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Background: Noise energy has been well-established to increase the risk of
occupational noise-induced hearing loss (NIHL). However, the role of noise
temporal structure (expressed by kurtosis) or its combination with energy metrics
(e.g., kurtosis-adjusted cumulative noise exposure, adj-CNE) in occupational
NIHL was still unclear.

Methods: A cross-sectional survey of 867 Chinese workers, including 678
metal manufacturing workers and 189 workers exposed to Gaussian noise, was
conducted. Noise energy metrics, including Laeqgn and CNE, kurtosis (p), and adj-
CNE were used to quantify noise exposure levels. Noise-induced permanent
threshold shift at frequencies 3, 4, and 6kHz (NIPTSs4) and the prevalence of
high-frequency NIHL (HFNIHL%) were calculated for each participant. The dose—
response relationship between kurtosis or adj-CNE and occupational NIHL was
observed.

Results: Among 867 workers, different types of work had specific and independent
noise energy and kurtosis values (p>0.05). HFNIHL% increased with an increase
in exposure duration (ED), Laeqsn, CNE, or kurtosis (p<0.01), and there were strong
linear relationships between HFNIHL% and ED (coefficient of determination
[R?]=0.963), CNE (R?=0.976), or kurtosis (R?=0.938, when CNE<100dB(A)syear).
The "V" shape notching extent in NIPTS became deeper with increasing kurtosis
when CNE<100dB(A)syear and reached the notching bottom at the frequency
of 4 or 6kHz. The workers exposed to complex noise ($>10) had a higher risk of
NIHL than those exposed to Gaussian noise (f<10) at the frequencies of 3, 4, 6,
and 8kHz (OR>2, p<0.01). Moreover, HFNIHLY% increased with adj-CNE (p<0.001).
There were strong linear relationships between NIHL and adj-CNE or CNE when
B=10 (R%q-cne>R%cne). After CNE was adjusted by kurtosis, average differences
in NIPTSz4 or HENIHL% between the complex and Gaussian noise group were
significantly reduced (p<0.05).

Conclusion: Kurtosis was a key factor influencing occupational NIHL among
metal manufacturing workers, and its combination with energy metrics could
assess the risk of NIHL more effectively than CNE alone.
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Introduction

Noise-induced hearing loss (NIHL) caused by accumulated noise
exposure, second only to senile deafness in terms of the incidence (1),
is one of the major types of sensorineural hearing loss. Worldwide,
approximately 5% of the population suffers from NIHL (2). It was
estimated that approximately 600 million workers were exposed to
harmful noise levels (3), and about 16% of disabling hearing loss in
adults could be directly attributed to occupational noise exposure (4).
As a major occupational health risk, NTHL has been a global public
health problem (5, 6). In the US, NIHL is the most common
occupational disease (7). In China, occupational NIHL is the second
major occupational disease (8). The prevalence of NTHL (NIHL%) in
the transportation and manufacturing industries is between 18 and
67% in low/middle-income countries (9, 10).

The current widely-accepted model of NIHL (ISO-1999, 2013)
was established and implemented based on the equal-energy
hypothesis (EEH), which assumes that the damage to the auditory
system caused by noise exposure is proportional to the duration of
exposure multiplied by the noise intensity. That is to say it is
independent of the risk of hearing loss and noise’s temporal
characteristics. However, in real occupational environments, complex
non-Gaussian noise with impulsive components is ubiquitous, and it
is composed of a transient high-energy impulsive noise superimposed
on stationary (Gaussian) background noise (11). Animal experiments
and epidemiological studies suggested that the EEH was not
appropriate for the risk assessment of complex noise, and that it might
underestimate the effect of occupational complex noise on the risk of
NIHL (12-15). Lempert et al. observed the accuracy of ISO-1999 in
the risk assessment of NIHL using previous data. They found that
ISO-1999 closely predicted neither the distribution of hearing
threshold levels nor the database of the National Institute for
Occupational Safety and Health, indicating that lower estimates of the
risk of NIHL were found using ISO-1999 (16). Despite having the
same equivalent sound levels, the damage to the auditory system
caused by complex noise was more serious than that caused by
Gaussian noise (17). These findings suggest that the role of noise
temporal structure in NIHL caused by complex noise should
be addressed.

Kurtosis (B), which indirectly reflects the temporal structure of
noise exposure, was proposed by Erdreich (18). Kurtosis is the ratio of
the fourth-order central moment to the squared second-order central
moment of a distribution. It is a statistical metric that simplifies some
time-domain variables of noise (e.g., pulse peak value, duration, and
inter-pulse distribution) that affect hearing, and is easy to calculate.
Animal studies initially showed that besides noise energy, noise
kurtosis plays an important role in NIHL development (19, 20).
Subsequently, some scholars began to apply kurtosis-adjusted noise
energy to assess occupational NIHL among workers. The dose-
response relationship between the NIHL% and kurtosis-adjusted
cumulative noise exposure (adj-CNE) among workers exposed to
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complex noise and the validity of adj-CNE have been found in some
industries, such as the steel manufacturing, metal fabrication,
furniture, automobile, and general equipment manufacturing
industries (14, 15, 21, 22). However, these findings on the role of the
adj-CNE metric in occupational NIHL need to be validated in a
broader range of specific industries.

