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ABSTRACT:

Kurtosis is considered an important metric for evaluating noise-induced hearing loss (NIHL). However, how to
select window duration to calculate kurtosis remains unsolved. In this study, two algorithms were designed to inves-
tigate the correlation between window duration for kurtosis computation and the accuracy of NIHL prediction using
a Chinese industrial database. Pure-tone hearing threshold levels (HTLs) and full-shift noise were recorded from
each subject. In the statistical comparison, subjects were divided into high- and low-kurtosis groups based on kurto-
sis values computed over different window durations. Mann—Whitney U test was used to compare the difference in
group HTLs to find the optimal window duration to best distinguish these two groups. In the support vector machine
NIHL prediction model, kurtosis obtained from different window durations was used as a feature of the model for
NIHL evaluation. The area under the curve was used to evaluate the performances of models. Fourteen window dura-
tions were tested for each algorithm. Results showed that 60 s was an optimal window duration that allows for both
efficient computation and high accuracy for NIHL evaluation at test frequencies of 3, 4 and 6 kHz, and the geometric

mean of kurtosis sequence was the best metric in NIHL evaluation. © 2021 Acoustical Society of America.
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I. INTRODUCTION

Hearing loss is a major public health problem around
the globe, and its negative impact is ranked high in the
global disease burden (Nelson et al., 2005). Occupational
exposure to high-intensity noise is a leading cause of hear-
ing loss: approximately 24% of the hearing problems among
workers in the United States are caused by occupational
noise exposure (Centers for Disease Control and Prevention,
2019). The ISO-1999 (2013) document is currently the most
accepted noise damage/risk criterion. However, there has
been much controversy regarding the ability of this criterion
to estimate hearing loss caused by non-Gaussian complex
noise (Zhao et al., 2010; Xie et al., 2016; Zhang et al.,
2020). According to the National Institute for Occupational
Safety and Health (NIOSH) document (National Institute for
Occupational Safety and Health, 1998), the ISO-1999 stan-
dard is based on experimental data of mixed quality and
lacks data on the effects of temporal variables. Studies
have shown that ISO-1999 is applicable for continuous or
steady-state Gaussian noise (defined as noise that is normal-
distributed) but that it underestimates noise-induced hearing
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loss (NIHL) caused by complex noise. A non-G noise con-
sists of a background Gaussian noise that is punctuated by a
temporally complex series of randomly occurring high-level
noise transients. These transients can be brief high-level noise
bursts or impacts (Ahroon et al., 1993; Zhao et al., 2010).

Studies show that kurtosis can effectively evaluate the
biological effects of complex industrial noise and that it is a
potential auxiliary index for evaluation (Davis et al., 2009;
Goley et al., 2011; Davis et al., 2012). Recent results from
animal experiments have shown that for noise exposures
having the same spectral energy, hearing trauma increases
with increasing kurtosis, and kurtosis could be used to gauge
the extent of NIHL (Lei et al., 1994; Hamernik et al., 2003;
Qiu et al., 2013). For a sample of n values, kurtosis is calcu-
lated as

_ ) 1n:1 >
(zZ (v —ff)

where x; is the ith value of the acoustic signal’s amplitude,
and ¥ is the sample mean. Kurtosis is an index of the extent
to which the distribution of a variable deviates from the
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Gaussian. Therefore, combining kurtosis with energy may
predict NIHL more accurately.

The window duration has a large influence on the calcu-
lated kurtosis values, i.e., different kurtosis values are
obtained when using different window durations. However,
a method for selecting a proper window duration for kurtosis
computation has not been studied thoroughly. It has been
found that the kurtosis value is sensitive to the duration of
the calculation window (Qiu er al., 2006b; Smalt et al.,
2017); that is, different calculation window durations pro-
duce different kurtosis values, making the noise feature
described by kurtosis somewhat ambiguous and potentially
reducing the accuracy of evaluating NIHL by kurtosis. In
the current studies, the most commonly used kurtosis calcu-
lation window duration was 40s, and the kurtosis of the
noise signal was computed over consecutive 40-s time win-
dows (Hamernik et al., 2003; Qiu et al., 2006a; Davis et al.,
2009; Davis et al., 2012; Xie et al., 2016). This window
duration was based on animal data (Hamernik et al., 2003)
and has not been verified with human workers exposed to
occupational noises. Considering the diversity and complex-
ity of industrial noise, it is necessary to test a larger range of
window durations and to analyze the correlation between
the kurtosis values obtained from these windows and the
accuracy of the hearing loss assessment model to find the
optimal window duration for computing kurtosis. In this
study, the correlation between different time windows of
kurtosis computation and the accuracy of the NIHL predic-
tion model was explored based on a database containing
data from subjects exposed to various types of complex
noise.

