Octave band noise exposure: Laboratory models and
otoprotection efforts
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With advances in the understanding of mechanisms of noise injury, the past 30 years have brought
numerous efforts to identify drugs that prevent noise-induced hearing loss (NIHL). The diverse pro-
tocols used across investigations have made comparisons across drugs difficult. A systematic
review of the literature by Hammill [(2017). Doctoral thesis, The University of Texas at Austin]
identified original reports of chemical interventions to prevent or treat hearing loss caused by noise
exposure. An initial search returned 3492 articles. After excluding duplicate articles and articles
that did not meet the systematic review inclusion criteria, a total of 213 studies published between
1977 and 2016 remained. Reference information, noise exposure parameters, species, sex, method
of NIHL assessment, and pharmaceutical intervention details for these 213 studies were entered
into a database. Frequency-specific threshold shifts in control animals (i.e., in the absence of phar-
maceutical intervention) are reported here. Specific patterns of hearing loss as a function of species
and noise exposure parameters are provided to facilitate the selection of appropriate pre-clinical
models. The emphasis of this report is octave band noise exposure, as this is one of the most com-

mon exposure protocols across pharmacological otoprotection studies.
© 2019 Acoustical Society of America. https://doi.org/10.1121/1.5133393

[JFL]

I. INTRODUCTION

The effects of noise on the inner ear are a topic of long-
standing interest, with some of the earliest descriptions of
human noise-induced hearing loss (NIHL) occurring in black-
smiths and boilermakers, and some of the earliest work in ani-
mal models emerging in the early 1900s (for review, see
Hawkins and Schacht, 2005). Early efforts to explore noise-
induced “temporary deafness” in humans revealed the greatest
vulnerability at 4 kHz, larger changes in hearing with higher
level and longer duration exposures, slower recovery after
larger hearing changes, and significant individual differences in
noise-induced changes in hearing (Davis et al., 1950). These
early studies included exposures to 0.5, 1, 2, and 4 kHz tones
and band spectrum noise at levels of 110, 120, and 130dB for
periods of 1-64 min, and temporary changes in hearing were
60 dB or greater in the most vulnerable individuals when tested
in some exposure conditions (Davis et al., 1950).

Temporary changes in hearing, now termed temporary
threshold shifts (TTS), recover subsequent to the noise expo-
sure; lasting changes that do not recover within a period of
several weeks to one month are termed permanent threshold
shifts (PTS; for review, see Ryan et al., 2016). Although
NIHL is generally considered preventable (i.e., with the
implementation of engineering controls, administrative con-
trols, or the use of hearing protection devices), NIHL is still
reported in many populations, including, for example, service
members (Hecht and Hammill, 2019; Jokel et al., 2019), fire-
arm users (Wall ez al., 2019), individuals exposed to occupa-
tional noise (Themann and Masterson, 2019), professional
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musicians (Wartinger et al., 2019), individuals exposed to rec-
reational sound (Neitzel and Fligor, 2019), and children
exposed to loud sound (Roberts and Neitzel, 2019).

The large number of affected individuals, the costs of
compensation and rehabilitation, and adverse effects on
quality of life have driven multiple efforts to identify mecha-
nisms of injury underlying NIHL. In addition to mechanical
trauma (for examples, see Henderson and Hamernik, 1986;
Wang et al., 2002), there has been significant effort to iden-
tify the potential contributions of metabolic stress, activation
of JNK pathways, activation of TNF-«, and calcium-induced
excitotoxicity (for reviews and discussion, see Le Prell ez al.,
2007b; Abi-Hachem et al., 2010; Poirrier et al., 2010; Le
Prell and Bao, 2012). Furthermore, recent efforts have tar-
geted the prevention of inflammation as a potential therapeu-
tic for prevention of NIHL (see Frye et al., 2019). Improved
understanding of the multiple mechanisms underlying noise
injury has driven widespread research efforts seeking to
identify agents that prevent noise injury and resulting NIHL
(for reviews and discussion, see Abi-Hachem et al., 2010;
Poirrier et al., 2010; Le Prell and Bao, 2012). Positive results
were obtained in several early clinical investigations (for
review, see Le Prell and Lobarinas, 2015), and results from
several other clinical trials have become available in recent
years (Kopke et al., 2015; Le Prell et al., 2016; Kil et al.,
2017). One barrier to the development of otoprotective
agents is the difficulty of benchmarking the efficacy of novel
agents relative to other agents based on the diversity of pre-
clinical research models and clinical trial paradigms (for dis-
cussion, see Lynch et al., 2016).

