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1 INTRODUCTION

Noise induced hearing loss (NIHL) remains as one of the most common
occupational health problems in the world. According to the World Health
Organization (WHO), exposure to excessive noise is the major avoidable cause of
permanent hearing loss worldwide (Smith, 1996). There are over 500 million
individuals at risk of developing NIHL worldwide (Sliwinska-Kowalska & Davis,
2012). In the United States, over 22 million workers were suffering from exposure
to high-level noise which is loud enough to be potentially hazardous (Tak, Davis,
& Calvert, 2009). Exposure to loud noise can cause serious damage to the hair cells
inside the cochlea. The final result will be a permanent shift in the hearing
threshold, known as NIHL.

Noises can be classified into continuous Gaussian noise (also called as steady-
state noise), high-level transient noise (including impulse noise and impact noise),
and complex noise (i.e., a non-Gaussian noise consisting of high-level transients
noise mixed in a Gaussian noise) (Hamernik, Qiu, & Davis, 2003b) (Hamernik,
Qiu, & Davis, 2007) (Qin, Sun, & Walker, 2014) (Smalt, Lacirignola, Davis,
Calamia, & Collins, 2017) (Wu & Qin, 2013). All types of noise could generate
hearing loss at high noise intensity levels. A number of animal studies showed that
complex noises can cause more hearing loss than continuous noise with the same
energy level (Hamernik, Henderson, Crossley, & Salvi, 1974) (Blakeslee, Hynson,
Hamernik, & Henderson, 1977) (Hamernik & Qiu, 2000) (Hamernik et al., 2003b)
(Qin & Sun, 2015).

Various international standards have been developed to estimate NIHL, for
example, CHABA (Smoorenburg, 1980), NOISH98 (Health & Services, 1998),
MIL STD-1472F (AMSC & HFAC). These standards were designed based on
either auditory weighting function (e.g., A-weighting) or based on the waveform
empirical strategies (e.g., peak pressure and pulse duration) (Azizi, 2010) (Murphy
& Kardous, 2012). In the current standards, the noise metrics are developed
depending on the equal energy hypothesis (EEH), which states that NIHL mainly
depends on the total acoustic energy of the exposure and it is independent on the
temporal characteristics of that noise (Hamernik, Ahroon, Davis, & Lei, 1994)
(Zhu, Kim, Song, Murphy, & Song, 2009). The primary metric to assess the
exposure levels of the noise guideline is the A-weighted equivalent sound pressure
level (SPL), Laeq. However, previous studies on NIHL indicated that Laeq is
applicable for continuous noise (i.e., Gaussian noise) but not for impact, impulsive
or complex noises (Henderson & Hamernik, 1986) (Starck & Pekkarinen, 1987)
(Hamernik et al., 1994) (Zhu et al., 2009) (Goley, Song, & Kim, 2011). Other
studies also showed that the A-weighting filter is more appropriate to assess the
low SPL, while the C-weighting filter is suitable for the high SPL (Parmanen,
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2007). In addition, some researchers claimed that the EEH based metrics cannot
provide a physical insight about NIHL, because they do not reflect the physical
properties of the ear (Price, 2012).

To accurately evaluate high-level complex noise, we have recently developed
new noise models for assessment of NIHL, including an adaptive weighting filter
(F-weighting) (Sun, Qin, & Qiu, 2016) and the complex velocity level (CVL)
auditory fatigue model (Sun & Qin, 2016) (Sun, Fox, Campbell, & Qin, 2017). In
this study, we will further evaluate the performances of the newly developed F-
weighting and CVL model based noise metrics using experimental noise exposure
data on chinchilla, compared with conventional noise metrics (i.e., A-weighted and
C-weighted equivalent SPL).

2 METHODS AND MATERIALS
2.1 A-Weighting and C-Weighting

In the current standards, A-weighting is used to evaluate relatively quiet
sounds and C-weighting is used for detection of the peak SPLs (Parmanen, 2007)
(Sunetal., 2016). Both A-weighting and C-weighting were developed to mimic the
frequency responses of the human auditory system (Walworth, 1967). A-weighting
was designed to be the best predictor for the ear’s sensitivity to tones at low SPLS,
while C-weighting was designed to follow the frequency sensitivity of the human
ear at high SPLs. Therefore, the C-weighting function has a better estimation of the
auditory system’s response to high level sounds than the A-weighting (in terms of
the magnitude perspective) (Houser et al., 2017).