Il. MATERIALS AND METHODS
A. Data collection
1. Subjects

Industrial workers were recruited from 22 factories in
the Zhejiang province of China between 2010 and 2017.
The subjects (N =3242) were introduced to the purpose and
design of the study by an occupational physician and were
asked to sign an informed consent form. The Zhejiang
Provincial Center for Disease Control and Prevention
(ZIJCDC) institutional committee for the protection of
human subjects approved the study protocol (approval refer-
ence number: ZJCDC-T-043-R).

2. Questionnaire survey

An occupational hygienist from ZJCDC administered a
questionnaire to each subject to collect the following infor-
mation: general personal information (age, sex, etc.), occu-
pational history (e.g., factory, worksite, job description,
length of employment, duration of daily noise exposure, and
history of using hearing protection), personal life habits
(e.g., smoking and alcohol use), and overall health condi-
tions (including the history of ear disease and use of ototoxic
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drugs). An occupational physician entered all the informa-
tion into a database.

3. Noise data collection

Shift-long noise recording files were obtained for each
noise-exposed subject at the 22 factories using an
ASV5910-R digital recorder (Hangzhou Aihua Instruments
Co., Hangzhou, China). The ASV5910-R digital recorder is
a specialized sound recording device that can be used for
precision measurements and analysis of personal noise
exposure. The instrument uses a 1/4-in. prepolarized con-
denser microphone characterized by good stability, high
upper measurement limit, and wide frequency response
(20Hz-20kHz). The microphone sensitivity is 2.24 mV/Pa,
and the measurement range is 40—141 dBA. The microphone
was mounted on the shoulder of the subject using special
clips. The shift-long noise for each subject was recorded
continuously by the ASV5910-R at a 32-bit resolution with
a 48-kHz sampling rate. The noise recordings were saved on
a 32-gigabyte micro secure digital (SD) card and transferred
to network-attached storage for subsequent analysis.

4. Physical and audiometric evaluation

Each subject underwent a general physical and otologic
examination. Air-conduction pure-tone hearing threshold
levels (HTLs) at 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, and 8.0 kHz were
measured in each ear by an experienced audiologist. The
tests were conducted in an audiometric booth [baseline noise
<30dB sound pressure level (SPL)] using an audiometer
(Madsen, OB40; Otometrics, Copenhagen, Denmark) cali-
brated according to the Chinese national standard (GB4854-
84). The audiograms were collected at least 16 h after the
subjects’ last occupational noise exposure.

B. Data inclusion

For inclusion in the study, all the subjects had to satisfy
the following criteria: (1) consistently worked in the same
job category and worksite (noise exposure area) for their
entire career; (2) no history of genetic or drug-related hear-
ing loss, head wounds, or ear diseases; (3) no history of mili-
tary service, shooting, or setting off fireworks; and (4) no or
minimal use of hearing protection (determined from the
noise exposure questionnaire and interview). Accordingly, a
total of 2110 workers were included from the original pool
of 3242 subjects.

Two algorithms, a statistical comparison (algorithm 1)
and a NIHL prediction model using the support vector
machine (algorithm 2) were used to analyze the relationship
between window duration and NIHL. The above-selected
subjects were further screened to build cohorts for each
algorithm according to the characteristics of these two algo-
rithms. As a result, 1147 subjects were used in algorithm 1,
while 847 subjects were used in algorithm 2. Figure 1 illus-
trates the data screening process of the two algorithms. The
methods and justifications of data screening for these two
algorithms are given below.
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FIG. 1. (Color online) The overall sample screening and research process.

(a) Cohort for statistical comparison (algorithm 1): To
focus on the relationship between kurtosis and hearing loss
in the statistical comparison, the 2110 subjects were further
screened according to the following conditions to build the
statistical comparison cohort:

(1) 85 dBA < Lpcqsn <100 dBA.
(2) Exposure duration of less than 10 yrs.