The recent systematic review of otoprotection research
methodologies by Hammill (2017) documents the diversity

© 2019 Acoustical Society of America
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TABLE I. Correlation assessment matrix of variables. D, descriptive statistics; C, correlation statistics possible; N/A, non-applicable.

Citation Study design Exposure Drug/biologic Measures Intervention Outcome Analytics

© (SA or SC) () D) M) arm (T) (®) (A)
Citation (C) D C C C C C C C
Study design (SA or SC) D C C C C C C
Exposure (NE or OE) D C C N/A C C
Drug/biologic (D) D C N/A C C
Measures (M) D N/A C C
Intervention arm (I) D C C
Outcome (O) D C
Analytics (A) D

of pre-clinical and clinical research models with respect to
species, noise exposure paradigm, method of dosing, and
agent of interest. A subset of the paradigms used in otopro-
tection research use impulsive noise to induce trauma
(Bielefeld et al., 2019), based on the importance of this clini-
cal issue and its relevance to military populations. However,
by far, the most common paradigm is the use of octave band
noise to induce NIHL. In the chinchilla, which has an audio-
gram similar to that of humans (see Trevino et al., 2019;
Radziwon et al., 2019), octave band noise exposures com-
monly contain energy from approximately 2 to 6 kHz. The
guinea pig has a slightly higher frequency audiogram, and
thus octave band noise exposures used for this species com-
monly contain energy from approximately 4 to 8 kHz. The
rat (Escabi et al., 2019; Holt et al., 2019) and the mouse
(Ohlemiller, 2019) have better hearing at higher frequencies
than humans, chinchillas, and guinea pigs, and thus octave

band noise exposures for these species commonly contain
energy from approximately 8 to 16 kHz. Data drawn specifi-
cally from previous otoprotection research designs are pre-
sented here, with data from control animals extracted and
used to illustrate similarities and differences in NIHL subse-
quent to the diverse octave band noise exposures commonly
used in rodents.

Il. METHODS
A. Systematic review strategy

The development of the study database using a system-
atic review strategy is described in detail by Hammill
(2017). In brief, the systematic review protocol was devel-
oped and registered with PROSPERO (registration number
CRD42015027009, 2015). Original reports of chemical
interventions to prevent or treat hearing loss or peripheral

TABLE II. Otoprotection paradigms in which guinea pigs were exposed to octave band noise. NR, not reported.

