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Introduction
A wide range of people are exposedto brief high-level

sounds.Exposuresto impulse noise from gunsare common
for those in military and law enforcement occupations,
which account for approximately 3.4 million workers in
the US. (Lockard & Wolf, 2012). Rapid chemical reactions
involved in automotive airbag deployment might also pro-
duceauditory effects (Passaliet al., 2003).In addition, peo-
ple of all agesare exposed to noise from ■recrackersand
other ■reworks that could be intense enough to damage
the auditory system.Approximately 386miIIion pounds of
consumer ■reworks were sold in the us. in 2020 (American
Pyrotechnics Association, 2021). Recreational ■rearm use is
also common in the US, with estimates of 83 to 97 civilian
■rearmsper 100persons(SmallArmsSurvey,2007).Firearm
use emergesat the population IeveIas a signi■cant risk
factor for hearing loss.The prevalenceof bilateral mid-fre-

quency hearing loss (0.5—4kHz,averagegreater than 25dB
HL)among people reporting no history of ■rearmuse was
2.6% less than for non-shooters (5.4versus 8.0%, respective-
ly),and the prevalence increased to 10.8%for heavy shoot‘
ers.Theprevalenceof bilateral high-frequency hearing loss
is greater and shows greater differences across levels of
shooting history (14.4, 22.1, and 31.7%, respectively [Hoff-

man at al., 2016]).

Our examination of responses from approximately
37,000participants in the 2014National Health Interview
Survey (data available at httga/iwwwetéagm■zthsmhis!)
suggestedthat 52%(95%CI:51%to 54%)of adult men and
22%(95%CI:21%to 23%)of adult women report having ■red

a gun at some point during their lives. A small proportion
of these people (15%of men and 5%of women) with a his-
tory of ■rearmuseindicated that ■rearmusewas solely for
occupational purposes.About 44%of men (14%of women)
reporting a history of ■rearm use have ■redat least 1000
rounds during their lifetimes. The rates of hearing protec-
tor useamong target shooters is somewhat higher than for
hunters (Stewart et al., 2011).

Impact noise exposures can be expected for construc-
tion, manufacturing, and agricultural workers, who ac-
count for almost 16 million workers in the U5. (US. Bureau
of Labor Statistics, 2012).In addition, many home improve-
ment and repair tasks can involve the useof tools that pro-
duce impact noises, and automotive airbags can produce
high-Ievelsounds that might produce temporary threshold
shift (Sommer & Nixon, 1973).

Exposuresto brief high—Ievelsounds that last less than
one second present a hazard that is equal to or perhaps
greater than continuous sounds with equal amounts of
overall energy (Dunn et al., 1991;TremoIieres and Hetu,
1980; Smoorenburg, 2003).The human ear can be damaged

by these sounds with comparatively few exposures. In ad
dition to more rapid accumulation of risk, brief high-level
sounds differ from longer-duration signals in many ways,
including the processesby which they are generated, mea-
surement techniques, mechanisms of auditory damage,
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appropriate procedures for assessing risk, and the perfor-

manceof hearing protectors.
In this chapter, we use the term brief high-level sounds

to represent any signal having an instantaneous peak level
greater than 130 dB SPL and an overall duration less than

one second. This includes sounds that have been conven-
tionally labeled as impulse and impact noises. Although
the physical events leading to these two types of sounds
differ, their in■uenceon the auditory system is similar and
the same approaches are used to estimate risk for people
exposed to these sounds. This chapter includes a descrip-
tion of the essential acoustic factors associated with the
production and measurement of brief high-level sounds,
a short description of some bioacoustic and psychoacous-
tic phenomena involved in the response of the auditory
system to these sounds, a description of how risks for the
exposed listener are assessedcurrently, and ■nally an ex-
planation of how these risks can be mitigated via the use
of hearing protectors and modi■cations of the source (e.g.,
suppressors at the muzzle, Iow-velocity gun ammunition,
addition of damping material to processeswhere impacts
occur).

Acoustics of Brief High-LevelSounds
While the de■nition of an impulse is a matter of conven-

tion, this term will be used to denote an asymmetric distur-
bancein air pressure,typically generated by energy release
(e.g.,chemical explosions, compressed air bursts). This de■-
nition permits an impulse to be differentiated from an im-
pact noise,which is de■nedasthe sound from the collision
of masses(e.g.,hammer fall, punch press,etc.).Many impul-
sive sounds result from rapid chemical reactions producing
heat and comparatively large volumes of gas. In ■rearm am-
munition, for example, the combustion of the propellant
powder generates pressureson the order of megapascals
within the gun’s■ringchamber,and these pressuresact on
the bullet to accelerate it down the gun barrel.The intense
pressure and heat causes pressure to build into a nearly
instantaneous rise, a shock front. The blast wave includes
the shock front followed by an exponential pressuredecay
and underpressure due to inertia and air ■ow (Kinsler et
al., 2000).The ideal blast wave (Figure 6.1)is often called a
Friedlander wave (Friedlander, 1946; Hamernik and Hsueh,
1991). Pure Friedlander waves are rarely observed in real
sound sources, mostly due to the effects of the enclosure

in which the energy is released(e.g.,the ■ringchamberof a
weapon or other tool) and the effects of re■ectivesurfaces
in the vicinity. Asshown in Figure6.1,a ■recrackerimpulse
hasqualities similar to a Friedlander wave, but with some
substantial deviations after wave onset. In ■rearms,only
about 35%of the chemical energy in the charge is convert-
ed into kinetic energy of the projectile (ISO17201—2,2006),
with the remaining energy releasedasheat, sound,and gas
movement.

100

8000 x . . a
Maximum: -—Firscradcerat0.5meters

7000~ 17168 peakSPL
.,. Friedlander impulse

z=0.15ms
6000‘

5000'

P
re

ss
ur

e
(P

a)

2000-

1000

—1000- Minimurnl

meemkspt
, ‘ ‘-2000 o 0.2 0.6 0.8 1 1.2 1.4

Time(ms)

Figure 6.1 — The Friedlander wave is a kind of waveform pro-

duced by the explosive releaseof energy.It is characterizedbya
near-instantaneous departure from ambient pressureto a peak
(i.e.,overpressure) followed by a decline in pressurethat under-
shoots ambient pressure(i.e.,underpressure)andacomparatively
slow recovery to ambient pressure.Thepeakamplitudeanddura-
tion of the signal are determined by the energycontainedinthe

impulsive source.

Impulse Sounds

Impulse waveforms can be divided into multiple com-
ponents. in caseswhere the chemical reaction is usedto
accelerate a projectile (i.e., a bullet or shot) to supersonic

speed, the projectile produces a ballistic N-shapedwave
along its path. Theinitial portion of the N-shapedwave(Fig-

ure 6.2)is associated with the compression of air immedi-
ately in front of the projectile (i.e.,the “bow wave” in Figure
6.3),after which the pressuredecreasesuntil the rarefac-
tion of air immediately behind the projectile (i.e.,the “stern
wave”) rapidly returns the pressure to ambient (Garinther

and Moreland, 1965).The ■rst component of the muzzle
blast wave is the shock front, which is the leading edgeof
the Friedlander wave. The shock front is followed by the

pressurizedgasescapingfrom the enclosure.Theescaping
gas travels at a speed lower than the speed of sound and

falls to zero once the pressure inside the enclosure equals
ambient pressure.

In Figure 6.4,the shock front from the muzzle blast alt
pears as a circle that is centered just in front of the muzzle.

In the absenceof objects that restrict energy■owin agiven
direction, the ideal blast wavewould exhibit the properties
of a perfect point source, radiating sound in all directions
with equal ef■ciency.However,the environment surround-
ing the sound sourcein■uenceshow sound energy radiates
from this central point. As an example, the combustion as-
sociated with gun■re takes place mostly within the car-
tridge itself, which is surrounded by a ■ring chamber built
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Figure6.2 — Separation of N-wave from a passing bullet and
blastwave from muzzle. The microphone was located 550 mm
downrangefrom the muzzle of a .22Hornet ri■e.The N-wave has
apressure-wave(A)duration lessthan 0.03msand a peakof about
8000Pa, and the muzzle blast wave has a peak of about 11,000 Pa
andanA-duration of approximately 0.34ms(seeRasmussenet al.,
2009,for recording details).

1"

Figure 6.3 — The bow wave is at the front of the bullet, and the

sternwave originates behind the bullet. Turbulencecreated in the
wakeof the bullet is also evident. A small piece of the cartridge
orunspent propellant is seenaboveand behind the bullet (Image
courtesyof Andrew Davidhazy.)

Figure 6.1. — High-speed photograph of the ballistic N-wave, muz-
zleblast wave, and gasejection from a ri■e(Imagecourtesy of Dr.
GarySettles.)
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to withstand the intense pressure and heat. The energy
radiates away through the gun barrel, accelerating the bul-
let or other projectile as it goes. Upon exiting the muzzle,
the sound energy exhibits higher levels in front of and to
the side of the muzzle than to the rear of the weapon and
toward the shooter’s ear (Walton, 1981),asshown in Figure
6.5.In addition, Figure6.5shows a separation from the bal-
listic N-wave,which mergeswith and disappearswithin the
shockwave asthe measurement location becomesperpen-
dicular to the line of ■re.The difference in temporal spac-
ing between the N-waveand shock wave is due to the loca-
tions of the acoustic sources.