Condition (1) was set because NIHL began to occur

obviously from 85 dBA (National Institute for Occupational
Safety and Health, 1998), and the use of earplugs made it
difficult to estimate the actual NIHL of workers exposed to
noise greater than 100 dBA. Condition (2) was set because
NIHL developed most rapidly in the first 10 yrs of exposure
(Dobie, 2001; Zhang et al., 2020). According to the above
two inclusion conditions, a total of 1147 workers were
included in the statistical comparison cohort.
(b) Cohort for NIHL prediction model (algorithm 2): There
is some evidence that the kurtosis value is a sensitive mea-
sure when evaluating the NIHL of workers exposed to non-
Gaussian noise (Xie et al., 2016; Zhao et al., 2019a). Thus,
to highlight the correlation between the window used for
kurtosis computation and NIHL, the workers exposed to
non-Gaussian noise [defined as f(t)49s > 10] were screened
out from the above 1147 workers in the statistical compari-
son cohort (details can be found in the supplementary mate-
rial).! Consequently, 847 workers were enrolled in the
cohort for the NIHL prediction model.

C. Definition of hearing loss
This study adopted two criteria for hearing loss:

(1) The NIOSH definition: the average HTLs at 1, 2, 3, and
4kHz for both ears (denoted by HTL,,34) exceeding
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25dB HL. This is a widely used definition of work-
related hearing loss.

(2) The average HTLs at 3, 4, and 6kHz for both ears
(denoted by HTL346) exceeding 25 dB HL. This defini-
tion refers to frequencies that are most sensitive to
NIHL evaluation (Dobie, 1995).

D. Kurtosis computation

The kurtosis of the recorded noise waveforms was com-
puted over consecutive non-overlapping time windows over
the full-shift noise records using a sampling rate of 48 kHz.
To explore the relationship between the time windows and
hearing loss, 14 different window durations were preselected
(10s, 40s, 60s, 2min, 3.5min, 4min, 4.5min, 5min,
7.5min, 10min, 20min, 30min, 1h, and full-shift). The
number of kurtosis samples (time windows) ranged from 1
(full-shift 8 h) to 2880 (10-s window). How to obtain a single
kurtosis value from this kurtosis value sequence that best
describes the characteristics of the full-shift noise is one
problem to be considered. In previous studies, both mean
kurtosis (Xie et al., 2016; Zhao et al., 2019b) and median
kurtosis (Zhao et al., 2019a) have been used. In this study,
three kurtosis metrics (i.e., mean, median, and geometric
mean) were used to conduct a comprehensive analysis of the
relation between the window duration and hearing loss pre-
diction. Geometric mean was included as a kurtosis metric
because, based on more than 2000 full-shift industrial noise
recordings collected in China, kurtosis is distributed primar-
ily in a lognormal manner (based on unpublished data).

E. Algorithm 1: Statistical comparison

As mentioned above, 14 window durations were tested
for kurtosis computation. The kurtosis values were
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computed over each time window; then the mean, median,
and geometric mean kurtosis values of kurtosis sequences
were obtained. These three kurtosis metrics were used as
criteria to divide the subjects into a low-kurtosis group and a
high-kurtosis group. Under each kurtosis criterion, the quar-
ter of the subjects with the lowest kurtosis value were parti-
tioned into the low-kurtosis group, and the quarter of the
subjects with the highest kurtosis value were partitioned into
the high-kurtosis group (details can be found in the supple-
mentary material)."

First, the differences in the hearing thresholds of the
low- and high-kurtosis groups were analyzed for each time
window. Then the results of each time window were com-
pared to find the time windows over which the computed
kurtosis could better distinguish the HTLs of the two groups.
The Mann—Whitney U test was applied to analyze the differ-
ence between group HTLs. Multiple comparisons were cor-
rected by the Sidék correction (Sidak, 1967).

However, in some large-scale assessments, even a small
effect may reach statistical significance; consequently, the
effect size was used to describe whether the effects have a
relevant magnitude. Cohen’s d (Cohen, 1988), which is not
affected by sample size and is commonly used to measure
effect size, was computed to measure the size of the differ-
ences in the average HTLs. In general, d=0.2 indicates a
small effect (the difference between the means of the two
groups is small), d=0.5 indicates a medium effect, and
d=0.8 indicates a large effect. Figure 2 shows the process
of the statistical comparison algorithm.

F. Algorithm 2: Support vector machine (SVM) NIHL
prediction model

According to recent studies, machine learning algo-
rithms can be useful tools for predicting NIHL, and SVM is
one of the most promising algorithms (Zhao et al., 2019a;

Classified by
different criteria

ngh kurtosls group. N =1147/4
105 —kurtosis N R —— \ p value
N = 1147/2 (not used) Cohen sd

Low kurtosis group. N = 1147/4

Cohort for
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N =1,147

ngh kurtosis group. N = 1147/4

FuII shift — kurtosis T p value
N =1147/2 (not used) /‘ Cohen’s d

ngh kurtosis group. N = 1147/4

405 — kurtosis Median kurtosis group p value
N = 1147/2 (not used) /' Cohen’s d

Low kurtosls group. N = 1147/4

Zhao et al., 2019b). An SVM is a supervised learning algo-
rithm that constructs a hyperplane or set of hyperplanes in a
high- or infinite-dimensional space (Vapnik, 2000). SVM
models can be used for classification, regression, or other
tasks. In this study, it was used for classification (i.e., NIHL
prediction, separating subjects into “NIHL” or “no NIHL”).

