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Abstract

Objective—Prevention of temporary threshold shift (TTS) after laboratory-based exposure to 

pure-tones, broadband noise, and narrow band noise signals has been achieved, but prevention of 

TTS under these experimental conditions may not accurately reflect protection against hearing 

loss following impulse noise. This study used a controlled laboratory-based TTS paradigm that 

incorporated impulsive stimuli into the exposure protocol; development of this model could 

provide a novel platform for assessing proposed therapeutics.

Design—Participants played a video game that delivered gunfire-like sound through headphones 

as part of a target practice game. Effects were measured using audiometric threshold evaluations 

and distortion product otoacoustic emissions (DPOAEs). The sound level and number of impulses 

presented were sequentially increased throughout the study.

Study sample—Participants were normal-hearing students at the University of Florida who 

provided written informed consent prior to participation.

Results—TTS was not reliably induced by any of the exposure conditions assessed here. 

However, there was significant individual variability, and a subset of subjects showed TTS under 

some exposure conditions.

Conclusions—A subset of participants demonstrated reliable threshold shifts under some 

conditions. Additional experiments are needed to better understand and optimize stimulus 

parameters that influence TTS after simulated impulse noise.
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Introduction

Despite the promulgation of the Hearing Conservation Amendment 30 years ago (Code of 

Federal Regulations, 1983; Suter, 2009), noise-induced hearing loss (NIHL) continues to be 

one of the top two occupational injuries. Hearing protection devices (HPDs) alone clearly 
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have not proven to be a comprehensive solution to the problem of NIHL. Noise is 

sometimes unexpected and often occurs when HPDs are not inserted properly or are 

unavailable. Noise can also exceed the attenuation rating of the HPD, can be transferred via 

air leaks, or can be transmitted via bone conduction through mechanical stimulation of the 

skull (for review, see Berger, 2003). In addition, there are military settings under which the 

use of HPDs can potentially compromise lethality and survival, even with the use of 

electronically augmented HPDs (Casali et al., 2009).

NIHL, specifically including hearing loss after impulse noise, is a significant medical 

problem, particularly in the military veteran population (US Department of Veterans Affairs, 

2010; Grantham, 2011). Firearm exposure has been identified as a significant contributing 

factor to the overall problem and prevalence of NIHL (Agrawal et al., 2009; Agrawal et al., 

2010). There are many common sources of impulse noise, including not only small arms 

(either military or civilian) (Tambs et al., 2006; Flamme et al., 2009b; Stewart et al., 2009; 

Ahroon et al., 2011), but also firecrackers (Flamme et al., 2009a), starter pistols (Meinke et 

al., 2013), and some workplaces where occupational noise conditions include impulse 

sounds (Sulkowski et al., 1999; Suvorov et al., 2001; Zera, 2001). Temporary threshold shift 

(TTS) as a result of impulse noise exposure has been reported (Bapat & Tolley, 2007), as 

well as changes in otoacoustic emissions (Pawlaczyk-Luszczynska et al., 2004; Balatsouras 

et al., 2005; Konopka et al., 2005; Olszewski et al., 2007).

Development of therapeutics that can reduce or prevent NIHL is a goal for many research 

teams, and TTS study designs have been the primary model to date for evaluating proposed 

otoprotective agents in humans (for review, see Le Prell et al., 2012). The use of TTS 

models holds appeal for initial studies, given that trial duration and cost are reduced relative 

to the longer-duration trials needed to assess permanent threshold shift (PTS). With 

participation time reduced for any given subject, subject attrition and loss to follow-up is 

less likely to be an issue as well. Benefits have already been shown, in the form of reduced 

TTS, for participants who are given pre-noise supplements of magnesium (Attias et al., 

2004), vitamin B (Quaranta et al., 2004), or alpha-lipoic acid (Quaranta et al., 2012). These 

studies have used broad-band noise (Attias et al., 2004), narrow band noise centered at 3 

kHz (Quaranta et al., 2004), or 3 kHz pure-tone stimuli (Quaranta et al., 2012) as the 

acoustic insult. While there is little reason to expect that TTS will vary as a function of non-

acoustic parameters, listening to these types of continuous signals (i.e., pure-tones, Gaussian 

noise, shaped noise) would likely be considered unpleasant. More importantly, in both 

occupational and recreational settings, noise will likely be more variable, reflecting a mix of 

background noise and impulses and/or impacts (Erdreich, 1986). This variation in spectral 

amplitude importantly influences the effects of noise on the inner ear, with noise that has 

more impulsive components and peaks being more hazardous than noise that is more 

constant (Hamernik et al., 2007; Zhao et al., 2010; Goley et al., 2011).

Otoprotection studies based in real-world acoustic environments provide noise exposures 

with acoustic signals that include more spectral variation than the continuous signals used in 

the laboratory studies noted above, but these real-world studies have a number of critical 

shortcomings as well. One significant shortcoming is the variability of real-world noise 

exposures across subjects, with up to 10-dB differences in exposure levels across subject 
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cohorts tested on different days reported in a nightclub-based study (see Kramer et al., 