Impact Sounds

Impact noise is producedby collision of masses,followed
byfree vibration of those masses.Impact waveformstend to
havesymmetric compressionand rarefaction and exhibit an
exponential decayafter the initial onset (Atherleyand Mar-
tin, 1971).The peak levels are generally lower than for im-
pulsesounds.In addition, more low-frequencyenergytends
to be present in impact sounds,owing to the physical char-
acteristics (mass, stiffness) of the materials. The duration of

impact sound tends to be longer than impulse sounds.This
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Figure 6.5 - Comparisonof impulse waveforms as a function of
angle,centered on the muzzle of a gun. The initial disturbance in
the waveform downrange from the muzzle is the ballistic N-wave
produced by the passingbullet (seeFigures6.2through 6.4).Gen-
erally, the impulse amplitudes downrange will be greater than
those to the side and behind the muzzle. The peaks behind the
shooter are reduced by approximately a factor of 10 from the
front. Thesedata are from Maher and Routh,2015.
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duration dependson the amount of resistancein the materi-
als and the degree to which the natural resonancesof the
materials are excited. In Figure 6.6, the waveform from the

framing nailer has severaldistinct phases:the discharge of
the gasdriving the piston against the nail, the impact of the
piston on the nail, the interaction of the nail with the work
piece,the exhaust of the compressedgas,and ■nally,the re-
set of the piston.

Acoustical Descriptors of Brief High-LevelSounds

Fine Waveform Structure
Brief high-Ievelsounds have been described in terms of

the fine structure of the waveform and summary values af-
ter their energyhasbeenintegrated over time. Finestructure
descriptors include the instantaneous peakleveland various
indicators of wave duration. The instantaneous peak level is
de■nedasthe greatestexcursionof the waveformfrom ambi-
ent pressure in either a positive or negative direction.

Duration is the amount of time elapsed between sound
onset and a speci■cevent in the time waveform. For ex-
ample, the amount of elapsed time for a sound to initially
depart from and return to ambient pressure is called the
pressure-wave duration, also known as the A-duration (Fig-

ure 6.7,upper left panel).Figure 6.2contains an example of
an N-waveand muzzleblast wave.TheN-wavehasanA-dura-
tion of about 0.03 ms. The blast wave departs from ambient

pressureat 0.40msecand passesthrough ambient pressure
at 0.74ms,yielding a pressure-waveduration of about 0.34
ms(340usec).Pressure-waveduration is largely determined
by the characteristics of the sound source (e.g., the size of
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Figure 6.6 — An impulse from a framing nailer driving a nail. Dif-
ferent phasesof the nail cycleare evident in this image:the initial
releaseof gas to drive the nail (5—20ms),an impact of the piston
with the nail (20—28ms), the impact of the nail with the workpiece
(28-43 ms), the exhaust of the gas from the nailer (43-80 ms), and

the restoration of the piston to its ready position (80ms).
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objects that collide, the complexity of anoperationsuchasa
nail gun, or the amount of energyinvolvedin chemicalcom-
bustion).It is alsorelatedto the amountof low-frequency
energy in the waveform, with more low-frequencyenergy
present in soundshaving longerpressure-wavedurations.

The durations of sounds containing a largenumberol
excursions around ambient pressure(e.g.,thoseproduced
in complicated systems and/or with re■ectivesurfacesin
the vicinity) are better represented by pressure-envelope
duration than the pressure-waveduration. Avarietyofap-
proaches have been used to measure pressure-envelope
duration, and all are closely related. In the MIL-STD-1474D,

the peak level and the B-duration were usedto character-
ize an impulse. The B-duration represents the amountof
time the absolute value of sound pressureremainswithin

20 dB of the instantaneous peak, including the effectsof
reverberation (Figure 6.7,lower left panel).Othermetrics

use C-or D-duration to characterize the impulse.TheC-
duration is closely related to the B-duration, but onlythe

amount of time that the signal remains within 10dBofthe
instantaneous peakpressure is included (Figure6.7,upper
right panel).

The B-and C-duration measurements were developedto

facilitate measurement with oscilloscopes.TheD-duration

was intended to be more reliable than the oscilloscope-
basedestimates. Using digital signal processing,themag-
nitude of the Hilbert transform will yield the signalenve-
lope of the pressure waveform (Smoorenburg,1982).Inthe
D-duration, the amount of time that the signal is within 10
dB of the peak is assessedafter the signal envelopehas
been extracted (Figure 6.7, lower right panel).

MA growing line of researchhas identi■edwave-
form kurtosis asa potentially important componentof
auditory risk (seesection on Descriptionsof Criteria,
Energy-Based DRC).Kurtosis is a measure of the height of

the frequency-of—occurrence histogram, and it is a well-

known quantity in statistics. Theequation for kurtosisis:

zxmn—EH

N
B = —-——-————

(6.1)
510

where P:are the individual samplesof the pressure,Prep’
resents the mean pressure,5 represents the standardde-
viation of the pressuresamples,and N representsthe num-
ber of data points in thedigitized signal.Asingle pure-tone
source will have a kurtosis value of about 1.5,while contin-

uous ■ow noise typically has a kurtosis value of about3-
Impulse waveforms tend to have high kurtosis values,and
there is someevidence that hazard increaseswith kurtosis
(Davis et al., 2012; Zhao et al., 2010).

Theinstantaneous peaksof a brief sound correspondto
the extreme edgesof the histogram (Figure6.8),while base-
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Figure 6.7— De■nitionof duration parameters.TheA-duration is the representation of the initial overpressure (t1—t). The B-duration is
used by the MlL-STD-1474Dand is the duration of the impulse that is within 20dB of the peak amplitude. The C—durationis used by the
Pfanderet al. (1980)damage-riskcriterion and is the duration of the time when it is within 10dBof the peak level. TheD-duration is used
by the Smoorenburg(1982)damage-riskcriterion and is the duration of the envelope that is within 10dBof the peak level.

line amplitudes (e.g.,ambient pressure)and noisewill form
the center of the histogram. Sounds having greater excur-
sions (i.e., higher instantaneous peak amplitudes) relative

to baseline amplitudes havegreater kurtosis.

Integrated Levels
Measurementsof integrated sound levels used for con-

tinuous signals (seeChapter 3) can also be applied to brief
high-level sounds. The fundamental measure here is the
equivalent continuous level, which represents the aver-
ageenergy in the signal over a speci■edperiod of time (see
Chapter3).Foreaseof comparison, integrated levelsare of-
ten determined over a time interval greater than the actual
duration of the sound. In such cases,the total energy in the
sound is divided over a prespeci■edtime interval.

1 t2 p‘(t) tz—tlLeqs—m
loge: ft

W
dt)+1olog

——t-—— (6.2)
1 8hr

The SoundExposure Level, orSEL, represents the amount
of sound energy divided over a 1-secondtime frame. The
8-hour equwalent continuous level, or Lem, represents

the amount of sound energy divided over an 8-h0ur time
frame. The SELlevels for the same sound are 44.6dB high-

er than Leqsdueto the adjustmentof the time intervalof
integration:

8hr(somh—irn60———— (6.3)44.6dB=10
log(

1sec
"““

Integrated levelsfor brief high-level soundsareoften as-
sessedafter A-weighting (see Chapter 3) has been applied
to the signal. In such cases,an A label is appended to the
levelestimate(e.g.,SELA,LMm).

Spectrum
The frequency spectra of brief high-level sounds are

lesscommonly described than summary values. Brief high-
level sounds can be expected to have broad spectra, with
the spectral center depending on the nature of the sound
source and the environment. In general, sounds that have
longer pressure-wavedurations (i.e.,A-durations) will tend
to havemore low-frequency energy (seeFigure6.9).

Spectravary with the sound source.Firecrackerstend to
havespectralpeaksin the vicinity of 1000to 4000Hz(Flamme
et al., 2009a).The spectral peaks for civilian handguns, ri■es,
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Figure6.8— Comparisonof histogram from an impact noise and random noise.The random noise(upper panel)was generatedto have
the identical Leqas the impulse train from the Dillon M1340 minigun (lower panel).The amplitude histograms for both waveformsare
shown in the panels on the right side of the ■gure.Minimum and maximum pressuresare representedas the tails 0n the histogram,
while the continuous noise embedded in the waveform is represented by the height of the center of the histogram. The kurtosisof the
impact noise is 46.9 while the kurtosis of the random noise is 3 (see Brueck et al., 2014, for details regarding the Dillon M134D minigun).

and shotgunstend to occur between approximately 400and
4000Hz,dependingon the type of gun anddistancefrom the
muzzle (Murphy et al., 2012b).Small-caliber ■rearms such as
.22or .17pistols and ri■eshavespectral peaksat higher fre-
quenciesthan other ri■es,shotguns, and pistols. Addition-
ally, supersonicammunition will generate an audible crack
that contains higher frequencies than comparable caliber
subsonic ammunition. Large-caliberweapon systems (e.g.,
howitzers, rocket launchers) can be expected to produce
spectralpeaksat lower frequencies.

Thespectra of impact noisesare governed by the mass
and stiffness of the colliding materials, resulting in spectra
that may have very intense tonal characteristics. Materi-
als having low massand high stiffness will produce high-
frequency spectra and vice versa.

Re■ections and Continuous Noise

Impulse and impact sounds are frequently produced
near re■ective surfaces. In construction, nails and other

104

fasteners must be driven near walls, and many construc-
tion and industrial tasks are conducted on elevated work
surfaces.Hunters, shooters,and people in military occupa-
tions often ■re guns from small enclosures that provide
shelter, reduced detectability, and protective cover (e.g.,
hunting blinds). Theproximity of re■ectivesurfaces(walls,
ceilings, ■oors,and other objects) increasesthe reverber-

ant energy reaching the ear when compared to the hemi-
anechoic condition of an impulse source and receiverin

open ■eldconditions.
Re■ectivesurfacesnearthe sound sourcein■uenceboth

the temporal and spectral features of the sound (see Chap'

ter 10).Evenfor soundsourcesthat would otherwise radiate
sound in all directions with equal ef■ciency,energyin those
portions of the spherethat would bedirected awayfromthe
listener in ■eld conditions could be re■ectedbacktoward
the listener, arriving at the listener’s ears moments after the

signal reachesthe listener directly. Re■ectedsignalsfrom
the ground are often identi■able in pressurewaveforms.in
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theupper panel of Figure6.10,the weapon was ■redover a
■atsurfaceand the re■ectedshockfrom the groundat about
6.5msis marked.Asone movesaway from the impulse noise
source,the ground re■ectionwill movecloser in time to the
incident impulse because the path length difference be-
tweenthe incident and re■ectedwave is reduced.Thelower
panelof Figure 6.10illustrates the same■rearmdischarged
fromwithin a hunting b|ind (approximately 2x 2x 2.5m).The
greatercomplexity of the waveform is due to the multiple
surfacesinside the blind from which the shockwave can re-
■ect.This particular hunting b|ind had no absorptive mate-
rialto dissipate the re■ections.For both impulses,the gas
ofthe burning propellant escapesbetween the cylinder and
thebarreland then the gaspushesthe bullet out of the muz-
zle,creating a secondimpulse.

