘intermediate’ effect. ¥

The correlation between CERA 3 KHz and ASSR
(2+4)/2 KHz is shown in Fig. 8. Pearson’s r was
0.631 (CI: 0.559 — 0.694) (p < 0.001). The ICC
that takes the bias into account was slightly lower
(0.603), and the Bland — Altman plot (Fig. 9) makes
this mean bias of 6.25 dB visible. v1 represents the
measured CERA threshold and v2 the intrapolated

ASSR 3 KHz value. Horizontal lines were drawn at
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the mean difference, and at the limits of agreement,
defined as the mean difference + 1.96 times the SD
of the differences. In this case, the 95% CI of the
mean difference was - 27.85 to 40.34 dB. The CI
comprised 292 (out of 312) ears (93.6 %). The plot
shows a reasonably good agreement, without either a
proportional error (difference increases with mean
value) or a variation that strongly depends on the
magnitude of the measurements.

ICC is 0.603 (Model 3) (single) and 0.77
(meaned)

Kendall’ s W for agreement between ranks is
0.799 (p < 0.001)

Fig. 10 shows, for ASSR, the relationship between
mean threshold and frequency, with the least squares
regression line. As typical for NIHL, an increase was
observed from 1 to 4 KHz.

In Fig. 11, the rise of the mean threshold with
frequency (1-2-3 KHz) is compared in CERA and
ASSR. For CERA, the 3 KHz threshold was the
measured value, while for ASSR, the 3 KHz value
was the calculated mean between the 2 and 4 KHz
thresholds. A global shift was observed (ASSR
thresholds were lower) but the shapes of the rise were
very similar.

For ASSR, the step 1 KHz to 2 KHz corresponded
to a threshold increase of 13.5%, while for CERA,
the same step corresponded to a threshold increase of
17.0%. For CERA, the step 2 to 3 KHz
corresponded to a threshold increase of 9.1%, while
for ASSR, the step 2 to (2+4)/2 KHz corresponded
to a threshold increase of 8.0%, as expected.

The measured CERA 3 KHz thresholds and
intrapolated 3 KHz ASSR thresholds also show
similar Gaussian distribution histograms, with a 6.25

Discussion
As stated in the introduction, the actual need for

the 2 — 4 KHz intrapolation is not its clinical
relevance, but mainly its pertinence in medicolegal

quantification of the degree of NIHL and its

progress, particularly in a context of compensation,

as many scales and baremas require this value.

dB,y, ASSR Thresholds 1-2-(3) -4 KHz
100 . .
0
80 | . .
60

50

| L Std. Dev.
—T— | [ #Std.Enr

1 KHz 2KHz (2+4)/2 KHz 4 KHz o Mean

40

Figure 10. Rise of the mean ASSR threshold with frequency (1 — 4
KHz), with the least squares regression line. As is typical for NIHL,
there is an increase from 1 to 4 KHz.

CERA and ASSR Thresholds 1 -2 - 3 KHz
dB,y,, (for ASSR: 3 KHz Thresholds = Mean of 2 & 4 KHz)
n

100 |
90 |
80|

70 |

80 |

50 |

40| f 1 T~ 1Std. Dev.

CERA1KHz ~ CERA3KHz  ASSR 2KHz L ER
CERA2KHz  ASSR1KHz  ASSR 3KHz @ Mean

Figure 11. Increase of the mean threshold with frequency (1-2-3 KHz)
compared to CERA and ASSR.

Comparative Histograms : CERA 3 KHz vs, ASSR Average 2 - 4 KHz

180
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Figure 12. Comparative histograms of measured CERA 3 KHz
thresholds and intrapolated 3 KHz ASSR thresholds. Both show a
similar Gaussian distribution, with a 6.25 dBHL shift.
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Validity of Estimating the 3 KHz Threshold

The 3 KHz threshold also becomes important in
(retrospective) studies dealing with criteria, scales,
barema’s, regulations (e.g., fitness for or removal
from specific jobs/workplaces), comparisons of them,
TTS, as well as correlations with a large variety of
parameters, like age, degree of noise exposure,
electrophysiological data, interaural asymmetry, etc.
In the field of occupational health and safety,
prevention and medicine, many epidemiological
studies have also referred to 3 KHz thresholds.