2006). In another study, average TTS was minimal in participants recruited from an 

occupational setting that included prolonged noise exposure during work shifts at a factory, 

precluding conclusions regarding clinically significant protection (Lin et al., 2010). To 

reduce the likelihood of “failed studies”, we developed a TTS model that uses a digital 

music player (Le Prell et al., 2012), in conjunction with a set of tools that allows music 

presentation level to be fixed from song to song (Le Prell et al., 2011b), to better control 

noise exposure while maintaining real-world relevance. This model is being used to assess 

two different proposed therapeutics (NCT00808470; NCT01444846)1. The methodology 

used in this digital music player model can be readily adapted to be used with simulated 

impulse noise stimuli that are more relevant to real-world exposures often observed under 

military or industrial noise conditions. Given the interest in establishing potential 

otoprotection for military personnel (NCT01345474; Kopke, 2005; Dolgin, 2012), our 

model could provide a significant framework to evaluate proposed treatments. TTS studies 

using military personnel participating in weapons training have been challenging in that TTS 

has not been consistently detected in control subjects (Le Prell et al., 2011a; Lindblad et al., 

2011). Although these trials failed to show drug efficacy, the results are important in that 

they highlight the potential success of HPDs in protecting auditory function during weapons 

training if HPDs are used properly and consistently.

This report describes the on-going development of a laboratory-based model that 

incorporates a simulated impulse noise stimulus. Although impulse noise is clearly different 

from most constant noise with respect to relative risk of mechanical damage, otoprotection 

studies using impulse noise in animals have been promising (Cassandro et al., 2003; Hight et 

al., 2003; Kopke et al., 2005; Coleman et al., 2007; Bielefeld et al., 2011; Gavriel et al., 

2011; Xiong et al., 2013). A previous attempt at evaluating otoprotection in humans, using 

c-Jun N-terminal kinase (JNK) inhibitor, suggests potential benefit for human patients 

exposed to firecracker noise (Suckfuell et al., 2007). However, that study lacked a placebo 

control against which recovery could be compared; thus, conclusions related to efficacy are 

limited. Other studies have sought to assess potential protection against impulse noise in 

military populations, but hearing loss after weapons training has been variable in real-world 

trials. Given that TTS has not been consistently detected even in control subjects (Le Prell et 

al., 2011a; Lindblad et al., 2011), and PTS has been more variable than expected in weapons 

trials (see commentary in Dolgin, 2012) the rationale for human trials using simulated 

impulse noise is both clear and compelling.

As previously described with respect to the development of music player based TTS models, 

ensuring participant safety is paramount. Exposures that induce robust TTS in rodents [~40 

dB shift in auditory brainstem response (ABR) threshold, measured 24 hours post-noise] 

produce lasting decrease in ABR amplitude, immediate (and lasting) synaptic deficits, and 

spiral ganglion loss appears late in the lifespan (Kujawa & Liberman, 2006; Kujawa & 

Liberman, 2009; Lin et al., 2011; Wang & Ren, 2012). Although these phenomena have not 

1NCT numbers are the clinical trial identification numbers assigned in the ClinicalTrials.gov registry and results database. This 
database is a service of the U.S. National Institutes of Health. Complete study references are provided in the References section of this 
document.
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been documented in humans, primary afferent loss in the absence of hair cell loss has been 

reported in human temporal bones with unknown noise histories (Makary et al., 2011). 

Assessing the phenomena in human ears will be complicated. This phenomena occurs as a 

function of age even in animals that have never been exposed to investigational noise 

(Boettcher et al., 1995; Schmiedt et al., 1996; Sergeyenko et al., 2013). It is reasonable to 

assume that robust TTS and/or aging alone will have neural consequences in humans similar 

to those observed in animals; thus, these data increase the urgency of better understanding 

the phenomena of selective disruption of the inner hair cell/auditory nerve synapse in 

humans. The safety issue for TTS studies is the critical TTS “threshold” below which there 

is no lasting synaptic change is not known. The evidence available to date has been 

interpreted as consistent with a critical boundary of ~20–30 dB TTS measured 24 hours 

post-noise (Le Prell et al., 2012). This boundary estimation was based on animal data drawn 

from frequencies where TTS was less robust and no neural consequences were evident 

(based on inspection of the figures in Kujawa & Liberman, 2006; Kujawa & Liberman, 

2009; Lin et al., 2011; Wang & Ren, 2012). Consistent with this interpretation of the animal 

data, more recent data have confirmed complete recovery of neural response amplitudes in 

mice that had ~20 dB TTS 24 hours post-noise, with no evidence of TTS-related synaptic 

changes (Liang et al., 2013).

The approach described here is highly conservative in that exposures start at low levels with 

a limited number of impulse presentations. If there is no evidence of consistent, measurable 

changes, the exposure level and the number of impulses are increased. Our paradigm uses a 

modified version of procedures from the Albuquerque studies conducted by the US Army, in 

which first exposure level and then the number of impulses was systematically increased 

(Johnson, 1993; Johnson, 1998; see model in Price, 2007). Consistent with the conservative 

nature of the approach, we did not reach an exposure condition where TTS was consistently 

observed. Here, we describe the individual TTS variability in normal-hearing listeners after 

gunshot-like noise. The primary outcome was audiometric assessment of TTS at 

conventional frequencies (from 0.25 to 8-kHz). In addition, we included extended high 

frequency (EHF) measurements of hearing sensitivity from 10 to 16-kHz, and repeated 

measurements of distortion product otoacoustic emission (DPOAE) amplitude within the 

functional test battery. These data provide important insight into individual differences in 

vulnerability to noise, and provide guidance regarding sensitivity of different test metrics.