The kurtosis metric computed over different time win-
dows served as one of the features used to train SVM mod-
els to predict NIHL. Because age, gender, exposure
duration, and equivalent A-weighted SPL (Lacq) are also
significantly related to hearing loss (ISO-1999, 2013; Zhao
et al.,2019a; Zhao et al., 2019b), these values also served as
features (covariates) for the SVM models. All the features
were normalized by Z-score, which is defined as

XY—H

Z= , ©))
o

where x is the raw score, p is the mean of the population,
and o is the standard deviation of the population. The area
under the curve (AUC) was used to evaluate and compare
the model performances to find suitable window durations
that achieve better performance.

lll. RESULTS
A. Descriptive statistical information
1. Basic information

Table I provides a breakdown of the average noise
exposure level (Laeq.gn), duration of exposure, age, and sex
of the 1147 subjects enrolled in the statistical comparison
cohort, corresponding to the number of subjects exposed in
each plant. Most of the subjects were between 20 and 44 yrs
old. The median age of the subjects was 31yrs, and the
mean was 33 yrs. The exposure durations for the 1147 work-
ers ranged from 1 to 9.5 yrs. The median duration was 3 yrs;

HTLs of each high-low kurtosis
group pairs are compared

Lower p value and
higher d value
indicate a suitable
window duration

Low kurtosis group. N = 1147/4

FIG. 2. (Color online) The process of the statistical comparison algorithm.
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TABLE I. Descriptive statistical information on the characteristics of the 1147 subjects in the statistical comparison cohort in each factory (n, number of
subjects in each group; =, plus/minus 1 standard deviation; —, minimum to maximum).

Factory Male (n) Female (n) Age (yrs) Duration (yrs) Lcq.sn (dBA)
Textile mill 1 8 21 23-51 2-9 85.94-99.97
349+5.58 6.86 = 1.68 91.52 £3.81

Textile mill 2 8 73 17-46 1-9 93.31-99.63
2894 +7.15 3.19+2.29 96.98 = 1.23

Textile mill 3 47 6 20-48 2-9 85.17-99.99
31.36 7.6 4.55+2.05 93.62 +4.16

Machinery plant 1 13 42 22-45 1-9 85.03-98.03
34.15 = 6.47 4.87x2.73 88.29+2.8

Machinery plant 2 2 0 47-54 7-8 90.83-98.59
50.5=*35 75=*0.5 94.71 =3.88

Machinery plant 3 12 0 24-52 2-9 87.43-97.97
35.42+9.01 6.17 £2.11 90.99 +2.88

Machinery plant 4 31 0 20-69 1-9 85.21-99.48
41 £12.22 542+22 92.37+3.94

Pipe manufacturing company 4 0 25-39 3-9 88.12-92.91
31£5.1 6.75+2.28 90.63 = 1.81

Furniture factory 1 57 1 2045 1-7 85.01-93.86
27.6 +5.26 243 +1.68 88.41 =2.09

Furniture factory 2 42 8 21-54 1-9 85.04-97.81
37.18 = 8.51 496 +2.17 91.55*+3.06

Furniture factory 3 44 0 18-48 1-9 86.03-97.17
3248 +8.18 423 £227 90.32 £2.92

Furniture factory 4 51 10 20-52 1-9 85.15-98.12
3223 £7.65 223+1.53 90.07 =3.12

Furniture factory 5 44 6 19-62 1-9 85.56-98.79
33.94 =9.88 3.06 =2.15 91.05 +2.44

Furniture factory 6 21 5 20-55 1-9 85.1-93.99
39.04*+11.3 435*2.04 87.69 =2.19

Vehicle factory 1 244 30 19-55 1-9 85.13-98.05
3242 =7.68 425*24 89.11 =2.51

Vehicle factory 2 78 35 19-48 1-9 85.11-99.31
30.42 = 6.96 28 1.76 90.03 +3.27

Hardware factory 25 5 1943 1-9 85.48-93.51
30.63 £6.77 39=x251 89.84 =2.45

Electronic equipment factory 1 33 7 17-43 1-8 86.3-99.78
26.75 +4.98 23=*1.78 91.09 =2.94