Re■ectedsignals have the potential to combine with
later portions of the initial pressure wave, producing a
greaterinstantaneous peak level than would be observed
if the re■ective surface were absent. Furthermore, if the
re■ected sounds travel the same distance to the receiver,
there■ected signals could sum to produce a greater total

re■ectedlevel at the location of the listener’s ear than the
direct signal. Thus, it is important to appreciate that mea-
surements of a sound source in one environment will not
necessarilygeneralize to other environments and/orlisten-

er positions. It is overwhelming to trace individual re■ec-
tions in most enclosures, and one must often be content

with examining the overall waveform consisting of both
the direct and re■ectedcomponents. The principal effect
of enclosures is to increasethe duration of the signal enve-
lope (Figure 6.10).

Brief high-level sounds will often be present in environ-
ments that also contain continuous noise. In addition to
sound sources that produce continuous noise regularly
punctuated by brief high-level sounds, many activities
producing brief high-level sounds will be conducted while
continuous noise is being produced by other sources.An
impact wrench is an example of a sound source that pro-
duces both continuous and brief high-level sounds. A plot
of the sound energy produced by an industrial process
as a function of both frequency and time is represented
in Figure 6.11.Note that this signal contains continuous
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Figure6.10— Pressurewave produced by a handgun (.44magnum
revolver) ■red outdoors and in an enclosure. The initial pair of
peakscomes from the cylinder blast (i.e.,sound energy escaping
via the gap between the revolving cylinder and the barrel) and
the blast wave produced as the bullet escapesthe muzzle. Note
that the delayed peak (approximately 2000Pa)in the upper panel
is the re■ection of the initial blast wave off the ground. Thewave
produced in the enclosure has a much longer pressure-envelope
duration (i.e., 51.5 ms versus 6.5 ms) and multiple peaks produced
via summation of re■ected waves. Data from Stewart (2013) were
usedto produce this ■gure.

noisewith impact noisessuperimposed on it. Thethree im-
pacts occur at approximately 0.35,1.60,and 2.75seconds.
The continuous noise, analyzed in 1/12 octave bands, is
often greater than 85dB SPLin the high frequencies; thus,
it is potentially hazardous on its own (see Chapter 9). The
maximum 1/12-octave-bandlevels are greater than 100dB
SPL between about 1.25 and 10 kHz, and the levels varied
considerably over the recording duration. The science of
assessmentof hazard for combined continuous and brief
high-level noises is not yet mature, but environments con-
taining both kinds of noise require careful measurement
and evaluation to avoid underestimating hazard.

Measurementsof Impulses
Conventional sound measurement devices are not of-

ten designedto measurebrief high-level soundsaccurately
(Kardous and Willson, 2004; Kardous et al., 2005). The rap-
id rise time and interval at the peak of the measurement
require microphones and hardware capable of capturing
the rapid transition from ambient pressure to the instan-
taneous peak and back again. This requirement implies a
maximum microphone diameter of 1/4 inch, a preampli■er
and power supply system capable of rapid and extreme
voltage changes, and analog-to-digital conversion hard-
ware capable of a high sample rate (Rasmussen et al., 2009).
Subsequent circuit elements must preserve the shape of
the analog waveform to ensure accurate analysis and es-
timation of auditory risk. While standard performance
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Figure 6.11— Time-varying spectrum of an impact noiseembed-
ded with a continuous noise. The right rear panel depicts the
absolute value of the time waveform. The left rear paneldepicts
the maximum values at the various frequency bands (1/12-octave-
band intervals). Thefrequency axis is reversedto clarify theacous-
tic events preceding the ■nal (major) event in each cycle.Three
event cycles are evident in the analytic wavelet transformof
the time data. (For more information about the analytic wavelet
transform, see Zhu and Kim, 2006.)

speci■cations for sound-level meters and dosimeters (e.g.,
ANSI 51.4—2001;ANS|51.25—1991[R2007]) are adequate for

longer-duration signals,their suf■ciencysuffers asthedu-
ration decreasesand frequency content increases.Forex-
ample, ANSI$1.4allows a Type1 device to ■lter out all sig-
nals above 12.5kHz;Type2 sound level meters areallowed
to ■lter out all signals above 8 kHz (ANSI 51.4—1983,Table

V).The rapid electrical changesrequired to follow high-fre-

quency sinusoids in the conventional frequency rangeonly
begin to approach, but often fail to capture, the rapidrise
times associated with many brief high-level sounds.

Unfortunately, conventional sound level meters of-
ten include time constants that would lead to inaccurate
readings.As noted in Chapter 3, the fast time constantap-
proaches the asymptote for a continuous sound within
125 ms. The impulse time constant, which would initially

seem appropriate for brief high-Ievel sounds, reaches
the same amplitude within 35 ms. The peak setting is
commonly expected to display the instantaneous peak
amplitude, but the user must recognize that this peak
amplitude is assessed after any effects of ■ltering (e.g.
distortions or ■lter-induced ringing), inadequate system
rise time, inadequate voltage supply, or analog—to-digital
sample rate effects haveoccurred. Furthermore, ANSI514
allows as much as a —2dB error for a 100usec rectangular
pulse relative to a 10mspulse having the sameamplitude.
Peak-detecting performance is unspeci■edfor pulsesless
than 100usec.The peaks of many brief high-level sounds



areshorter and have a different wave shapethan a rectan-
gularpulse. The effects of many of these distortions have
beendemonstrated, and although they generally lead to
underestimates of the actual signal level (Meinke et al.,
2016),temporal distortions associated with certain types
of■lters can also overestimate the actual peak level via
overshoot and ■lter “ringing” phenomena (Garinther and
Moreland, 1965; Walton, 1981).

In recognition of the speci■cneeds for accurate repre-
sentation of brief high-level sounds,a number of measure-
ment conventions have emerged. There are some stan-
dards related to measuring brief high-level sounds (e.g.,
ANSI51242-2010, ANSI 5127-1986, MIL-STD-1474E),and the

morerecent ones specify that data acquisition systems
havea minimum sampling rate of 96 kHz (192kHz is pre-
ferred), 16-bit digital resolution (24-bit is preferred), and the

capacityto deal with impulsesof 180dB SPL.However,the
96kHz rate might not capture the peak of many impulses,
especiallythose near a combustive source.Most recording
systems use different combinations of equipment from
multiple manufacturers, but some efforts have been made
recently to develop standardized systems and software
optimized for brief high-level sounds (Kardous et al., 2005;
Kardous, 2013; Zechmann, 2012).

Bioacoustics and Psychoacoustics
Thus far, we have focused on the aspects of brief high-

level sounds that do not involve a listener. However, there

area number of important interactions between the audi-
tory system and the signal in the undisturbed sound ■eld,
beginning with the effects of the head and torso and ex-
tending through the ■ltering and the time-varying imped-
anceof the middle ear system.

The head and torso in■uenceboth the magnitude and
phasecharacteristics of the sound,and this in■uencevaries
with frequency. Theeffect of the body on the sound goesby
manynames, including the TransferFunction of the Open
Ear(TFOE),the Field-to-EardrumTransferFunction, and the
Head-Related Transfer Function (HRTF), depending on the
research context and author preference. For the moment,

weshall adopt the HRTFterm. Brie■y,the HRTFrepresents
thedifference between the signal observedat the eardrum
andthe signal that would beobservedat the location occu-
piedby the center of the listener’s head ifthe listener were
absent. Thus, the HRTFrepresents the combined in■uence

of the head, torso, pinna, and earcanal on the signal pres-
entat the eardrum.

The HRTF varies with the azimuth, elevation, and dis-

tanceof the sound sourcerelative to the headand,to a less-
erextent, the torso. Azimuth, elevation, and distance effects

onthe magnitude spectrum have been studied extensively
(Algazi et al., 2001; Hammershoi and Moller, 1996;Shaw, 1974;
Mehrgardt and Mellert, 1977;Kuhn, 1979;Blauert, 1983).
Asthe sound source movesalong the azimuthal plane, the
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head baf■eeffect exerts more in■uenceon the signal, pro-
viding gain to the signal on the side nearer the sourceand,
to a lesser extent, attenuation 0n the opposite side. This
effect is due to incomplete diffraction of the signal around
the head, leaving a buildup of root-mean-square (rms) aver-
age pressure (or a baf■e) on the same side as the source and

a reduction in rms averagepressure on the other side. For
sourcesmore than about 1 meter distant, an object begins
to impede diffraction when it is larger than 1/10of stimulus
wavelength (Beranek, 1996).As the sound moves along the el-
evation plane, constructive and destructive interference as-
sociatedwith the pinnastructures leadsto anaudible notch
in the frequency spectrum that listeners can useto identify
the location of the sound source (Blauert, 1983).Asthe sound

source moves closer to the listener, inter-aural differences

increase and shift lower in frequency, owing to acoustic
near—■eldeffects and changesin the relative distancestrav-
eled by the sound as it propagatesand diffracts around the
head (Brungart and Rabinowitz, 1999).