Materials and Methods

Participants

Advertisements posted at multiple locations on the University of Florida campus invited 

participants with normal hearing to enroll in a study of temporary changes in hearing after 

video game play. Prospective participants provided written informed consent, and were then 

required to undergo additional screening to confirm they met the eligibility criteria. As 

discussed in our previous publication (Le Prell et al., 2012), the informed consent process 

included disclosure and discussion of the data showing neural loss after robust TTS in 

animal subjects. All protocols and procedures were approved by the Institutional Review 

Board at the University of Florida.
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Screening Procedures

Participants completed brief health surveys, followed by hearing and tinnitus surveys. The 

hearing survey included detailed questions about music player use and other sources of noise 

in the participant’s life (see Le Prell et al., 2013); the tinnitus survey ensured the participants 

did not currently experience tinnitus on a day-to-day basis. After survey completion, visual 

examination of the ear canal and tympanic membrane was performed to ensure normal 

anatomy and the absence of obstructive debris. Tympanometric measures were then 

collected using a GSI 38 immittance measurement device (Grason-Stadler, Eden Prairie, 

MN) that complied with ANSI S3.39 and IEC 601-1 criteria. Normal middle ear pressure 

and compliance was defined as middle ear pressure (MEP) values from −140 to +40 daPa 

(based on the 90% range for adults, see Margolis & Hunter, 2000), peak compensated static 

acoustic admittance values from 0.3 to 1.8 ml (Peak Ytm; +200 daPa as the ear canal 

referent), and acoustic equivalent volume (Vea) values from 0.8 to 2.1 cm3. Conventional 

pure-tone air conduction thresholds (0.25–8 kHz) were assessed in participants who passed 

both otoscopy and tympanometry.

Pure-tone air-conduction threshold measurement was conducted using a GSI 61 diagnostic 

audiometer with EAR 3A insert earphones (calibrated annually according to ANSI 3.6 1996) 

for test frequencies of 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz. Tests were conducted in a double-

walled sound-treated test booth meeting specifications of ANSI/ASA S3.1–1999 (R2008). 

Thresholds were obtained using a modified Hughson-Westlake procedure. Starting at 30-dB 

HL stimulus levels, levels were decreased in 10-dB increments. Levels were increased by 2-

dB after each missed stimulus, and decreased by 6-dB after each correct detection. 

Threshold was defined as the lowest level at which two responses were obtained out of three 

presentations on an ascending run. Reliability was assessed using repeat tests at 2 and 8 kHz 

in each ear; test and retest threshold differences were required to be ≤ 5 dB (a criterion 

previously used by Fausti et al., 1999). If the air-conduction threshold at 0.25, 0.5, 1, 2, 3, or 

4 kHz was between 15-dB HL and 25-dB HL, bone-conduction pure-tone audiometry was 

also conducted. Normal threshold assessment was defined as: 1) air-conduction thresholds 

no worse than 25-dB HL from 0.25 – 8 kHz, 2) threshold asymmetry ≤ 15 dB at all test 

frequencies, and 3) air-bone gaps ≤ 10 dB if air conduction threshold was ≥15 dB HL but ≤ 

25 dB HL. Subjects meeting those inclusion criteria proceeded to the final test metric 

assessed during the screening session, which was DPOAE measurement.

DPOAE amplitude was measured using the Mimosa HearID system (Mimosa Acoustics 

Inc., Champaign, IL), in combination with an Etymotic Research microphone-earphone 

assembly (ER 10C, Etymotic Research Inc., Elk Grove Village, IL) which was coupled to 

the participant’s ear with a foam ear tip. Responses were elicited by two simultaneously 

presented ‘primary’ tones (frequencies f1 and f2) at an f2/f1 ratio of 1.2, and with intensity 

levels (L1 and L2) at L2=L1-10 dB. The f2 frequencies included 2, 3, 4, 6, 8, and 12 kHz and 

the levels included L1=25 to 65 dB SPL. Stimulus presentation started at L1=65 dB SPL 

within each frequency, with level decreasing in 5-dB steps within frequencies until complete 

input-output functions were obtained at each of the six f2 frequencies. The DPOAE protocol 

specifically followed Goldman et al. (2006) in that DPOAE amplitudes (2f1-f2) and adjacent 
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noise floors were averaged using a simplified stopping rule; i.e., with all tests averaged over 

10 seconds.

After completion of the screening procedures, eligible participants were invited to schedule 

a time to return to the laboratory to participate in study sessions that included audiometric 

testing, video game play time, and additional audiometric testing post-game play to 1) 

measure any changes induced by the simulated impulse noise delivered during game play, 

and 2) track recovery of function if TTS was observed. Participants were only allowed to 

participate in one exposure session per week, and per the approved protocol, could not 

participate in additional sessions if a TTS of 10-dB or greater was observed.

Game Play Sessions

Participants who enrolled in the study after completing the screening were compensated $15 

per hour for their time. Prior to each game play session, the participants answered a brief 

series of questions regarding recent noise exposure and current perception of tinnitus. They 

then underwent conventional pure-tone air-conduction threshold testing at 0.25, 0.5, 1, 2, 3, 

4, 6, 8, 10, 12.5, 14 and 16-kHz, to establish pre-game play baseline threshold sensitivity. 

Thresholds were measured at 10, 12.5, 14, and 16-kHz using the same modified Hughson-

Westlake procedure described above, but circum-aural headphones (Sennheiser HDA200; 

Sennheiser Electronic Corporation, Old Lyme, CT) were used in place of the insert 

earphones that were used while testing conventional audiometric frequencies. DPOAE tests 

were completed again prior to game play.