A-weighting function, AW(f), and C-weighting function, CW(f), can be
expressed as follows (Havelock, Kuwano, & Vorlander, 2008)
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where Ka, Kc, f1, f2, f3 and f4 are constants given by approximate values: Ka =

1.258905, K¢ = 1.007152, f1=20.60 Hz, f.=107.7 Hz, f3 = 737.9 Hz, f4 = 12194 Hz.
The A-weighting and C-weighting are defined to have a unity gain at 1 kHz.

CW(f) = K¢ 2 )

Figure 1 shows the frequency response of the A-weighted and the C-
weighted filters. The A-weighted filter shows reduction at low frequencies (less
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than 400 Hz), while the C-weighted filter is quite flat and has a very broad
bandwidth (Havelock et al., 2008). Due to their abbreviated form, both A-weighted
and C-weighted noise metrics have limitations on accurate assessment of a complex
noise. Therefore, it is necessary and meaningful to develop new noise metrics,
which can be used for more accurate assessment of the auditory risk for high-level
complex noise (Dunn, Davis, Merry, & Franks, 1991) (Steele, 2001).
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Figure 1. Frequency response of A-weighted and C-weighted filters.

2.2 Adaptive weighting (F-weighting)

We have proposed an adaptive weighting (F-weighting) which is based on
the idea of blending the two standard weighting functions (i.e., A-weighting and C-
weighting) (Sun et al., 2016). In F-weighting, the sound pressure Pr.,(t) can be
calculated as (Sun et al., 2016)

Preq(t) = apg (AW(D) * P(D)) + acr (CW(2) * P(1)) ?)

where AW(t) and CW(t) refer to A-weighed and C-weighted filters, respectively,
“*” represents the convolution calculation. The parameters a4, and a, are given
by (Sun et al., 2016)

1

gy = exp(BKrOr) ey (4)
In(0

ac = exp(BKrOp) o (5)
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where K7 is the kurtosis and Oy is the oscillation coefficient. S is a positive constant
used to let the amplification component (i.e., exp(8KrOr)) equal to one
approximately in the case of Gaussian noise.

The kurtosis can be defined as the standardized fourth moment about the
mean of the data (DeCarlo, 1997):

_ E[(x-w* _ Ha
K1 = Glemwme = o ©
where E represents the expectation operator, p represents the mean of x, p,
represents the fourth moment about the mean, and o represents the Standard
deviation. A large kurtosis value implies more impulsive components in the noise
(Qiu, Hamernik, & Davis, 2006) (Qiu, Hamernik, & Davis, 2013).

Another parameter, oscillation coefficient O, can be defined as (Hamila,
Astola, Cheikh, Gabbouj, & Renfors, 1999)

n-1
OT — Zn=2|(xn xr?_—ll)(zxn +Xn—-1)| (7)

anz Xn
The oscillation coefficient is used to calculate the energy density distribution of the
complex noise. O is relevant to the local transition level and the frequency of the
noise signal. The product of the differential values in the O, formula reflects the
local transitions’ strength of the noise signal.

2.3 Auditory fatigue model

In our previous study, we have developed an auditory fatigue model, complex
velocity level (CVL) model, to predict gradually developing hearing loss (Sun, Qin,
& Campbell, 2015). The CVL model combines an auditory filter which can obtain
the velocities distributions on basilar membrane (BM) in cochlea, and a fatigue
theory which is based on the Miner rule to calculate hearing loss associated with
BM velocity.