Although intersubject differences in the HRTFare sub-
stantial, especially in the high frequencies (Algazi et al.,
2001),an average difference of 4 to 5 dB in peak level (Coles

et al., 1967)and equivalent continuous level (Smoorenburg
et al., 2003) is expected as a sound source in the far, direct

sound ■eld is moved from directly in front of a listener to
the side along the azimuthal plane.

TheAuditory HazardAssessmentAlgorithm for Humans
(AHAAH) models the head diffraction effects for sounds in
the azimuthal plane to increasethe exposurefor an earori-
ented toward the impulse source or decreaseit for the ear
that is shadowed by the head (Fedele et al., 2013). More so-
phisticated methods can be derived to account for average
azimuth effects, such as complex averaging acrossa refer-
ence database of HRTFs(Algazi et al., 2001), but no current
methods account for the wide array of possible azimuths
and elevations from which the impulsive signals might ar-
rive, nor are between-subject differences in HRTFcommon-
ly implemented in contemporary approachesfor assessing
the risks of exposure to brief high-level sounds.

Middle Ear Transfer Function

The effects of the middle ear act upon the signal after
it has been transformed by the HRTF.The human middle
ear system behaves as a bandpass ■lter system that at-
tenuates low-frequency signals (e.g.,below approximately
1 kHz),optimally passesenergy to the cochlea in the mid-
frequency range(e.g.,1to approximately■ kHz),and begins
to provide increased impedance for signals above that fre-
quency.As noted in Chapter 3, the A-weighting filter func-
tion was originally developed to approximate the equal
loudness contour for low-level signals, but it has found
common use in noise assessment due to the association
between A-weighted signals and threshold shift (Cohenet
al., 1972).It is plausible that the correspondence between
threshold shift and the A—weighting■lter involves the
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Figure 6.12— Comparison of middle ear energy absorbance and
the shapeof the A-weighting ■lter (Flammeet al., 2013).

emulation of the averagehuman middle ear transfer func-
tion provided by the A-weighting ■lter.TheA-weighting ■l-
ter function resembles the average sound absorbance (i.e.,
the complement of sound re■ectance)of the adult middle
ear (Figure 6.12). However, it must be recognized that con-
siderable intersubject differences are found in middle ear
transfer functions.

Annular Ligament asPeakClipper
Manyaspectsof peripheral auditory function are linear,

which means that an increase in the input to the system
leads to a proportional increase in output, among other
things. For example, a 5 dB increase in the input to the
outer ear should produce a 5 dB increase (i.e., about a 1.8
multiplier) in eardrum vibration. Two aspects of middle ear
function are not linear: clipping by the annular ligament
and contractions of the middle ear muscles.

As described in Chapter 4, the stapes transmits vibra-
tions into the cochlea by moving as a piston relative to the
rest of the skull. The middle ear system transfers energy
into the cochlea linearly through peak levels of about 160
dB SPLunless middle ear muscle contractions are active.
Abovethis, the excursions 0f the stapes are limited by the
annular ligament, which consequently limits the momen-
tary peakof energy transfer into the cochlea.The point at
which the annular ligament begins to limit vibrations is not
well known in humans, but intracochlear measurements in
guinea pig models indicate that the limiting effect begins
to occur around 155 to 160 dB SPL(Dancer, 2003; Greene et
al., 2015),and the stapes is expected to achieve a maximum
displacement between 30 microns (Bolz and Lim, 1972; Gui-

nan and Peake, 1967)and 150 microns (Greene et al., 2015).
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Thus, energy from instantaneous sound pressurescor-
responding to large stapes displacements should not be
transmitted as ef■ciently into the cochlea. Intracochlear
measurementsat peak levelsexceeding2 kPasuggestthat
progressively lessenergy is transferred into the cochleaas
a function of increased peak pressureand decreasedfre-

quency,resulting in as muchasa 20dBreduction in energy
at 200 Hz and minimal in■uence above 1 kHz (Dancer, 2003).

Middle EarMuscle Contractions
Energy transfer into the cochlea is also modi■edby

changesin the tension of the middle ear muscles.Boththe
stapedius and the tensor tympani middle ear muscleshave
beenshown to contract re■exivelyin responseto high-level
stimuli. Acoustic re■ex thresholds among listeners with
normal hearing typically rangebetween 75 and 100dB HL
(Gelfand and Piper, 1984). During contraction, the tensor
tympani draws the manubrium of the malleus medially,
while the stapedius draws the stapes perpendicular to its
normal vibratory axis into and out of the cochlea (Mailer,
1983),thus altering the vibratory propertiesof the ossicular
chain.Thetensor tympani nervesupply follows the ■fth(tri-
geminal) cranial nerve, while the nerve supply to the stape-
dius follows the seventh(facial)cranial nerve(Pickles,2008).
In humans,stapedius contractions areconsideredto havea
greater effect on middle earimpedancethan tensor tympani
contractions (Mukerji et al., 2010;Pang and Peake, 1986),and

contractions of the tensor tympani have been associated
with the startle response (Klockhoff and Anderson, 1960).

Effect on TransferFunction
Although the evolutionary advantage conveyed by the

middle ear muscle re■ex is not well known (Pickles, 2008),
the effect of middle ear muscle contractions on energy
transfer through the middle ear is better understood. Con-
tractions 0f the middle ear muscledecreaseenergy trans-
fer at frequencies below about 1 kHzand either passor in-

crease slightly the amount of energy transferred into the
cochlea at higher frequencies (Moller, 1961; Rabinowitz,
1977;Feeneyand Keefe,1999;Schaireret al., 2007).Effects
of middle ear muscle contractions have been shown to ex-
tend to higher frequencies at very large contraction levels
in cats whose stapedius muscleswere stimulated directly
and whose tensor tympani tendons were severed (Pang
and Peake,1986),but the generalizability of these results
to human re■exivecontractions is not clear.A demonstra-
tion of the effect of re■exivemuscle contractions 0n the
middle ear transfer function is provided in Figure 6.13, but

‘it is important to note that there are substantial intersub-
ject differences in changesto the middle ear transfer func-
tion (Feeney and Keefe, 1999).

Middle ear muscle contractions are expected to reduce
the magnitude of temporary threshold shift (TTS)(Zakrisson
et al., 1980,-Fletcher, 1961),but the amount of bene■t for brief

high-level sounds remains unclear because the dynamic
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characteristics of the contraction are determined in part
bythe characteristics of the stimulus (Wilson et al., 1978).

Although most research in this area was conducted with

longer-duration stimuli, it is important to note that con-
tractions begin earlier for low-frequency signals than for
high-frequencysignals. Onsets are determined in part by
the stimulus leveI, especially for high-frequency stimuli,
andthe contraction duration for a 25 ms tone burst is on
the order of 200 ms (Borg, 1982) or less. In addition, there is

somereasonto believe that there is no difference between
theamount of protection afforded by re■exivemiddle ear
musclecontractions to brief high-Ievel sounds and longer
duration noises at the same sensation level, at least up to
sensation levels of 120 dB (Fletcher, 1961).

Re■exivecontractions of the middle ear muscles can-
not beexpected for all listeners. Theprobability of a re■ex-
ivecontraction of the middle ear musclesis lower among
peoplewith hearing impairment (Gelfandand Piper, 1984;
Goldinget al., 2007),and re■exivecontractions are absent
in some individuais with normal hearing (Gelfand and

Piper, 1984; Olsen et al., 1975).A recent study examined the

pervasivenessof ipsilateral acoustic re■exesin the U5. pop-
ulation using data from over 15,000participants in the Na-
tional Health and Nutrition Examination Survey.Acoustic

re■exeswould need to be present in practically everyone
(i.e.,95%con■denceof 95% prevalence) to be considered

pervasive.This study found that, even in young listeners

with normal hearing, the prevaience of bilateral acoustic
re■exesto at least one of two elicitor stimuli failed to meet
the criteria for pervasiveness.In addition, the time course
of the acoustic re■exwas frequently too slow to be of any
protective value (Flamme et al., 2016). Thus, it is doubtful

that acoustic re■exesare suf■ciently dependable as a gen-
erai protective mechanismfor impulsive noises.

Nonre■exiveContractions
The motor neurons leading to the middIe ear muscles

receive inputs from parts of the brain involved in a wide
variety of functions (Mukerji et al., 2010).Middle ear mus-
cle contractions can be observed during vocalization,
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tactile stimulation of the head, swallowing, or general
bodily movement (Borg and Zakrisson, 1975; Carmel and
Starr, 1963, cited by Pickles, 2008). Conditioned and voli-
tional middle ear muscle contractions havealso beendem-
onstrated in the literature (Burns et al., 1993). it is therefore
natural to wonder whether the benefits, if any, of the im-
pedancechanges delivered by middle ear muscle contrac-
tions could be controlled asa meansof hearing protection.

Shortly after noninvasive measurementsof middle ear
muscle contractions became available, a variety of studies
investigated the extent to which middle ear musclecontrac-
tions could be manipulated to provide maximal protection.
Some work (Fletcher and Riopelle, 1960;Marshall at al., 1975)
invoked response conditioning techniques to determine
whether middle ear muscle contractions (MEMC) could be
producedprior to the onset of the re■ex.While thesestudies
revealedthat a conditioned MEMCcould be produced with
somesubjects, the rates were not suf■ciently high (i.e.,less
than 95%con■denceof 95%prevalence)to justify assump-
tions that they would be generally present on the popula-
tion level. It is also interesting to note that activity in the ten-

sor tympani muscle is associated with anticipation of loud
sounds, disturbances of the eyelids, tactile earcanal and fa-
cial stimulation, swallowing, and head movements, and the
increasein middle ear pressureduring contraction may play
a role in middle ear ventilation (see Mukerji et al., 2010).

In summary, the evidence for common MEMCspreced-
ing the arrival of a sound is limited. Thegrowth, asymptotic
magnitude, decay,and effect of intent to produceanantici-
patory MEMCare unknown. Therefore, it is dif■cult to sup-
port a presumption that substantial changesin middle ear
impedancewill precede the arrival of a brief sound.