During the game play session, participants played NPPL Championship Paintball (2009) on 

a Nintendo® Wii™ game console. During game play, practice rounds were completed using 

a Wii™ Zapper with Link’s Crossbow Training to aim and shoot at the targets on a 25.5″ 

LCD HDTV (Samsung Touch of Color T260HD). The Wii™ game console was connected 

to a Tucker-Davis-Technologies RX6 multifunction processor (TDT, Alachua, FL). The 

RX6 output went to a stereo receiver (Onkyo TX-8555) used to control amplitude. Stimuli 

were delivered through Sennheiser headphones (HD-280 Professional Headphones used for 

signals up to 108 dB SPL peak; HD-380 Pro Collapsible High-End headphones used for 

signals up to 117-dB SPL peak). During game play, the game’s audio was stripped and 

served only as a trigger for presenting a digital sound file mimicking a gunshot (see Figure 

1). The gunshot-like stimuli were presented in real-time as the participant shot targets in the 

video game; participants were instructed to shoot targets at a rate of approximately once/

second.

The gunshot stimulus was modeled after a 12-gauge shotgun discharge. To calibrate sound 

levels, headphone output was measured using a Brüel & Kjær Artificial Ear Simulator (type 

4153) connected to a Brüel & Kjær PULSE Analyzer Platform (Type 3560-B-030). The A, 

B, and D-durations for a single impulse were estimated following the classification scheme 

described by Smoorenburg (1982; 1992). The A-duration of a single shot stimulus as played 

through the headphones was approximately 0.4 msec. The B-duration ranges from 102 to 

246 ms. D-duration, defined as the duration of time over which the peak SPL decreases 10 

dB, was 39–41 msec. These values are consistent with measures from actual shotguns, with 

B-durations of indoor measurements often being 200–500 ms. Peak sound levels ranged 
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from 88–117 dB peak SPL, and the number of presentations ranged from 50 to 3,200 

stimuli.

Based on previously reported data, the Albuquerque studies provide a unique data set on 

TTS after impulse noise exposure during tests sponsored by the US Army Medical Research 

and Development Command (Johnson, 1993; Johnson, 1998). The protocol was based on 

systematically increasing sound exposure level (see model in Price, 2007). If no TTS was 

detected at the highest planned exposure level, the level was dropped “1-step” and the 

number of impulses was then sequentially doubled. Here, we used a variant of the 

Albuquerque studies, modified to provide a more conservative approach. Exposures began at 

88-dB SPL peak × 1 round of game play (~50 impulses). Following 3 consecutive 

participants with ≤5-dB TTS, exposure levels for the next participant increased by 5-dB. 

This process was repeated up to the highest exposure level approved by the IRB, which was 

initially 108-dB SPL peak. With ≤ 5 dB TTS in 3 consecutive participants at 108-dB SPL 

peak × 1 round of game play (~50 impulses), levels were dropped to the lowest study level 

of 88-dB SPL peak, and the number of impulses was doubled. This process was repeated to 

a maximum of 108-dB SPL peak × 64 rounds of game play (~3200 impulses). With no 

reliable TTS detected at those levels, we sought (and obtained) approval from the IRB to 

increase sound levels using a more conservative 3-dB step size. The above iterative process 

was repeated for 111- and 114-dB SPL peak stimuli. A final series of 117-dB SPL peak 

stimulus presentations was initiated, and data were collected through the 117-dB SPL peak × 

200 impulses condition. A total of 52 different sound level × number of impulse 

combinations were assessed. To assure that we were not “missing” a rapidly recovering TTS 

by waiting until 15-min post shooting to assess TTS as we had with the first sets of exposure 

levels (up to 108-dB peak SPL), we requested (and received) permission to add a 2-min 

post-shooting audiometric test (limited to 2, 3, 4, 6, and 8 kHz) when we requested 

permission to present higher stimulus levels. The intent of the design was to quickly identify 

a set of stimulus parameters resulting in a small but reliable TTS. The “target” TTS was 

defined as ~6- to 10-dB, based on existing data showing recovery to baseline within hours of 

the exposure, with virtually no change measured 24 hours post music after music-induced 

TTS of this magnitude (Le Prell et al., 2012). The majority of the stimulus conditions (i.e., 

combinations of level and number of impulses) tested in this study included only 3–4 

participants as many participants had less than 5-dB change (see Table 1).

Results

Participants Included

Participants were drawn from an initial pool of 101 volunteers (50 male, 51 female; mean 

age=22.1+2.7 years; range =18–31). Of these, 6 participants were excluded for obstructive 

cerumen (earwax), 1 participant was excluded after observations consistent with the 

presence of middle ear fluid, 3 participants were excluded based on tympanometry outside 

normal limits (specifically, hypercompliance), 4 participants were excluded on the basis of 

thresholds greater than 25-dB HL at one or more frequencies, 3 participants were excluded 

based on right/left hearing asymmetry greater than 15-dB, 1 participant was excluded based 

on air-bone gaps greater than 10-dB, and 1 participant was excluded based on verbal report 

Spankovich et al. Page 7

Int J Audiol. Author manuscript; available in PMC 2016 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of frequent, severe headaches. Sex distribution of the 19 excluded participants was 14 males, 

and 5 females. In addition to the 19 excluded participants, there were 16 participants who 

were eligible to enroll after completing the screening, but who chose not to schedule study 

sessions post-screening (9 males, 7 females).