2.3.1 Outer ear and middle ear transfer function

The mammalian ear consists of three parts: outer ear, middle ear, and inner
ear. The primary path for the environmental sound to the inner ear is through the
coupled motion of tympanic membrane (TM), ossicles, and stapes footplate. The
main function of the outer ear and the middle ear is to gather sound energy into the
inner ear. The outer ear consists of an ear canal, concha, and pinna flange. The
middle ear consists of tympanic membrane, middle-ear air spaces, Eustachian tube,
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and ossicles. The middle ear acts like an impedance-matching device that extracts
acoustic energy from a stimulus and transmits it to the inner ear (Ruggero, Rich,
Robles, & Shivapuja, 1990) (Slama, Ravicz, & Rosowski, 2010).

Figure 2 shows the transfer function for the outer ear and the middle ear of a
chinchilla (Vrettakos, Dear, & Saunders, 1988). The transfer function of an outer
ear has higher gain in mid-range frequencies (1000 — 8000 kHz). The transfer
function of a middle ear is characterized by stapes velocity transfer function
(SVTF), which is defined as the ratio between the linear velocity of the stapes and
the sound pressure near TM in the ear canal (Slama et al., 2010).
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Figure 2. The transfer function of (a) the outer ear, and (b) the middle ear of
chinchilla (Rosowski, 1991).
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2.3.2 Inner ear model

The cochlea in an inner ear can be considered as a two-chambered, fluid-
filled box with rigid side walls (Price & Kalb, 1991). The motion of the stapes
produces pressure within the cochlea vestibule. The stimulus sound can be
transferred as vibrations on the BM (Rhode & Cooper, 1996). In this study, the
triple-path nonlinear (TRNL) filter (Lopez-Najera, Meddis, & Lopez-Poveda,
2005) was applied to obtain the BM responses along the cochlea partitions. Figure
3 shows the structure of the TRNL filter, in which the input is the middle ear stapes
velocity and the output represents the velocity of the BM of a particular location at
the cochlea partitions.

The TRNL filter consists of three parallel independent paths. The linear path
contains a gain /attenuation factor, a bandpass function, and a low pass function in
a cascade. The nonlinear path is a cascade combination of the 1% bandpass function,
a compression function, the 2" bandpass function, and a low pass function (Meddis,
O’Mard, & Lopez-Poveda, 2001). Each individual bandpass function contains a
cascade of two or more gammatone filters (Hartmann, 1997) with unit gain at the
center frequency (CF). The third path is used to allow modeling of the amplitude
and the phase plateaus at high frequency observed in the BM responses (Robles &
Ruggero, 2001) (Lopez-Najera et al., 2005). Moreover, the compressive function
shape in the nonlinear path is derived from the animal data, and it is defined as
(Meddis et al., 2001)

y[t] = SIGN (x[t]) x MIN (alx[t]], b|x[¢]|) (8)
where x[t] is the output from the first bandpass function in the nonlinear path.

y[t] represents the output of the compression function. a, b, and ¢ are models
parameters as summarized in Table 1.
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Figure 3. Schematic diagram of the TRNL filter, in which the input is the middle

ear stapes velocities and the output is the velocity of the BM (Lopez-Najera et al.,
2005) (Sun & Qin, 2016).
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Table 1 - TRNL filter parameters used to simulate the chinchilla inner ear (Lopez-
Najera et al., 2005) (Sun & Qin, 2016).

Simulated 0.8 55 7.25 9.75 10 12 14
preparation kHz kHz kHz kHz kHz kHz kHz
Linear
GT cascade 5 5 5 5 5 5 5
LP cascade 7 7 7 7 7 7 7
CFiin 750 5000 7400 9000 9000 11000 13000
BWiin 450 3000 2500 3000 3500 5000 4000
LPiin 750 6000 7400 9000 8800 12000 13500
Gain, ¢ 500 190 3000 300 500 500 350
Nonlinear
GT cascade 3 3 3 3 3 3 3
LP cascade 4 4 4 4 4 4 4
CFiin 730 5850 7800 9800 10000 12000 15000
BWiin 350 1800 2275 1650 1800 2000 3200
LPn 730 5850 7800 9800 10000 12000 15000
Gain, a 850 3000 15000 9000 15000 22500 3000
Gain, b 0.03 0.04 0.06 0.05 0.06 0.07 0.045
Exponent, ¢ 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Linear all-pass
Gain, K 10 0.4 20 1 2 20 20