Electronic equipment factory 2 16 2 19-31 1-7 85.13-94.61
24.56 £3.29 2.67%x2 87.86 =2.14

Paper plant 1 14 7 20-61 1-9 85.06-96.94
42,62 +11.34 39=x251 90.2*+3.55

Paper plant 2 12 6 25-60 1-9 85.02-94.57
40.67 £ 10.12 5.67 £2.26 90.08 +2.96

Stroller factory 43 34 23-52 1-9 85.73-99.67
38.87=8.1 3.05+2.42 93.11 +3.32

the mean was 3.8 yrs. The median noise exposure level
(L aeq.gn) Was 90.1 dBA, and the mean was 90.7 dBA.

The breakdown of the average noise exposure level,
duration of exposure, age, and sex of the 847 subjects
enrolled in the NIHL prediction cohort can be found in
Table S1 in the supplementary material.'

2. Kurtosis information

Based on a full-shift (8 h) noise record, kurtosis sequen-
ces of different lengths were obtained over different window
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durations. The analysis results show that most of the kurtosis
sequences followed a lognormal distribution; however, a
few obeyed a normal distribution. Based on these distribu-
tion characteristics, the following measures of the central
tendency of the distribution were considered kurtosis met-
rics: median, mean, and geometric mean.

Figure 3 shows the changes in the average median,
mean, and geometric mean kurtosis values in this study
under different window durations. Clearly, as the window
duration increases, the median, mean, and geometric mean
kurtosis values increase significantly. In other words,
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FIG. 3. (Color online) The changes in the average median, mean, and geo-
metric mean of the kurtosis measurements under different window
durations.

changing the window duration had a direct impact on the
kurtosis value and consequently affected the relationship
between the kurtosis metric and hearing loss evaluation. In
addition, the median, mean, and geometric mean kurtosis
values are significantly different (p < 1 — (1 — 0.01)1/ ",
using the Siddk correction, m = 3, corresponding to the pair-
wise comparison of the three metrics) for all window dura-
tions except the median and geometric mean Kkurtosis
computed over the 1-h window (p =0.039).

B. Results for statistical comparison

Table II shows the difference in the average HTLs at 1,
2, 3, and 4kHz (HTL;,34) between the high/low-kurtosis
groups. The results of the three kurtosis metrics (i.e.,
median, mean, and geometric mean) are listed in the table.
The p values were obtained by Mann—Whitney U tests. The
top three Cohen’s d values for each HTL difference are
shown in boldface. Higher Cohen’s d values indicate a
larger difference in HTLs between the two groups. All the
differences were significant for the compared groups (p < 1
— (1 = 0.0D)"*=0.00072) except for the pairs based on

full-time kurtosis for the three metrics and the pairs based
on 20min and 1h for the mean kurtosis. For median kurto-
sis, the p values of the 40-s to 3.5-min windows were less
than 1 x 107>, and the effect sizes of the 40-s and 2-min
windows were relatively large (d > 0.4). For mean kurtosis,
the 2-min window had the lowest p value and the largest
effect size. For geometric mean kurtosis, the p values of the
10-s to 2-min windows were all less than 1 x 10>, and the
effect sizes of the 60-s to 3.5-min windows were the largest.
Additionally, it could be seen that the top Cohen’s d value
corresponding to geometric mean kurtosis is the highest,
and that corresponding to median kurtosis is the lowest.

Table III shows the difference in the average HTLs at 3,
4, and 6kHz (HTL34) between the high/low-kurtosis
groups. All the differences were significant for the compared
groups. For median kurtosis, the p values of the 40-s to 4.5-
min windows were less than 1 x 107, and the effect size of
the 40-s window reached 0.646, indicating a relatively large
effect. For mean kurtosis, the 2-min window had the lowest
p value and the largest effect size. For geometric mean kur-
tosis, the p values of the 40-s to 7.5-min windows were less
than 1 x 107, and the effect size of the 60-s window
reached 0.73, which was the largest effect. Similarly, the top
Cohen’s d value corresponding to geometric mean kurtosis
is the highest, and that corresponding to median kurtosis is
the lowest.

C. Results for the NIHL prediction model

The AUCs of the SVM models with kurtosis computed
over different time windows are shown in Fig. 4. The perfor-
mance of a model without kurtosis as an input feature (i.e.,
only age, Lacq.gh, and exposure duration were used as input
features of the model) was used as a control to test whether
kurtosis could improve the performance of NIHL prediction.
AUC is the area under the receiver operator characteristic
(ROC) curve, and its value ranges from 0 to 1. An area close
to 1 indicates that the performance of the model is good,

TABLE II. The difference in the average HTLs at 1, 2, 3, and 4 kHz (HTL,34) between the high/low median, mean, and geometric mean kurtosis groups.