After exclusions and drop-outs, the final participant cohort included 66 normal-hearing 

volunteers (27 male, 39 female, mean age=22.1±2.7 years; range =18–29). The average 

thresholds for right and left ears were equivalent among the eligible participants who did 

(n=66) and did not (n=16) choose to participate, with higher thresholds measured in those 

that were excluded (n=9; note that while there were 19 excluded participants, 10 of these 19 

were excluded prior to threshold assessment based on obstructive cerumen or middle ear 

issues precluding participation). For the 66 study participants, there were no statistically 

reliable differences between right and left ear thresholds (all p values > 0.05). When the 

average threshold at each frequency was compared in males and females, a small but 

statistically reliable difference was observed at 4 kHz with males having approximately 3.5-

dB worse thresholds than females (t=2.988, df=45.670; p=0.005). Although statistically 

significant, the measured thresholds were within normal limits for both sexes, with both 

males and females having average thresholds that were better than 5-dB HL. Data from male 

and female participants were therefore pooled in subsequent analyses of the effects of 

simulated impulse noise on hearing. Although the effects of prior noise history on baseline 

measures of function are of significant interest, we do not attempt to explore these factors as 

part of this report. The relationship between reported noise sources and auditory function at 

frequencies from 250-Hz to 16-kHz was recently described in a separate report (Le Prell et 

al., 2013). Readers are referred to that report for a more complete discussion of various 

recreational noise sources and their potential impact on hearing.

Temporary Threshold Shift after Game Play

The number of sessions completed by each participant ranged from 1 to 12 

(average=3.2±2.7 sessions). As is clearly evident from the number of conditions in which 

there were only 3–4 participants (Table 1), there was no consistent TTS reaching/exceeding 

5-dB in many of the stimulus conditions. Space constraints prohibit detailed presentation of 

the data from all 52 exposure conditions; in Figure 2 we present the data for stimuli 

presented at 111-dB peak SPL (2A: 800 shots; 2B: 1600 shots; 2C: 3200 shots), 114-dB 

peak SPL (2D: 800 shots; 2E: 1600 shots; 2F: 3200 shots), and 117-dB peak SPL (2G: 50 

shots; 2H: 100 shots; 2I: 200 shots). For each level, these are the three sessions with the 

highest number of impulses presented. In addition, these are the stimulus conditions for 

which both 2-min and 15-min TTS data were collected. These data clearly illustrate three 

key findings. First, there was no reliable TTS, even with the highest level × greatest number 

of impulse combinations. Second, comparisons of TTS measured at 2-min with TTS 

measured at 15-min did not provide any evidence that there was a rapidly reversing TTS, 

which recovered within the first 15-min. Third, there was no consistent evidence for greater 

change at EHF frequencies (i.e., frequencies above 8 kHz) than at conventional test 

frequencies. Although there were a small number of exposure conditions in which some 

individuals showed a shift at one or more EHF frequencies, thresholds at EHF frequencies 

are more variable than thresholds at conventional frequencies (Schechter et al., 1986; Green 
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et al., 1987; Stelmachowicz et al., 1989; Frank, 2001; Schmuziger et al., 2004; Le Prell et 

al., 2013). Given this increased variability, “changes” observed at EHF frequencies for a 

small number of individuals in a small number of test conditions should be interpreted with 

caution. Although the current data do not establish a paradigm for inducing TTS in the 

laboratory using an impulse noise stimulus, they provide useful documentation regarding the 

significant individual variability in vulnerability.

There were three stimulus conditions in which TTS was observed in a subset of participants, 

and the sample size for those exposure conditions was thus larger. Individual data from the 

participants who completed the 114-dB peak SPL × 3200 impulse condition (from Figure 

2F) are presented in Figure 3. In Figure 3, the panels are organized such that participants 

with the smallest changes are shown first, with later panels showing participants with 

increasing magnitude of change. Changes of up to +/− 5 dB are within the range typically 

attributed to test-retest variability and should not be interpreted as reliable changes in 

function. Threshold improvements > 5 dB were not common, but were occasionally 

observed (see for example panel 3H). In cases where a shift was observed at both 2-min and 

15-min, the shift can be considered “repeatable.” However, in those cases where a shift of 

~5-dB was present at 2-min but absent at the 15-min test, it is not possible to distinguish 

small and rapidly recovering changes in function from test-retest variability. The strongest 

evidence for reliable change as a function of the exposure would be > 5 dB change in the 

group data, and this was not observed here. Other data that can be extracted from the single 

participant plots include the observation that TTS was sometimes (Subject 230, Figure 3G) 

but not always (Subject 219, Figure 3H; Subject 229, Figure 3J) symmetrical; there was no 

consistent difference with respect to the more affected ear. In addition, the frequency at 

which the maximum TTS was observed varied across subjects. The pattern of change 

observed here would make it difficult to implement a “simple” TTS metric (such as average 

change at 4 kHz) on which the potential for otoprotection might be assessed.

DPOAE Input-Output (IO) Data—DPOAE amplitudes were measured at 9 different 

sound levels for 6 different f1/f2 frequency pairs, with tests conducted pre- and post-game 

play for all 52 exposure conditions. There was no evidence that the OAE metric was more 

sensitive than the pure-tone threshold metric; DPOAE amplitude was not systematically 

depressed as a function of any of the exposure parameters during inspection of the input-

output functions. DP-grams were generated by extracting responses at a single level across 

frequencies; no consistent differences emerged with that alternative analysis. Figure 4 

illustrates the measured amplitude of the 2f1-f2 DPOAE for F2 = 4 kHz for the same game 

play signal conditions shown in Figure 2. There were no reliable changes in amplitude at 

any of the test frequencies. Inspection of the individual responses within participants did not 

suggest that participants with measurable TTS had any greater change in OAEs than subjects 

without measureable TTS (see Figure 5).