Herein, a cross-sectional study was designed to validate the role
of kurtosis and adj-CNE in occupational NIHL among metal
manufacturing workers. These workers exposed to complex noise
were selected as subjects, and workers exposed to Gaussian noise from
the paper-making and textile industries served as controls. Whether
the dose-response relationship between adj-CNE and NIHL was
closer to that of Gaussian noise served as a criterion to judge the
effectiveness of adj-CNE.

Materials and methods
Subjects

A total of 867 Chinese workers, including 678 metal
manufacturing workers and 189 workers exposed to Gaussian noise
from the paper-making and textile industries in Zhejiang Province of
East China, were continuously selected during 2017 and 2018 for the
cross-sectional survey. The inclusion criteria for the subjects were
presented in Supplementary Table S1.

Questionnaire survey

According to the needs of the investigation, a uniform
questionnaire was designed for each subject. The collected data were
shown in Supplementary Table S2. Subjects were interviewed to
complete questionnaires by trained investigators and were asked to
sign an informed consent form. The study was approved by the ethics
committee of the Zhejiang Center for Disease Control and Prevention,
China (ZJCDC-T-043-R). All methods were performed following
relevant guidelines and regulations.

Noise waveform recording and analysis

The noise exposure data for subjects for the entire shift duration
were collected using a digital noise dosimeter (ASV5910-R, Hangzhou
Aihua Instrument Co., Ltd.), which can operate continuously at a
sampling rate of 48 kHz. The digital noise dosimeter was equipped
with a 1/4-inch microphone with a 10-20kHz frequency response
range and a 40-141dB(A) measurement range. An equivalent
continuous A-weighted noise exposure level normalized to an 8-h
working day (Laesn) can be measured using the noise dosimeter,
which was attached to the participants’ clothing at the shoulder by
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clips, with the microphone pointing up. After recording noise
exposure data, the data were transmitted from the recorder to a
computer for subsequent analysis. The noise dosimeter was calibrated
using a sound level calibrator (Hangzhou Aihua Instrument,
AWAG6221B) before and after each sampling cycle. MATLAB software
(Natick, MA) calculated the sampling kurtosis by analyzing the shift-
long noise. The equation for calculating kurtosis is shown in
Formula (1).

1 _\4
ﬂ: ;z;@ci _x)

my (12?:1(’9‘ ~ f)z jz

B= (1)

x; is the ith value, X is the sample mean, and  is noise kurtosis.
Theoretically, the kurtosis value of Gaussian noise is 3 (f=3) and that
of complex non-Gaussian noise is greater than 3. A 40-s window is
acceptable for kurtosis measurement based on previous animal data
using a similar 48 kHz sampling rate (20, 23). The mean kurtosis
calculated in a 40-s window was used as the kurtosis value of the entire
shift time. In this study, a mean kurtosis of 10 was used as the
boundary value between Gaussian and complex noise (12, 19, 24).
Noise with a mean < 10 was defined as continuous Gaussian noise,
and that with a mean > 10 was defined as complex noise. The greater
the kurtosis, the higher the impulsiveness of the complex noise (25).

A comprehensive noise exposure metric (i.e., cumulative noise
exposure, CNE), including L.qs, and the ED, was used to quantify
noise energy for each subject according to Formula (2) (14). By
incorporating time-domain variables into the evaluation of complex
noise environments and unifying CNE calculations for epidemiological
data, including both Gaussian and complex noise, the adj-CNE was
calculated according to Formula (3) (14).

CNE = L Aeq,8h + 10logT 2)

ln(ﬁ)+1.910

log(2) eT G)

adj— CNEKunosis—adjusted =LAeq,8h +

T is the ED in years. Lyesn is measured in dB(A). The units of
CNE and adj-CNE are both dB(A)eyear. When Gaussian noise has a

ln(ﬁ)+1.9

kurtosis of =3, the term [W ] becomes equal to 10. Thus,

for Gaussian noise, the adj-CNE equals the unadjusted CNE. Equation
(3) shows that when L. is fixed, the adj-CNE will be larger for
complex noise (f> 10) than for Gaussian noise (p < 10).

Hearing testing and hearing loss diagnosis

Pure-tone audiometry was performed for each participant in a
sound-insulation room by experienced audiologists. The test was
conducted on the left and right ears at 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, and
8.0kHz. All subjects were required to be outside their daily noise
environment for at least 16h before the test. Because the worker
population in this study was rigorously screened, the pure-tone
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hearing threshold levels (HTLs) were adjusted according to sex and
age by following Annex A, Table A.3, of ISO 1999:2013. In this study,
high-frequency NIHL (HFNIHL) was diagnosed as one or more
adjusted HTLs, in either ear, at 3, 4, or 6kHz equal to or higher than
30dB based on an extensive body of prior research (14, 15, 21, 22, 26,
27). The analysis focused on the noise-sensitive frequency range of 3,
4, and 6 kHz because the noise-induced hearing loss from continuous
noise occurs predominantly in this range initially (28). The noise-
induced permanent threshold shift at 3.0, 4.0, and 6.0 kHz (NIPTS;,)
was calculated according to the Annex A of ISO 1999:2013.