Median Mean Geometric mean
Kurtosis window p value Cohen’s d p value Cohen’s d p value Cohen’s d
10s 7.51%x107° 0.310 1.66 x 10°* 0.371 3.73%x10°° 0.422
40s 246x10°° 0.404 280%x10°* 0.375 448 x10°¢ 0.434
60s 2.35%x107° 0.394 243 x107* 0.379 3.59%107° 0.460
2min 1.95%10°° 0.405 3.92x107° 0.442 517 x10°° 0.489
3.5min 8.48 x 107° 0.373 3.34%x 1074 0.380 3.05x107° 0.472
4 min 2.12%x 1073 0.359 3.12x107% 0.318 1.44 x 1073 0.457
4.5 min 2.06x 1073 0.365 1.94%x10°* 0.345 1.07 x 107° 0.448
5min 245 x107° 0.366 8.88 x 107* 0.354 235x107° 0.444
7.5 min 248 x107° 0.365 295x10°* 0.386 135%x107° 0.395
10 min 777 x107° 0.345 1.44 % 107* 0.382 3.86x 107° 0.352
20 min 2.05%x107° 0.360 0.00174 0.343 3.78 x 107° 0.420
30 min 299 x 10°* 0.294 1.32x107* 0.371 9.18 x 1073 0.369
lh 448 x 107> 0313 0.00438 0.225 2.04 x 107* 0.407
Full-time 0.00423 0.157 0.00423 0.157 0.00423 0.157
2372  J. Acoust. Soc. Am. 149 (4), April 2021 Tian et al.
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TABLE III. The difference in the average HTLs at 3, 4, and 6 kHz (HTL;4) between the high/low median, mean, and geometric mean kurtosis groups.

Median Mean Geometric mean
Kurtosis window p value Cohen’s d p value Cohen’s d p value Cohen’s d
10s 7.01x10°% 0.482 351x10°8 0.637 133 %107 0.670
40's 2.11x 1071 0.646 1.94x 1078 0.639 3.07x 107" 0.700
60s 245%x1071° 0.595 297 %1078 0.650 2.02x1071° 0.733
2 min 6.18 x 107! 0.566 3.99%x 1077 0.715 3.10x 107 1° 0.713
3.5min 2.65%x1071° 0.553 2.80% 1077 0.656 1.24%x107° 0.714
4min 7.99 x 10°1° 0.616 8.64 x 1078 0.594 3.67x 10710 0.699
4.5 min 5.42x 10710 0.607 8.72x 1078 0.597 551 %1071 0.696
5 min 1.99x 107° 0.639 3.59%x 1077 0.621 7.94 x 10710 0.715
7.5 min 9.06 x 107 1° 0.605 1.33x 1077 0.638 5.85%x 1071 0.625
10 min 3.99 x 107 0.554 1.87x 1078 0.621 1.84x 107 0.603
20 min 1.07 x 1077 0.503 1.05x10°¢ 0.600 3.65%x 107 0.667
30 min 2.80x 107° 0.571 242x1078 0.608 373 %1078 0.621
1h 222x107° 0.627 493 %x10°° 0.449 371%x 1078 0.670
Full-time 3.00 x 10°° 0.346 3.00 x 107° 0.346 3.00 x 107° 0.346

while an area below 0.5 means that the performance is poor.
In this study, the model performance was obtained by aver-
aging 100 samplings that used 80% of data for the training
set and 20% for the test set each time.

Figures 4(A) and 4(B) show the AUCs of the SVM
models with median kurtosis. For the NIHL at 1-4 kHz, the
model trained with kurtosis computed over a 40-s window
had the highest AUC and was significantly higher than that
of the model trained without kurtosis (p < 0.0001) based on
the Mann—Whitney U test. For the NIHL at 3-6kHz, the
model trained with kurtosis computed over a 10-min win-
dow had the highest AUC, followed by the models with 40-
s, 7.5-min, and 20-min windows. The AUC of these models
was significantly higher than that of the control group. It can
be seen that model performance degrades when the window
duration exceeds 30 min.