Tinnitus—Participants were asked if they had a sensation of ringing in their ears (tinnitus) 

post-game play. There were 16 reports of tinnitus immediately after game-play, but there 

was no consistent reporting of tinnitus within or across exposure conditions (see Table 2). 

For those participants who reported tinnitus, there were follow-up questions regarding the 
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nature of the tinnitus. In addition, participants were asked to rate their tinnitus on both 

loudness and objectionable/bothersome scales that ranged from 1 (barely noticeable/not 

bothersome) to 10 (almost unbearably loud/unbearable). The average loudness score was 

2.1±1.3 (range=1–6) and the average objectionable/bothersome score was 1.3±0.9 

(range=0–4). The tinnitus was transient and was fully resolved in all cases.

Discussion

The 1992 CHABA report by Dixon Ward et al. (CHABA, 1992) essentially endorsed an 

earlier risk criterion (CHABA, 1968), at least for small arms fire. The reports suggested that 

exposures of 100 impulses would be safe at levels below 157 dB when B-duration is 0.3 

msec, such as gunfire in an open field, or 138 dB when B-duration exceeds 200 msec, as 

might occur in a very reverberant environment, such as gunfire in a small room with hard 

walls. In that report, “safe” was defined using a more permissive definition of a significant 

TTS, based on 2-min post-noise TTS reaching 10 dB at 1,000 Hz or below, 15 dB at 2,000 

Hz, or 20 dB at 3,000 Hz or above. The B-duration for our stimulus was consistent with the 

reverberant shooting environment, and sound levels up to 117-dB peak failed to result in 

consistent TTS, even using our more lenient description of TTS as > 5 dB change at 3, 4, or 

6 kHz. The sound levels assessed here did not reliably induce TTS, and are not appropriate 

for assessing the efficacy of otoprotective agents in human participants.

The most important outcome of the current study is the development of a protocol through 

which TTS exposure paradigms can be developed using sequentially increasing time and 

level parameters. To maximize participant safety, the paradigm described here was highly 

conservative in that the starting levels selected for the initial exposure conditions were not 

intended to induce robust change. Additionally, because individual variability is significant, 

the paradigm required that 3 consecutive study participants have less than 5-dB change 

within a given exposure condition, prior to any increases in exposure level or duration. 

Using these two key criteria, we were able to identify stimulus conditions that resulted in 

unilateral TTS > 5-dB in some 25–30% of participants. Presumably, the percent of 

participants with TTS > 5-dB and the average magnitude of the TTS would grow with 

increasing stimulus level and/or duration of the exposure (which increased linearly with 

increasing numbers of shots, as shots were fired at a rate of ~1/second within each round of 

game play).

The potential for safety concerns with noise exposures that induce robust TTS is clear (for 

detailed discussion, see Le Prell et al., 2012). Here, we defined target threshold shift as 6 to 

10-dB at 15-minutes post-game play. This small targeted TTS clearly contrasts with the 

robust (40-dB) threshold shifts 24-hours post-noise associated with neural loss in animal 

studies (Kujawa & Liberman, 2006; Kujawa & Liberman, 2009; Lin et al., 2011). Exposures 

that induce smaller TTS changes are clearly more conservative than exposures that induce 

larger TTS changes. Because the critical boundary below which there is no effect of TTS on 

synaptic density and evoked potential amplitude has not been established, lower exposures 

should always precede higher exposure levels to assure that the exposure paradigm elicits 

minimal TTS. Consistent with the notion that small TTS changes are unlikely to have long-

term consequences, Liang et al. (2013) recently reported complete recovery of neural 
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response amplitude in mice that had ~20-dB TTS 24-hours post-noise. Those data support 

previous suggestions that small TTS deficits measured after a single 100% daily noise dose 

(defined using OSHA standards after converting sound level from coupler-level to free-field 

equivalent) are not likely to have significant risk of harm for human participants (Le Prell et 

al., 2012). However, a provocative new report seemingly draws the safety of small TTS 

changes into question. Small decreases in synaptic density and small decreases in ABR 

amplitude were reported in mice that had ~15-dB shifts in DPOAE thresholds 1-hour after 

the conclusion of a more moderate noise exposure (Maison et al., 2013). In that study, mice 

were exposed to 84-dB SPL noise continuously for 7-days. These findings raise new 

questions, and require critical analysis.

According to OSHA regulations, the experimental exposure duration of 24 hours per day 

with a constant level of 84-dB SPL would result in a daily noise dose of ~130% 

accumulating over each 24-hour period (OSHA, 1983) 2. NIOSH recommended exposure 

limits are more conservative, and a daily noise dose of ~238% would accumulate within 

each 24-hour period per NIOSH recommended noise standards (NIOSH, 1998). With a daily 

OSHA-defined noise dose of 130% per day, a total dose of ~910% accumulates over a 7-day 

exposure. Using the more conservative NIOSH noise dose guidelines, a daily dose of 238% 

per day yields a total dose of 1,666% after 7 days. Clearly, these dose levels do not represent 

typical occupational noise exposures (which require the use of engineering or administrative 

controls, or the use of HPDs, to reduce noise exposure to 100% dose per day). Given daily 

noise doses in excess of 100%, and the lack of any daily noise-free recovery periods, it may 

not be surprising if permanent damage accrued in the mice tested by Maison et al. (2013). 