2.3.3 Complex velocity level (CVL) fatigue model

Sun et al. (Sun et al., 2015) proposed a complex velocity level (CVL)
fatigue model based on the Miner’s rule to calculate the noise induced cumulative
hazard. The Miner’s rule has been used to predict the materials’ high-cycle fatigue
life. The CVL model takes into account the amplitude transition and the mean value
of the BM velocities that is correlated with hearing loss. The instantaneous hearing
fatigue in a single BM vibration cycle at At can be described by (Sun et al., 2015)

[, V()AN(t) %i Vil -N;
HV(t),At— 4t ==L (9)

Hy Hy

where V(t) is the BM velocities which are regarded as a complex stress. N(t) is
the corresponding failure cycle at time t. The discrete form refers to the jth category
of the loads. H,, refers to the hearing loss at the equivalent rectangular band (ERB)
with 1 kHz CF.
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In real life, occupational noise is considered a complex load. The BM
velocities can be demonstrated as a complex distribution. The hearing loss H; ¢y,
of the complex input loads (i.e., the velocities of BM) is the integration of different
types of the inputs along the time axis as follows (Sun et al., 2015)

Hi,CVL = Z - N] IVamplitude(i'j)- Vinean (L, )| (10)
jc

where k is the load categories total number with jth velocity type. i is the ERB
band.

Thus, the CVL in the ERB band i can be represented by (Sun et al., 2015)

2.
YH% cvL (11)

HZ,

Licy, = 10logyg

Where L; ¢y, is the hearing loss metric log scale at the ith ERB.

2.4 Chinchilla noise exposure data

Chinchilla noise exposure data is used to evaluate the performances of the
five noise metrics, including F-weighted SPL Lreq, the CVL model based SPL Lcw,
and the three conventional noise metrics (i.e., Leq, Laeq and Lceq). The noise
exposure data provided by a research group at State University of New York at
Plattsburgh contains 263 chinchillas divided into 22 groups. Each group contained
9-16 chinchillas. Animals were exposed for five successive days to a certain noise
for 24 hours per day. The 22 noise samples include 3 Gaussian noises (90, 95, and
100 dBA), and 19 complex noises (one sample at 95 dBA, two samples at 90 dBA,
and 16 samples at 100 dBA). The hearing threshold level was measured at 0.5, 1,
2,4, 8, and 16 kHz for each animal from the auditory evoked potential (AEP) before
the exposure, daily, and 30 days after noise exposure. Permanent threshold shift
(PTS) is defined as the permanent hearing loss measured 30 days after the noise
exposure, and temporary threshold shift (TTS) refers to temporary hearing loss
measured immediately after the noise exposure. Both PTSand TTS in 0.5, 1, 2, 4,
8, and 16 kHz octave bands were calculated based on the AEP data (as shown in
Table 2). The noise data and the experimental protocols with detailed descriptions
are available in several previous publications (Hamernik, Patterson, Turrentine, &
Ahroon, 1989) (Hamernik, Qiu, & Davis, 2003a) (Hamernik et al., 2007). Table 2
summarized the PTS and the TTS values of each animal group for each octave band
at center frequency 0.5, 1, 2, 4, 8, and 16 kHz.

Moreover, total effective hearing loss PTSs124 and TTSs124 can be calculated
as the average of the PTS and TTS values at 0.5, 1, 2, and 4 kHz (Goley et al., 2011)
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PTSs124 = (PTSys + PTS, + PTS, + PTS,)/4 (12)
TTSs124 = (TTSos + TTS; + TTS, + TTS,)/4 (13)

where PTS, s, PTS,,PTS,, and PTS, are the PTS values measured at 0.5, 1, 2, and
4 kHz respectively. TTSy 5, TTS;,TTS,, and TTS, are TTS values measured at 0.5,
1, 2, and 4 kHz respectively.

Table 2 — PTS and TTS values of chinchillas of each group measure at six octave
bands with center frequency at 0.5,1, 2, 4, 8, and 16 kHz.