Article ID Level Duration Weight range
(from Hammill, 2017) Reference Sample size (dB SPL) (hr:min) Strain Age (grams) Notes
143 Arpornchayanon et al. (2013) 6 106 00:30 Hartley albino NR 250 SEM
172 Chen et al. (2003) 8 110 01:00 Pigmented NR 300-400 SD
101 McFadden et al. (2005) 8 114 06:00 Outbred Dunkin 2weeks  205-269  Shift calculated as difference
Hartley albino between pre- and post-noise
thresholds
59 Yamasoba et al. (2005) 5 115 03:00 Albino NR 250-350  SD 14 controls; 5 with ABR
data
199 Lin et al. (2011) 12 115 03:00 Hartley NR 250-300 SD
174 Diao et al. (2007) 20 115 05:00 Long—Evans 4weeks 300-350 SD
pigmented
58 Yamasoba et al. (1999) 6 115 05:00 Pigmented NR 250-350 SD
94 Ohinata et al. (2003) 16 115 05:00 Pigmented NR 250-300 SD
209 Takeda et al. (2016) Not specified 116 02:00 Hartley 4 weeks NR SD/SEM not specified
98 Mohammadkhani ez al. (2013) 10 120 06:00 Albino 6weeks  280-300 SD/SEM not provided
35 Hori et al. (2013) 5 120 05:00 Hartley NR 350-400 SD
51 Inaoka et al. (2009) 6 120 03:00 Hartley 4weeks  300-350 SD/SEM not specified
62 Yamashita et al. (2008) 7 120 05:00 Hartley NR 250-300 SD
108 Kurioka et al. (2014b) 6 121 05:00 Hartley NR 300-350 SEM
87 Pourbakht and Yamasoba (2003) 6 125 05:00 Pigmented NR 250-300 SD
113 Hirose et al. (2016) 4 130 03:00 Hartley NR 350-400 SD/SEM not specified
111 Hou ez al. (2003) 8 100 08:00 Pigmented NR 250-300 SD
93 Ohinata et al. (2000) 5 115 05:00 Pigmented NR 250-300 SD
63 Yamashita et al. (2005) 6 120 05:00 Pigmented NR 250-300 SEM
105 Le Prell et al. (2007a) 9 120 05:00 Pigmented NR 250-300 SEM
99 Minami et al. (2007) 6 120 05:00 Pigmented 2-4weeks 200-400 SD
167 Takemura et al. (2004) 5 120 24:00 Hartley 5-8 weeks  300-500 SEM
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tinnitus caused by noise or blast exposure in any setting the inclusion criteria required studies be published in the
were included; pre-clinical animal investigations and human English language or as English translations. Studies that
controlled trials were included. A comprehensive literature described hearing regeneration, rehabilitation with hearing
search strategy was used; there were no date limitations, but aid devices, or acupuncture interventions were excluded.

Guinea Pig Octave Band Noise Data
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FIG. 1. Noise-induced threshold shift in guinea pigs has been induced by a variety of different noise exposures. Deficits measured in various otoprotection
studies using various exposure paradigms are shown at different post-noise durations, including immediate (A), 7 days (B), 10days (C), and 21 days (D) post-
noise durations. ART# refers to the article identification (IDs) provided in Table II. In (E), temporary NIHL is averaged across two studies using 115dB SPL
x 3 h exposures (Yamasoba et al., 2005; Lin et al., 2011). In F, permanent NIHL is averaged across studies using 120-121 dB SPL x 5h exposures. Sample
sizes shown in each legend entry are the number of studies contributing data to the weighted average. Where n = 1, only one study included data at that expo-
sure X time combination; where n is greater than one, the weighted averages were calculated using sample sizes within studies to weight datasets. Deficits
shown in (E) were temporary; deficits shown in (F) were permanent and showed little recovery from 7 to 21 days.
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Additionally, studies focused on drug-induced hearing loss
(DIHL), Meniere’s disease, congenital deafness, sudden sen-
sorineural hearing loss (SSNHL), age-related hearing loss
(ARHL), or other diseases of the ear (i.e., otitis media, oto-
sclerosis, etc.) were excluded. Conference proceedings, edi-
torials, non-original research (i.e., reviews or duplicative
publications of the same study), and retrospective or case
studies were also excluded.

The automated search employed the University of Texas
Health Science Center San Antonio (UTHSCSA), University
of Texas at Austin (UT), and the U.S. Air Force 59th
Medical Wing, Wilford Hall Ambulatory Surgical Center
(WHASC) library databases, and their inherent database
search engines. A Boolean/phrase search mode with no lim-
iting/exclusion terms was used in the database search.
Databases were searched for the period January
1950-TJanuary 12, 2017." The search did not include “grey”
nor more robustly international, non-English literature.

In addition to the automated search, a personal collec-
tion of reports written by or for the Department of Defense
(DoD), amassed over ten years through the Pharmaceutical
Interventions for Hearing Loss (PIHL) Group of the
Department of Defense Hearing Center of Excellence (DoD
HCE), was identified. All article bibliographies were
searched for additional studies worthy of inclusion. Hand-
searched, bibliography, and search update garnered articles
were all added to the same database for final article count
and PRISMA flow chart development (San Francisco).