Statistical analysis

Continuous variables with normal distribution were expressed as
mean *standard deviation (SD), and categorical variables were
presented as percentages. The correlations between kurtosis and Leqsn
or CNE were described using a scatter diagram and correlation
coeflicient (r). Considering the effects of work types on kurtosis and
Lcqsn> the partial correlation coefficient between kurtosis and Leqsn
was calculated after adjusting for work types. The cut-off points for ED
(1, 5, 10, 15), CNE (80, 100, 110, 120) and kurtosis (10, 50, 100, 200)
were determined based on our previous studies (21, 22). The dose-
response relationship between different noise exposure metrics (e.g.,
Laeqsns ED, CNE, kurtosis, and adj-CNE) and the prevalence of
HFNIHL (HFNIHL%) was observed by the Cochran-Armitage trend
chi-squared test.

The linear and nonlinear relationships between exposure metrics
(e.g., ED, CNE, and kurtosis) and HFNIHL% were evaluated using the
regression equation, including linear, logarithmic, inverse, quadratic,
cubic, composite, power, sigmoid curve, growth, and exponential
models. The cut-off value for age was determined based on the receiver
operating characteristic (ROC) curve. Subjects were divided into two
groups, with an age of 33years set as the cut-off value. Logistic
regression analysis was used to evaluate the role of kurtosis in NTHL%
at each frequency, and the effect was presented as odds ratios (OR) with
95% confidence intervals (CI). The differences in NIPTS,, and
HENIHL% between complex noise exposure workers and Gaussian
noise exposure workers before and after CNE adjustment by kurtosis
were evaluated using paired sample t-test. CNE was further divided
into eight subgroups based on the cut-off points of 90, 95, 100, 105,
110, 115, and 120 as shown in our previous studies (21, 22, 27). Herein,
the dose-response relationship of Gaussian noise served as a baseline
to determine whether adj-CNE could effectively assess NIHL. When
P <0.05, the difference was considered statistically significant.

Results

Noise exposure characteristics and NIHL
among manufacturing workers

Table 1 shows the general information, ED, noise energy, and
kurtosis among 867 manufacturing workers. Overall, the average age
and ED were 35.61+9.45years and 6.88 +6.82 years, with 59.52% of
males. The majority of workers were exposed to high noise levels (>
85dB(A)) and complex noise (f>10). Among the 678 metal
manufacturing workers, the mean Ly.qs,, CNE, kurtosis, and NIPTS,,
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TABLE 1 General information, noise exposure, NIPTS;,6 and HFNIHL% for workers from typical work types.

Industries = Work N Age, Male/ ED Laeq.sn dB(A) CNE, dB(A)syear Kurtosis Adj-CNE, NIPTS:z46, HFNIHL
types Mean+SD, female, Mean+SD, dB(A)eyear Mean+SD, (VA
e 4 Y8 MeantSD 85 MeantSD >100 Mean+SD Mean+SD  >100 <8
(%) (V] (V]
Paper/textile Pulping 35 44.66+11.65 21/14 12.89+9.81 90.17 £4.08 91.40 99.78 +4.98 54.30 4.55+0.85 99.78 +4.98 54.30 25.25+11.90 40.00
industries Spinning 154 31.3+8.52 75/79 12.29+8.22 101.23+4.19 99.35 110.60+6.10 94.16 3.30+0.00 110.60+6.10 94.16 27.24+14.14 47.40
Total 189 33.77£10.52 96/93 12.40£8.51 99.18+£5.99 97.88 108.60£7.24 86.77 3.53£0.60 108.60£7.24 86.77 26.87 £13.74 46.03
Metal Assembling 192 33.91+8.15 73/119 5.60+5.15 85.90 +4.20 54.69 91.36+6.35 4.69 46.34+46.39 95.88+9.65 35.42 22.52+11.85 29.17
manufacturing  Gold heading | 53 34.85+£9.92 50/3 521+4.99 88.33+2.21 92.45 93.86+4.96 9.43 23.17+£12.76 97.46+7.38 30.19 28.50+13.75 41.51
industry Machining 83 30.31£7.20 63/20 2.05+3.41 89.27£5.86 80.72 90.76 £6.29 6.02 55.59+91.11 92.22+7.79 12.05 26.11+13.88 39.76
Sorting, or 104 36.63+7.22 47/57 5.67 £4.84 85.70+3.89 54.81 91.95+5.79 5.77 27.61+12.47 96.46+7.95 33.65 24.67£11.69 35.58
packing
Welding 55 40.02+9.53 40/15 6.24+4.80 90.16+4.55 92.73 95.46 £6.06 20.00 63.51£69.29 102.45+9.09 54.55 31.42+16.79 50.91
Silk making 54 37.56£9.19 42/12 4.46£5.31 87.04£4.45 83.33 91.33+6.14 7.41 24.67£13.51 94.35+8.65 27.78 24.76£13.48 38.89
Forging, or 31 44.00+6.58 22/9 11.16£9.72 91.97+7.33 83.87 99.58 +10.41 54.84 49.54+58.26 107.09+13.78 58.06 37.23+14.95 80.65
grinding, or
polishing
Punching,or | 35 41.00+8.15 17/18 4.17£4.36 95.67 £3.81 100.00 99.36+£5.63 40.00 26.14+13.34 103.02£7.08 65.71 32.26+18.18 60.00
stamping
Chamfering, = 24 35.21+8.69 24/23 6.77 £4.56 87.17 £5.07 54.17 93.10+3.99 0.00 27.42+16.81 98.80+5.30 45.83 19.22+11.04 25.00
or turning
lathe
Heat treating | 24 39.33+9.88 24/0 5.68+£3.63 87.37+3.25 87.50 93.76 £4.99 8.33 21.64£5.96 97.96+£6.99 50.00 31.28+17.23 60.00
Others 23 43.22+10.27 19/4 5.91+4.34 92.70£5.10 86.96 96.14£6.72 26.09 72.05£76.66 104.65+8.13 65.22 39.40+21.68 69.57
Total 678 36.13+9.07 420/258 5.34+5.34 88.02+5.24 72.12 93.00+6.71 11.65 40.91+51.22 97.41+9.54 37.32 26.60 £ 15.62 40.41
Total - 867 35.61+£9.45 516/351 6.88£6.82 90.45+7.12 77.74 96.40£9.39 28.03 32.76 £47.85 99.85+10.20 48.10 26.67+14.43 41.64