Loudness

Loudnessis the magnitude of the auditory sensation cre—
ated by an acoustic stimulus (Fletcher and Munson, 1933).
Although loudness is related to stimulus amplitude, this re-
lationship is far from perfect for brief high-levelsoundswith
signal durations less than about 200 ms (Zwislocki, 196g).
Relativelylittle researchhasbeenconductedwith high-level
impulsive sounds, but there is evidence that rank-ordering
of loudnessfor different gunshots in an open ■eldis corre-
lated to the product of peakintensity and pressure-envelope
(B)duration. Loudnessis the result of physical(e.g.,intensity,
frequency), peripheral (e.g.,outer, middle, and inner ear), and
central (e.g.,cognitive, emotional) factors, and it comesas
no surprise that loudness perceptions can only occur retro-
spectively.While this delay istrivial for soundswith minimal
amplitude changesover time, loudnessperceptionsfor brief
high—levelsoundswill underestimate the physical intensity
of the signal, particularly if the A-duration (i.e.,the pressure-
wave duration) is less than about 3 ms (Coles et al., 1967).This
underestimation will often leada listener to incorrectly con-
clude that a brief sound is not hazardous becauseit is not
perceivedassounding very loud.
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Auditory Risk
It has been known for a long time that brief high-Ievel

sounds are a hearing hazard (Murray and Reid,1946)that
can produce permanent impairment instantaneously and/

or slowly with accumulated exposure. But our ability to
assessthe risks they pose remains underdeveloped.Much
of the data on this topic involving human subjects were
obtained prior to 1980 (Coles et al., 1967; Ward et al., 1968;
Ward et al., 1992;Pfander et al., 1980;Smoorenburg,1982),
with a few notable exceptions concerning large—caliber
weapon systems (Johnson, 1994, 1997; Murphy et al., 2009,
2011; Chan et al., 2001).

The assessment of auditory risk from brief high-level
sounds in humans is complicated by numerous factors.
By de■nition, participants in studies intended to identify
the risk threshold are not at minimal risk. In addition, this
work is not easily done in laboratory environments. Loud-
speakerscannot produce the rapid rise time of an impulse
without special adaptations (Falcoet al., zoos;Muhlestein
and Gee,2011)and have limited dynamic range.Alternate
means of producing these sounds (e.g.,shock tubes,elec-
trical arcs across a dielectric gap, combustion) require
special laboratory infrastructure and material handling

procedures. While none of these complications are insur-
mountable, they do increasethe time and expenseof stud-
ies involving human participants.

Descriptions of Criteria
Three general approaches have been used to link the

acoustic characteristics of impulsesand the risk they pose
to the auditory system. One approach has been to relate
risk to the ■ne structure of the impulse waveform; another

has been to relate risk to the energy contained within the
impulse. The most recent work has been in the develop-

ment of physiologically linked auditory system modelsthat
relate risk to an index of mechanicalactivity generatedby
the stimulus.

WaveformParameter-BasedDamage-RiskCriteria (DRC)
The bulk of the human research linking the acoustic

waveform to auditory damagewas done over 40yearsago,
when instrumentation and computational capacity were
quite limited by today’s standards. However, researchers

during that time had the capacity to document impulse
waveforms and assessthe relationship between waveform
structure (e.g., instantaneous peak, pressure-wavedura-
tion, pressure-envelope duration) and auditory outcomes
such as TTSand permanent threshold shift. In the United
States, the predominant approach for assessing the po—
tential for harm associated with an impulse noisewasde-
scribed in Military Standard 1474B (US Department of De-

fense, 1997),which was a set of design criteria for military
equipment but has been applied as a de facto DRC.Thef0-

cusof design criteria is on the evaluation of equipment for



procurementpurposes.The focus of a DRCis centered on
a personwho might be exposed to the sound from mul-
tiple kinds of equipment simultaneously (e.g.,a .50—caliber
gunmounted on a vehicle). The gun and vehicle might be
evaluatedindependently using the relevant designcriteria,
but the assessmentobtained via the independent design
criteriacould easily underestimate a user’sexposure from
the perspective of a DRC.The standard was derived from
a set of recommendations from the National Academies
of SciencesCommittee on Hearing, Bioacoustics,and Bio-
mechanics(CHABA)that was published in 1968(Wardet al.,
1968),and was heavily in■uencedby a joint study conduct-
edby military personnel in the United States and United
Kingdom (Coles et al., 1967;Coles et al., 1968).The works of
Coleset al. and CHABApertained to unprotected exposures
to impulses.Theseresults were extrapolated in MIL-STD-
14740to people wearing hearing protectors by assuming
that a single hearing protector attenuated peak levels by
29dBand had no in■uenceon the pressure-envelopedura-
tion. While more recent work (Murphy et al., 20123,-Berger
and Hamery, 2008)has con■rmed that 29 dB of peak attenu-
ationis plausible for somehearing protectors, the shapeof
the waveform underneath the protector changes signi■-
cantlyas it is transmitted through the protector and into
the earcanal (Murphy et al., 2015,-Hamery et al., 2015).

The early research on impulse noise led to a recom-
mended damage-risk criterion based upon peak exposure
leveland the duration of the impulse. ForA-or B-durations
of 1ms,the maximum permissible peak level was approxi-
mately154dBSPL.Thepermissible peak level increasedby
2dBfor eachhalving of duration until the duration reached
approximately200usec.Fordurations greater than 1.7ms,
separatecriteria were applied for A- and B-durations.The
A-durationwas considered relevant for impulses emulat-
inga Friedlander wave function, and the B-duration was
relevantfor all other types of impulses.The B-duration cri-
terion maintained a constant slope (—2dB per doubling of
duration),reaching a permissible peak level of 145dB SPL
for durations of approximately 1.7 ms. This criterion was
developedto protect 75%of ears,with recognition that the
mostsusceptible 25%0f ears might not be protected. The
maximumexposure limits per CHABAfollowed a very simi-
larfunction, but all valueswere shifted downward by 5 dB
to account for sound sources located at normal (90 degree)
incidenceto the head and another 5 dB to protect all but
the most susceptible 5% of ears (i.e., 95th percentile) (Ward
et al., 1968). Both of these correction factors were recom-
mended by Coles et al. (1967).At the low end, the maximum
permissiblepeak level terminated at 138dB SPL(at a 200
msB-duration)asaway of accounting for the expected pro-
tectiveeffect of the middle ear muscle re■ex,which was
hypothesized to have a meaningful effect on the middle
eartransferfunction for impulseswith B-durationsgreater
than about 200 ms (Ward et al., 1968). For numbers of expo-
suresother than 100ms,the maximum exposure level was
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to be reduced by 5 dBfor a tenfold increase in the number
of exposures.

TheCHABArecommendations are superimposed on the
MIL-STD-1474Dcriteria in Figure6.14.Note that the limit for
double protection is intended to account for the additional
attenuation provided by simultaneous useof earplugs and
earmuffs. The Blast Limit curve is designed to account for

the non-auditory effects of high-Ievel impulses. Fluid- and
air-■lledorgans are susceptible to damagefrom high-level
impulses (Johnson et al., 1997). The association between

high-level impulsesand traumatic brain injury is an areaof
vigorous researchat the time of this writing (seeKocsisand
Tessler, 2009, and Leung et al., 2008, for an introduction to
this literature).

Criticisms 0f parameter-based DRCmay be levied for sev-
eral reasons,including that the limits were basedon a lim-
ited sample of exposure conditions, the failure to account
for the spectrum of the noise,failure to include physiologi-
cal limits, a lack of modeling physiological responses,and
the potential contamination of the empirical relationships
due to the inclusion of listeners who would becategorized

ashaving hearing impairments by today’s standards,which
lead to lowerTTS magnitudes (for a detailed discussion, see
Ward et al., 1992). In addition, the migration from CHABAt0
MIL‘STD-147aDincluded the assumption that hearing pro-
tection was usedabovepeak pressure levels0f14o dBSPL.
Thisassumption was accommodatedby simply shifting the
CHABAlimits upward by the assumed amount of hearing
protector attenuation. This simple transformation fails to

account for the temporal distortion of the waveform that
is produced in the earcanal.
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Energy-BasedDRC
DRCfor impulse noise havealso beenbasedon the quan-

tity of energy present in the impulse (e.g.,Atherley and Mar-
tin, 1971).An energy-based DRCassumes that risk increases

in proportion to the energy reaching the cochlea.This en-
ergy can be represented by either an 8-hour A-weighted
equivalent continuous level (LAeqlsm),or a sound exposure
level (SELA),which differ only in the amount of time over
which the energy in the impulse is summed.Thus,they dif-
fer only by the ratio of 1secondto 8 hours (44.6dB).

Someof the earliest energy-basedDRClimited exposure
to a total daily exposure of 85 dB LAeq,8hr’regardless of the
kind of sound source (Dancer et al., 1983,-DTAT,1983). 0th-

ers (e.g., Smoorenburg-NATO, in Smoorenburg et al., 2003)
derived different limits for impulses from small-and large-
caliber sources, with lower limits for small-caliber sources
due to the relative increase in energy in the high frequen-
cies for these sources.

Energy-basedDRCoffer some practical advantagesover
parameter-based approaches. For example, energy—based
DRC utilize the same units as those used with continuous
noise, and this facilitates summation of risks from both
types of sounds. In addition, the conceptual and computa-
tional parsimony of this approach is appealing. However,
energy-basedDRChavebeencriticized 0n the grounds that
they fail to account for auditory system nonlinearities (e.g.,
middle ear musclecontractions, annular ligament displace-
ment limits), ignorance of the role of ■ne pressure wave-
form features (e.g.,kurtosis), and others (Price, 2012).When
added to integrated energy measures, kurtosis has been
shown to improve predictions of both threshold shift and
sensory cell loss, but additional waveform features (e.g.,
■nestructure) were not strongly associated with auditory
damage (Qiu et al., 2013).