As described by Hammill (2017), this project employed a
single-reviewer coding strategy for all studies. Data were entered
directly into a Microsoft (MS) Access database (Redmond, VA)
created for the study. Data captured included eight categories of
information, with a ninth category available in the codebook for
future research efforts (quality) as detailed in Table 1.

Because of the high level of variability in study arm
designs, the coder identified each exposure type (E)

employed and measure (M) utilized, and then matched those
up per intervention arm (I) with the specific drug administra-
tion protocol (D) used in that arm. This allowed analysis of
the various combinations of these three variable categories
(E, M, and D) created across studies. Reporting quality was
noted among primary variables (i.e., when elements were
not reported, “NR” was captured for quantitative assess-
ment), but also subjectively assessed for general trends. All
coded data, collected in MS Access, were exported into sep-
arate MS Excel® (2013) tabs and compared for compliance
to the study aims and codebook instructions when finalizing
(i.e., correcting typos and syntax) the closed data set. All
final coded data were transferred into SAsoftware (version
9.4; Cary, NC) database for additional analysis.

The database was sorted by type of noise exposure (broad-
band, octave band noise, impulse, pure tone, other) and species
(guinea pig, chinchilla, rat, mouse, human). All articles meet-
ing the inclusion criteria of octave band noise exposure and
rodent model were accessed through the University of Texas at
Dallas electronic journal subscription or inter-library loan ser-
vice. Threshold shift at all reported times and frequencies was
entered into a spreadsheet; furthermore, the strategy for quanti-
fying variance [standard deviation (SD), standard error of the
mean (SEM)] and the sample size were recorded. A small
number of studies reported pre-exposure thresholds and
post-exposure thresholds; for those studies, threshold shift was
calculated as the difference in mean thresholds at pre- and
post-noise test times, but variance was not extracted.
Additional exclusionary criteria included reporting of post-
noise thresholds in the absence of pre-noise thresholds, and
lack of auditory brainstem response (ABR) threshold data
reporting. Studies in the rat often included distortion product
otoacoustic emission (DPOAE) measurements in lieu of ABR
measurements. To extract data, graphs were printed and data
points estimated using linear interpolation of the plots. Study-
specific data are plotted as extracted, with articles referenced

TABLE III. Otoprotection paradigms in which chinchillas were exposed to octave band noise.

Article ID Sample Level Duration Weight range

(from Hammill, 2017) Reference size (dB SPL) (hr:min) Strain Age (grams) Notes

124 Choi et al. (2011) 6 105 06:00 Laniger  3-5 years 500-850 SD/SEM not specified

125 Choi et al. (2008) 12 105 06:00 Laniger  3-5 years 500-850 SEM

126 Choi et al. (2014) 12 105 06:00 Laniger  3-5 years 500-850 SEM

128 Coleman et al. (2007) 10 105 06:00 Laniger NR NR SEM

131 Duet al. (2011) 12 105 06:00 Laniger  3-5 years 500-850 SEM

109 Kopke et al. (2000) 5 105 06:00 Laniger NR NR SEM

122 Campbell et al. (2007) 10 105 06:00 Laniger NR NR SD/SEM not specified

127 Clifford et al. (2011) 105 = 0.5 06:00 Laniger NR NR SD; 26 chinchillas total,
group sizes not reported

140 Kopke et al. (2002) 6 105 = 0.5 06:00 Laniger Adult NR SEM

119 Bielefeld et al. (2005) 5 100 06:00 NR Adult 400-700 SEM

120 Bielefeld et al. (2007) 6 105 06:00 NR Adult 400-700 SEM

130 Du et al. (2012) 6 105 06:00 NR NR NR SEM

136 Hight ez al. (2003) 10 105 04:00 NR Adult NR SD

32 Coleman et al. (2010) 6 105 06:00 NR Adult NR SEM

135 Harris et al. (2005) 8 106 04:00 NR Adult 400-600 SD

177 Bielefeld (2013) 10 106 06:00 NR Adult 400-700 SD/SEM not specified

121 Bielefeld et al. (2011) 6 107 02:00 NR Adult 400-700 SD/SEM not specified

121 Bielefeld ez al. (2011) 6 112 01:00 NR Adult 400-700 SD/SEM not specified
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using the article identifications (IDs) established in the original
database. Where averages for a noise exposure are reported
across studies, a weighted average was calculated by weighting
each study mean and variance by the total number of animals
within the original study group.