ED, exposure duration; NIPTS,,s, noise-induced permanent threshold shift at 3, 4, and 6 kHz frequencies; HENIHL, high-frequency noise-induced hearing loss.
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FIGURE 1
The correlation between kurtosis or CNE and Laeqsn. Ik IS the partial
correlation coefficient between Lyeqg, and kurtosis; ri.c is the linear
correlation coefficient between Laeqsn and CNE.

were 88.02+5.24dB(A), 93.00+6.71 dB(A)eyear, 40.91 +51.22, and
26.60+15.62dB HL, respectively, with 40.41% of HFNIHL. In detail,
forging, grinding, or polishing workers had the highest NIPTS;,,
(37.23+14.95dB HL) and the highest HFNTHL% (80.65%). Figure 1
illustrates a positive correlation between Ljeqs, and CNE (r7.¢c=0.87,
P <0.001), while no significant correlation between kurtosis and Leqsn
(r.x=0.06, p>0.05) was found.

The role of noise energy and kurtosis in the
risk of occupational NIHL

Trend chi-squared test results showed (Table 2) the relationship
between HFNIHL% (or NIPTS;,) and noise energy metrics (ED,
Lacqsns and CNE) and kurtosis metric. The mean NIPTS;,s and
HFNIHL% increased with increasing ED, Lj.qsn, and CNE (p<0.001).
NIPTS;, and HFNIHL% in the complex noise exposure group
(P> 10) were much higher than those in the Gaussian noise exposure
group (< 10), and the group with f>200 had the highest NIPTS;,,
(40.71+26.87dB HL) and HFNIHL% (57.14%). HFNIHL% increased
with an increase in kurtosis value when CNE<100dB(A)eyear
(p<0.01). Moreover, Figures 2A-C show a strong linear relationship
between HFNIHL% and ED, CNE, or kurtosis; the linear regression
equations were: HFNIHL%=0.095 ED+0.179 (coefficient of
determination [R*] =0.963, p<0.01), HFNIHL% =0.208 CNE - 0.087
(R*=0.976, p<0.01), and HFNIHL%=0.084 p+0.147 (R*=0.938,
p<0.01, when CNE <100 dB(A)eyear), respectively. The order of R
was: R2cng > R%p > R¥rosis- The results of nonlinear regression analyses
showed that quadratic regressions for ED or CNE and sigmoid curve
regression for kurtosis show a better fit than the other nonlinear
models (Supplementary Table S3). The quadratic regression equations
for ED and CNE were: HFNIHL%=0.263+0.022 ED+0.012 ED?
(R”p=0.985, p<0.05), HFNIHL% = 0.048 + 0.092 CNE + 0.019 CNE?
(R¥cxe=0.988, p<0.05), respectively. The sigmoid curve regression
equation for kurtosis was: HFNIHL%=exp. (—0.426-1.202/p)
(R? uriosis = 0.968, p < 0.05, when CNE < 100 dB(A)syear). The order of
R*" was: R”cni > RPip > R kartosis-
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Figure 3A demonstrates that the mean NIPTS among 624
manufacturing workers with CNE<100dB(A)esyear gradually
increased with frequencies from 0.5kHz to 4 or 6 kHz, and gradually
recovered at 8 kHz. The mean NIPTS curves exhibited a typical “V”
shape notch across different frequencies. The notching extent
became deeper with increasing kurtosis value and reached the
notching bottom at the frequency of 4 or 6 kHz. Furthermore,
Figures 3B-E show the notching phenomenon in NITPS stratified
by age and sex among workers with CNE <100 dB(A)syear. The
notching extent became deeper with the increase of kurtosis value
and reached the notching bottom at the frequency of 4 or 6 kHz
among workers in different age groups or male workers
(Figures 3B-D). The phenomenon among female workers was not
evident (Figure 3E).