As of 2015, the US. Department of Defense has revised
the MIL-STD-1474D with MIL-STD-1474E. MlL-STD-1474E
contains signi■cant changes in the evaluation of brief
high-level sounds. Most notably, the Auditory Hazard
Assessment Algorithm for Humans (AHAAH)model (de-
scribed below) and the equivalent A-weighted energy for
100 ms (LlAeqmms)have been incorporated. The US. Army
has made it policy that the AHAAHmodel will be used for
assessing the potential hazard of weapon systems. The
other services, Air Force, Navy, and Marines, can use either

the LlAeq,1oomsor theAHAAHmodel.Bothof the newmetrics
require that an accurate waveform recording of the expo-
sure be collected in order to evaluate the risk of hearing
loss due to a brief high-level sound. Both metrics include
methods to estimate the exposure of a war■ghter when
hearing protection is worn.

The LWWO"1srelies on acoustic test ■xture (ATF)measure-
ments to estimate the performance of hearing protection
devices (HPDs)for high levels. If the impulse noise is mea-
sured externally, then the hearing protector impulse peak
insertion loss (IPlL) measured according to ANSI $12.42 is
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used to subtract the protection from the impulselevel.
Murphy (2016)and Murphy et al.(2012)presentedresultsfor
four protectors measuredwith acousticshocktubeimpuls-
esat 150and 160dB peakSPL.Theydemonstratedthatthe
reduction of the LAWSas a function of angle and levelwas
reliably predicted by the IPILreductions.ThelPlLmethods
will suffer similar problems seen in the AHAAHHPDmod-
ule; the high-level impulses above the test levelsusedin
the ANSI512.42can causeseparation of the protectorfrom
the test ■xture, leading to erroneousestimatesof HPDpro-
tection (Buck, 2009;Berger and Hamery, 2008).However,the

ATFapproach can be usedto determine the limits of when
protection will catastrophically fail, whereas the AHAAH
HPDmodule cannot make any determination. Hameryet
al. (2015)have proposed a simple measurementof the ra'
tio 0f the maximum to minimum pressuresunderneaththe
hearing protector to determine when the structural nonlin-
earities of the protector separating from the ATFbeginto
occur.Thisapproach will identify limits of the attenuation
where IPILmight be applicable.

The integrated energy approach has been recommend-
ed as an interim damage-risk criterion while uncertain-
ties about other approaches are resolved (Zagadouet al.,
2016). These investigators relied on data from a human

exposure study to determine that limiting listenersto an
8-hour equivalent A-weighted sound level (i.e., Lmahr)of 89
dB would protect 95%of the population with 95%certainty.

EarModeI-BasedDRC
Price and Kalb (1991)developed an electroacoustic mod-

el of the ear called the AHAAH.This computational model
of the ear uses components that represent the function
of each anatomical structure of the ear.TheAHAAHmodel

was originally basedon the auditory physiology of thecat.
The human version (Price, 2007a, 2007b) was developed by

scaling model parameters to match the physical charac-
teristics of the human ear. The model treats the outer and

inner ear as essentially linear elements.Two nonlinearele’
ments are included in the model of the middle ear.Oneof
these elements represents the annular ligament surround-
ing the stapesfootplate. Theother nonlinear elementisthe
middle ear muscle contraction.

The AHAAH model provides separate risk estimates for

both warned and unwarned listeners. In the warnedcon-
dition, middle ear muscles are presumed to contract prior

to the onset of the impulse and muscle contractions are
presumed to be re■exive in the unwarned condition. The

onset latency for a re■exive middle ear muscle contraction
in AHAAH is 9 ms, and the time constant for the contrac-
tion is 11.7ms (Fedeleet al., 2013),which implies that the
re■exive MEMC latency (to 99% of the full contraction) is63

ms (Fedele et al., 2013),Several assumptions are integral to
the devel0pment of the AHAAHsoftware. Speci■cally,the
developers assumed that once a sound exceeded the acti-
vation threshold of the MEMC (108 dB SPL),the middle ear



muscle always reaches full contraction regardless of the
characteristics of the stimulus. They assumed the MEMC
always remains at its maximum for the duration of the
analyzed waveform (i.e., there is no allowance for re■ex re-
lease or decay) and that 100%of exposed persons have a
100%probability of middle ear musclecontractions in both
warned and unwarned conditions. Toaccount for the most
susceptible ears, the input waveform is increased within
the model by 10 dB and processed using the same model
that depicts the average ear (Price, 2007a, 2007b). These as-
sumptions are not necessarily true. Not all persons have
middle ear re■exes.Not every stimulus will evoke a fully
developed contraction. Also, the MEMC does exhibit habit-
uation and decays due to fatigue as well as relaxing during
quiet periods.

The likelihood that a randomly selected untrained hu-
man listener’s middle ear muscleswill contract prior to the
arrival of blast noise from a gun has never been tested di-
rectly. it is unknown whether middle ear muscle contrac-
tions will have comparable effects on risk acrossthe broad
range of brief high-level sounds. Furthermore, the middle
ear muscles have beenshown to contract with somefacial
gestures and in response to tactile stimulation of the face
(Djupesland, 1964). In a recent study, concurrent middle

ear muscle contractions were observed in each of 60 adult
listeners who performed voluntary eyelid closure (at maxi-
mum effort) on the same side of the head as the tested ear.
The majority of adult participants receiving compressed

air stimulation to the face also showed middle ear muscle
activity (Flamme et al., 2016).These alternate pathways
leading to middle ear musclecontractions are not well un-
derstood. It is possible that middle ear muscle contractions
due to non—acousticfactors could have been mistaken for
conditioned responsesin prior studies.

Risk estimates in AHAAHare basedon estimates of the
sum of squared upward displacements (in microns) of indi-
vidual segments of the basilar membrane (Price, 2007a).The

criterion produced by AHAAH,the Auditory RiskUnit (ARU),
is an arbitrary unit that is intended to be directly propor-
tional to the maximum summed upward displacement at
any point on the membrane.Displacement quantities from
other membrane segments are stored in a temporary ■le
but are not reported in the overall ARU.Forsusceptible lis-
teners with occasional exposureto impulse noise,an expo-
sure to 500 ARUs is considered unsafe (i.e., can be expected

to produce more than 25dBof threshold shift) for occasion-
al exposures (Price,2007a).An exposure of 200ARUor less
is considered safe (i.e., would not be expected to produce

any threshold shift) for daily exposures (Price, 2007b), and
temporary threshold shift between 0 and 25 dB would be
expected for exposures between 200and 500ARUs(Price,
2007a). The ARU limits were established based on the inter-
polation of grouped responsesfrom cats and havebeen as-
sumed to also represent humans after model parameters

were scaled to the larger size.

Chapter6:Brief High-LevelSounds

The AHAAH has many strengths, including its intent to
extend from an empirical relationship to the underlying
biophysical phenomenainvolved in producing hearing loss
from brief high-level sounds. lt can, however, be criticized
on the grounds that it contains a variety of embedded as-
sumptions, manyof which havenot beenthoroughly tested
either singly or in the context of a complete model. These
assumptions can be regarded as aspirations about the au-
ditory system that are unlikely to be achieved by actual
human ears. Data supporting the position that over 95% of
the population will exhibit maximal middle ear muscle con-
tractions prior to the arrival of an impulsive sound requires
con■rmatory study before a “warned” condition should be
used.Theassumption that all exposedpersonswill exhibit
re■exivemiddle ear muscle contractions is incorrect, par-
ticularly for those who are not young adults with excellent
hearing sensitivity (Flamme et al., 2017).

in order to resolve some of these questions, Zagadou et
al. (2015) examined the AHAAH model and found that im-

portant model parameters were scaled improperly. After
correcting these model errors,Zagadouet al. evaluated the
corrected version of the AHAAHmodel against alternative
approaches. These authors found that an ear model inte-
grating the energy entering the cochlea performed better
than the revised AHAAH.The integrated cochlear energy
(ICE)approach still requires independent validation, but
the developer’s results suggest that it is robust to changes
in impulse level,duration, and spectrum and can be usedto
evaluate protected exposuresaswell.

Comparisons of Criteria

Existing DRCshare many common characteristics. For
soundswith instantaneous peaksbelow 160dB SPL(where

someDRCpresumethat stapesmotion will be limited by the
annular ligament),all DRCpresumethat signalscontaining
more energy are more hazardous — even though they reach
this decision via different conceptual paths. Existing DRCare
strongly correlated to one another, but there arevast differ-
ences in the interpretations of hazard produced by the DRC
(Flammeet al., 2009b).Forsmall arms impulses in the open
■eld, the correlation between the numbers of maximum
permissible exposures (unprotected) for L

8hr
and AHAAH is

over0.96,which indicatesthat the two DRCprovidenearly re-
dundant rank orders of permissibleexposures.However,the
absolutenumbersof permissibleexposuresarevastly differ-
ent (Flamme et al., 2009a,-Flamme et al., 2009b; Brueck et al.,

2014),especially for soundswith lower amounts of energy
(Figure6.15).The discrepancyin the numbers of allowable
exposures is even greater for the Coles/CHABAcriterion (i.e.,
the initial versionof MlL—STD-1474Dthat did not assumeany
useof hearingprotection),wherea signalanalyzedusingthe
Coles/CHABADRCwould allow as many as 1 million unpro-
tected exposures,while me would permit 1000,and the un-
warnedAHAAHwould permit only 40unprotectedexposures.
50 in spite of their strongcorrelation,contemporaryDRCcan
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Figure 6.15 — Scatterplots of maximum permissible exposures
obtained for an unprotected listener via different damagerisk
criteria.

lead to mutually exclusive risk estimates. The discrepancies
in permissibleexposuresacrossDRCandthe modestrelation-
ship betweenthe data returned by the criteria and threshold
shifts (Murphy et al., 2009,2011)reveala desperateresearch
need.However,it is possibleto predict the direction of differ-
ences in permissible exposures across DRC.For low-energy im-
pulses,AHAAHis most restrictive, LM8hris in the middle,and
Coles/CHABAmost permissive.Thisorder is reversedfor high-
energy impulses,where AHAAHis the most permissiveand
Coles/CHABAis the most restrictive. Many impulsivesounds
(e.g.,ri■enoiseexposuresat ashooter'sear)arepresentin the
middle levels,where only small differencesbetweenthe DRC
areobserved.