Animal PTS(dB) TTS(dB)
group
index 0.5 1 2 4 8 16 0.5 1 2 4 8 16
kHz kHz kHz KkHz kHz kHz kHz kHz kHz kHz kHz kHz
G-44 171 262 394 429 465 437 586 70.1 793 854 858 70.6
G-49 221 343 472 546 468 472 62.6 753 77.6 865 79.9 70.6
G-50 77 101 80 158 141 177 372 576 634 761 798 69.2
G-51 157 195 29.0 243 278 251 59.7 639 732 759 819 679
G-52 185 245 36.8 329 283 233 639 724 764 812 80.1 69.6
G-53 190 244 345 317 299 281 594 68.0 774 850 843 69.0
G-54 16.2 185 299 314 254 29.1 55.7 653 756 825 80.0 66.3
G-55 188 21.7 365 46.8 60.1 475 67.1 74.1 76.2 823 80.3 688
G-60 207 278 341 341 293 278 593 684 708 757 759 652
G-61 26 50 100 205 182 240 36.1 456 504 744 804 720
G-63 254 314 438 36.2 323 289 634 698 76.2 764 734 650
G-64 158 174 247 221 19.0 135 60.0 66.3 738 794 739 671
G-65 172 144 250 39.6 495 483 625 628 68.1 744 758 707
G-66 75 93 192 329 448 36.2 494 589 700 829 76.1 704
G-68 129 139 217 397 473 473 659 69.2 711 811 750 733
G-69 48 109 93 113 55 80 28.8 474 48.8 493 478 50.1
G-70 121 179 276 432 304 35.1 599 699 750 848 768 710
G-47 03 -03 33 19 75 67 224 343 416 609 68.7 60.7
G-48 30 68 94 54 112 108 26.9 359 37.6 415 58.0 639
G-56 29 17 45 89 147 89 295 305 292 393 520 509
G-57 68 58 6.7 16.7 233 189 355 414 521 664 718 66.0
G-58 78 88 189 175 150 179 445 503 59.1 621 621 636
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3 RESULTS AND DISCUSSIONS

The linear regression analysis of the five noise metrics (i.e., Leq, Laeq, Lceg, Lreq,
and L.y;), and hearing loss indicators (PTS and TTS values at various octave
bands) were conducted using all 22 groups of animal experimental data. The
coefficient of determination (r?) is used to evaluate the performance of each metric.
The r? value indicates the correlation between the metrics and the hearing loss
indicators. When the value of the r>=1, it indicates a perfect correlation and when
r?=0 it means there is no correlation between noise metrics and hearing loss data.

Table 3 summarizes the r? values between the hearing loss indicators (PTS
and TTS at six octave bands centered at 0.5, 1, 2, 4, 8, and 16 kHz), and the five
noise metrics (Leq, Laeq, Lceq, Lreg, @and Lcvr). The results show that Lcve achieves
the best correlation with the PTS at 0.5, 2, 4, 8, and 16 kHz. For TTS, Lcv. has the
best correlation at 0.5, 2, 8, and 16 kHz. The higher correlation between the hearing
loss and the CVL model indicates that it can be used to predict NIHL accurately.

Table 3 — Comparison of the regression analysis results of the two hearing loss
indices represented by PTS and TTS with all metrics (i.e., Leq, Laeq, Lceq, Lreg, and
Lcve) at six octave bands centered at 0.5, 1, 2, 4, 8, and 16 kHz.

r2

PTS TTS

0.5 1 2 4 8 16 0.5 1 2 4 8 16

Metric kHz kHz kHz kHz kHz kHz | kHz kHz KkHz kHz kHz kHz

Leg 013 059 021 065 03 013 033 067 037 08 051 053
Laeq 0.16 061 021 065 033 017 037 069 037 08 048 0.55
LCeq 013 059 021 065 033 017 033 067 037 08 048 0.55
LFeq 02 058 024 062 033 018 044 066 041 072 047 0.53
Lewe 024 04 062 07 052 054 056 064 075 077 06 0.56

Additionally, Figure 4 shows the correlation analysis between the three
metrics (Laeg, Lreq, and Lcve) and hearing loss indicators (i.e., PTS and TTS values
at 0.5, 1, 2, 4, 8, and 16 kHz octave bands). The lines in the figure represent the
fitting results of the distributions of the symbols. The highest correlation between
Lreq and both of the hearing loss indicators happens at 4 kHz octave band. Similar
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to the F-weighting, the CVL model shows the highest correlation with both PTS
and TTS at 4 kHz.