In Table 3, the role of kurtosis in NIHL% at each frequency
was evaluated using logistic regression analysis. The results
demonstrated that with adjustment for age, sex, and CNE, there
was a significant difference in the risk of NIHL between workers
exposed to complex noise (> 10) and Gaussian noise (< 10) at
frequencies of 3, 4, 6, and 8 kHz (p < 0.05). The workers exposed
to complex noise had a higher risk of NIHL than those exposed
to Gaussian noise (OR>2, p <0.05). No significant differences
were found in the NIHL% between complex noise exposure
workers and Gaussian noise exposure workers at 0.5, 1, and 2 kHz
(p>0.05).

The effectiveness of adj-CNE in evaluating
occupational NIHL

Table 1 shows that the mean adj-CNE among 867
manufacturing workers was 99.85+ 10.20 dB(A)eyear. Table 2
shows that the mean NIPTS;, level and HFNIHL% were the
highest in the group with adj-CNE greater than 120 dB(A)eyear
(48.53+10.63dB HL). The group with adj-CNE less than
80 dB(A)syear had the lowest NIPTS;, (23.15+ 15.68 dB HL) and
HFNIHL% (13.67%), and HFNIHL% increased with increasing
adj-CNE (p <0.001). Figure 4 illustrates a strong linear relationship
between NIHL and CNE or adj-CNE when p > 10. The two linear
regression equations between NIPTS;,; and CNE or adj-CNE were:
NIPTS,, = 10.638 CNE +7.202 (R*>=0.922), and NIPTS,,,=7.313
adj-CNE +9.135 (R*=0.973), respectively (Figure 4A). The two
linear regression equations between HFNIHL% and CNE or
adj-CNE were: HFNIHL% =0.235 CNE-0.068 (R*>=0.946), and
HFNIHL%=0.241 adj-CNE-0.215 (R*=0.979), respectively
(Figure 4B). The R* was increased after CNE was adjusted with
kurtosis using NIPTS,,, or HFNIHL% as the targeted effect.
Table 4 demonstrates the calculated differences in NIPTS;,, and
HFNIHL% among Gaussian and complex noise-exposed workers
before and after CNE adjustment by kurtosis. When mean
NIPTS;,s and HENIHL% were evaluated using unadjusted CNE,
significant differences between the complex and Gaussian noise
groups were observed (p < 0.05). However, after CNE was adjusted
by kurtosis, these differences were diminished significantly
(p<0.05), i.e., the average difference in NIPTS;,; decreased to
5.8dB HL from 11.44dB HL, and the average difference in
HFNIHL% declined to 12.89% from 25.39% (p <0.05).
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TABLE 2 Relationship between prevalence of HFNIHL and noise exposure
characteristics using the trend chi-squared test.

Noise Group  NIPTSz, HFNIHL Ve p for
metrics (dB HL) (%) trend
Licgsio <75 19.50+5.85 0.00 2185 <0.001
dB(A) 75~ 23.35+12.45 3422
85~ 26.76+14.49 40.04
95~ 27.77+15.43 47.02
105~  33.93+14.52 66.10
Total | 26.66+14.43 41.64
Exposure <1 23.33+15.13 30.72 52.56 <0.001
duration 1~ 24.69+13.02 32.84
(ED), year
5~ 28.57+14.78 46,03
10~ 28.98+14.36 54.17
15~ 33.00414.53 67.29
Total | 26.66+14.43 41.64
Kurtosis <10 18.59+9.13 20.00 7.46 <0.01
(CNE<100, 10~ 24.73+12.88 34.68
n=624) 50~ 26.58+16.16 43.37
100~ | 31.78+16.79 44.44
200~ | 40.71+26.87 57.14
Total | 25.19+13.98 35.90
CNE, <80 23.15+15.68 13.64 5008 | <0.001
dB(A)-year 80~ 25.26+13.92 36.71
100~ | 28.06+14.74 46.00
110~ 33.45+14.23 7159
120~ 485341063 100.00
Total | 26.66+14.43 41.64
Adj-CNE, <80 17.68+4.21 0.00 8044 | <0.001
dB(A)-year 80~ 23.98+13.15 33.87
100~ | 2649+14.47 38.11
110~ | 34.64+14.85 72.66
120~ 46.68+9.96 100
Total | 26.66+14.43 41.64

NIPTS;,q, noise-induced permanent threshold shift at 3, 4, and 6 kHz frequencies; HFNIHL,
high-frequency noise-induced hearing loss.