Mitigation of Auditory Risk
Hearing Protection Devices(HPDs)

The hearing protectors that are optimal for use with
brief high-level sounds might not be the sameaswould be
selectedfor routine use in continuous noise.Usersof hear-
ing protectors for brief high-level sounds often require that
the protectors provide minimal attenuation for low-level
sounds but provide substantial protection during those
moments when the high-level sound is present. In many
cases, these moments will be unpredictable, requiring that

the listener wear the hearing protectors at all times. A va-
riety of other factors (e.g.,number of exposures,presence
of continuous noise,simultaneous eyeprotection, needfor
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speech communication and situational and environmen-
tal awareness) must be considered when recommending
hearing protection for people exposedto brief high-level
sounds (Alali and Casali, 2011;Casali et al., 2004,2009;Casali
and Alali, 2009;Clasingand Casali,2014;Talcottet al.,2012),
(Seealso Chapter 11.)

Theattenuation provided by a hearingprotectorissum-
marized by the Noise Reduction Rating (NRR)measured
with continuous noise at threshold levels.Formanyprod-
ucts intended for use with impulse noise, the NRRmaybe
negligible (<10 dB) when tested at threshold. Thus, the im-
pulse peak insertion loss (IPIL)was developedto describe
attenuation of brief high-level sounds, in essence,an im-
pulse NRR (ANSI $12.42, 2010). For a given hearing protec-
tion device, the open-ear and occluded-earconditionsof
an acoustic test ■xture (ATF)and a ■eld-probe microphone

are measured.Theopen earcondition is usedto determine
the frequency- and position-dependent transfer functions
between the ATFmicrophones and the ■eld-probemicro-
phone for several impulse levels. The transfer functions
are then used to estimate the open-ear responseof the
■xture for the same impulse levels when the ■xtureis0:-
cluded. The IPIL is calculated as the difference between
the greatest instantaneous peak pressure levels for the
estimated open-ear responseand the occluded-earcondi-
tions. Standardized measurement procedures (ANSI512.42,
2010)must be observedwhen calculating lPIL.Brie■y,IPIL
values represent averagedifferences in peak levels,across
multiple samples of each protector model and multiple
placements (or insertions) of eachsample.The IPlLvalues
are obtained at peak levels of 132,150,and 168dB SPLin the

sound ■eld,which correspondsto even greater peaklevels
at the simulated eardrum of the ■xture due to the acoustic
characteristics of the headand ear.Oncemean IPILvalues

are obtained across samples and placements on the ATF,
the expected 10th percentile of the distribution with the
lowest mean lPlL and the expected 90th percentile of the
distribution with the highest mean IPILare identi■ed,and
those points have been used to identify the lower andup-
per boundaries of the impulse NRR(Murphy et al., 20123).

For traditional hearing protection devices(plugs,muffs,
and canal capswithout a valve or electronic circuitry to en-
hancelow-level signals),the NRRwill providea lowerbound
for the IPILestimate.Theattenuation of an impulsetendsto
increasewith the levelof the impulse(Allenand Berger1990;
Berger and Hamery, 2008,-Parmentier et al., 1994;Zera and

Mlynski,2007;Murphy et al.,2012a;Khanet al.,2014,-Murphy
et al., 2014).Fackler et al. (2017)compared the spectral inser-
tion loss for a hearing protector measured on an acoustic

test ■xturewith attenuation measuredby reai-earattenua-
tion at threshold (REAT)and lPlLand insertion loss measured

with continuous noise.The frequency spectra of impulses
produced by an acoustic shock tube change with the im-
pulse level. Higher level impulses tend to have more high-

frequency content resulting in greater IPILvalueswith level



becauseprotectors are typically better at attenuating high
frequencies(Murphy et al.,2014;Murphy et al.,2015,-Fackler
etal.,2017).Although the attenuation of the impulse does
increasewith the level of the impulse, it does not increase
inde■nitely.Forvery intense impulses,greater than 185dB
peakSPL,the positive pressureof the soundwavecanbesuf-
■cientto removethe earmuffs off the ■xtureand the nega-
tivepressurecan besuf■cientto dislodgethe plugsfrom the
earcanal.For those outside of the military and special law
enforcementunits, the maximum peakpressurelevels from
■rearmsand ■reworkstend to range from about 140to 175
dB(Flamme et al., 2009a, 2009b; Murphy and Kardous 2012;
Schulzet al.,2013),Thus,usingtraditional hearingprotection
inthepresenceof impulse noise will provide signi■cantat-
tenuation so long as the NRRis adequate and the protector
isdonnedproperly.

Two types of hearing protection are designed to pro-
videbetter situational awarenessand suf■cient protection
againstbrief high-level sounds. Electronic hearing protec-
torsutilize circuitry to restore environmental sounds to
thewearerwhen the levels are below about 85dB SPLbut
entercompression at higher levels so that they no longer
contribute to the sound penetrating the HPD. Many pos-
siblecircuits can provide reasonable solutions (e.g.,peak
clipping, compression, active noise control). For electronic
devices,manufacturers of these protectors limit the long-
termaverageoutput level to about 82 dB SPL.A common
questionfrom industrial hygienists and hearing conserva-
tionists is whether the electronics react suf■ciently fast
toprevent amplifying the impulse. The miniature electret
microphonesand speakers used for sound reproduction
inelectronic protectors have a practical limiting level of
about120dB SPL.The levels reproduced by the electronics
mustbe combined with the attenuation by the transmis-
sionthrough the protector’s structure to estimate the lev-
elthat may be observed at the ear. For high-Ievel sounds,
greater than 150 dB SPL, the protector’s passive attenua-
tion (i.e., electronics turned off) will determine the attenu-
ation.Forsounds with instantaneous peaks less than 130
dBSPL,the electronics may be the dominant source of the
levelsobserved under the protector (Murphy et al., 2014).

Thesecond type of hearing protector designed for brief
high-Ievelsounds utilizes an ori■ce to provide a variable
amountof attenuation with increased pressure differen-
tialacrossan ori■ce or a mechanical valve. At low levels,
theacoustic pressure across an ori■ce is linearly related
tothe particle velocity through the ori■ce and the acous-
tic resistance is constant over time. However, as the sound

pressuredifferential across the ori■ce increases, the ■ow
throughthe ori■ce becomesturbulent and the acoustic re—
sistanceincreases(lngard and Ising,1967;Allen and Berger,
1990).The nonlinear property of increasing acoustic resis-
tancewith increasing sound level enhances the attenua-
tionof hearing protectors with ori■cesat high levels. How-
ever,the increased resistance does not necessarily result
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in adequate protection. Even when properly ■t, the ear

may beexposedto peak levelsof more than 150dBand up-
wards of 165dB for some impulsive sourcessuch as guns.
Someproducts exhibit only a modicum of impulse peakat-
tenuation (about 5 to 10 dB) at the level of a gunshot, and

some valve-type systems (i.e., protectors that operate on
the principle of mechanical valve closure in response to
the waveform) provide less than 10dB of noise reduction
through peakSPLsof 170dB and (unfortunately) ampli■ed
peaks below about 150dB SPL(Bergerand Hamery,2008).
Thus, there is a need to characterize the performance of
these specialized hearing protectors measured with noises
that encompassthe rangeof likely exposure levels.

Murphy et al. (2012a) were the ■rst to utilize the ANSI

51242-2010to evaluate iPlL for several protectors. Among
the products measured in their study were the 3MTMCom-
bat ArmsTM4thGeneration nonlinear ori■ce earplug. The
IPiLs for the 130-dB impulses were 21 dB and 29 dB for the

ori■ceopen and the orifice closed, respectively.For 150-dB
impulses,the IPILswere 26dBand31dBfor openand closed
conditions, respectively. For 170-dB impulses, the IPIL

were 31 dB and 33 dB, respectively. In every case,the IPIL
for the closed condition is more than it was for the same
level with the valve open.Thedifference between the open
and closed IPILdecreased from about 8 dB to about 2 dB
over the rangeof impulse levels.

Murphy et al. (2007)and Murphy and Tubbs(2007)evalu-
ated several electronic sound restoration earmuffs with
small-caliber weapons noise for different volume settings
of the gain circuits. The peak reductions (external peak lev-

el minus earcanal peak level) exhibited no substantial dif—
ferences (i.e., less than 2 dB) when the circuit was turned off

versus the volume adjusted to unity or maximum gain. The

performancesof the muffs were governed by the structural
characteristics of the earmuff and not the circuitry.

Inasubsequent■eldstudywith anelectronicsoundresto—
ration earplugtested accordingto ANSI51242-2010(Murphy
et al., 2014),an interesting phenomenon was observed. The

protectoryielded IPILof about 30dBfor the 170dBimpulses,
but only about 12dBfor the 130dBimpulses.Whenthe wave-
formswereexaminedcarefully,the initial impulsewasatten-
uated substantially (~20dB). However, the reverberant sound

from the report of the weapon was ampli■edassoonasthe
electronic circuit recovered from ampli■er saturation. That

is, the echoeswere ampli■ed,which reducedthe apparent
amount of attenuation afforded by the protector. Although
the peak levelsof the echoeswere about 120dB,the echoes

were quite brief and the protector still providedsubstantial
attenuation. However, the amount of attenuation was less

than expectedbasedon the protector’s performanceat high-
er levels.Consideringthat the peaklevelsof the echoeswere
about 120dB,this short duration protected exposure presents
lessriskcomparedto the unprotectedear.