lll. RESULTS
A. Guinea pig

Threshold shift data collected from control animals
were extracted from 22 of the otoprotection studies using

guinea pigs as subjects (Table II). Data from several studies
included in the original database (Hammill, 2017) were
excluded from the analysis shown in Fig. 1 as ABR threshold
shift was not available in all reports (Pirvola et al., 2000;
Fakhry et al., 2007; Pourbakht, 2011, 2013; Wen et al.,
2017). The effects of increasing the sound exposure level
and/or exposure duration are shown at several common post-
noise test times in Figs. 1(A) (immediate), 1(B) (7 days),
1(C) (10days), and 1(D) (21 days). In general, increasing
either sound exposure level or duration results in a larger
threshold shift. Interestingly, PTS measured at day 21 is

Chinchilla Octave Band Noise Data
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FIG. 2. Noise-induced threshold shift in chinchillas is commonly induced by 105dB SPL x 6 h exposure. Deficits measured in various studies using this expo-
sure paradigm are shown at different post-noise durations, including immediate (A), 7 days (B), 14 days (C), and 21 days (D) post-noise durations. ART# refers
to the article IDs provided in Table III. Deficits shown in (D) at 21 days post-noise are assumed to be permanent. In (E), NIHL is averaged across studies.
Sample sizes shown in each legend entry are the number of studies contributing data to the weighted average. (F) illustrates NIHL subsequent to a shorter but

higher level exposure (112dB SPL x 1 h; Bielefeld et al., 2011).
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generally equivalent for exposures of 114 dB sound pressure
level (SPL) x 6 h (McFadden et al., 2005) and 120 dB SPL
x 3h (Inaoka et al., 2009), with increasing hearing loss on
day 21 when the exposure increases to 120dB SPL x 5h
[Hori et al., 2013; Fig. 1(D)]. In general, studies with less
traumatic noise exposure emphasize immediate, 1-day, and
3-day post-noise test times, with 7-day test times used to
document recovery of TTS [for example, see Fig. 1(E)],
whereas studies with more traumatic exposures routinely
include 10 days post-noise test times, and sometimes 14 or
21 days post-noise test times. There appears to be relatively
little additional recovery from days 7 to 21 after 120-121 dB
SPL x 5h exposures [see Fig. 1(F)].

B. Chinchilla

Threshold shift data collected from control animals
were extracted from 18 of the otoprotection studies using
chinchillas as subjects (Table III). Data from several studies
included in the original database (Hammill, 2017) were
excluded as ABR threshold shift was not available (Hu
et al., 1997, Wang et al., 1999). The majority of otoprotec-
tion investigations in chinchillas have used a 105dB
SPL x 6h exposure. Both the compound threshold shift
measured immediately post-exposure [Fig. 2(A)] and the
PTS measured at 21 days post-noise [Fig. 2(D)] have been
variable in the control animals used across investigations.
Figure 2(E) illustrates weighted threshold shift averages
across studies. There appears to be relatively little additional
recovery from days 14 to 21 after 106 dB SPL x 6h expo-
sures [see Fig. 2(E)]. A small number of studies have shown
PTS generally equivalent to that induced by the 105 dB SPL
x 6h exposure when using octave band noise at 105 dB SPL
x 4h (Hight et al., 2003), 106 dB SPL x 4h (Harris et al.,
2005), or 107dB SPL x 2h (Bielefeld et al., 2011). The
larger PTS, induced using a 1h exposure to 112dB SPL
noise (Bielefeld et al., 2011), is illustrated in Fig. 2(F).
Prevention of TTS in the chinchilla was not evaluated within
any of the studies identified as part of the systematic review
by Hammill (2017) and is not illustrated in Fig. 2.