Discussion

This study focused on the role of noise kurtosis (an indirect
indicator for noise’s temporal structure) and adj-CNE in occupational
NIHL among metal manufacturing workers. The results showed that
the effect of noise temporal structure on occupational NTHL associated
with complex noise should not be ignored in the metal manufacturing
industry. After complex noise’s CNE was adjusted by kurtosis, its
dose-response relationship with NIHL was closer to that of Gaussian
noise. It indicates that as an auxiliary metric, kurtosis combined with
noise energy metrics is a new indicator that could effectively evaluate
the risk of occupational NIHL.
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Each type of work in the metal manufacturing industry had a
specific noise exposure level (e.g., Lyeqsn CNE), kurtosis value, and
NIHL%. High levels of Ly.qs1 [88.02 £5.24 dB(A)] and noise’s temporal
complexity (40.91+51.22), with relatively high NIPTS;,
(26.67 +14.43dB HL) and HFNIHL% (40.41%) were found in metal
manufacturing industries, which were consistent with previous studies
(14, 24, 26). These studies reported that 62.53% of automotive
manufacturing workers in China were exposed to noise levels that
exceeded 85dB(A), with HFNIHL% of 28.82, and 65.6% of metal
manufacturing workers in China had HFENTHL, with a higher L,eqsn
level (95.25+3dB(A)). One systematic review on occupational
workers from the oil field, electrolytic aluminum, and automobile
industries found that the NIHL% in China was 21.3%, with HFNIHL
0f 30.2% and Ly.qs, level of 98.4+7.2dB(A) (29). Another showed that
23,261 workers from manufacturing and mining industries, including
forging, riveting, stamping, casting, drilling, molding, finishing,
pressing, assembling, welding, grinding, smashing, steel rolling, wood
sawing, and machine testing, were exposed to 88.7+6.9dB(A) noise
levels, with a higher kurtosis value of 40.3 +79.5 and HFNIHL% of
34.2% (30).

HFNTHL% increased with increasing ED, L.qsn, CNE, or kurtosis.
Strong linear and nonlinear relationships between HFNIHL% and ED,
CNE, or kurtosis (when CNE <100 dB(A)syear) were observed, and
the order of their R* was: Ricng> R%p > Riyynosis A study on 2,333
manufacturing workers from 34 industries in China showed that
HFNIHL% increased with increasing kurtosis values and Lj.qsh, and
the R? values of linear regression equations between kurtosis or Leqsh
and HFNIHL% were 0.911(when CNE <100 dB(A)syear) and 0.988,
respectively (19). These studies indicate that noise energy metrics
contributed the most to NIHL, followed by kurtosis. Furthermore,
Figure 1 shows no correlation between kurtosis and Lcqsn, which
suggests that noise energy and temporal structure were independent
factors and might be combined into one index. In this study, the effect
of kurtosis on mean NIPTS across different frequencies was further
explored among metal manufacturing workers at not very high noise
energy levels (e.g., CNE <100dB(A)eyear). The typical ‘V’ shape
notching extent in mean NIPTS became deeper with an increase in
kurtosis value; It reached the notching bottom at the frequency of 4 or
6kHz among workers in different age groups or male workers, which
may be explained by the pathways that greater NIPTS and outer hair
cell damage were observed at 4kHz octave band of noise than those
at 0.5kHz octave band of noise among chinchilla (31), who has a
similar auditory system to humans (32). The possible reason for the
‘V’ shape notching only in males may be that the male workers
suffered more significant HFNIHL% caused by complex noise than
females (33), and they were more likely exposed to complex noise
environments such as punching, stamping, metalworking,
woodworking, and nail gunning (34). Besides, one study of 1,404
Chinese manufacturing workers reported similar findings that the V-
or U-shaped notch phenotypes of NIPTS broadens and deepens with
increasing kurtosis, even widened to 1-8kHz when $>100 (27).
Notably, the kurtosis-associated notch initially occurred at high
frequencies and reached the notching bottom at 4 or 6kHz, with the
notch range of 3-8 kHz when f < 10, indicating that noise exposure led
to greater hearing loss at high frequencies. A highly complex temporal
structure aggravated the development of NIHL at high frequencies.

Another study of 1962 Chinese manufacturing workers
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FIGURE 2

The linear relationship between ED, CNE, or kurtosis and HFNIHL%. (A) There was a strong linear relationship between ED and HFNIHL%, and the linear
regression equations was: HFNIHL%=0.095 ED+0.179 (R*=0.963); (B) There was a strong linear relationship between CNE and HFNIHL%, and the linear
regression equations was: HFNIHL%=0.208 CNE+0.087 (R?=0.976); (C) There was a strong linear relationship between kurtosis and HFNIHL% when
CNE<100dB(A)-year, and the linear regression equations was: HFNIHL%=0.084 p+0.147 (R*=0.938). ED: exposure duration; NIPTSs4: noise-induced
permanent threshold shift at 3, 4, and 6kHz frequencies; HFNIHL: high-frequency noise-induced hearing loss.