However, it is worth note that susceptibility to noise damage varies across strains of mice 

(Yoshida et al., 2000; Davis et al., 2001), across rodent species (Duan et al., 2008), and 

human vulnerability likely differs from mice. Pigmented guinea pigs appear to less 

vulnerable than CBA/CA mice and albino Sprague-Dawley rats (Duan et al., 2008), and 

humans have been suggested to be more tolerant than guinea pigs (Liang, 1992). Limits for 

humans have been suggested to be 164 dB peak SPL for impulses of 25 μs, with limits 

decreasing as impulse duration increases (limit of 138 dB peak SPL for impulses with B-

durations of 200–1000 ms (Ward, 1968).

There is little reason to assume that ears experiencing a single daily noise dose of 100% or 

less, for one day, will be damaged, despite data from mice subjected to continuous 7-day 

long exposures of ~130% to 238% daily noise dose per day (i.e., the noise doses for human 

listeners), with no recovery periods. The average sound level for the signals plotted in 

Figure 1 ranges from 81-dB SPL (Figure 1A) to 91-dB SPL (Figure 1F), over each of the 

time intervals sampled. Even with the longest game play conditions (~3200 signals over 

~45-min), total exposure within a session would be less than 100% daily noise dose, based 

on both the OSHA regulations, which limit exposure to 91-dBA sound to 7-hours (per Table 

G-16A in Appendix A; in OSHA, 1983), and the NIOSH recommendations, which limit 

2Readers are reminded that OSHA and NIOSH limit noise based on A-weighted SPL. The noise levels reported in these animal 
studies are unweighted SPL. The A-weighted level for those exposures was not reported; however, because the acoustic signal 
contained energy from 8–16 kHz, and A-weighting primarily discounts energy below 1 kHz, the effect of A-weighting on signal level 
would likely be fairly small. However, comments on dose should be interpreted with caution, given the unknown effect A-weighted 
spectral filtering would have.
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exposure to 91-dBA sound to 2-hours (per Table 1-1 in NIOSH, 1998). We did not measure 

A-weighted SPL; for completeness, we note the A-weighted sound level would be lower 

than the unweighted SPL we report here, and thus the regulations would permit longer 

exposures after discounting low frequency signal components in the signals we used.

A second more fundamental issue with respect to interpreting the risk of neural loss after a 

small TTS is that the noise-exposed animals described by Maison et al. (2013), deemed to 

have decreased synaptic density based on comparisons to control measurements from the 

ears of 3 animals, in fact have an average synaptic density measurement that is within the 

range of previous reports using larger control groups (Kujawa & Liberman, 2009; Wang & 

Ren, 2012). Taken together, new data regarding small TTS changes in animal models are 

provocative, but suggestions about human risk must be interpreted with caution based on 

small sample sizes and the multi-day noise exposures that exceed daily noise limits as 

defined by OSHA, as well as differences in vulnerability and critical limits for exposures 

across mammalian species. Further research is needed to characterize the dose-response 

relationship for damage underlying TTS and primary afferent neural loss. In addition, the 

perceptual consequences of this type of neural loss remain speculative. There are no 

behavioral data demonstrating evidence of perceptual deficits in any of the studies that are 

currently available.

Although caution is required in the development and use of laboratory-based TTS 

paradigms, we maintain that the development of laboratory-based TTS paradigms is useful, 

as these controlled paradigms resolve many of the shortcomings of previous field-based 

otoprotection studies. As reviewed above, multiple investigators have sought to determine 

whether a potential drug agent reduces TTS after a real-world noise exposure, but have 

failed to obtain conclusive evidence. Study conclusions were limited by the minimal TTS in 

controls in some cases (Lin et al., 2010; Le Prell et al., 2011a; Lindblad et al., 2011) whereas 

in other cases, the variability of the exposures across participants limited conclusions 

(Kramer et al., 2006). To circumvent some of these shortcomings, we have accelerated the 

incorporation of digital music stimuli into laboratory-based otoprotection studies 

(NCT00808470; NCT01444846).

The incorporation of digital gunshot-like impulse noise into a TTS paradigm here has 

carried additional challenges, in that TTS has been smaller and more variable, and has 

largely been observed to be unilateral (occurring at approximately equal rates in right and 

left ears). The stimulus used here had significant energy at lower frequencies; a frequency-

shifted stimulus with more high-frequency energy might be expected to produce more 

consistent changes, and also more robust changes. The spectral content of the impulse 

sounds produced by different weapon systems has been briefly described for some firearms 

(Kardous et al., 2003; Flamme et al., 2009b; Guida et al., 2011), and differences between A-

weighted and unweighted SPL’s allow some inferences about low frequency energy in 

sounds produced by a subgroup of firearms (Flamme et al., 2011). The available data, while 

limited, suggest there are differences across weapons. A stimulus “battery” in which several 

shots are quickly repeated as a “salvo” might also be useful in eliciting more robust, and 

more reliable, TTS changes across participants (Danielson et al., 1991). However, as noted 
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by Ward (1968), the middle ear muscle reflex contraction will reduce the effect of acoustic 

energy entering the ear more than 100 to 200 milliseconds subsequent to pulse onset.