C. Mouse

Threshold shift data collected from control animals
were extracted from 14 of the otoprotection studies using
mice as subjects (Table IV). Data from several studies
included in the original database (Hammill, 2017) were
excluded because average shift was the only reported value
(Qu et al., 2015), post-exposure thresholds were provided
without pre-exposure thresholds and thus shift could not be
calculated (Horie et al., 2010), or control animal data were
not included (Brown et al., 2014). The most common strain
used in otoprotection studies was the C57/BL6J (Samson
et al., 2008; Peppi et al., 2011; Rewerska et al., 2013;
Brown et al., 2014; Honkura et al., 2016), although the
CBA/CaJ (Le Prell et al., 2011; Peppi et al., 2011), and Std-
ddy (Nagashima et al., 2010; Yamaguchi et al., 2014) have
also been used in otoprotection research with octave band
noise models. There are significant differences in both audi-
tory threshold sensitivity (Zheng et al., 1999) and vulnerabil-
ity to NIHL across different strains of mice (Myint et al.,
2016), so variation between studies may be greater across
studies using mice (Fig. 3) compared to those using guinea
pigs (Fig. 1) and chinchillas (Fig. 2). Because there was little
overlap in the exposure parameters used in each investiga-
tion, there is little opportunity to systematically probe these
factors in this review. The most important outcomes shown
in Fig. 3 are the increase in hearing loss as noise exposure
levels increase [Figs. 3(A) and 3(B)] and the termination of
study follow-up at earlier time points [final post-noise test
measures collected 7-14 days post-noise; Figs. 3(B) and
3(C)] relative to guinea pigs and chinchillas (final post-noise
test measures typically collected 14-21days post-noise).
None of the studies identified in the systematic review by
Hammill (2017) included data collection in mice beyond
14 days after exposure to octave band noise. Interestingly,
although the mouse is a high frequency hearing animal and
the greatest noise injuries appear to be located at the highest
test frequencies [see Fig. 3(C)], many of the studies assess-
ing protection of the mouse cochlea did not collect threshold
shift measurements above 20 kHz.

TABLE IV. Otoprotection paradigms in which mice were exposed to octave band noise.

Article ID Level Duration Weight range

(from Hammill, 2017) Reference Sample size (dB SPL) (hr:min) Strain Age (grams) Notes

83 Peppi et al. (2011) 4-7 100 02:00 C57/BL/6J (B6) 6 weeks 18-25 SD/SEM not specified

163 Brown et al. (2014)  Notreported 90 02:00 C57BL/6 8—10 weeks NR SD

78 Rewerska ez al. (2013) 80 110 08:00 C57BL/6 6 weeks NR SD

71 Samson et al. (2008) Not reported 110 04:00 C57BL/6 12 weeks NR SEM

83 Peppi et al. (2011)  Not reported 102 02:00 CBA/CaJ (CB) 10-12 weeks NR SEM

38 Le Prell et al. (2011) 16 113-116  02:00 CBA/I 5-6 weeks 25-35 SEM

45 Honkura et al. (2016) 7-8 96 02:00 Nrf2 knockout (Nrf2-/-) 67 weeks 17-20 SEM
(C57BL/6)

95 Nagashima et al. (2010) 4 90 01:00 Std-ddY adult 26-28 SD/SEM not specified

95 Nagashima et al. (2010) 4 100 01:00 Std-ddY adult 26-28 SD/SEM not specified

95 Nagashima et al. (2010) 4 110 01:00 Std-ddY adult 26-28 SD/SEM not specified

214 Yamaguchi et al. (2014) Not reported 110 01:00 Std-ddY adult 26-28 SEM

95 Nagashima et al. (2010) 4 120 01:00 Std-ddY adult 26-28 SD/SEM not specified

45 Honkura et al. (2016) 7-8 96 02:00 Wild 67 weeks 17-20 SEM

163 Brown et al. (2014) Notreported 90 02:00 Wild type 8—10 weeks NR SD
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FIG. 3. Noise-induced threshold shift in mouse induced by various exposure
conditions. Deficits measured in various studies are shown at different post-
noise durations including immediate (A), 7 days (B), and 14 days (C) post-
noise durations. ART# refers to the article IDs provided in Table IV.
Deficits shown in (C) at 14 days post-noise were likely permanent based on
the lack of recovery beyond day 14 shown in chinchilla in Fig. 2.