(CNE <100dB(A)syear) found that the average NIPTS increased  frequencies 3, 4, and 6 kHz became deeper with kurtosis and reached
gradually with frequencies from 0.5kHz to 4kHz and gradually  the notching bottom at 4kHz (19). These results supported the
decreased at 8kHz, and the notching extent in NIPTS at the high  present study.
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FIGURE 3

The notch at the high frequencies in NIPTS associated with kurtosis.
(A): A "V" shape notching phenomenon in NIPTS among workers
with CNE<100dB(A)syear. The notching extent became deeper with
increasing kurtosis value, and reached the notching bottom at the
frequency of 4 or 6kHz; (B): A "V" shape notching phenomenon in
NIPTS among workers with CNE<100dB(A)syear and age<33years.

The notching extent became deeper with increasing kurtosis value,
FIGURE 3 (Continued)

(Continued)
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and reached the notching bottom at the frequency of 6kHz; (C): A
V" shape notching phenomenon in NIPTS among workers with
CNE<100dB(A)eyear and age >33years. The notching extent became
deeper with increasing kurtosis value, and reached the notching
bottom at the frequency of 4 or 6kHz; (D): A "V" shape notching
phenomenon in NIPTS among male workers with
CNE<100dB(A)eyear. The notching extent became deeper with
increasing kurtosis value, and reached the notching bottom at the
frequency of 4 or 6kHz; (E): There was no the "V" shape notching
phenomenon in NIPTS among female workers with
CNE<100dB(A)eyear. NIPTS: noise-induced permanent threshold
shift at each frequency.

Moreover, logistic regression analysis suggested that after
adjusting for age, sex, and CNE, kurtosis greater than 10 led to a
higher risk for NIHL than that less than 10 since the OR value was
greater than 2 at the frequency of 3, 4, 6, or 8 kHz, which suggested
that complex noise was more harmful to the auditory system than
Gaussian noise; There was an independent effect of kurtosis on
NIHL development after controlling for CNE and age. These results
agreed with previous studies (15, 17, 24, 27). For example, Zhao
et al. found that workers exposed to complex noise had a higher risk
of NIHL than those exposed to Gaussian noise (OR=1.806) (24). A
meta-analysis of 71, 865 Chinese manufacturing workers suggested
that complex noise contributed to greater HFNIHL% than Gaussian
noise (OR=1.95) (29). Shi et al. also reported that workers exposed
to complex noise were at a higher risk of HFNIHL than Gaussian
noise-exposed workers (OR=2.20) (30). A number of animal
experiments observed that using only noise energy metrics for
assessing NIHL caused by complex noise may underestimate the
extent of hearing trauma (20, 23, 35, 36). Several human
investigations confirmed these animal test results (13-15, 37).
Moreover, the kurtosis-associated risks of NIHL at high frequencies
of 3, 4, 6, and 8kHz were in line with the findings that greater
hearing loss (75 dB) caused by noise exposure alone was observed
at high frequencies than that at lower frequencies (40dB) (38).
These findings indicate that CNE, as a comprehensive metric
comprising Lyeqsn and exposure duration, was a major but not a
unique determinant for NIHL. The effect of noise temporal
structure on NIHL should not be ignored.

Considering the contribution of energy and kurtosis to NIHL,
some correction methods, in which kurtosis was used to adjust
noise energy, have been developed, such as the adjustment method
against exposure duration of noise and the correction method
against Leqsn (14, 39). This study used the correction method that
uses kurtosis to adjust exposure duration. The adj-CNE was a new
index for quantifying complex noise exposure. The forging,
grinding, or polishing workers with the highest adj-CNE level
(when $>10) had the highest NIPTS,,s and HFNIHL%. NIPTS;,,
and HFNIHL% increased with increasing adj-CNE, and a better
dose-response relationship for complex noise exposure was
observed between adj-CNE and HFNIHL% or NIPTS;, than
between CNE and HFNIHL% or NIPTS;,. Table 4 illustrates that
the average difference in NIPTS;,, or HENIHL% between complex
noise and Gaussian noise for adj-CNE was significantly reduced as
compared with CNE, indicating that the dose-response relationship
between adj-CNE and NIHL associated with complex noise became
close to the dose-response relationship of Gaussian noise (served
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TABLE 3 The role of kurtosis in NIHL% at each frequency using logistic regression analysis.