The data presented here are highly encouraging with respect to the potential for impulse-

noise based TTS models that can be safely implemented in a laboratory setting; however, 

further research is needed to optimize the parameters essential needed for more consistent 

and reliable TTS, and models may ultimately require selection of other weapon signatures as 

well as better understanding of individual vulnerability across subjects. The variability in 

individual vulnerability to NIHL is well known in both animal models (Maison & Liberman, 

2000; Yoshida & Liberman, 2000; Wang et al., 2002) and human participants (Ward, 1970; 

Mills et al., 2001; Strasser et al., 2003; Le Prell et al., 2012), but biological factors 

distinguishing “tough” ears from “tender” ears are relatively unknown. These likely include 

genetics, sex, age, noise and ototoxic drug exposure history, pre-exposure hearing status, 

and other additional individual risk factors such as smoking, cardiovascular health, and 

nutrition. Moreover, it is clear that signal characteristics such as A, B, and D durations, 

inter-pulse interval (which can allow recovery), peak signal level, and total energy of the 

stimulus (which can be described using dB SPL, A-weighted SPL, C-weighted SPL, or even 

8-hr equivalent levels) will all interact, and these interactions require further study as to their 

effects on noise risk. With the widespread use of firearms by civilians, police officers, and 

military personnel, improved understanding of the factors influencing noise risk related to 

these exposures remains an important hearing healthcare goal.
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Figure 1. 
Sound levels shown here were measured using a Brüel & Kjær Type 4153 Artificial Ear in 

combination with PULSE spectrum analyzer with levels sampled at 0.125 sec (1/8 sec) 

intervals. Variability within a given stimulus condition is a function of the challenges 

inherent to accurately capturing peak SPL for brief impulse-like signals. The individual 

acoustical signal was routed from a Tucker-Davis-Technology RX6 to a stereo receiver 

(Onkyo TX-8555) that controlled signal amplitude, which ranged from 88 dB peak SPL 

(Figure 1A) to 108 dB peak SPL (Figure 1C) using 5 dB increments, and 111 dB peak SPL 

(Figure 1D) to 117 dB peak SPL (Figure 1F) using 3-dB increments. Approximately 20 

seconds are shown for each stimulus level; the presentation rate varied as a function of the 

rate at which the Wii® zapper was triggered during the acoustic measurements. Presentation 

was triggered by subject response using the Wii® zapper. The sound spectrum for a single 

impulse is shown in Figure 1G, and the detailed time sample for a single impulse is shown 

in Figure 1H.
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Figure 2. 
There was no reliable effect of game play on pure-tone air conduction thresholds at either 2-

min or 15-min post game play; the average change in thresholds was less than 5 dB 

regardless of exposure condition. Data were collected for 52 different exposure conditions 

(see Table 1). Exposure conditions shown here include the three highest test levels (2A–2C: 

111 dB peak; 2D–2F: 114 dB peak; 2G–2I: 117 dB peak). The highest number of impulses 

presented within each sound level are shown (2C, 2F: 3200 shots; 2B, 2E: 1600 shots; 2A, 

2D: 800 shots; 2I: 200 shots; 2H: 100 shots; 2G: 50 shots). Data are Mean ± S.E., to 

illustrate confidence with respect to the mean change.
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Figure 3. 
Within subjects exposed to a given noise condition, there was significant individual 

variability. Individual subjects are plotted in panels 3A–3J, one subject per panel. Panels are 

sorted such that subjects with smaller changes are followed by subjects with larger changes. 

Subjects were followed until complete recovery was observed; subjects with larger threshold 

shifts were followed for longer periods than subjects with smaller shifts, based on time to 

recovery. The longest post-game monitoring interval was 2 hrs 15 mins (Figure 3J).
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Figure 4. 
There was no reliable effect of game play on distortion product otoacoustic emission 

(DPOAE) amplitude 15-min post game play. Data were collected for 52 different exposure 

conditions (see Table 1). Exposure conditions shown here include the three highest test 

levels (4A–4C: 111 dB peak; 4D–4F: 114 dB peak; 4G–4I: 117 dB peak). The highest 

number of impulses presented within each sound level are shown (4C, 4F: 3200 shots; 4B, 

4E: 1600 shots; 4A, 4D: 800 shots; 4I: 200 shots; 4H: 100 shots; 4G: 50 shots). Stimulus 

conditions are identical to those in Figure 2; subjects are the same in Figures 2 and 4. Data 

are Mean ± S.E., to illustrate confidence with respect to the mean change.
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Figure 5. 
Within subjects exposed to a given noise condition, there was little individual variability 

with respect to changes in DPOAE amplitude. Individual subjects are plotted in panels 5A–

5J, one subject per panel. Panels are sorted such that subjects with smaller changes in 

thresholds are followed by subjects with larger changes in thresholds, based on the data 

shown in Figure 3. Subjects are the same in Figures 3 and 5. However, only the DPOAE 

data from the most vulnerable ear are shown.
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Table 1

Procedure for Selecting Exposure Level and Number of Shots Firedi

i
The initial series of exposures included 1 round of game play (~50 shots) delivered at 88 dB peak SPL. For every 3 consecutive participants with 

TTS ≤ 5 dB, the level was increased in 5-dB steps up to a maximum of 108 dB peak SPL. Several participants had TTS exceeding 5 dB at 108 dB 
peak × 50 shots, resetting the “counter” each time. There was no reliable change in function across subjects however. With 3 consecutive 
participants with TTS ≤ 5 dB at 50 shots × 108 dB peak SPL, the level was decreased back to 88 dB SPL peak, and the number of shots was 
doubled. This process was repeated to a maximum of 108 dB peak SPL × 3200 shots. After receiving IRB approval for higher sound level tests, the 
effect of 111 dB and 114 dB SPL stimuli was assessed following a similar iterative procedure. A final series of tests at 117 dB peak SPL were 
initiated, ending with a maximum of 200 shots, with no reliable changes in any of the subjects who participated in that level series.
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