Furthermore, medicolegal decision related to the
precise degree of hearing loss in a socially insured
person who provides traditional (0, 5-1-2-4-8 KHz)
audiometrybut  cannot  undergo an  expert
examination (illness, moved abroad...) is required.

It is important to assess the adequacy of the 2 — 4
HKz intrapolation for both of these applications, and
to exactly know the risk of error and its extent.
Given the specific shape of the audiometric curve
and its evolution in the case of NIHL, statistics

21

dealing with normal subjects *' as well as with all-

’ are not really helpful. It is well

round patients
known that NIHL is generally larger at 4 KHz and
smaller at higher and lower frequencies, “° a pattern
that differs from presbycusis and most of other
causes of hearing loss.

The present study addressed a critical need by
dealing specifically with subjects presenting a wide
scale of NIHL, with a well-documented and
quantified noise exposure and seeking for
compensation. Moreover, the data (in the small as
well as in the large dataset) may be considered as
fully reliable, since they were obtained by objective
techniques. Indeed, it has been found that suspicious
audiometric findings are not uncommon in a
medicolegal context. ** In the case of an insurance
system with compensation for occupational diseases,
such as noise induced hearing loss (NIHL), the
prospect of financial advantages may encourage to
either deliberately exaggerate hearing impairment or

possibly unconsciously raise response criteria. '* %%
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Therefore, perfect reliabilitcy of the hearing
thresholds is essential, indicating that the behavioral
thresholds need to be systematically confirmed by
objective and electrophysiological techniques. This
also implied that the behavioral thresholds of the
large data set were not suitable in the present study
due to the uncertainty about their validity.

The study data showed a good correlation
between the 2 — 4 KHz intrapolation and the actual
3 KHz thresholds,

epidemiological studies with large amounts of data,

indicating ~ that  for

the intrapolated threshold may be considered as a
valid estimate of the true value and the error may be
around 2 dB on average. The results of the present
study are in line with of the studies by Monsell
(1995), Gurgel et al. (2012), and Kim et al. (2018).
31921 Hence, NIHL is not distinctive. Moreover, the
error does not seem to be influenced by age, duration
of noise exposure, global degree of hearing loss, or
specific threshold on 4 KHz (the most sensitive
frequency for NIHL).

On the contrary, much more caution is required
in individual cases. The data demonstrated that the
error due to intrapolation exceedd 5 dB HL in about
one quarter of cases. It is noteworthy that the test-
retest variability inherent in properly calibrated
audiometric equipment was +/- 5 dB. *' With 5 dB
measurement steps, the audiometric variability
within the same test (intra-test variability) may be
within +/- 5 dB. 2

Moreover, this error is to some extent predictable;
the larger the 2 — 4 KHz difference (which reflects
the steepness of the left slope of the audiometric
notch), the larger the error (on either side) made by

intrapolating.

Conclusion

The present study examined the validity of
estimating, in the case of NIHL, the 3 KHz-
audiometric threshold by averaging the thresholds at
2 and 4 KHz. It deals specifically with subjects

presenting a wide scale of NIHL, with a well-
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documented and quantified noise exposure and
seeking for compensation. Moreover, the data (in the
small as well as in the large dataset) may be
considered as fully reliable, since they were checked
with an objective technique.

The data showed a good correlation between the 2
— 4 KHz intrapolation and the actual 3 KHz
threshold, indicating that for epidemiological studies
with large amounts of data, the intrapolated
threshold may be considered as a valid estimate of
the true value; the error may be around 2 dB on
average.

Much more caution is required in an individual
case. The data demonstrated that the error due to
intrapolation exceedd 5 dB HL in about one
quarter of the cases. This error is predictable; the
larger the 2 — 4 KHz difference (which reflects the
steepness of the left slope of the audiometric
notch), the larger the error (on either side) made by

intrapolating.
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