Model 1
OR (95%Cl)

Frequency

(kHz)

Model 2
OR (95%Cl)

05 —— 1.88 (1.11-3.18) 0.019 1.21 (0.59-2.47) 0.603
1 1.36 (0.80-2.33) 0.259 r 0.79 (0.39-1.61) 0.520
2 1.19 (0.76-1.85) 0.448 —— 1.84 (0.89-3.81) 0.100
3 0.84 (0.60-1.17) 0.304 —— 2.33 (1.26-4.34) 0.007
4 0.86 (0.62-1.19) 0.362 — 2.84 (1.58-5.11) 0.001
6 1.02 (0.74-1.41) 0.903 —— st 2.95 (1.69-5.16) 0.000
8 1.21 (0.85-1.74) 0.296 —— 2.08 (1.13-3.83) 0.018

rTrr T T TTTTTTTTT T

0 1 2 3 01 2 3 4 5

Model 1: Univariate logistic regression analysis (unadjusted), Model 2: Multivariate logistic regression analysis adjusted by age, sex, and CNE; NIHL% at each frequency as a categorical

dependent variable.

Age (years): <33>33; Sex: male, female; CNE [dB(A)syear]: <80, 80~, 100~, 110~, 120~; Kurtosis:< 10, >10.
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FIGURE 4
The linear relationships between NIHL and CNE before and after
adjustment by kurtosis. (A): an increase of R? from 0.922 to 0.973
after CNE adjusted with kurtosis using NIPTSs,6 as targeted effect;
(B): an increase of R? from 0.946 to 0.979 after CNE adjusted with
kurtosis using HFNIHL?% as targeted effect.

as a baseline). These findings were supported by previous studies
(14, 15,21, 22). A study among 341 steel and textile manufacturing
workers found that adj-CNE improved the correlation with NIHL
and provided a single metric for dose-response effects across
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different types of noise (15). Zhao et al. recruited 195 workers from
a textile manufacturing plant and a metal fabrication facility in
China. They found that the two dose-response lines between the
NIHL% and adj-CNE for complex noise almost overlapped with
those for Gaussian noise (14). A study on 2,898 manufacturing
workers from Zhejiang Province, China, indicated that after CNE
was adjusted by kurtosis, the difference in average HFNIHL%
between complex and Gaussian noise was significantly reduced
from 7.40 to 1.28%, and the two regression curves nearly overlapped
(21). The 3,102 Chinese manufacturing workers also supported this
point (22). These results suggest that adj-CNE, a comprehensive
metric combining noise energy and temporal structure, can assess
the risk of occupational NIHL across different types of noise more
effectively than CNE alone.

Two limitations merit consideration in this study. One limitation
is that the typical ‘V’ shape notching phenomenon among female
workers was not found. The reason may be that the number of females
(n=233) among the enrolled 867 manufacturing workers was too
small. Another is that we judged the effectiveness of adj-CNE using
only the dose-response relationship between adj-CNE and NIPTS;,,
or HENIHL%. It is necessary to develop multiple methods to confirm
the role of adj-CNE in epidemiological investigations with larger
sample sizes.

Conclusion

Besides noise energy, noise kurtosis was a key factor
influencing occupational NIHL among metal manufacturing
workers. After complex noise’s CNE was adjusted by kurtosis, its
dose-response relationship with NIHL was closer to that of
Gaussian noise, indicating that adj-CNE could assess the risk of
NIHL more effectively than CNE alone. More epidemiological
investigations with a wide range of specific manufacturing
industries are needed to confirm the validity of the adj-CNE
metric for assessing NIHL.
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TABLE 4 Differences in NIHL between complex noise and Gaussian noise before and after adjustment by kurtosis.

NIPTSs4 (Mean, dB HL) HFNIHL%
C C
CNE Adj- Adj-
CNE CNE
<90 15.00 22.69 22.56 7.69 7.56 <90 0.00 29.38 27.59 29.38 27.59
90~ 23.90 26.75 24.69 2.85 0.79 90~ 42.86 40.70 36.89 -2.16 —5.97
95~ 16.61 27.21 24.81 10.60 8.20 95~ 11.76 40.21 35.44 28.45 23.68
100~ 20.81 32.39 28.09 11.58 7.28 100~ 26.32 66.67 41.73 40.35 1541
105~ 22.48 38.41 28.85 15.93 6.37 105~ 20.00 70.83 47.62 50.83 27.62
110~ 30.29 34.83 33.54 4.54 3.25 110~ 61.11 100.00 70.27 38.89 9.16
115~ 36.02 52.92 4542 16.90 9.40 115~ 82.61 100.00 88.24 17.39 5.63
120~ 4425 65.67 47.76 21.42 3.51 120~ 100.00 100.00 100.00 0.00 0.00
Average 26.17 37.61 31.97 11.44 5.80* Average 43.08 68.47 55.97 25.39 12.89°

G, Gaussian noise; C, complex noise.

D1, Difference in NIPTS;,; between complex noise exposure workers and Gaussian noise exposure workers after grouped by CNE; D2, Difference in NIPTS;,; between complex noise exposure
workers and Gaussian noise exposure workers after grouped by adj-CNE; D3, Difference in HFNIHL% between complex noise exposure workers and Gaussian noise exposure workers after
grouped by CNE; D4, Difference in HFNIHL% between complex noise exposure workers and Gaussian noise exposure workers after grouped by adj-CNE.

p<0.05, compared with D1.
©p<0.05, compared with D3.
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