D. Rat

Threshold shift data collected from control animals
were extracted from five otoprotection studies using rats as
subjects (Table V). Data from several studies included in the
original database (Hammill, 2017) were excluded as ABR
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threshold shift was not available (Rao and Fechter, 2000;
Lorito et al., 2006; Pouyatos et al., 2007; Guthrie et al.,
2011; Loukzadeh et al., 2015). Indeed, DPOAE measure-
ments have often been used in place of ABR threshold mea-
surements in studies using the rat. For the studies in which
ABR threshold shift was assessed, the post-noise test times
were highly variable, including 1 week (Lorito et al., 2008);
3, 6, and 9 weeks (Kil et al., 2007); 8h, 1day, 1 week, and
3 weeks (Lu et al., 2014); and immediately, 1, 2, and 4 weeks
(Kurioka et al., 2014a). Figure 4 illustrates the results from
two studies that included multiple frequencies at multiple
test times. Both studies showed little additional recovery
beyond the 1-2-week test times. Although it seems anoma-
lous that the longer, higher level exposure [126dB SPL
x 4h, Fig. 4(B)] resulted in less PTS than the shorter, lower
level exposure [115dB SPL x 1h, Fig. 4(A)], strain differ-
ences (Sprague-Dawley and Long—Evans, respectively) and
age differences (5 weeks and 10-11 weeks, respectively) make
it difficult to interpret differences in the effects of noise across
these two studies. Compared to the guinea pig and chinchilla,
the rat model is less well developed for studies assessing pre-
vention of NIHL induced by octave band noise.

IV. DISCUSSION

PTS in control animals used in the most common guinea
pig otoprotection model (120dB SPL x 5h) results in about
50dB PTS at the most affected frequencies (8—16kHz; see
Fig. 1). PTS in control animals used in the most common
chinchilla otoprotection model (105 dB SPL x 6h) results in
about 40dB PTS at the most affected frequencies (68 kHz;
see Fig. 2). There is not a single most common exposure par-
adigm in the mouse (see Fig. 3). Across noise exposure mod-
els, exposures range from little or no threshold shift (90 dB
SPL x 1h) to as much as 50-60dB threshold shift (90 dB
SPL x2h; 120dB SPL x 1h) at the 1-week test time,
beyond which there is not likely to be significant additional
recovery. Data collected from two strains of mice 14 days
after exposure to 90dB SPL octave band noise revealed
40-60dB PTS with the greatest shifts at and above 30 kHz.
It was surprising that only a small number of studies using
mice as a model included frequencies of 30kHz or above.
Data from the rat model were the most limited, with only
two studies reporting thresholds at multiple frequencies
across time. Although relatively lower frequencies were less
affected, PTS ranged from 40 to 60 dB across a wide range
of frequencies, a finding that is consistent with data from
other species reviewed here. Similar patterns of results are
well established within the primary literature, outside of oto-
protection research (Wang et al., 2002).

Although the emphasis of this review was PTS induced
by octave band noise, review of Tables II and III reveal other
differences across studies using different species.
Specifically, chinchillas tend to be older (3-5 years, or
“adult”) at study onset, whereas guinea pigs tend to be youn-
ger, based on weights that are under 500 g. There is not a
consistent reporting convention for age, although weights
are consistently reported across species.
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TABLE V. Otoprotection paradigms in which rats were exposed to octave band noise.