Figures 4(C) and 4(D) show the AUCs of the SVM mod-
els with mean kurtosis. For NIHL at 1-4kHz, the 10-s win-
dow model had the highest AUC, followed by the 40-s and
60-s window models. For the NIHL at 3—6 kHz, the 40-s win-
dow model performed best, followed by the models with 10-s
and 60-s window durations. The AUCs of all the models
mentioned above were significantly (p < 0.0001) higher than
that of the model without kurtosis. It appears that model per-
formance trends downward as the window duration increases.

Figures 4(E) and 4(F) show the AUCs of the SVM mod-
els with geometric mean kurtosis. For NIHL at 1-4 kHz, the
model with a 40-s window had the highest AUC, followed by
the models with 10- and 60-s window durations. For the
NIHL at 3-6 kHz, the model with a 60-s window performed
best, followed by the models with 40- and 10-s windows. The
AUC:s of all the models mentioned above were significantly (p
< 0.0001) higher than that of the model without kurtosis.

IV. DISCUSSION

The earliest research on the relationship between kurto-
sis level and hearing loss dates back to 1994 (Lei et al.,
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1994). Based on animal (chinchilla) data, Hamernik et al.
(2003) found that a 40-s time window with a sampling rate
of 48 kHz was sufficient for establishing an acceptable mea-
sure of kurtosis. However, the suitability of this selection for
the evaluation of NIHL in humans has not been verified. In
this study, the correlation between the window duration for
kurtosis computation and the effectiveness of NIHL predic-
tion was studied over two algorithms.

The statistical comparison (algorithm 1) was designed,
since recent results from animal experiments (Hamernik
et al., 2003; Qiu et al., 2006a; Qiu et al., 2013) and epidemi-
ological studies (Zhao et al., 2010; Xie et al., 2016; Zhang
et al., 2020) indicated that the HTLs of workers exposed to
high-kurtosis noise should be significantly higher than those
of workers exposed to Gaussian noise or low-kurtosis noise.
Therefore, one can expect that the high- and low-kurtosis
groups distinguished by an appropriate window duration
will have more obvious HTL differences. The Mann—
Whitney U test and Cohen’s d were used to compare the
HTLs of high/low groups based on different time window
durations for kurtosis computation. The NIHL prediction
models (algorithm 2) were built, since by comparing the
performances of the models based on kurtosis computed
over different windows, a better window duration could be
obtained, because the kurtosis value computed over a suit-
able window would improve the predicting ability of the
corresponding SVM model. The performances of the mod-
els were compared using their AUCs.

Furthermore, two hearing loss criteria (i.e., HTL 534
and HTL;46) and three kurtosis metrics (i.e., median, mean,
and geometric mean) were used to ensure a comprehensive
comparison.

A. Window duration selection via two algorithms

Johnson and Lowe (1979) indicated that for any sample
of size N, the value of sample kurtosis increases as the sam-
ple size increases, and sample kurtosis is bounded by N. The
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FIG. 4. (Color online) The AUCs of the SVM models for NIHL prediction with kurtosis computed over different window durations. (A) models for average
HTLs at 1, 2, 3, and 4kHz (HTL,,34) and median kurtosis; (B) models for average HTLs at 3, 4, and 6 kHz (HTL;4s) and median kurtosis; (C) models for
HTL 34 and mean kurtosis; (D) models for HTL;46 and mean kurtosis; (E) models for HTL;,34 and geometric mean kurtosis; (F) models for HTL346 and

geometric mean kurtosis.

results of this study also show that, at a fixed sampling rate,
as the sample size increases with the increase in the calcula-
tion window length, the kurtosis value increases (as shown in
Fig. 3). The results of the two algorithms showed that kurto-
sis calculated with short window durations achieved better
performance in NIHL evaluation than that calculated with
long window durations. A short computation window dura-
tion makes the calculation more efficient and can timely track
the dynamic characteristics of complex noise exposure.
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As shown in Tables II and III, the difference in p and d
between adjacent window lengths could be quite small (e.g.,
between 40- and 60-s windows), and the error bars between
them overlapped, which means that it is difficult to deter-
mine which window is better only from a single comparison
of an algorithm. However, the best window length can be
selected by comprehensively evaluating the performance of
each window length based on the results of two algorithms
with two hearing impairment definitions and three kurtosis
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TABLE IV. The top three window durations for each algorithm for average HTLs at 1, 2, 3, and 4kHz (HTL,,34) and 3, 4, and 6 kHz (HTL34¢). The top
three selections for algorithm 1 were obtained by selecting the three largest Cohen’s d values at HTL 34 and HTL346; the top three selections for algorithm
2 were obtained by selecting the three largest areas under curves (AUCs) from the support vector machine (SVM) prediction models at HTL;,34 and

HTL346.