Severalstudies have been published that examine the
IPILfor a group of protectors that have been tested with
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different impulse sourcesand measuredwith the sameATF.
Firearms haveA-durations of 0.04to about 0.8ms (Flamme
et al., 2009b; Murphy et al., 2012a,-Murphy et al., 2012b).

Sourcessuch as acoustic shock tubes (US.Army Aeromedi-
cal Research Laboratories, Fort Rucker; 3M EARCALLabora-

tory, Indianapolis,- NIOSHimpulse Noise Laboratory, Cin-
cinnati; US. Army ResearchLaboratory, Aberdeen Proving
Ground) have longer A-durations ranging from about 1 ms
to 3.5 ms (Khan et al., 2014). The peak frequency of the im-
pulse varies between about 125 Hz (shock tubes) to 4000
Hz (gunshots). For hearing protection devices that have a
signi■cant change in attenuation over this range(earmuffs
in particular), the lPIL is expected to change.Earmuffs pro-
vide less protection for low-frequency impulses than for
high-frequency impulses. Furthermore, because acoustic
test ■xtures have the potential to isolate the ear simula-
tor capsule more thoroughly than the human headcan iso-
late the cochlea, the ATF's self-insertion loss (its effective
“bone-conduction” pathways) differs from those of the hu-
man skull (see Chapter 11). Thus, the IPIL values for high-
attenuation conditions (e.g., over 60 dB of attenuation) can
overestimate the amount of attenuation that is realized
in practice. This effect needs further research to properly
characterize the interactions.

TheAHAAHmodel has a hearing protector module that
assumes that hearing protection can be modeled as a
three-part transmission process:a main piston resonance,
transmission via the material of the protector, and a bypass
leakage mechanism between the skin and the protector
(Kalb, 2010). The AHAAH HPD module relies upon the REAT
attenuations to ■t these three transmission paths and
then applies the derived ■lter to the external waveform to
estimate the exposure underneath the protector. In some
cases,the HPDmodule doesa reasonablejob of estimating
the waveform in the occluded volume; however, for levels
above about 180 dB, the assumptions of the model begin to
fail (MIL-STD-1474E).

Finally, one area, which is often overlooked, is the need
to wear safety glassesand other personal protective equip-
ment (PPE)with hearing protection. Eye protection is es-
sential in many manufacturing environments (e.g.,stamp-
ing and forging facilities). Achemical splash,spark,or shard
of metal in the eye can produce permanent blindness in-
stantly. Peoplelearn quickly to respect the need for safety
glasses.Unfortunately, the ear isoften ignored when safety
glassesmust beworn becausethe eye seemsmore vulner-
able than the middle ear and cochlea. Earplugsand canal
caps do not interfere with the use of safety glasses or most
other PPE.Earmuffs, 0n the other hand, are compromised
when the temple of the glasses passes underneath the
cushions and breaks the acoustic seal with the head; losses

average2—4dB in 1/3 octave bands but can be as much as
7 dB. Royster et al. (1996) reported that the mean attenua-
tion across all test frequencies was reduced by 5 dB; less re-
duction was observed below 1000Hzand more above 1000
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Hz.In the Albuquerque BlastOverpressureWalk-upStudy,
the Racal earmuff used in the initial 5-meter exposureswas
tested both with andwithout cushionsthat hadintentional
leaks(eight holes in the cushionsof 2.3mm in diameter)to
simulate a poorly ■t muff (Johnson,1994,1997).The8-hour
equivalent A-weighted exposuresunder the earmuffwere
signi■cantly greater (asmuch as 10dB)when the earmuff
cushions were perforated. NIOSHhas recommendedthat
personsexposedto morethan a few impulsesabove140dB
should usedual protection (Kardous,2009).Inaddition,eye-
glasseswith small templesor that replacethe rigidtemples
with elastic bandscould maintain the seal.

Suppressorsand Other SourceModi■cations

Firearm noise can also be reduced at the sourceusing
■rearmnoise suppressors,which can becalled silencersin

common and even legal references(27CFR478.11,U.S.De-
partment of Justice, 2012),but this is an incorrect label be-

causethey only attenuate or muf■ethe impulse.Thephysi-
cal principles that underlie the operation of a suppressor

are based on either absorptive materials or impedance
changesassociated with a system of chamberswithin the

suppressor housing.Thesetechnologies are usedin avari-
ety of applications, including automobile muf■ers.General
descriptions of these and other engineering-basednoise
controls are available in Chapter 10.

Many different modelsof ■rearmnoisesuppressorsare
available, but data on the effectiveness of these suppres-

sorsare limited, particularly with respect to their effecton
auditory hazard. The performance of the suppressorscan
be expected to depend on the gun caliber, ammunition,
barrel length, and reloading action (e.g.,bolt versussemi-
automatic) (Lobarinas et al., 2016;Murphy et al., 2016;Stew-

art et al.,2015).Oneexampleof the effect of a suppressoris
represented in Figure 6.16. In this example, the suppressor
had a large (28dB) effect on the peak and a smaller effect on
the total amount of A-weightedenergy in the signal(21dB).

Reductionsin the sourceacousticenergycanalsohelpmit-
igate the risk to the auditory system.For■rearms,the com-
bustionof the propellantconstitutes the acousticsource,and
ammunition containing lesspropellant might producea cor-
responding decrease in sound emission. Although differences

of a few decibelscan befound acrossmost kinds of loadsfor

guns(e.g.,Flammeet al.,2009b),ammunition describedassub-
sonicor low-velocitygenerallyhasa lower propellant charge
and can produce differences on the order of 10or 15dB(Stew-
art at al., 2015,-Murphy et al., 2016).

Summary
Exposuresto brief high-levelsoundssuchas impulsesand

impacts are common, and the risk of hearing impairment
due to exposure to brief high-level sounds can grow rap-
idly. Impulse noises are generated via rapid energy release,
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Figure6.16 — Comparison of unsuppressed (left side) and sup-
pressed(right side) impulses produced by the samegun.The(muf-
■er-type)suppressor reduced the peak more than it reduced the
overallenergy in the signal. Data from Stewart et al. (2015)were
used.

whichproduces asymmetric sound waveforms with a rapid
risefrom ambient pressureto the peak,followed by a decay
thatis largely determined bythe environment into which the
energyis released.Impact noisesare generated by the colli-
sionof two masses,which produceapproximately symmetric
soundwaveforms havinglongerdurations than impulses.Im-
pactnoisestend to contain lesssound energythan impulses,
althoughsome impulseswill haveinstantaneous peaksound
levelscomparableto the most intense impact noises.

Sound energy is modi■ed by the outer and middle ear
enroute to the cochlea. Up to levels of approximately 130
dBSPL,average effects of the outer and middle ear are
knownreasonably well, but considerable differences exist
acrosspeople. The transfer function of the averagemiddle
earis similar to the A-weighting function. At higher levels,
apeakclipping effect can be expected due to the annular
ligament connecting the stapes and the inner surface of
the cochlear round window. Animal models suggest that
annularligament effects could begin operating at approxi-
mately160dB SPL,but central tendencies and dispersions
amongadult human ears have not been studied extensive-
ly.Middle ear muscle contractions operate at frequencies
primarily below 1 kHz and are not expected to have sub-
stantial in■uences above 1 kHz.Nonetheless, it is possible
that energy transfer into the cochlea could be increased
slightly during middle ear muscle contractions. Re■exive
middle ear muscle contractions in response to high-Ievel
soundsare frequently elicited by signals having compara-
tively long durations, but there is a limited evidence base

concerningthe role of re■exivemiddle ear musclecontrac-
tions as a potential for mitigating brief high-level sounds.
Theevidence base for nonre■exive (e.g.,anticipatory, con-
ditioned) middle ear muscle contractions is also limited.

Chapter6:Brief High-LevelSounds

Brief high-Ievel sounds could be a more potent haz-
ard for the auditory system than long-duration signals of
equivalent energy, particularly for sounds having instan-
taneous peaks greater than about 140dB SPL.The ears of
the unprotected person exposedto these soundsare at risk
of immediate harm. This risk grows with increased sound

energy and numbers of exposures. Damage-risk criteria
produce risk estimates that are strongly correlated but dif-
fer greatly with respect to the numbers of permissible ex-
posures an unprotected listener would be allowed. Unfor-
tunately, estimates of risk are more closely related to one
another than they are to the threshold shifts produced by
brief high-level sounds. Additional research in this area is
urgently needed (Themann et al., 2013a, 2013b)

A person exposed to brief high-level sounds will likely
needdifferent kinds of protection than a personexposedto
long-duration (i.e.,continuous) noise. Many people exposed
to brief high-levelsoundsneed to communicatewith others
and retain situational awarenessduring the intervalsseparat-
ing the impulsesor impacts.Noisereduction ratingsobtained
with continuous noisefor conventional passiveearmuffsand
earplugsare often met or exceededfor impulses(Murphy et
al., 2012a;Murphy and Tubbs,2007,-Murphy et al., 2014).The
amount of attenuation providedby protectors increaseswith
increasedinstantaneous level (Murphy et al., 2012a;Murphy
et al., 2014).Electronic and ori■ce-based protectors cannot be

evaluated using traditional threshold-basedmeans.Recent
work has been conducted with the IPlLas a representation
of the effectiveness of the protector, but the interpretation

of IPILvaluescan becomplicatedfor peakslower than 140dB
SPLpresentedto electronic hearingprotectors.Otherperson-
al protective equipment (e.g.,safety glasses) can compromise

the effectivenessof hearingprotectors,particularly earmuffs,
and the measurementand prediction of thesechangesis an-
other important researchneed.Suppressorsfor ■rearmnoise
andreductionsin the energyin the ammunition couldprovide
substantial reductions in instantaneous peaks,but the pau-
city of effectivenessresearchacross■rearmsand suppressor
designsprohibits generalstatements or recommendationsat
the presenttime.
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