Article ID Sample Level Duration Weight range

(from Hammill, 2017) Reference size (dB SPL) (hr:min) Strain Age (grams) Notes
138 Kil et al. (2007) 4 113 04:00 F-344 6 weeks; 10-12 weeks NR SEM

148 Luet al. (2014) 18 115 01:00 Long—Evans pigmented 10—11 weeks 310-340 SEM
203 Lorito et al. (2008) 4 105 04:00 Sprague Dawley albino NR 190-210 SD

107 Kurioka et al. (2014a) 4 126 05:00 Sprague-Dawley 5 weeks 150-200 SEM

48 Ogurlu et al. (2017) Not provided 120 04:00 Spraque Dawley albino Adult 250-350  Not specified

Differences in vulnerability are well known and illus-
trated here. It clearly took more noise to induce larger PTS
changes in the guinea pig (120dB SPL x 5h) than in the
chinchilla (105dB SPL x 6h). A single study using 112 dB
SPL x 1h in the chinchilla documented PTS of 70-80dB.
Hearing loss in the mouse tended to be on the order of
20—40dB for most noise exposures, but exposures of 120 dB
x 1 h did produce 30-40 dB PTS. Hearing loss in the two rat
studies identified here ranged from 40 to 60 dB PTS, on par
with the guinea pig and chinchilla, and was induced by noise
exposures including 115dB SPL x 1h, an exposure that is
slightly higher than the exposures resulting in 70-80 dB PTS

Rat Octave Band Noise Data
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FIG. 4. Noise-induced threshold shift in rat induced by two different expo-
sure conditions, as reported in Lu et al. (2014) (A) and Kurioka et al.
(2014a) (B). Studies using the rat model are listed in Table V.
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in the chinchilla, and 126 dB SPL x 4h, which is generally
similar to the guinea pig exposure of 120dB SPL x 5h.
Taken together, the data suggest it takes more noise to
induce hearing loss in a guinea pig than a rat, with the most
vulnerable animal model being the chinchilla. Data from the
mouse were variable enough that it is difficult to rank them
relative to guinea pig, rat, and chinchilla. Which is the best
model for human hearing loss is a key question. The answer
to that question may be driven by metabolism of drug agents
of interest, the degree of hearing change in a clinical popula-
tion, and species-specific vulnerability.

Stebbins et al. (1982) identified major challenges in the
understanding of NIHL, including the use of diverse species
across studies, diverse protocols for threshold measurement,
diverse noise exposures (many of which do not necessarily
model human exposures), and overall lack of consideration
of supra-threshold measures of sensitivity. Although there
has since been a wealth of research into the effects of noise
on the inner ear, there is still little consensus on what noise
models should be used during pre-clinical assessment of
potential otoprotective agents. Currently, there is tremendous
variation not only in the specific agents of interest and which
species they are evaluated in, but also how drugs are deliv-
ered (orally, by injection, or by transtympanic delivery),
when drug dosing is initiated relative to the onset of noise,
and how long dosing continues after noise exposure (Le
Prell and Bao, 2012; Le Prell and Miller, 2016). The system-
atic review by Hammill (2017) provides detailed descrip-
tions and descriptive statistics on these issues. Here, we have
leveraged that comprehensive database to assess the effects
of octave band noise, the most common noise model, on
hearing thresholds in the most commonly used rodent spe-
cies (guinea pig, chinchilla, rat, mouse). To the extent that
investigators can select common species and noise models,
comparisons across studies will be greatly facilitated. When
other species must be selected, selection of models that yield
a common degree of trauma will be helpful in facilitating
comparisons across agents. Both TTS and PTS models are
urgently needed to facilitate the identification and perhaps
even a relative ranking of promising agents. Given the state
of the science todays, it is difficult if not impossible to draw
conclusions regarding the relative promise of diverse phar-
maceutical agents proposed for clinical testing based on pre-
clinical research. Although this review did not compare effi-
cacy of agents as a function of the noise model in which they
are assessed, it is reasonable to speculate that the noise
model may influence the relative benefits of the otoprotec-
tive agent. As the exposure level and duration increase,
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mechanical damage to the hair cells is increasingly likely.
However, the majority of drugs of interest for prevention of
NIHL act on metabolic and other biochemical events.
Otoprotective agents that target biochemical pathways are
not likely to prevent acute mechanical injury, including, for
example, disruption of the reticular lamina. Thus, to com-
pare relative efficacy of different drugs for otoprotective
benefit, it is critical that noise models be consistent across
investigations.
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