Median

Mean Geometric mean

Algorithm 1 at HTL 534
Algorithm 1 at HTL344
Algorithm 2 at HTL 534
Algorithm 2 at HTL344

2min, 405, 60s
40 s, 5min, 1 h
40s,60s, 10min
10 min, 20 min, 7.5 min

2min, 7.5 min, 10 min 2min, 3.5 min, 60s
60 s, 5 min, 3.5 min
40s,60s, 10s

60s,40s, 10s

2min, 3.5min, 60 s
10s,40s,60s
40, 10s, 60s

metrics (i.e., a total of 12 conditions). It is feasible to obtain
a proper range for the window length or a suitable window
length that corresponds to a smaller p, larger d, and better
NIHL predicting performance taking all comparisons
together. To facilitate the selection of the best window dura-
tion, the top three window durations obtained from algo-
rithm 1 (using Cohen’s d) and from algorithm 2 (using
AUC) are summarized in Table IV. As shown in Table 1V,
the 2-min window appeared most frequently in algorithm 1,
followed by window durations of 60 and 40 s. In algorithm
2, the 40-s window and 60-s window achieved the best per-
formance in the NIHL evaluations for both the 1-4and
3-6kHz frequency ranges. Based on the above observation,
the candidates for the best window duration for kurtosis
computation are 40 s, 60 s, and 2 min (they appear at least
four times in Table IV). Among them, the 60-s window
appeared most frequently (9 of 12 conditions). This window
duration performs well in both algorithms (appears four
times in algorithm 1 and five times in algorithm 2), in both
hearing loss definitions (appears five times at HTL1234 and
four times at HTL346), and in all three metrics (appears
two, three, and four times at median, mean, and geometric
mean, respectively), indicating that it adapts to various con-
ditions. Therefore, it is recommended to use 60 s as the win-
dow length to calculate kurtosis.

B. Kurtosis metric comparison

In this study, three kurtosis metrics (i.e., median, mean,
geometric mean) were used, and their effects on HTL differ-
ences in algorithm 1 and NIHL prediction in algorithm 2
were investigated. In algorithm 1, the largest Cohen’s d val-
ues obtained by geometric mean kurtosis, mean kurtosis,
and median kurtosis for HTL,34 were 0.49, 0.44, and 0.41,
respectively. For HTLs46, the largest Cohen’s d values
obtained by geometric mean kurtosis, mean kurtosis, and
median kurtosis were 0.73, 0.72, and 0.65, respectively. For
both HTL 534 and HTL 346, the geometric mean kurtosis per-
forms better than the other two metrics, and the mean kurto-
sis performs better than the median kurtosis. The good
performance of the geometric mean kurtosis is because most
of the kurtosis sequences follow a lognormal distribution,
and the geometric mean reflects the average level of data
obeying a lognormal distribution, which makes it suitable
for evaluating NIHL. The reason that the mean kurtosis is
superior to the median kurtosis may be that the mean
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kurtosis can reflect the influence of extreme values in the
sequence (strong impulsive components of noise exposure)
on hearing, and the median kurtosis is likely to erase this
effect.

On the other hand, Cohen’s d value for HTL3,4 was
much larger than that for HTL 534 (0.73 vs 0.49), which
implies that the NIHL definition involving higher frequen-
cies (3—-6kHz) is more sensitive for NIHL evaluation than
the definition involving lower frequencies (1-4kHz).
Similar results can be obtained from the outcomes of algo-
rithm 2.

C. Summary and prospects for future work

This study explored the correlation between the window
duration for kurtosis computation and hearing loss evalua-
tion and found that it is most appropriate to use a short win-
dow (between 40s and 2min) to compute kurtosis. It is
suggested to take 60 s as the window length to calculate kur-
tosis and the geometric mean of kurtosis sequence as the
kurtosis metric to evaluate NIHL. The results presented in
this study have significance for guiding future research on
occupational NIHL evaluation using kurtosis. It is worth
noting that kurtosis is dependent on both the duration of the
window over which the calculation is made and the sam-
pling rate at which the noise waveform is recorded.

To highlight the impact of kurtosis values based on dif-
ferent time windows on the prediction model, the model fea-
tures were simplified to include only a few features that are
most relevant to NIHL, namely, age, exposure duration, and
Lacq. These models might perform better if more features
associated with hearing loss, such as the subjects’ octave
band noise levels, blood pressure, and smoking histories,
were considered. If more data of individuals exposed to
noise were collected in future work, a larger database and
more diversified subjects could be involved in the study.
Then the conclusions of this study could be further verified
and refined.
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