Hearing Loss(dB)

Hearing Loss(dB)

Hearing Loss(dB)

40 0 20 40 0

Ly (@B)

Figure 4. Scatting plots and fitting lines between three noise metrics (Laeq, Lreq,
and Lcve) and hearing loss indicators (PTS and TTS) at six octave bands with
center frequency at 0.5, 1, 2, 4, 8, and 16 kHz. The red color represents PTS and
the blue color represents TTS.

Moreover, the linear regression analysis of the five noise metrics (Leq, Laeq,
Lceq, Lreq, and Lcvi) and the effective hearing loss indicators (TTSs124 and PTSs124)
are conducted. The correlations between the five noise metrics (Leq, Laeq, Lceq, Lreq,
and Ly;) and the effective total hearing loss PTSs124 and TTSs124 are summarized
in Table 4. The results show that the CVL fatigue model achieves the highest r?
values for both PTSs124 (r>=0.61) and TTSs124 (r?=0.84) among all of the five noise
metrics. It indicates that the CVL model is more accurate than the other four metrics
for assessment of NIHL.

F-weighting also has higher correlations with PTSs124 than the other three
conventional noise metrics (Leg, Laeq, and Lceq). FOr TTSs124, Lreq achieves same r?
with Lceg, and both are higher than Leq and Laeq. Therefore, the F-weighting metric
can be more accurate for assessment of NIHL compared with the Leq, Laeg, and Lceg.
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Table 4 — Regression analysis results of the five noise metrics (Leq, Laeqg, Lceg,
Lreq, and Lcvi) and effective hearing loss indicators PTSs124 and TTSs124.

r2
Metric PTSs124 TTSs124
Leq 0.44 0.69
Laeq 0.50 0.68
Lceq 0.50 0.71
LFeq 0.55 0.71
Leve 0.61 0.84

Figure 5 shows scatting plots and fitting lines of linear regression analysis

between the five noise metrics and the effective hearing loss indictors. The fitting
lines show a positive proportion between the five noise metrics and effective
hearing loss indictors (PTSs124 and TTSs124). The positive relationship indicates that
these metrics can be used to evaluate the hearing loss effectively. The results are
consistent with Table 4.
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Figure 5. Scatting plots and fitting lines of five noise metrics (Leq, Laeq, Lceq, LFeq,
and Lcvi) and effective hearing loss indicators (PTSsi24 and TTSs124). The red
color represents PTSs124 and the blue color represents TTSs12a.
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4  CONCLUSIONS

In this study, we compared the performances of two newly developed noise
models (i.e., F-weighting and CVL fatigue model) with the conventional noise
metrics (i.e., Leg, Laeq, and Lceg) Using animal noise exposure data. Linear regression
analysis was used to evaluate the correlations between the five noise metrics (Leg,
Laeqg, Lceq, LFeg, and Lcve) and the hearing loss indicators (PTS and TTS centered at
0.5,1, 2,4, 8,and 16 kHz octave bands). Moreover, to evaluate the effective hearing
loss, the linear regression analysis was conducted between the five noise metrics
and the effective hearing loss (PTSs124 and TTSs124). The results show that the CVL
fatigue model demonstrates the highest correlations with the hearing loss indicators
and the effective hearing loss among the five noise metrics. The F-weighting also
achieves higher correlations with the hearing loss data compared with the three
conventional noise metrics Leg, Laeg, and Lceq. It indicates that both developed
metrics (i.e., CVL model and F-weighting) can predict the NIHL better than the
conventional EEH based noise metrics in the current noise measurement standard.
The F-weighting and CVL fatigue model can be applied to assess occupational
noise induced hearing loss in various industrial and military applications.
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